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Chapter 1 

General introduction 

Dehydration of a living cell 

The unique physical and chemical properties of water make it the most 

important biological solvent. It determines the structure of biomolecules, 

provides a fluid environment that allows for diffusion of substrates, and gives 

structure to organelles. Therefore, dehydration of a living cell has a drastic 

effect on cellular and macromolecular structure (Crowe et al., 1997a). Both 

dehydration-induced physical and chemical changes cause irreparable 

changes in desiccation-sensitive tissues, which eventually lead to cell death. 

The physical changes include, apart from a drastic change in cellular volume, 

an increase of the concentration of cellular solutes and an increased viscosity 

of the cytoplasm (Vertucci and Farrant, 1995). The removal of water from 

membrane lipids, proteins and nucleic acids changes the hydrophobic and 

hydrophilic interactions determining structure and function (Crowe ef a/., 

1997a). The chemical changes involve the production of free radicals. Because 

scavenging systems are not functional at low moisture contents, free radicals 

can accumulate. The deleterious effects of free radicals are manifested 

primarily in cellular membranes, where peroxidative reactions result in lower 

levels of fatty acid unsaturation and the formation of free fatty acids and lipid 

hydroperoxides. This leads to malfunction of membranes and, consequently, to 

an extensive leakage of cytoplasmic components, either during dehydration or 

rehydration of the tissue (Seneratna and McKersie, 1983; Seneratna ef al., 

1985; Tetteroo et al., 1996). Membranes are a primary site of injury, but the 

cascade of unregulated reactions during the free radical attack may also affect 

protein and nucleic acid function (Wolff ef a/., 1986; Dizdaroglu, 1991). 
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Anhydrobiosis 

Water is usually thought to be required for the living state, but numerous 

organisms are nevertheless capable of surviving essentially complete 

dehydration. Survival of organisms or organs in a state of almost complete 

dehydration is known as anhydrobiosis. Examples of anhydrobiosis can be 

found in both the animal and plant kingdom (Crowe ef a/., 1992). The dry 

organisms may remain in anhydrobiosis for decades or even centuries under 

cold and dry conditions, and resume vital metabolism after rehydration. In 

higher plants, anhydrobiosis is usually restricted to seeds and pollens, although 

in some plants anhydrobiosis also occurs in vegetative tissues. The leaves and 

roots of the resurrection plant Craterostigma plantagineum, for example, can be 

dehydrated to water contents of less than 10% on a DW basis, and yet the 

plant resumes vital metabolism within a few hours after rehydration (Bartels ef 

a/., 1990; Bianchi etal., 1991). 

Seeds of many plant species are able to withstand severe desiccation. 

Their longevity is dependent on storage conditions, i.e., storage-moisture 

content and -temperature (Roberts, 1973; Ellis and Roberts, 1980; Ellis ef a/., 

1990). The longevity of these so-called orthodox seeds is often decades in 

open storage. In contrast, seeds of some plant species rapidly lose viability if 

they are dried below approximately 20% MC on a fresh weight basis (Hong ef 

a/., 1996). Examples of these so-called recalcitrant seeds are common in plant 

species adapted to aquatic and wet tropical habitats (Roberts ef a/., 1984). 

Desiccation-sensitivity in recalcitrant seeds forms a serious problem to their 

conservation, because such seeds are unsuited for conventional seed banking 

procedures, involving rapid desiccation followed by storage at subzero 

temperatures. 

Accumulation of sugars in anhydrobiotes 

The ability to withstand desiccation requires several biochemical 

adaptations. One adaptation that anhydrobiotes seem to have in common is the 

accumulation of large amounts of carbohydrates (Crowe ef a/., 1992). In 

nematodes, large quantities of trehalose (20% of total DW) are accumulated 
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during slow dehydration (Madin and Crowe, 1975). In Artemia cysts, trehalose 

also increases to 20% of the DW during the adaptation to the desiccated state 

(Clegg, 1986). Trehalose also occurs in large quantities in yeast and bacterial 

spores (Crowe etal., 1984). In desiccation-tolerant higher plant organs, usually 

sucrose instead of trehalose is present as the major disaccharide (Amuti and 

Pollard, 1977). Pollen grains may contain as much as 25% of their dry weight in 

the form of this carbohydrate (Hoekstra et al., 1992). In seeds, not only 

sucrose, but also oligosaccharides and cyclitols are found in large quantities 

(Amuti and Pollard, 1977; Kosterand Leopold, 1988; Horbowicz and Obendorf, 

1994). The high concentration of sugars in anhydrobiotes has led to many 

biochemical and biophysical studies on their possible protective role in 

desiccation-tolerant cells. Evidence is accumulating that carbohydrates indeed 

play such a role in the protection of dried proteins and membranes (Crowe et 

al., 1997a). 

Stabilization of membranes upon dehydration 

Mixtures of polar lipids and water are polymorphic, i.e. they can assume 

various organized structures. The form that normally is associated with 

biological membranes is the lamellar liquid crystalline phase. There is two-

dimensional order, but the acyl chains can be in a state of considerable 

disorder. At low temperatures the lamellar gel phase is formed. The molecules 

are then packed more tightly together and the acyl chains are highly ordered. A 

lipid bilayer consisting of one phospholipid species is characterized by its liquid 

crystalline-to-gel phase transition temperature, Tm. In a cell membrane, the 

situation is more complex, because the mixture of lipids, sterols and proteins 

causes a complex phase transition behavior. In water, the phospholipid 

headgroups are surrounded by a hydration shell. 2H-NMR studies indicate a 

primary hydration shell of 11-16 water molecules per lipid, in rapid exchange 

with the bulk water (Borle and Seelig, 1983). Upon dehydration, the hydration 

sphere of the phospholipid headgroups is removed and, consequently, the 

intermolecular distance between the headgroups decreases. This results in 

increased van der Waals interaction between the lipid tails and, thus, an 
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increase in Tm. The hydration shell also provides a force that must be overcome 

for fusion to occur between two bilayers. 

When phospholipid vesicles are dehydrated, they leak their contents into 

the medium (Crowe et a/., 1983). The reason for this is two-fold: (1) if vesicles 

pass Tm during dehydration, temporary defects in the bilayer develop when both 

gel phase and liquid phase lipids coexist in the bilayer and (2) the vesicles fuse. 

Dehydration-induced leakage from the vesicles is prevented when they 

are dried in the presence of sugars, in particular disaccharides (Crowe et a/., 

1986). Several mechanisms have been suggested for this protective role of 

sugars on unilamellar liposomes. Dehydration of vesicles leads to a 

considerable increase in Tm, but when dried in the presence of carbohydrates, 

the Tm may fall below that of hydrated vesicles (Crowe et al., 1996). Sugars can 

interact with the phospholipid headgroups of the membrane and replace water 

during dehydration. This interaction increases the average distance between 

the headgroups and thus prevents the lipid tails from being stacked as in the 

gel phase. Two properties of sugars are considered to be important in retaining 

the structural integrity of dried vesicles: 1) The ability to form hydrogen bonds 

with the phospholipid headgroup, and 2) the glassy state of sugars under dry 

conditions at room temperature. Phase transitions are prevented through a 

direct sugar-lipid interaction, and fusion is prevented by embedding of the 

vesicles in a highly viscous glassy matrix, respectively (Crowe et al., 1996; 

Crowe era/., 1997b). 

Stabilization of dried proteins 

Most enzymic proteins are functional in aqueous environment, water 

being essential for their functional folding. Water can act as donor or acceptor 

of hydrogen bonds. Moreover, water forces apolar amino acids to the interior of 

the protein by hydrophobic interaction, thus greatly influencing the protein 

tertiary structure. In general, removal of the hydration shell of proteins results in 

extensive structural changes (Kuntz and Kauzmann, 1974; Prestrelski et al., 

1993). These dehydration-induced conformational changes can be irreversible 

(Prestrelski et al., 1993), but can also be fully reversible (Griebenow and 
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Klibanov, 1995). For several proteins with enzymic function, dehydration results 

in severe loss of activity after subsequent rehydration (Hanafusa, 1969). 

Dehydration-labile enzyme preparations which contain added sugars as 

stabilizers are often successfully preserved by means of freeze-drying, yielding 

shelf-stable products with a good conservation of activity. The protective role of 

sugars on proteins has been attributed to maintenance of the native structure in 

the dried state. Two properties of sugars are considered to be responsible for 

this stabilization. 1) A direct interaction between proteins and sugars through 

hydrogen bonding in the dried state (Carpenter and Crowe, 1989), replacing the 

original hydrogen bonds of water. 2) The formation of a highly viscous glassy 

state of the sugar-protein mixture. Below the characteristic glass transition 

temperature, Tg, glasses have solid-like properties. Due to the very low 

molecular mobility in the glassy matrix (viscosity has risen to above 1012 Pa s) 

proteins are immobilized and fit for long-term storage (Franks ef a/., 1991; 

Levine and Slade, 1992). 

Stabilization of dried proteins and membranes in desiccation-tolerant cells 

The protective effect of sugars on membranes and proteins has led to 

the formulation of the "water replacement hypothesis" (Crowe etai, 1992). This 

hypothesis suggests that the hydroxyl groups of sugars substitute for water and 

provide the hydrophilic interactions upon removal of water in desiccation-

tolerant cells. However, it should be noted that most of the experiments to 

confirm this hypothesis concern model experiments using isolated proteins and 

lipids. So far, no convincing evidence has been provided that the water 

replacement theory also holds in situ in desiccation-tolerant cells. 

Alternatively, or next to this water replacement hypothesis, the "glass 

formation hypothesis" attributes the protective effect of sugars on proteins and 

membranes to the generally good glass-forming properties of sugars. 

Crystalline materials transform from a solid to a liquid state at a particular 

temperature, i.e., the melting point. However, for glasses the transition from 

solid-like behavior to liquid-like behavior occurs over a relatively broad 

temperature range. The melting of glasses from the vitrified state into the liquid 
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state is a second order transition. This means that at Tg the enthalpy, entropy 

and the volume of the two phases are the same. However, the heat capacity 

changes upon melting of the glass (Roos, 1995). With Differential Scanning 

Calorimetry (DSC), this change in heat capacity with melting of the glass can be 

directly measured. Glasses can be considered as "solidified" liquids, and 

maintain many properties of liquids. Perhaps the most important is that they 

retain molecular disorder, just like that in solution. The amorphous structure, 

when maintained in a highly viscous state, contributes to the long term stability 

of biomolecules by preventing crystallization and chemical reactions (Franks et 

al., 1991). 

In desiccation-tolerant cells, the presumably highly viscous or vitreous 

state may serve to inhibit disruption of cellular membranes, denaturation of 

cytoplasmic proteins and deteriorative radical reactions. Evidence that the 

cytoplasm of dry soybean seeds and Typha latifolia pollen indeed exists in a 

vitrified state comes from DSC experiments (Williams and Leopold, 1989; 

Buitink et al., 1996). A glassy state is formed in the cytoplasm of these 

desiccation-tolerant plant organs when the water content falls below 0.1 g 

H20/g DW at room temperature. 

Aim of this thesis 

The final goal of the study presented in this thesis was to elucidate the 

molecular mechanisms involved in the acquisition of desiccation tolerance of 

higher plant tissues. Particular emphasis was placed on the conformation and 

molecular interactions of biomolecules, such as proteins, lipids and sugars. The 

three major aims of this work were: 

1) Characterization of the overall in situ protein secondary structure in 

anhydrobiotes during development. 

2) Relating the protein stability of desiccation-tolerant cells to their 

lifespan. 

3) Elucidating the molecular interactions in the dry cytoplasmic matrix 

which are involved in desiccation tolerance and longevity. 
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For this purpose, somatic and zygotic embryos, whole seeds, pollen and 

leaves of the resurrection plant, Craterostigma plantagineum, were utilized. 

Where appropriate, model systems were used to support the in situ studies. 

FTIR microspectroscopy was the main experimental technique in these studies. 

In the following sections the biophysical and biochemical adaptations 

during the acquisition of desiccation tolerance and the factors that determine 

longevity are described and a brief description is given concerning the use of 

FTIR. 

Acquisition of desiccation tolerance in seeds 

Embryos in seeds acquire desiccation tolerance halfway their 

development and prior to the onset of desiccation (Sun and Leopold, 1993; 

Sanhewe and Ellis, 1996). Capacity to germinate after severe dehydration is 

often used as a criterion for desiccation tolerance. 

During seed development, storage proteins, lipids and starch are 

accumulated. In the maturation stage, the reserve deposition is terminated and 

the seed desiccates. As much as 90% of the original water may be lost from 

seeds (Bewley and Black, 1994). The induction of desiccation tolerance has 

often been correlated with the plant hormone abscisic acid (ABA). ABA plays a 

major role during seed development, especially during the maturation phase 

(Black, 1991). The significance of ABA for seed development has been 

established with ABA-deficient and ABA-insensitive mutants of Arabidopsis 

thaliana. ABA is required for the induction of dormancy and, thus, precocious 

germination is prevented (Karssen etal., 1982). Furthermore, ABA is thought to 

trigger the induction of oligosaccharides and late embryogenesis-abundant 

(LEA) proteins, which are accumulated during the later stages of seed 

development (Galau et ai, 1986). In seeds, generally sucrose, often together 

with oligosaccharides such as raffinose, stachyose or verbascose is 

encountered. Oligosaccharides are known for their ability to form stable glasses 

(Roos, 1995). It has been suggested that the accumulation of oligosaccharides 

during seed maturation enables formation of a highly viscous state in the 

dehydrating tissue (Leopold era/., 1994). 
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The genes encoding for LEA proteins are expressed in the embryos 

during the late stages of seed development. However, expression can also be 

induced in immature seeds and vegetative tissues by ABA (Close ef a/., 1989; 

Blackman et al., 1995). On the basis of their amino acid sequences, several 

families of these proteins have been classified, some of which were suggested 

to exist as random coils and others as amphiphilic a-helical structures (Dure ef 

al., 1989). The highly conserved sequence blocks found within each group, 

their abundance, physical properties (hydrophilicity and heat stability) and 

appearance during water stress suggest that LEAs play an important role 

during desiccation and rehydration (Galau ef al., 1986; Dure etal., 1989). A role 

in sequestering ion combinations that dissolve with difficulty, such as amino 

acid salts, has been suggested for some LEA proteins. Other classes of LEA 

proteins might function as chaperones to preserve membrane structures in 

drying cells (Close, 1996). 

Longevity of desiccation-tolerant cells 

There is wide-spread variety in the lifespan of seeds and pollens. In 

seeds, aging under laboratory conditions occurs at a much lower rate than in 

pollen, years vs weeks, respectively (Hoekstra, 1995). The longevity of pollen 

and seeds often can be predicted as a function of the storage-moisture content 

and -temperature (Ellis and Roberts, 1980; Ellis ef al., 1990; Buitink ef al., 

1998). However, even in the dry state, large differences in longevity exist 

among pollens and seeds. 

In the dry state, radical reactions cause irreversible cellular injuries that 

limit the lifespan. Viability loss of seeds and pollens is often attributed to the 

loss of membrane integrity (Priestley, 1986; Bewley and Black, 1994; van 

Bilsen ef al., 1994a,b). This loss of membrane integrity is due to chemical and 

physical changes in the membrane. Loss of viability often coincides with an 

increased leakage of cytosolic components upon rehydration and with 

increased levels of free fatty acids. It was shown that deesterification of 

phospholipids results in accumulation of lysophospholipids and free fatty acids 

(Nakayama etal., 1981; van Bilsen and Hoekstra, 1993). Accumulation of these 
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products in the membranes may lead to phase separation of membrane 

components and increased permeability upon rehydration. When free fatty 

acids and lysophospholipids are incorporated in liposomes, they cause an 

increased permeability (McKersie etal., 1989; van Bilsen and Hoekstra, 1993). 

A strong correlation between pollen longevity and content of esterified linolenic 

acid in lipid was observed (Hoekstra, 1986). Pollens having high linolenic acid 

content tend to have a short lifespan. It was suggested that lipid peroxidation of 

the polyunsaturated fatty acids limits the pollen's lifespan. 

Although membrane damage may be the primary reason of seed death, 

the loss of protein and DNA integrity also could be involved in seed aging 

during long-term storage. The cascade of uncontrolled radical reactions might 

result in loss of protein and DNA integrity. 

Orthodox seeds usually remain viable for decades in open storage. To 

accelerate aging and possible changes in membrane and protein composition 

associated with this aging, conditions of high relative humidity and/or high 

temperature can be applied (Priestley and Leopold, 1979; McKersie et ai, 

1988; van Bilsen and Hoekstra, 1993). However, care should be taken to 

directly compare the biochemical changes during accelerated aging with those 

during natural, dry, aging. Processes occurring during accelerated aging may 

be different from those during natural aging. 

How to study biomolecules in desiccation-tolerant cells? 

There are several spectroscopic techniques available that can be 

applied to study conformation and molecular interactions of biomolecules, i.e. 

NMR, ESR, CD, FTIR, Raman, Absorption, Neutron diffraction, and X-ray 

crystallograpy. However, the dry state of desiccation-tolerant cells drastically 

limits the number of techniques that can be applied. One of the few suitable 

techniques for dry tissue analysis is FTIR. With this technique, molecular 

vibrations can be measured irrespective of the hydration state of the tissue. 

Molecular vibrations are sensitive to intra- and inter-molecular interactions. In 

this study, in situ FTIR microspectroscopy was used to monitor molecular 

vibrations in dry desiccation-tolerant ceils. On account of characteristic 
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molecular vibrations, information can be derived on the molecular conformation 

and the inter-molecular interactions of biomolecules in their native environment. 

The temperature dependence of several characteristic molecular vibrations was 

used to study heat-induced protein unfolding and the properties of cytoplasmic 

glasses. In the following section the application of FTIR to study the molecular 

conformation and intermolecular interactions of biomolecules is described. 

FTIR 

The infrared region of the electromagnetic spectrum ranges from 400 -

4000 cm1. The energy of most molecular vibrations corresponds to the infrared 

region. A vibration is only infrared-active if it is associated with a change in the 

electric dipole moment. If a diatomic molecule is considered as a simple 

harmonic oscillator, the vibrational frequency (f) is: 

where \i is the reduced mass of the two atoms (n=m,.m2/(m1+m2) with m, 

and m2 as the atomic masses, and k is the force constant determined by the 

strength of the bond. The potential energy (V) of the oscillator is given by; 

(2) V = ^k(r-re)2 

where r is the distance between the two vibrating atoms and re, the 

equilibrium distance. In infrared spectroscopy the frequency is expressed as 

wavenumbers (f = c(1A.)); this transforms equation 1 into: 

(3) ± - ' 
A 27T.C\/I 

where MX represents wavenumber (v) usually expressed in cm1. 

The IR-technique is of great value in the study of intra- and 

intermolecular hydrogen bonding. Formation of a hydrogen bond will cause any 

10 
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Table 1. Band positions of characteristic molecular groups commonly found in 
biological tissues. 

Characteristic group vibration Wavenumber (cm1) 

OH stretch 3600-3000 

Asymmetric CH3 stretch 2950 

Asymmetric CH2 stretch 2920 

Symmetric CH3 stretch 2875 

Symmetric CH2 stretch 2850 

HOH scissoring 1650 

C=0 stretch (Amide-I) 1650 

NH bend (Amide-ll) 1550 

Asymmetric PO stretch 1250 

OH in plane bending 1050 

stretching vibration to broaden and shift to lower wavenumbers (Vinogradov 

and Linnel, 1971). 

For a macromolecule, there are very many vibrational transitions. 

However, many of the vibrations can be assigned to particular bonds or 

groupings. This forms the basis of characteristic group frequencies. The main 

experimental parameter is the position of the maximum of the absorption band, 

in cm1. In Table 1 band positions of characteristic molecular groups 

commonly found in biological tissues are listed. 

The band position of a molecular group depends on the intrinsic 

molecular vibration and on the micro-environment. Information can be obtained 

about the molecular structure and interaction with other molecules. Some 

bands which are of particular importance for protein analysis are the amide-l 

and amide-ll vibrations around 1650 and 1550 cm1, respectively, arising from 

the amide backbone of peptides and proteins. Phospholipids have 

characteristic bands around 2900 and 1250 cm"1. Carbohydrates have bands 
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around 3300 cm"1 and several bands between 1100 and 400 cm"1 which can be 

attributed to OH stretching and bending vibrations. 

FTIR has several important advantages over conventional IR methods 

(Perkins, 1987). The most important advantage is the efficient and rapid 

collection of data with a superior signal to noise ratio. When a microscope is 

attached to a FTIR spectrometer a specific sample area can be selected for 

FTIR analysis. Nowadays, FTIR microspectroscopy can be used for analysis of 

sample areas as small as 100 nm2. With FTIR microspectroscopy, protein 

secondary structure and changes in lipid membrane phase behavior in dry 

biological tissues can be studied in situ (Crowe ef a/., 1984). IR spectra of 

biological tissues as a function of temperature show shifts of bands, associated 

with phospholipid conformation (CH-stretching and bending vibrations) in 

membranes, with protein secondary structure (C=0 stretching vibration) and 

with sugar-sugar interactions (OH-stretching vibration), which can be measured 

simultaneously. FTIR has the advantage over other methods such as DSC that, 

besides transition temperatures, information can be derived on molecular 

conformation and interaction, e.g. protein secondary structure and interaction of 

proteins with sugars. 

IR-bands in spectra of biomacromolecules such as proteins tend to 

overlap considerably. This complicates the analysis and interpretation of the 

spectrum. In order to identify the overlapping components within the composite 

band, a number of mathematical procedures have been developed (Surewicz 

ef a/., 1993). Second derivative analysis and Fourier self-deconvolution have 

been widely used for identification of bands. Derivation as well as Fourier self-

deconvolution transform the absorption bands to lineshapes with narrower 

width, thereby resolving overlapping components. Often, these methods are 

referred to as resolution enhancement techniques, but one has to keep in mind 

that actually only the graphical resolution is improved; the optical resolution is 

still determined by the spectrometer settings (Pistorius, 1995). 

Quantitative information on protein secondary structure components can 

be obtained by curve-fitting of the IR spectrum. The amide-l band is mostly 

used for this purpose. In the curve-fitting procedure, the measured spectrum is 

12 
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regenerated mathematically, by adding a pre-defined number of bands with 

known peak positions, bandwidths and lineshape functions. Subsequently, 

these parameters are iterated until the theoretically generated spectrum and 

the measured spectrum coincide to a high degree (Pistorius, 1995). The 

resulting fractional areas of the bands assigned to different types of secondary 

structure are assumed to represent percentages of these structures in a given 

protein. 

Outline of the thesis 

The major part of this work concerns a study of the overall protein 

stability with respect to drying in developing desiccation-tolerant plant organs, 

and the long-term stability of the overall protein secondary structure in the dried 

state. For this purpose, pollen, somatic and zygotic embryos (desiccation-

tolerant and -sensitive), seeds (orthodox and recalcitrant), and resurrection 

plants (Craterostigma plantagineum) were used as the experimental materials. 

FTIR microspectroscopy was used as the main experimental technique to study 

conformational and phase behavior of biomolecules within their native 

environment. 

Aging 

In the first part of this thesis (Chapters 2, 3 and 4) the effects of natural 

and accelerated aging on protein stability of a desiccation-tolerant pollen and 

seeds were characterized. In Chapter 2, the use of FTIR microspectroscopy to 

study dry plant tissues (Typha latifolia pollen) is explained, with emphasis on 

the assignment of the different types of protein secondary structure. The band 

assignment of the characteristic IR group frequencies that were observed for 

pollen was also useful in the band assignment of the other plant tissues that 

were studied. Furthermore, a qualitative and quantitative assignment of the 

protein profile in this pollen was made. Apart from protein secondary structure, 

membrane phase behavior of the pollen was studied during accelerated aging. 

In Chapter 3, the heat stability of the proteins in this pollen was studied as a 

function of the water content. In Chapter 4, the protein secondary structures in 

13 
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embryos from seeds that were stored for several decades in a seed bank are 

described. From comparison with similar data from freshly harvested seeds, 

conclusions can be drawn concerning the long-term protein stability. 

Seed development 

In order to identify specific protein secondary structures that might be 

associated with the acquisition of desiccation tolerance, maize embryos were 

studied in the course of their development. In Chapter 5, changes in protein 

profile of these embryos subjected to different drying protocols are described. 

Physical characteristics of desiccation-tolerant cells 

In Chapter 6, the use of FTIR to study glass transitions in carbohydrate 

glasses is described. The method was also applied to characterize cytoplasmic 

glasses in pollen and dried leaves of Craterostigma plantagineum. In an 

attempt to link the structure of cytoplasmic glasses to the stability of proteins, 

maturation-defective mutant seeds of Arabidopsis thaliana were investigated 

(Chapter 7). The increased heat stability of proteins and the properties of 

glasses were linked to the extent to which seed maturation had progressed. 

The role of sugars and LEA-like proteins in desiccation tolerance 

In the last part of this thesis (Chapter 8, 9 and 10) isolated sugars and 

LEA proteins from desiccation-tolerant organs were studied, also in model 

systems. In Chapter 8, the role of umbelliferose in the acquisition of desiccation 

tolerance of Daucus somatic embryos is depicted. Umbelliferose is a 

trisaccharide that accumulates in these embryos at the expense of sucrose 

under conditions that promote desiccation tolerance. The glass forming 

properties of umbelliferose are compared to those of sucrose. In Chapter 9, 

results of a model study on protein-sugar interactions in the dry state are 

described. As a model, the dehydration-labile polypeptide, poly-L-lysine, was 

used. In an attempt to interpret the results of this model study in terms of a 

possible role of the dehydration-linked LEA proteins, a study was conducted 

with LEA-like proteins isolated from Typha latifolia pollen (Chapter 10). The 

isolated heat stable protein was sequenced and aligned with the protein 

14 
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databank to find resemblances with LEA proteins. The protein structure was 

determined and its effect on the molecular structure of carbohydrate glasses 

was investigated. 

In Chapter 11, the general discussion, the results of this thesis are 

placed in a broader perspective. 

References 

Amuti, K.S., Pollard, C.J. (1977) Soluble carbohydrates of dry and developing seeds. 
Phytochemistry 16, 529-532. 

Battels, D., Schneider, K., Terstappen, G., Piatkowski, D., Salamini, F. (1990) Molecular 
cloning of abscisic acid-modulated genes which are induced during desiccation of the 
resurrection plant Craterostigma plantagineum. Planta 181,27-34. 

Bewley, J.D., Black. M. (1994) Seeds, Physiology of Development and Germination. New York 
and London: Plenum Press pp. 445. 

Bianchi, G., Gamba, A., Murelli, C , Salamini, F., Bartels, D. (1991) Novel carbohydrate 
metabolism in the resurrection plant Craterostigma plantagineum. Plant. J. 1,355-359. 

Black, M. (1991) Involvement of ABA in the physiology of developing and mature seeds. In: 
Davies, W.J., Jones, H.G. (eds.) Abscisic Acid: Physiology and Biochemistry. BIOS Scientific 
Publishers, Oxford UK, pp. 90-124. 

Blackman, S.A., Obendorf, R.L., Leopold, A.C. (1995) Desiccation tolerance in developing 
soybean seeds: the role of stress proteins. Physiol. Plant. 93,630-638. 

Borie, F. Seelig, J. (1983) Hydration of Escherichia coli lipids: deuterium T, relaxation time 
studies of phosphatidylglycerol, phosphatidylethanolamine and phosphatidylcholine. Biochim. 
Biophys. Acta 735,131-136. 

Buitink, J., Walters-Vertucci, C , Hoekstra, F.A., Leprince, O. (1996) Calorimetric properties 
of dehydrating pollen: Analysis of a desiccation tolerant and an intolerant species. Plant Physiol. 
111,235-242. 

Buitink, J., Walters, C , Hoekstra, F.A., Crane, J. (1998) Storage behavior of Typha latifolia 
pollen at low water contents: Interpretation on the basis of water activity and glass concepts. 
Physiol. Plant, in press. 

Carpenter, J.F., Crowe, J.H. (1989) An infrared spectroscopic study of the interactions of 
carbohydrates with dried proteins. Biochemistry 28, 3916-3922. 

Clegg, J.S. (1986) The physical properties and metabolic status of Artemia cysts at low 
watercontents: The "water replacement hypothesis." In: Leopold, AC. (ed.) Membranes, 
Metabolism, and Dry organisms. Cornell University Press, Ithaca, NY. pp. 169-187. 

Close, T.J. (1996) Dehydrins: Emergence of a biochemical role of a family of plant dehydration 
proteins. Physiol. Plant. 97, 795-803. 

Close, T.J., Kortt, A.A., Chandler, P.M. (1989) A cDNA-based comparison of 
dehydration-induced proteins (dehydrins) in barley and corn. Plant Mol. Biol. 13, 95-108. 

Crowe, J.H., Crowe, L.M., Carpenter, J.F., Prestrelski, S.J., Hoekstra, F.A. (1997a) 
Anhydrobiosis: cellular adaptations to extreme dehydration. In: Dantzler, W.H. (ed.) Handbook of 
Physiology section 13, Comparative Physiology, Vol II, Oxford University Press, Oxford, pp. 
1445-1477 

15 



Chapter 1 

Crowe, J.H., Crowe, L.M., Chapman, D. (1984) Preservation of membranes in anhydrobiotic 
organisms: the role of trehalose. Science 223,701-703. 

Crowe, J.H., Crowe, L.M., Jackson, S.A. (1983) Preservation of structural and functional 
activity in lyophilized sarcoplasmic reticulum. Arch. Biochem. Biophys. 220,477-484. 

Crowe, J.H., Hoekstra. F.A., Crowe, L.M. (1992) Anhydrobiosis. Annu. Rev. Physiol. 54, 
570-599. 

Crowe, J.H., Hoekstra, F.A., Nguyen, K.H.N., Crowe, L.M. (1996) Is vitrification involved in 
depression of the phase transition temperature in dry phospholipids? Biochim. Biophys. Acta 
1280,187-196. 

Crowe, J.H., Oliver, A.E., Hoekstra, F.A., Crowe, L.M. (1997b) Stabilization of dry membranes 
by mixtures of hydroxyethyl starch and glucose: The role of vitrification. Cryobiology 35,20-30. 

Crowe, L.M., Womersley, C , Crowe, J.H., Reid, D., Appel, L., Rudolph, A. (1986) Prevention 
of fusion and leakage in freeze-dried liposomes by carbohydrates. Biochim. Biophys. Acta 861, 
131-140. 

Dizdaroglu, M. (1991) Chemical determination of free radical-induced damage to DNA. Free 
Rad. Biol. Med. 10,225-242. 

Dure III, L., Crouch, M., Harada, J., Ho, T.H.D., Mundy, J., Quatrano, R., Thomas, T., Sung, 
2.R. (1989) Common amino acid sequence domains among the LEA proteins of higher plants. 
Plant Mol. Biol. 12,475-486. 

Ellis, R.H., Hong, T.D., Roberts, E.H., Tao, K.L. (1990) Low moisture content limits to relations 
between seed longevity and moisture. Ann. Bot. 65,493-504. 

Ellis, R.H., Roberts, E.H. (1980) Improved equations for the prediction of seed longevity. Ann. 
Bot. 45,13-30. 

Franks, F. Hatley, R.H.M., Mathias, S.F. (1991) Materials science and production of shelf stable 
biologicals. Bio-Pharm 4, 38-42. 

Galau, G.A., Hughes, D.W., Dure III, L. (1986) Abscisic acid induction of cloned cotton late 
embryogenesis-abundant (Lea) mRNAs. Plant Mol. Biol. 7,155-170. 

Griebenow, K., Klibanov, A.M. (1995) Lyophilization-induced reversible changes in the 
secondary structure of proteins. Proc. Natl. Acad.Sci. U.S.A. 92,10969-10976. 

Hanafusa, N. (1969) Denaturation of enzyme protein by freeze-thawing and freeze-drying. In: 
Tokio, N. (ed.) Freezing and freeze-drying of microorganisms. University Park Press, Baltimore, 
pp. 117-129. 

Hoekstra F.A. (1986) Water content in relation to stress in pollen. In: Leopold, A.C. (ed.) 
Membranes Metabolism and dry Organisms, Cornell University Press, Ithaca, NY, pp. 102-122. 

Hoekstra, F.A. (1995) Collecting pollen for genetic resources conservation. In: Guarino, L„ 
Ramanatha, V., Rao, R. Reid, R. (eds.) Collecting Plant Genetic Diversity, CAB International, 
Oxon, pp. 527-550. 

Hoekstra, F.A., Crowe, J.H., Crowe, L.M., Van Roekel. T., Vermeer, E. (1992) Do 
phospholipids and sucrose determine membrane phase transitions in dehydrating pollen 
species? Plant Cell Environ. 15,601-606. 

Hong, T.D., Linington, S., Ellis, R.H. (1996) Compendium of information on seed storage 
behaviour. International Plant Genetic Resources Institute Rome. 

Horbowicz, M., Obendorf, R.L. (1994) Seed desiccation tolerance and storability: dependence 
on flatulence-producing oligosaccharides and cyclitols: review and survey. Seed Sci Res 4, 
385^06. 

16 



General introduction 

Karssen, CM., Brinkhorst-van der Swan, D.L.C., Breekland, A.E., Koornneef, M. (1983) 
Induction of dormancy during seed development by endogenous abscisic acid: studies on 
abscisic acid deficient genotype of Arabidopsis thaliana (L.) Heynh. Planta 157,158-165. 

Koster, K.L., Leopold, A.C. (1988) Sugars and desiccation tolerance in seeds. Plant Physiol. 
88, 829-832. 

Kuntz, I.D., Kauzmann, W. (1974) Hydration of proteins and polypeptides. Adv. Protein Chem. 
28, 239-345. 

Leopold, A.C, Sun, W.Q., Bernal-Lugo, I. (1994) The glassy state in seeds: analysis and 
function. Seed Sci. Res. 4,267-274. 

Levine, H., Slade, L. (1992) In: Schwartzberg, H., Hatel, R.W. (eds.) Physical chemistry of 
Foods, pp. 83-221. Marcel Dekker, New York. 

Madin, K.A.C., Crowe, J.H. (1975) Anhydrobiosis in nematodes: carbohydrate and lipid 
metabolism during dehydration. J. Exp. Zool. 193, 335-337. 

McKersie, B.D., Crowe, J.H., Crowe, L.M. (1989) Free fatty acid effects on leakage, phase 
properties, and fusion of fully hydrated model membranes. Biochim. Biophys. Acta 982,156-160. 

McKersie, B.D., Senaratna, T., Walker, M.A., Kendall, E.J., Hetherington, R.R. (1988) 
Deterioration of membranes during aging in plants: evidence for free radical mediation. In: 
Nooden, L.D., Leopold, A.C. (eds.) Senescence and Aging in Plants, Academic Press, New 
York, pp 412-465. 

Nakayama, Y., Sajo, K., Kito, M. (1981) Decomposition of phospholipids in soybeans during 
storage. Cereal Chem. 58, 260-264. 

Perkins, W.D. (1987) Fourier transform infrared spectroscopy: part II. advantages of FT-IR J. 
Chem. Educ. 64, A269-A271. 

Pistorius, A.M.A. (1995) Biochemical Applications of FT-IR Spectroscopy. Spectrosc. Eur. 7, 8-
15. 

Prestrelski, S.J., Tedeschi, N., Arakawa, T., Carpenter, J.F. (1993) Dehydration-induced 
conformational transitions in proteins and their inhibition by stabilizers. Biophys. J. 65,661-671. 

Priestley, D.A. (1986) Seed Aging: Implications for Seed Storage and Persistence in Soil, pp. 
1-304. Ithaca, Comstock Publ. Assoc. 

Priestley, D.A., Leopold, A.C. (1979) Absence of lipid oxidation during accelerated aging of 
soybean seeds. Plant Physiol 63, 726-729. 

Roberts, E.H. (1973) Predicting the storage life of seeds. Seed Sci. Techno!. 1,499-514. 

Roberts, E.H., King, M.W., Ellis, R.H. (1984) Recalcitrant seeds: their recognition and storage. 
In: Holden, J.H.W. and Williams, J.T. (eds.) Crops Genetic Resources: Conservation and 
Evaluation. Allen and Unwin, London pp. 38-52. 

Roos, Y.H. (1995) Phase Transitions in Foods, Academic Press, London, pp. 1-360. 

Sanhewe, A.J., Ellis, R.H. (1996) Seed development and maturation in Phaseolus vulgaris. I. 
Ability to germinate and to tolerate desiccation. J. Exp. Bot. 47, 949-958. 

Senaratna, T., McKersie, B.D. (1983) Dehydration injury in germinating soybean (Glycine max 
L. Merr.) seeds. Plant Physiol. 72, 620-624. 

Senaratna, T., McKersie, B.D., Stinson, R.H. (1985) Simulation of dehydration injury to 
membranes from soybean axes by free radicals. Plant Physiol. 77,472-474. 

Sun, W.Q., Leopold, A.C. (1993) Acquisition of desiccation tolerance in soybeans. Physiol. 
Plant. 87,403^09. 

17 



Chapter 1 

Surewicz, W.K., Mantsch, H.H., Chapman, D. (1993) Determination of protein secondary 
structure by Fourier transform infrared spectroscopy: a critical assessment Biochemistry 32, 
389-394. 

Tetteroo, F.A.A., de Bruijn, A.Y., Henselmans, R.N.M., Wolkers, W.F., van Aelst, A.C., 
Hoekstra, F.A. (1996) Characterization of membrane properties in desiccation-tolerant and 
-intolerant carrot somatic embryos. Plant Physiol. 111,403-412. 

van Bilsen, D.G.J.L., Hoekstra, F.A. (1993) Decreased membrane integrity in aging Typha 
latifolia L. pollen: Accumulation of lysolipids and free fatty acids. Plant Physiol. 101,675-682. 

van Bilsen, D.G.J.L., Hoekstra, F.A., Crowe, L.M., Crowe, J.H. (1994a) Altered phase 
behavior in membranes of aging dry pollen may cause imbibitional leakage. Plant Physiol. 104, 
1193-1199. 

van Bilsen, D.G.J.L., Van Roekel, T., Hoekstra, F.A. (1994b) Declining viability and lipid 
degradation during pollen storage. Sex. Plant Reprod. 7,303-310. 

Vertucci, C.W., Fan-ant J.M. (1995) Acquisition and loss of desiccation tolerance. In: Kigel, J., 
Galili, G. (eds.) Seed development and germination, Marcel Dekker, New York, pp. 237-271. 

Vinogradov, S.N., Linnel, R.H. (1971) Hydrogen Bonding, Van Nostrand Reinhold Company, 
New York, pp. 1-319. 

Williams, R.J., Leopold, A.C. (1989) The glassy state in com embryos. Plant Physiol. 89, 
977-981. 

Wolff, S.P., Gainer, A., Dean, R.T. (1986) Free radicals, lipids and protein degradation. Trends 
Biochem. Sci. 11, 27-31. 

18 



Chapter 2 

Aging of dry desiccation-tolerant pollen does not affect 

protein secondary structure 

Willem F. Wolkers and Folkert A. Hoekstra 

Abstract 

Protein secondary structure and membrane phase behavior in aging 

Typha latifolia pollen were studied by means of Fourier transform infrared 

microspectroscopy (FTIR). Membranes isolated from fresh pollen occurred 

mainly in the liquid crystalline phase at room temperature, whereas the 

membrane fluidity of aged pollen was drastically decreased. This decrease did 

not result in large scale irreversible protein aggregation, as was concluded from 

in situ FTIR-assessment of the amide-l bands. Curve fitting on the infrared 

absorbance spectra enabled estimation of the proportion of different classes of 

protein secondary structure. Membrane proteins had a relatively large amount 

of a-helical structure (48%; band at 1658 cm1), and turn-like structures (at 1637 

and 1680 cm"1) were also detected. The secondary protein structure of isolated 

cytoplasmic proteins resembled that of proteins in whole pollen and was 

conserved upon drying in the absence of sucrose. The isolated cytoplasmic 

proteins had a large amount of a-helical structure (43%), and also p-sheet (at 

1637 and 1692 cm"1) and turn structures were detected. Heat denaturing 

experiments with intact hydrated pollen showed low (1627 cm1) and high (1692 

cm1) wave number bands indicating irreversible protein aggregates. The results 

presented in this paper show that FTIR is an extremely suitable technique to 

study protein secondary structure in intact plant cells of different hydration 

levels and developmental stages. 

Also published in Plant Physiology 109, 907-915 (1995) 



Chapter 2 

Introduction 

Cattail (Typha latifolia) pollen can be dried to water contents of less than 

0.05 g H20.g"1 DW, without losing viability. In an atmosphere of 40% RH the 

pollen attains about 0.06 g H20.g"1 DW and has a maximum life span of 

approximately 120 d at 24°C in the dark (van Bilsen and Hoekstra, 1993). At 

the higher RH of 75% the water content increases to approximately 0.20 g 

H20.g"1 DW, and viability is lost within as short a period as 12 d. Aging of the 

pollen coincides with massive leakage of endogenous K* upon reimbibition (van 

Bilsen ef al., 1994a), indicative of extensive membrane damage. Free fatty 

acids and lysophospholipids accumulate at the expense of the phospholipids 

(van Bilsen and Hoekstra, 1993). Free fatty acids have a destabilizing effect on 

model membranes in both the hydrated (McKersie et al., 1989) and the dry 

condition (Crowe et al., 1989b). Lysophospholipid, even in small amounts, is 

sorted out from model membranes upon drying, to form highly ordered 

complexes (van Bilsen et al., 1994a). These products of de-esterification are 

responsible for the 30°C increase of Tm of the rehydrated pollen membranes to 

approximately room temperature (van Bilsen et al., 1994a). Thus, at room 

temperature, both gel phase domains and liquid crystalline phase domains 

coexist in the same membrane, which is generally linked with leakage (Crowe 

et al., 1989a). Although a clear phase separation could not be resolved by in 

situ FTIR on aged pollen because of the relatively small amount of de-

esterification products present, it may have contributed to the massive 

imbibitional leakage of solutes from this pollen (van Bilsen ef al., 1994a). 

In suspension, the polar headgroup of a phospholipid typically binds H20 

molecules, the number of which depends on the phospholipid molecular 

species (Finer and Darke, 1974). Removal of this hydration sphere causes the 

intermolecular distance between the polar headgroups to decrease, which 

results in an increased interaction between the acyl chains. The resulting 

domain having densely packed phospholipids is permeable at its edges. In the 

case of an intact cell this would lead to the loss of membrane integrity and 

death. Desiccation-tolerant cells seem to have circumvented such problems 
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because large amounts of sugars are produced by them (Crowe et ai, 1984). 

Sugars can interact with the polar headgroups and somehow replace the water 

during dehydration. This interaction increases the average distance between 

the headgroups and thus prevents the acyl chains from being packed at high 

density. Two properties of sugars are important in inducing desiccation 

tolerance: (a) the ability to form hydrogen bonds with the phospholipid polar 

headgroup, and (b) the ability to form a glassy state under dry conditions at 

room temperature (Crowe et ai, 1994, 1996). In intact dry cells, glasses 

immobilize the cytoplasm and probably prevent intracellular membrane fusion. 

Highly ordered lipid domains indirectly cause the formation of protein 

domains, since membrane proteins will be excluded from these ordered lipid 

domains and move to the remaining fluid parts of the membrane. In model 

membrane systems, the gel phase can induce irreversible protein aggregation 

(Hemminga ef a/., 1992). This aggregation per se, may cause the loss of 

membrane integrity and, in the case of aged pollen, may have been 

responsible for the observed leakage. In this respect, it is interesting that as 

long ago as 1922 it was suggested that aging of pollen leads to protein 

denaturation (Knowlton, 1922). 

FTIR has proven to be a very useful method to study the conformation of 

membrane proteins (Haris and Chapman, 1992). The application of FTIR to 

proteins is based on the assessment of the amide-l bands, located between 

1600-1700 cm1, and the amide-ll band. The amide-l absorption band is 

principally due to an in-plane C=0 stretching vibration, whereas the amide-ll 

band is due to the NH bending (Susi, 1969). The structure-sensitive amide-l 

band in the infrared spectrum can be used to detect changes in the protein 

secondary structure (Byler and Susi, 1986; Surewicz and Mantsch, 1988). The 

C=0 stretching frequency is very sensitive to changes in the nature of the 

hydrogen bonds arising from the different types of secondary structure. This 

leads to a characteristic set of infrared absorption bands for each type of 

secondary structure (Susi ef a/., 1967). It has been found that in model systems 

large protein aggregates coincide with a highly characteristic low wavenumber 
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band in the amide-l absorption band of the protein backbone (Sanders ef a/., 

1993). 

With new FTIR-techniques for in situ analysis of small biological samples 

available (Messerschmidt and Reffner, 1988; Reffner, 1989), we thought that it 

would be feasible to pursue possible effects of storage on protein secondary 

structure. In this paper we describe the behavior of proteins in dry cattail pollen 

during aging. We used IR microspectroscopic methods to investigate protein-

protein interactions and/or protein aggregation. Protein structure of whole 

pollen was compared with that of isolated membranes and the cytoplasmic 

fraction. We present evidence that protein secondary structure is hardly 

affected during aging and that proteins are resistant to drying and freeze-

drying. In contrast, membrane fluidity studies indicate a significant decrease in 

fluidity during aging. 

Materials and methods 

Pollen 

Collecting and handling of Typha latifolia L. pollen were performed as 

described earlier (Hoekstra et a/., 1991). Aging of the pollen was achieved by 

incubation of the pollen (1 g) at a constant temperature of 24°C in an 

atmosphere of 75% RH produced by a well-ventilated saturated NaCI solution. 

Aging of the pollen was studied after 5 and 12 d. Germination was determined 

as described previously (Hoekstra ef a/., 1992a). Pollen was prehydrated in 

water vapor for at least 1 h at room temperature before imbibition. 

Membrane isolation 

Microsomal membranes were isolated from the pollen as described 

earlier (Hoekstra ef a/., 1991), using 10 mM Tes, 1 mM EDTA, 1 mM EGTA, 1 

mM diethylenetriamine-pentaacetic acid, 5 mM ascorbic acid and 1 mM DTT as 

the isolation medium. In the last step, the membrane fraction was resuspended 

in either H20 or DzO and centrifuged for 45 min at 100,000 x g. The isolated 

membrane fraction was used directly for further experiments. 
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Isolation of cytoplasmic proteins 

Dried pollen was dissolved in 40 ml of ice-cold water. The pollen 

suspension was passed through a precooled (2°C) French pressure cell at 

5000 p.s.i. After the homogenate was filtered through a serum filter, the 

suspension was centrifuged two times at 10,000g for 10 min to remove 

organelles. The supernatant was then subjected two times to a high speed 

centrifugation (30 min, 180,000g) to remove the membrane fraction. The 

supernatant was dialyzed against 100 mM NaCI in 10 mM Tris-buffer, pH 7.5, 

for 48 h, changing the buffer every 12 h. Subsequently, the dilute protein 

solution was concentrated by ultrafiltration, exclusion size 10 kD, or washed 

with D20 before ultrafiltration. 

IR spectroscopy 

IR spectra were recorded on a Perkin-Elmer 1725 Fourier transform IR-

spectrometer equipped with a liquid nitrogen-cooled mercury/cadmium/telluride 

detector and a Perkin-Elmer microscope interfaced to a personal computer. A 

homogeneous monolayer of pollen was prepared by slightly pressing the pollen 

grains between two diamond windows. If individual pollen grains were not 

arranged in a monolayer, clusters showed up as dark spots on the video 

screen, which impedes the energy throughput of the IR beam. Therefore, we 

have recorded only spectra of areas where no optical inhomogeneities could be 

detected with the IR-microscope. An area of approximately 500 x 500 jj.m was 

selected for FTIR analysis. Dehydrated protein samples were prepared on CaF2 

windows in a cabin continuously purged with dry air (RH < 3% at 24°C). The IR 

spectra to study the membrane fluidity were recorded in a temperature-

controlled cell. Fifty to 60 spectra were recorded in the range between -60 and 

80°C. IR spectra for protein studies were recorded at room temperature unless 

otherwise noted. The optical bench was purged with dry C02-free air (Balston; 

Maidstone Kent, UK) at a flow rate of 25 I min1. The acquisition parameters 

were 4 cm"1 resolution, 512 coadded interferograms (32 in the membrane 

fluidity studies), 2 cm s"1 moving mirror speed, 3500-900 cm"1 wave number 
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range, and triangle apodization function. The time needed for acquisition and 

processing of a spectrum was 4.5 min. 

Data analysis 

Spectral analysis and display were carried out using the Infrared Data 

Manager Analytical software, versions 2.5 and 3.5 (Perkin-Elmer). Membrane 

fluidity was monitored by observing the band position of either the CH2 

symmetric stretch band at approximately 2850 cm"1 or the asymmetric CH2 

stretch vibration at approximately 2920 cm1. The phase transition temperature 

was estimated from the discrete shifts in these band positions with temperature. 

The spectral region between 3000 and 2800 cm"1 was selected and second-

derivative spectra were calculated. The second-derivative spectrum, was 

normalized, and the band position was calculated as the average of the 

spectral positions at 80% of the total peak height. For protein studies the 

spectral region between 1800 and 1500 cm"1 was selected. This region 

contains the amide-l and the amide-ll absorption bands of the protein 

backbones. Second-derivative spectra were generated using the Perkin-Elmer 

routine for calculating second-derivative spectra. They were smoothed over 13 

data points. The parameters for the Fourier self-deconvolution procedure were: 

smooth factor of 15.0 and a width factor of 30.0 cm'1, using the interactive 

Perkin-Elmer routine for Fourier self-deconvolution. The linewidth in the 

deconvolved spectrum was chosen carefully to avoid introduction of erroneous 

bands (Surewicz ef a/., 1993). Difference spectra were generated using an 

interactive routine (Perkin-Elmer), to subtract the spectrum of water from the 

corresponding spectrum containing the protein. The water spectra to be 

subtracted were collected under the same conditions as the membrane spectra. 

Criteria for the correctness of subtraction were (a) removal of the band near 

2200 cm1 and (b) flat baseline between 1800 and 2000 cm"1 for samples in H20 

and elimination of the strong band at 1209 cm"1 for samples in D20, avoiding 

negative sidelobes. Curve fitting of the original absorbance spectra was 

performed with Peakfit (Jandel software) of the original absorbance spectra 

between 1800 and 1500 cm1. Second-derivative and deconvolved spectra 
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Figure 1. IR absorption spectrum of dry nonaged T. latifolia pollen. 

were used to determine the number and the positions of the bands as starting 

parameters for the curve fitting procedure, assuming Pearson or Voigt band 

shapes. 

Results and discussion 

Infrared spectra of intact pollen 

Figure 1 depicts the IR absorbance spectrum of dry, nonaged pollen. 

The total spectrum is mainly composed of carbohydrates (sugar and cell wall 

material), lipids and proteins. The band at 3328 cm"1 corresponds to OH-stretch 

vibrations, mainly arising from sucrose, which is a major component of 7". 

latifolia pollen [23 % based on dry weight (Hoekstra et al., 1992b)]. The bands 

at 2929 and 2856 cm1 represent CH2 stretch vibrations arising from 

phospholipids, neutral lipids, and partly from carbohydrates. In the 1800 -1500 

cm"1 region, at least 4 bands can be observed. Important bands for protein 

analysis are the amide-l band at 1656 cm"1 and the amide-ll band at 1548 cm"1. 

In the region below 1490 cm1, the CH2 wagging (1342 - 1180 cm1) and 

scissoring (1455 cm"1) bands occur, which can be very useful to study 
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membrane conformation (Blume er a/., 1988). The phosphate band at 1241 

cm"1 can be used to study the interaction of phospholipid headgroups with 

sugars (Crowe era/., 1984). 

Membrane fluidity of isolated membranes and aging 

Pollen was aged at 75% RH and 24°C for 0, 5 and 12 d. During aging, 

viability declined from 95% at day 0 to 40% after 5 d, and no pollen tubes were 

found after 12 d. Membranes isolated from nonaged pollen had an average Tm 

of about -7°C (Figure 2). In contrast, Tm of membranes isolated from 12-d-aged 

pollen increased to 25°C, with that from 5-d-aged pollen being intermediate. 

The shape of the frequency versus temperature curve of the 12-d-aged pollen, 

in particular, suggests the existence of two lipid populations, one with a Tm of 

about -12°C, and one of 25°C. This may be explained in several ways. One 

explanation is that lipid sorting is involved. Thus, due to different phase 

behavior of the various membrane lipid species, clusters may be formed in the 

same membrane. Alternatively, as we observe a mixture of various membrane 
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Figure 2. Wavenumber versus temperature plot (FTIR) of microsomal 
membranes isolated from T. latifolia pollen. The data points represent the 
asymmetric CH2 stretching vibration of 0-d-aged pollen (circles), 5-d-aged 
pollen (squares), and 12-d-aged pollen (triangles). The arrows point to two 
transitions observed in 12-d-aged pollen membranes. 
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Figure 3. Absorbance (A) and deconvolved absorbance (B) IR spectra of 
0-d, 5-d and 12-d-aged dry whole T. latifolia pollen. Aging was performed 
at 24°C in an atmosphere of 75% RH. 

systems, one specific stable membrane system may be linked with the 

transition at -12°C. However, it leaves the observation intact that a considerable 

shift upwards in the Tm of a part of the isolated membranes occurs with aging. It 

is important to notice that at room temperature membranes from fresh pollen 

are mainly in the liquid crystalline phase, whereas in 12-d-aged pollen the 

membrane fluidity is drastically decreased. On account of the asymmetric 

stretch vibration data in Figure 2 it can be concluded that a part of the lipids in 

the rehydrated membranes from the aged pollen will be in gel phase at room 

temperature. This will cause the pollen to leak during and after rehydration and 

will considerably reduce viability. 

Protein structure of whole grains and aging 

For protein structural studies we have mainly focused on the amide-l 

band, with the absorbance maximum at approximately 1656 cm1. The amide-l I 

band can give additional information about the protein structure and the solvent 
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exchange rate of a protein (Haris et al., 1989). Since the original absorbance 

spectra yield rather broad bands in the amide region, mathematical data 

treatments such as second derivative analysis and Fourier self deconvolution 

have to be applied to resolve the fine details of the amide-l and amide-ll bands. 

Assignment of the several resolved bands to different protein structures 

is elaborated on later. Figure 3 shows the original and the deconvolved spectra 

of the 0-, 5- and 12-d-aged whole pollen grains. In order to save space the 

second derivative spectra are not shown. Both, second derivative and 

deconvolution analysis show that the amide-l band is composed of three 

bands, located at approximately 1637, 1657 and 1680 cm1. These bands do 

not shift significantly in band position or in relative intensity (see "Assignment 

and quantification of the protein secondary structure" on page 33), indicating 

that the proteins are conserved during aging. Even in aged, nonviable, pollen 

the protein structure was the same as in nonaged pollen, and irreversible 

protein aggregates (intermolecular p-sheet formation) were not detected as 

evidenced by the absence of low wavenumber peaks at approximately 1625 

cm'1 (Prestreiski et al., 1993; Sanders et al., 1993). This was a surprising 

finding to us, since the membrane fluidity of isolated membranes changed 

drastically during aging in the sense that gel phase domains are present in the 

hydrated membranes of 12-d-aged pollen at room temperature (Figure 2). If gel 
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Figure 4. Absorbance (A) and deconvolved absorbance (B) IR spectra of 
isolated T. latifolia pollen membranes (hydrated). 
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phase domains are present in the membrane, the membrane proteins will 

favorably move to the remaining liquid crystalline lipid domains of the 

membrane and form protein domains there. We expected that this would result 

in irreversible protein aggregation. However, the protein structure was not 

affected by aging of the pollen. 

Protein structure in isolated membranes during aging 

To analyze whether particular protein secondary structures are present 

in specific cellular compartments of the pollen, membrane proteins and 

cytosolic proteins were characterized. In Figure 4 the original IR absorbance 

spectrum and the deconvolved spectrum of isolated pollen membranes are 

shown. The absorbance maximum is located at approximately 1656 cm1. The 

5- and 12-d-aged pollen membranes show similar IR spectra (not shown). In 

the selected regions at least three broad absorbance bands can be observed: 

the band at approximately 1744 cm"1 can be assigned to ester bonds (lipids), 

the band at approximately 1656 cm"1 represents the amide-l band (proteins), 

and the band at approximately 1548 cm"1 represents the amide-l I band 

(proteins). Deconvolution of the absorbance spectrum shows the presence of at 

least 7 bands in the 1800 -1500 cm'1 region. Two bands can be distinguished 

in the ester band, three bands in the amide-l band, and one band in the amide-

II band. The band at 1518 cm"1 probably represents the tyrosine residues in the 

protein, and the weak bands in the region from 1610 cm"1 to 1565 cm"1 may be 

attributed to the amino acid side chain vibrations (Chirgadze et a/., 1975). Three 

bands can be distinguished in the amide-l band, namely at 1637, 1656 and 

1679 cm"1. The IR spectrum of freeze-dried pollen membranes is shown in 

Figure 5. It can be seen that the IR bands in the hydrated membranes are 

somewhat sharper than those of the freeze-dried membranes (compare Figures 

4 and 5). Furthermore, dehydration shifted the amide-l bands to higher wave 

numbers (1641, 1658 and 1682 cm"1). Such effects of dehydration on 

(membrane) protein structure as studied by FTIR have been described earlier 

(Prestrelski et a/., 1993; Sarver and Krueger, 1993), and do not imply a major 

structural rearrangement of the membrane protein structure. 
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Our results indicate that aging is not correlated with the formation of 

irreversible clustered protein aggregates within the membrane. However, 

formation of reversible protein domains cannot be excluded but is also not very 

likely , since no line-broadening of the amide-l band has been observed. 

Structure of cytoplasmic proteins 

Cytoplasmic protein was isolated and purified from the pollen as 

described in "Materials and methods". Figure 5 shows the spectrum of this 

protein in the dehydrated state. The 1800 - 1500 cm"1 region of dried 

cytoplasmic proteins is very similar to the same region of the whole pollen 

grains in Figure 3. As expected, the bands at approximately 1745 cm"1 (lipids) 

and 1606 cm"1 (cell wall material) are absent in dried cytoplasmic proteins 

spectra of Figure 5. 

The difference in environments between the in situ cytoplasmic protein 

and the isolated protein is that the latter is not embedded in a sucrose matrix. It 

is therefore surprising that the proteins retain their structure upon drying in the 
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Figure 5. Absorbance (A) and deconvolved absorbance (B) IR spectra of 
dehydrated cytoplasmic T. latifolia pollen proteins and freeze-dried 
membranes. 
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Figure 6. Absorbance (top trace) and deconvolved absorbance (bottom 
trace) IR spectra of cytoplasmic T. latifolia pollen proteins in D20. 

absence of this sucrose. Water soluble proteins often denature when they are 

dried, which can be prevented by adding sugar prior to dehydration (Crowe et 

al., 1987; Carpenter and Crowe, 1989; Prestrelski et al., 1993). The 

cytoplasmic proteins in T. latifolia pollen apparently do not require sugar to 

maintain their structure upon dehydration. Perhaps the protection of these 

proteins against dehydration is conserved in the primary amino acid sequence. 

As a comparison to the dried cytoplasmic protein, the spectrum of 

hydrated protein was recorded (Figure 6). Because of the interfering effect of 

H20 in the amide-l region, protein structure was studied in D20. In D20 the 

amide-l band shifts to a lower wave number (1650 cm1), indicating the 

presence of solvent-accessible protein regions (Haris era/., 1989). Five amide-l 

bands can be observed at 1692, 1678, 1657, 1650 and 1641 cm1. Similar to 

the membrane proteins the spectral differences between dehydrated and 

deuterated proteins are not due to a structural rearrangement of the protein 

structure but represent a solvent effect to the amide-l band. Comparing the 

amide-l band of cytoplasmic protein in D20 and in dehydrated state gives 
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information about the amount of solvent-accessible regions in the protein, 

which is discussed later. 

Protein structure in denatured pollen 

The excellent long-term stability of proteins compared to membrane 

lipids is surprising. This stability may be due to the embedding of proteins in a 

cytosol, in which sucrose is abundantly present, or may lie in the primary amino 

acid sequence, which conserves the secondary structure upon dehydration. 

Infrared spectroscopic studies have shown that sugars effectively prevent 

aggregation or denaturing of some proteins during dehydration (Prestrelski et 

al., 1993). To determine whether the present FTIR in situ technique of protein 

structural analysis would indeed reveal denatured proteins, we artificially 

induced denaturation by heat treatment. 

Protein structure in dry 7. latifolia pollen did not alter upon heating for 1 h 

at 80°C (spectra not shown). This indicates that these proteins are resistant to 

heat treatment in the dry state, which has been demonstrated earlier for dry 

proteins in general by other methods (Ruegg et a/., 1975; Fujita and Noda, 
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Figure 7. Absorbance (top trace) and deconvolved absorbance (bottom 
trace) IR spectra of denaturated T. latifolia pollen (boiling for 10 min). 


