Stress proteins and identification of interacting partners

in theresurrection plant Craterostigma plantagineum

Inaugural - Dissertation
zur
Erlangung des Doktorgrades
der Mathemathi sch-Naturwissenschaftlichen Fakul tét

der Universitét zu Koln

vorgelegt von
Elisabetta Schiliro

aus Bologna



Die vorliegende Arbeit wurde am Max-Planck-Institut fur Zichtungsforschung in Kéln in der
Abteilung fur Pflanzenziichtung und Ertragsphysiologie unter der Leitung von Prof. Dr. F.

Salamini angefertigt.

Berichterstatter: Prof. Dr. F. Salamini
Prof. Dr. H. Schneider-Poetsch
Prufungdeiter: Prof. Dr. W. Werr



Table of Contents

1.2

121
122
123

1.3

14

21
22

221
222
223
224
2241
2242
2243
225
2.2.6
2261
2.2.6.2
2.26.3
2.3

231
2311
2312
2313
232
2321
2322
233
234

2341

INtrodUCLION ... e 1
The study of the drought stresstolerancein plants. economic and
SCIENLITIC TEIEVANCE ..ot e e e e e e seesnee e e e
Environmental stressesin plantsS. ....... v i 1
Common responses to different environmental stresses Y .
AdaptationSto AroUgNE SIFESS  .....eiiieeie e e e e e e aa e aes 6
Therole of dehydrins and heat-shock proteins (HSPs) in the drought stress
101 = 10 ...8
Drought tolerance studies by the yeast two-hybrid system in the
resurrection plant C.plantagineUM ... e e 10
ODbjeCtivVes Of tNETNESIS  ..c.eeeece e e e et e e e 12
Material and Methods
ADDIBVIALIONS ... et 14
Y= L= = | 16
Chemicals, enzymes, radioisotopes and Kits ..........c.ccccceeevveviievieccieiice e venveenn 0. 16
Media, buffers and SOIULIONS  .......oviiiciieieiieeie et e eeeeesreee s ssireeeessn s se e s e en e 0a 1O
Vectors, bacteriaand yeast SLraiNS ..........o.viviiiiiieie e 17
Plant material PPN Y 4
Craterostigma plantagineum Hochst. Fam. Scrophulariaceae ...................17
Nicotiana tabacum cv. Petit Havana, Fam. Solanaceae ............ccec............. 18
Collection and StOrage  ..ocvveceevie et e 18
ProtoplastS preparation ....oo.veiie i 18
Plant StreSStreatment ... e 19
DENYAration . oo e e e 19
ABA Ireatment o 19
HEAL SITESS . e e e e e e 19
AV o 19
NUCIEIC aCIA EXEFACIION ... e e e e 19
Genomic and plasmid DNA isolation from bacterid .........cccccceeevveeeenneenn ... 19
Plasmid DNA isolation from yeast ........cccccccvvviiviiiiieciee e 20
L0 = NN o = 1 o o S 20
HYDrdiZation @NalYSIS ......ooiveieiieiieci s e e e e e e 20
Southern blot analysis PP PP, 0
NOrthern bIOt @NalYSIS  ....ovoiie i 20
PO R oo et et et entesreerenreeaeeneenes 21
Thetwo-hybrid system ... 21
Two-hybrid cDNA expression library construction and
activation domain (pPAD-GAL4) plasmid preparation  ........cccceveeeevvieveenen s v 21



2.34.2 DNA-binding domain (pBD-GAL4) bait plasmids preparation —.........c.cc.c...... 22
2343 TWO-hyDrid SCreening oo e e 23
2.35 Sequencing and sequence analysis  ........ e 23
2.3.6  Expression and purification of recombinant protemsmEcoIl Y.
2.3.7 Purification of recombinant protein fromyeast .......cccccceeviivi i 24

2.3.8  Determination Of protein COCENLIatiON  .......cccoeereeieeiieriere s e e een s 25
2.39  Geleectrophoretic protein separation (SDSPAGE) .25
PRGN L0 I . o1 =T g 1= =1 ] oo PSRRI 25
2.3 11 WeStErN @NAlYSIS oot e e n e n e aaa 25
2.3.12 Electrophoretic gel Mobility shift assay (EMSA)  .....ooviiii i 20
2.3.13 Tobacco protoplasts eXperimentS  ...occceiiin i e 26

23131  Construction of the Cp-HSp:GUS reporter plasmid  ......ccccceveeeeviivvvviieennn 27
2.3.13.2 Construction of the CaMV 35S.Cp- HSFlexproanasrnld -4

2.3.13.3  ProtoplastStransformation ..ot 27
2.3.13.4  Protoplasts heat stresstreatment  .....cccoov i e 20
23135  GUSACHVILY 8SSAY  eeovvieurie i ee ettt e 28
3 == | S 29

31 I solation of genes encoding dehydration-related proteins bytheyeast
tWO-NYDI I SYSLEIM oo e e e e e e e ee e 2een 2D

3.11 Establishingtheyeast “Two-Hybrid System” in C. plantagineum  ............... 29
3111 Verification of the yeast phenotypes 212
3112 Construction of atarget protein library ......ccccooe i 31

3.1.2 Identification of proteinsinteracting with the Cp-Dspl16 dehydrin ...............32
3121 Preparation of the Cp-Dspl6 dehydrin as bait protein =~ ............ccovevenne. 32
3122 | dentification of proteinsinteracting with the Cp-Dspl6 bait protein  .........35
3123 Analysis of the self-interaction ability of the Cp-Dspl6 dehydrin  ........... 39

3.1.3 Identification of proteinsinteractingwith Cp-HSF1 ..............coooiiiiiiiininnns 40
3131 Preparation of Cp-HSF1 asbait protein ... 40
3132 Analysis of different Cp-HSF1 deletion constructs e e 42

3133 Identification of proteinsinteracting with the Cp-HSF302 ba|t proteln ....45
3134 Study of the interactions among different functional domains of Cp-HSF1 46

3.1.3.4.1 Preparation of anew Cp-HSF1 deletion construct ......... o A7
3.1.3.4.2 Analysis of the interactions among the different Cp-HSF1 doma| ns ... 48
3.2 Characterization of the small heat shock protein CoHSP20.6  .................. 50
3.21 Sequenceanalysisof the Cp-Hsp20.6 cDNA ............. .....50

3211 Sequence of the Cp-Hsp20.6 cDNA and the deduced CpHSPZO 6 prote| n ...50
3212 Sequence comparison of the CpHSP20.6 protein with the plant small HSP

SUPEITAMITY e e e et e e 52

3.2.2 Characterization of the genomic sequence of Cp-Hsp20.6 .........cevvieiinnnnns 57
3221 Cp-Hsp20.6 geENe Organization  .......ocoeeieneeie et e e e 57
3.2.2.2 Cp-Hsp20.6 gene structure .......... P & <
3223 Analysis of the Cp- Hsp206promoter reglon PP TPPRPRPN o
323 Cp-Hsp20.6transcript expression ......... N o X &

3.231 Cp-Hsp20.6 transcript expression in dehydrated roots ............................ 61



3232 Cp-Hsp20.6 transcript expression in heat stressed roots — ........eoveieninnnnns 62
3233 Cp-Hsp20.6 transcript expression in dehydrated and heat stressed leaves ...63

33 Study of the blndlng act|V|ty of the Cp—HSFl protem tothe Cp—HspZO 6
promoter .............. . ceerreeenennn 04

3.3.1 Invitrobinding assays of Cp-HSF1 to the heat shock responsive element

3.3.2 Inwvotransentexpronassaysmtobaccoprotoplasts RN ¥ 4
3321 Activation of GUS-reportersby Cp-HSFL ..o e 67
3322 Heat stressinducible expression of the Cp-HSF1  .....coceeeiiiiiieien ... 69

N B 1 ot U= o o PP 4
4.1 Theyeast two-hybrid system as method to detect partners of dehydration stress

proteinsin Craterostigma plantagineum ......coccve e viiie i e e 71
411 TheCp-Dspl6denydrinasbait ......cccooooviiiiiiiiiiii e 73
4.1.1 Interacting proteins and false poSitivetargetS  ......c.ovvvviiiiieiie e 74
4.1.2 No homodimerization ability of the Cp-Dspl6 dehydrin .........ccooeiiiiiiii i, 78
4.1.3 Conclusions ........... P £
412 Theuseof thetranscnptlon factor homologue Cp—HSFl as balt v 19
4.1.2.1 Assessing the different deletion constructsof Cp-HSF1 ... 80
4.1.2.2 Interactionsamong different domainsof Cp-HSF1 ..., 82
A.1.2.3 CONCIUSIONS oottt et e e e et e e e e et e e e e e e 84

41.3 Limitsand pitfallsof theyeast two-hybrid system ..................cocen...84

4.2 Characterization of the small heat-shock protein Cp-Hsp20.6 gene ............... 85
421  Sequence and expression analyses of the Cp-Hsp20.6 gene transcript ................. 86

4.2.2 ldentification of a heat shock responsive element-like sequence (Cp—HSE)
homologous to plant heat-shock cis-regulatory elements. ..................oceeven..90
4.2.3  CONCIUSIONS  .ouititeeee et et e e e e e e e e e e e e e e eaeeaenennennenneneee e O3

A (= = == 97
8 APPENIX i e 128
9 ACKNOWIEAGEMENTS .o 131
10 Eidesstattliche Erklarung .......cooooiiiiii e, 132

11 CUITICUIUM VITAE ... oo e e e e e e e, 133



1 I ntroduction

1.1  Thestudy of the drought stress tolerance in plant: economic and scientific

relevance.

Plant productivity is strongly influenced by stresses induced by drought, high salt, and low
temperature conditions. Most cultivated crop plant species are highly sensitive and either die or
display reduced productivity after they are exposed to long periods of stress (McKersie and
Leshem, 1994). It has been estimated that two-thirds of the yield potential of major crops are
routinely lost due to unfavorable environments (Boyer, 1982; Bag et al., 1999). Increased
drought-tolerance of crop plants has therefore become one of the major objectives of plant
breeding programs on a worldwide scale.

The understanding of the plant responses to water stress has been advanced by the application of
the molecular techniques but details of the mechanisms regulating these responses remain to be
examined. Also questions of ecological and evolutionary nature need to be studied in depth. So,
the knowledge gained in basic research could significantly contribute to produce agronomically

useful plants with high levels of drought stress tolerance.

1.2 Environmental stressesin plants

Under both natural and agricultural conditions, plants are frequently exposed to stress. Stress is
usually defined as an external factor that exerts a disadvantageous influence on the plant (Levitt,
1972). Water deficit, chilling and freezing, heat stress, salinity and oxygen deficiency are major
stress factors restricting plant growth (Boyer, 1982; Salisbury and Ross, 1989). Some
environmental factors (such as air temperature) can become stressful in a few minutes; others

may take days to weeks (soil water) or even months (mineral nutrients) to become stressful.



During stress, a plant adapts its metabolism and responds by leading to a variety of biochemical
and physiological changes. Carbohydrates, lipids, proteins and nucleic acid metabolisms are
severely damaged (reviewed in Jones et al., 1989; Cushman et a., 1990; Katterman, 1990; see
also Jain et a., 1997; Nguyen et al., 1997; Pareeek et a., 1997) and effects of exposure to
stresses have been noted with respect to amost all major physiological processes including
photosynthesis, nitrogen fixation and respiration (Dilks and Proctor, 1979; Bjoerkman et a.,
1980; Jackson and Drew, 1984; Drew, 1987; Kaiser, 1987; Osmond, 1987; Smirnoff and
Cumbes, 1989; Chapin Il F.S., 1991; Waring, 1991; Bjoerkman and Demming-Adams, 1994;
Downs and Heckathonrn, 1998). Different developmental stages of the plant growth including
seed germination, seed maturation and senescence, are differentially affected in response to stress
conditions (reviewed in Skriver and Mundy, 1990; see aso Chiariello and Gulmon, 1991;
Gyoergyey et al., 1991; Hall, 1993; Leprince et a., 1993; Gagliardi et al., 1995; Kermode et al.,
1997).

A signa of abiotic stress is often injury to membranes (Senaratna et a., 1987). Chilling and
freezing, as well as high temperature conditions, affect the membrane fluidity (Murata et al.,
1982; Clegg, 1986; Schwab et al., 1986; Smirnoff and , 1989; Crowe and Crowe, 1992; Vernon
et al., 1993; Steponkus et al., 1993; Botella et al., 1994) and perturb membrane-bound processes
such as the photosynthetic apparatus (Sung and Krieg, 1979; Kaiser, 1987; Rao et a., 1987;
Schwab et a, 1989; Bjoerkman and Demming-Adams, 1994; Downs and Heckathonrn, 1998).
The formation of reactive oxygen intermediates, a secondary effect of stress, also damages
membranes (Perl-Treves and Galun, 1991; Sgherri et a., 1993a,b; Mittler and Zilinskas, 1994).
With the exception of flooding, the major environmental stresses all result in water-deficit stress
(Kramer, 1993). Cold or frozen soil can reduce water uptake and thus produce water stress
(Tranquillini, 1976; Oberbauer and Billings, 1981); in the same way, salt accumulation in the soil
decreases the water potential that makes soil water less available (Osmond et a., 1980; Fitter and
Hay, 1987). In order to survive under water deficit conditions, plants have to maintain their water
status to keep homeostasis. When a depletion of water occurs in the plant tissues, the
extracellular solute concentration results atered and there is a flux of water from the cells,
causing a decrease in turgor and an increase in concentrations of intracellular solutes (Crowe et
al., 1984; Adams et al. 1992; Bray, 1993;

Ding and Pickard,1993; Boyer, 1995; Lichtentaler, 1995). Consequently, osmotic adjustment

plays a fundamental role in cellular stress response. There are several biochemica functions



involved in the response of the plants to osmotic stress, such as ion exclusion, ion export, cell
wall modification, accumulation of various organic compounds, synthesis of |ate-embryogenesis-
abundant (LEA) proteins and activation of severa detoxification enzymes (for review see
Bohnert et al., 1995; Allen, 1995; Bray E.A., 1997). The concept of stress is associated with that
of stress tolerance, which is the plant’s fitness to cope with a unfavorable environment (Levitt
,1972, 1980). On the basis of their water requirements and adaptation to environmental stresses,
plants are commonly characterized as xerophytes (drought tolerant), halophytes (salt tolerant)
and glycophytes (stress-sensitive; Barbour et a., 1987; Salisbury and Ross, 1989). Very similar
mechanisms in stress protection have been observed for different plant species, supporting the
theory that stress tolerance mechanisms are ubiquitous and that the advantages of halophytes and
xerophytes over glycophytes may result from the more efficient performance of a few basic
biochemical pathways (Leopold et al., 1992; Donoghue M.J., 1994; Bohnert et al., 1995).

Concomitant to induced stress tolerance, protein metabolism of the cells undergoes changes in
terms of acquiring specific stress proteins, which are either not detected or present in low amount
in not induced cells. Stress proteins may be involved in avoiding stress, in repairing damage or in
protecting cellular machinery from the effects of stress (Grover et a., 1993; 1998; Ingram and
Bartels, 1996; Bray, 1997; Singla et al., 1997). Fig. 1 shows examples of stress proteins that are

expressed in response to the major abiotic stress factorsin plants.



Fig. 1

Characteristic features of plants stress proteins (after Grover, 1999)

Stress protein

Induction agents

Characteristic features

HSPs (heat-shock proteins)

Vierling, 1991;
Harrigton et al., 1994

High temperature; also water stress,
salt stress, low temperature;
in some cases, also abscisic acid.

Classified as small (low molecular
weight) HSPs and high molecular
weight HSPs; highly conserved
amino acid sequence; stress
inducibility of HS genes regulated
by HSEs (heat-shock elements);
some HSPs are shown to act as
chaperones

Osmotic  stress  proteins
such as WSPs (water stress
proteins) and SSPs (salt
stress proteins)

Ingram and Bartels, 1996;
Bray, 1997;
Shinozaki, 1997.

Low water availability and salt
stress; also induced by abscisic acid

Varied molecular weight and cellular
location; mostly are enzymes
involved in diverse functions such
as production of osmolytes,
regulation and transport.

Role of some WSPs is not well
defined (dehydrins, LEA proteins,
etc.)

ANPs (anaerobic proteins)

Sachs et al., 1996;
Drew, 1997.

Anaerobic  stress (caused by
flooding or submergence stress)

Mostly are enzymes of the
fermentative or the glycolytic
pathway; most genes contains
AREs (anaerobic responsive

elements) in the promoter

Cold stress proteins

Guy, 1990
Hughes and Dunn, 1996

Low temperature stress; also by
osmotic, oxidative stress and
abscisic acid

Conserved proteins of varied sizes
and functions; most genes contain
specific nucleotide sequence that
stimulate transcription in response
to low temperature

121

Common responsesto different environmental stresses

Several investigations suggest that plants exhibit a phenomenon called cross-tolerance (Levitt,
1980; Crawford, 1989), whereby exposure to one stress can provide tolerance to another stress. If
tolerance increases as a result of exposure to a previous stress, the plant is said to be acclimated.
Acclimation can be distinguished from adaptation, which usually refers to a genetically
determined level of resistance acquired over many generations (Fitter, 1987; Salisbury and Ross,



1989). Evidence has been accumulated in favor of alinkage at the cellular level between various
abiotic stresses. For example, it has been well recognized that plants responses to low
temperature and water stress are linked through a common dehydration mechanism. Early studies
of Chen et al. (1975, 1979) showed that cold hardiness of red osier dogwood stems could be
increased by water stress and dehydrins (Close, 1993, 1996; see also 1.2.3). Other dehydration-
induced stress proteins have been reported to be common to cold and water stress in several plant
species (Guy et al., 1982; Anisko and Lindstrom. 1995; Hughes and Dunn, 1996; Webb et a.,
1996; Artlip, 1997; Stockinger et al., 1997; Danyluk et al., 1998; Ismail et al., 1999; Wisniewski,
1999; Fu et al., 2000; Richard et al., 2000). Finally, Palta et al. (1981) noted that potato species
acquired higher heat tolerance during cold acclimation. Data also indicated that heat and drought
stresses in plants are often correlated (Wallner et al., 1982). It has been shown that water stress
increased heat tolerance in geranium plants (Arora et al., 1998) and exogenous application of
abscisic acid (ABA), a growth regulator known to accumulate during cold acclimation and water
stress (Quarrie, 1980; Chen and Lin, 1982; Ryu and Li, 1984), increased heat stress tolerance in
grape and bromegrass cell cultures (Abass and Rgjashekar, 1993; Robertons, 1994). Furthermore,
ABA accumulated in grape cell cultures during heat acclimation (Abass and Rajashekar, 1993).
Differences in the expression of specific genes between stress-sensitive and stress-tolerant plants
indicate that tolerance is conferred by genetically encoded mechanisms (Bray et al., 1993; Basra,
1994). Alteration in gene expression is an important part of the ability of the plant to respond to
the environment and in the last years several stress-related genes have been characterized
(reviewed by Grover et al., 1999). The study of the diverse genes that are induced and repressed
by dehydration (Ingram and Bartels, 1996; Shinozaki and Y amaguchi-Shinozaki, 1996; Bray,
1997) shows that many also respond to salt stress. In addition, there is evidence that among the
genes that respond to salinity and drought, some respond also to cold stress (Shinozaki and
Y amaguchi-Shinozaki, 1996). Several plant genes that are induced by salt but differ in their
response to dehydration, cold and the plant hormone abscisic acid (ABA) were reported by
Winicov (1998).

With regard to the heat stress, atypical stress-induced gene family is represented by the heat-
shock proteins (HSPs). It is well know that HSPs are synthesized in response to high temperature
(Nover et a, 1984; Schlesinger M.J., 1990; Gurley and Key, 1991. See aso 1.2.3). Nevertheless,
many HSPs may are up-regulated by a variety of treatments such as cold, salt, heavy metal and
oxidative stress (Nagao et al., 1990; Vierling, 1991; Gething and Sambroock, 1992;
Nedunchezhian et al., 1992; Berkel et al., 1994; Ferullo et a., 1994; Alamillo et a, 1995; Coca et



al., 1996; Eckey-Kaltenbach et al., 1997; Banzet et al., 1998). The common responses to different
stresses may indicate similar functions of stress-responsive gene products for plants under stress
conditions involving water deficit. The existence of interacting signa perception and
transduction pathways, which promote the plant stress response, is suggested by studies on gene
expression during dehydration. Endogenous ABA levels increase as result of water deficit and it
is thought to be involved in signal transduction (Chandler and Robertson, 1994; Giraudat et al.,
1994). At least four signal-transduction pathways have been reported to be involved in plants
between the initial dehydration signal and gene expression: two are ABA (abscisic acid)-
dependent and two ABA-independent (Shinozaki and Y amaguchi-Shinozaki, 1996, 1997). These
pathways lead to activation or synthesis of transcription factors (Nakagawa et a., 1996; Abe,
1997; Hollung et a., 1997; Stockinger et al., 1997; Nakashima et al., 2000) and it has been
demonstrated that this four signaling pathways cross-talk and converge to activate stress response
gene expression (Shinozaki and Y amaguchi-Shinozaki, 1996, 1997).

1.2.2 Adaptationsto drought stress

Drought stress occurs when water uptake from soil cannot balance water loss through
transpiration. The subsequently cellular water loss is referred to as dehydration (Levitt, 1980).
Response to water loss during dehydration is particularly achieved by osmotic adjustment. Most
plants maintain their cytoplasm osmotic balance by production of low molecular weight
compounds, which help to maintain the cellular water potential (Yancey et a., 1982; Arakawa
and Timasheff, 1985; Wiggins, 1990; Adams et a, 1992). The solutes accumulated in the
cytoplasm must be non-toxic (“compatible”) with respect to metabolic processes and should not
interfere with protein structure or function when present at high concentration (Morgan, 1984;
Somero, 1986). Quaternary ammonium compounds such as glycine betaine are among the
commonest compatible solutes and occur in bacteria, cyanobacteria, agae, higher plants and
animals (reviewed in Yancey et a., 1982; see also Grumet and Hanson, 1986; Rhodes et al.,
1989). The osmoprotectans include tertiary solfonium compounds, amino acids without net
charge like proline, various polyols, polyamines and oligosaccharides and sugars (Wyn and
Gorham; 1983; Morgan, 1984; Smirnoff and Cumbes, 1989; McCue and Hanson, 1990; Hanson,
1992; Timasheff, 1992; Vernon et al., 1993; Niu et al., 1995; Ishitani et al., 1996). Trehalose and
sucrose are the most widely distributed carbohydrates involved in drought tolerance (Crowe et



al., 1992; Leprince 1993; Leprince et al., 1993). Sugar is assumed to stabilize dry membranes and
dry proteins. membrane stabilization is thought to occur through water replacement of the lipid
bylayer, preventing dense packing of phospholipids and spurious membrane-protein interactions
during dehydration (Clegg, 1986; Crowe and Crowe, 1988ab; Leopold et a., 1992). Protein
stabilization presumably occurs through formation of hydrogen bonds between hydroxyl groups
of the sugar and the polar residues of the proteins (Carpenter and Crowe, 1989).

Besides sugar, the LEA (late embryogenesis abundant) proteins are proposed to protect
membranes and protein structures against drought induced damage. LEA proteins accumulate in
seeds during the later stages of embryogenesis (Close et al., 1993; Parcy et a., 1994) and some
also accumulate in vegetative tissues in response to stress (Baker et al., 1988; Cammue et a.,
1989; Houde et al., 1992). They are hypothesized to act as solubilizing agents with chaperone
properties, maintaining cellular structural organization and preventing ion crystallization during
desiccation (Baker et a., 1988; Close et al., 1989; Kort and Chandler, 1989; Roberts and al.,
1993; Close, 1996). The presence of LEA proteins in seeds and seedlings is correlated with tissue
dehydration tolerance and salt tolerance (Blackman et a., 1991; Galvez et a., 1993; Ried and
Walker-Sommons, 1993; Moons et al., 1995; Backer et al., 1995; Xu et a., 1996). With regard
with this observation, direct evidence of arole of LEA proteins in water stress comes from work
with rice transformed with a LEA protein from barley, which showed an increased tolerance to
water deficit and salinity (Xu et al., 1996). Finally, recovery of native protein conformation
involves either enzymes with function in protein repair or chaperones. Drought induced proteins
with chaperone function include high and low molecular weight heat-shock proteins (HSPs and
LMW or small HSPs respectively). HSPs represent a large protein family that includes several
subfamilies (HSP90, HSP70 and HSP60 or GroEL ; Morimoto et al., 1990). In particular, HSP70s
are evolutionary conserved and belong to the protein class known as chaperones (Anderson et al.,
1994). Most HSPs are believed to be able to act by stabilizing and protecting proteins and by
enhancing their refolding (Jinn et al., 1989, 1993, 1995; Borkird et al., 1991; Gethin and
Sambrook, 1992; Ferguson et al., 1994; Kiyosue et al., 1994).

Small HSPs are evolutionarily related to the vertebrate lens protein a-crystallin (Ingolia and
Craig, 1982; Wistow, 1985). The in vivo functions of the plant small HSPs are largely unknown,
yet several studies have demonstrated their ability to act as molecular chaperones in vitro
(Forreiter et a., 1997; Helm et al., 1997; Jinn et al., 1995; Lee et al., 1995, 1997; Yeh et a.,
1995; Lee and Vierling, 2000; L6w et a., 2000; Smykal et a., 2000).



1.2.3 Theroleof dehydrinsand heat-shock proteins (HSPs) during drought stress

In natural environments plants are affected during drought by two different physical factors:
water deficit and high temperature. Water deficit-induced accumulation of dehydrin proteins is
noteworthy (Close, 1993ab; 1996). Dehydrins are an immunologically distinct family of
proteins, also known as LEA D-11 family, which typically accumulate in plants during the late
stage of embryogenesis and in response to low temperature or ABA application, besides to any
environmental cue (drought, salinity, extracellular freezing) having cellular dehydration as a
common induction factor (Close, 1993, 1996). Dehydrins are highly hydrophilic and heat-stable.
Close (1996) hypothesized that dehydrins and compatible solutes act synergisticaly to stabilize
macromolecules such as unfolded proteins and nucleic acids. This stabilization could be achieved
through the hydrophilic regions of the dehydrin, resulting in the formation of an envelope of
order water that, particularly in the presence of compatible solutes, drives partialy unfolded
proteins back to afolded state or at least inhibit further denaturation. In this regard, evidence has
been presented for a protective role of dehydrins, in vitro, against freeze-thaw- and heat stress-
induced denaturation of proteins (Carpenter and Crowe, 1988; Robertson, 1995).

Heat is the other environmental cue present during drought. Plants respond to elevated
temperatures by expressing severa families of evolutionarily conserved heat-shock proteins
(HSPs)(Key et al., 1985; Lindquist and Craig, 1988;). The heat-shock response is widely
conserved in al living cells and is a model system for studying the molecular mechanisms of
stress gene expression regulation (Morimoto et al., 1990). One common features is the rapidly
induced expression of HSPs. Induction of transcription of heat-shock genes at high temperatures
is mediated by the activation of pre-existing transcription factors (HSFs), which bind to heat-
shock elements (HSEs) in the promoter region (Sorger, 1991). The genes for HSFs have been
isolated and characterized from yeast, Drosophila, chicken, mice, humans (Wu, 1995), tomato
(Scharf et al., 1990), Arabidopsis (Hubel et al., 1994), maize (Gagliardi et a., 1995) and soybean
(Czarnecka-Verner et a., 1995).

Dehydrins and HSPs represent two very different classes of stress proteins that accumulated upon
drought conditions. The dehydrin functionsin planta are poorly known, yet synthesis of dehydrin
transcripts were observed in drought-tolerant sunflower plants (Cellier et al., 1998, 2000) and
drought-tolerant wheat (Labhilili et a., 1995). On the other hand, HSPs are expressed during
phases of the plant life cycle where water stress conditions occur (pollen development, seed



development and germination) and it has been suggested that they may play a role in plant
desiccation tolerance (Almoguera and Jordano, 1992; DeRocher and Vierling, 1994; Magnard et
a., 1996; Wehmeyer et a., 1996). Moreover, it has been reported that adaptation of cotton plants
to soil drought was accompanied by enhancement of their resistance to both water deficiency and
overheating (Kuznetsov et a., 1982). In that study, two polypeptides (70 and 80 kDa) similar to
the corresponding HSPs were synthesized in response to drought. In addition, accumulation of
HSPs have been reported in laboratory as well as in field-grown plants subjected to water stress
(Prasad, 1997).

1.3 Drought tolerance studies by the yeast two-hybrid system in the resurrection plant
C.plantagineum.

There is a group of higher plants known as resurrection plants, which posses a unique effective
mechanism for coping with drought stress by being desiccation tolerant (reviewed by Hartung et
al., 1998). Desiccation is defined as the severest form of water loss (Chandler and Bartels, 1999).
Virtually all plant species, at some point in their life cycle, are at least partialy tolerant to
desiccation. For example, seed and pollen lose large quantities of water during the maturation
process (Bewley, 1979). But the ability of mature tissues, such as roots and leaves, to survive
severe desiccation is rare. The resurrection plant Craterostigma plantagineum Hochst. (Fam.
Scrophulariaceae) is one example of the known desiccation-tolerant species (Gaff, 1981).
The study of the molecular response to water deficit in Craterostigma plantagineum has been
mainly directed towards the understanding of the functions of genes up-regulated during
dehydration. Many of them encode hydrophilic polypeptides related to the LEA (late
embryogenesis abundant) proteins, for which an osmoprotective function has been suggested
(Bartels et al., 1990,1992; Piatkowski et al., 1990; Schneider et a., 1993; Alamillo et al., 1994).
Several of them are involved in biochemical pathways and show homology to key enzymes as
sucrose synthase and sucrose-phosphate synthase (Ingram et a., 1997; Kleines et al., 1999),
transketolase (Bernacchia et al., 1995), GAPDH (Velasco et al., 1994), phospholipase D (Frank
et al., 2000), or encode for water channel protein homologues (Mariaux et al., 1997). In addition,
C.plantagineum genes with a potentia regulatory function have been identified (Iturriaga et al.,
1996; Furini et al., 1997; Chandler and Bartels, 1997; Frank et al., 1998; Bockel C., 2000, Ph.D.
thesis).



The identification and isolation of stress-responsive proteins is a central theme in plant-stress
studies. The yeast two-hybrid system represents a powerful method for detecting and analyzing
protein-protein interactions. The basic concept of the strategy is to detect the interaction between
two proteins via transcriptional activation of reporter genes (Fields and Song, 1989). The system
is based on the modular nature of eukaryotic transcriptional activators, which have two domains:
one domain that specifically binds to DNA sequences (the binding domain, BD) and a domain
that promote the transcription (the activation domain, AD). The domains most commonly used
are the yeast GAL4 DNA-binding and activation domains. It is known that the yeast
transcriptional activator GAL4 binds specific sites on DNA to activate transcription of adjacent
genes (Yocum et al., 1984; Bram and Kornberg, 1985; Keegan et al., 1986). The distinct
activation regions of GAL4 are rich in acidic residues and it has been suggested that these
regions interact with other protein components (such as the TATA-binding protein or RNA
polymerase 11), while the DNA-binding region serves to position the activating region near the
gene (Patshne, 1986; Brent and Patshne, 1987; Struhl, 1987). Consequently, the interaction of
two hybrid proteins, one carrying the GAL4 BD and the other expressing the GAL4 AD, could
reconstitute the GAL4 activity (Fields and Song, 1989; Bartel et a., 1993). In the two-hybrid
system, plasmids are constructed that encode two hybrid proteins. one consists of the DNA
binding domain of GAL4 fused to one test protein (“X”) named "bait" and the other consists of
the GAL4 activation domain fused to another test proteins (“Y”), representing the "target”. These
plasmids are transformed into the yeast host strain that contains a reporter gene (e.g. lacZ) whose
regulatory region contains the GAL4 binding site. A schematic diagram of how the two-hybrid
system worksis shown in Fig.2.

The basis of the assay is that transcription will occur only if the two hybrid proteins X and Y
interact together (see 4.1.3 for details).



Fig. 2

General scheme of the yeast two-hybrid system

gene X gene Y

BD AD

GAL4
AD
Protein X>’r0tein Y
GAL4J
DNA BD >

| GAL4 UAS Reporter gene |

The GAL4 DNA-binding domain hybrid protein (BD and bait protein X) binds to the GAL4 UAS present upstream
of the reporter gene. The GAL4 activation domain hybrid protein (AD and target protein Y) binds transcription
factors in the nucleus bur does not localize to the GAL4 UAS. If the bait (X) and target (Y) proteins interact, the
GAL4 activation and DNA-binding domains are brought close to each other and act together to initiate transcription

of the reporter gene.

14 Objectives of thethesis

To investigate the complex network of dehydration-related gene products in desiccation
tolerance, protein-protein interactions were analyzed in vivo by the yeast “Two-Hybrid System”
(Fields and Song, 1989; Chien et al., 1991; Bartel et al., 1994). A cDNA expression library
derived from dehydrated C. plantagineum leaves was generated and screened using two
dehydration-induced proteins, Dspl6 and Cp-HSF1, as bait. Dspl6 is a dehydrin-like protein
encoded by the low copy number gene CDeT6-19 (Bartels et a,1990);



Cp-HSFL1 is a heat-shock transcription factor homologue encoded by the Cp-Hsf1 gene (Bockel
C., PhD thesis). Putative positive clones were subjected to sequence anaysis to identify gene
function and RNA blot analyses were performed to determine dehydration-induced expression of
the interacting proteins. To further determine the role of the different regions of Cp-HSF1 for the
transactivation of the protein, putative interactions among the different functional domains of Cp-
HSF1 were studied.

In order to identify potential target genes of the heat-shock transcription factor Cp-HSF1,
experiments have been extended to the investigation in C. plantagineum of the small heat-
shock proteins (small HSPs). These proteins represent the mgor family of stress-responsive
genes induced by elevated temperature (Water E.R., 1995) and are expressed also in specific
developmental stages in seeds and flowers. It has been hypothesized that the small HSPs present
during seed maturation have a role in seed desiccation tolerance (Almoguera and Jordano, 1992;
Jakob et al., 1993; Cocaet al., 1994, 1996; DeRocher and Vierling, 1994; Alamillo et a., 1995;
Wehmeyer et al., 1996). Previously the presence of small HSPs was observed in vegetative
tissues of C. plantagineum, where their accumulation was induced both by heat-shock and by
water stress (Alamillo et a., 1995). During this study, a small heat-shock protein homologous
cDNA isolated from C. plantagineum (Cp-Hsp20.6) has been characterized and its
genomic organization was examined. A heat-shock responsive element (Cp-HSE) has been
identified in the Cp-Hsp20.6 promoter region and the ability of the heat-shock
transcription factor homologue Cp-HSFL1 to bind to this heat-shock element-like sequence and to
activate the target gene has been tested by in vitro binding assays and by in vivo tobacco

protoplast transformation experiments.



2 Material and Methods

21 Abbreviations

aa amino acid

ABA abscisic acid

APS ammoniumperoxodisulfate

3-AT 3-amino-1,2 4-triazole

b-gal b-galactosidase

bp base pair

BSA bovine serum albumine

cDNA complementary DNA

Cp Craterostigma plantagineum
cpm counts per minute

CPRG chlorophenol red-b-D-galactopyranoside
d day

2,4-D 2,4-dichlorophenoxyacetic acid
dATP deoxy-adenosintriphosphate
dCTP deoxy-cytidinsintriphosphate
ddH20 destilled water

EDTA ethyllendiamintetraacetic acid
EMSA electrophoretic gel mobility assay
g gram

GUS E.coli b-glucoronidase gene

h hour

His histidine auxotroph

IPTG isopropyl b-D-thiogal actopyranoside
kb kilo base pair

KCI potassium cloride

kDa kilodalton

| liter



MES
MgCl2
min

ml

mM
MRNA
4-MUG
ng
nmol
oD
PAGE
PCR
PEG
pfu
PIPES
pmol

PMSF
rpm

SD
SDS

TEMED
Tris
Trp

U

m

\Y

% [Vv/V]

leucine auxotroph

meter

molar

milliAmpere
2-[N-morpholino]-ethanesulfonic acid

magnesium chloride

minute
millilietr
millimolar

messenger RNA
4-methylumbelliferyl glucuronide
nanogram

nanomol

optical density

polyacrylamide-gel electrophoresis
polymerase chain reaction
polyethylene glycol

plague forming unit
1,4-piperazin-N,N’ -2-ethansulfonate
picomol

phenylmethansul fonylfluorid
revolutions per minute

second

synthetic minimal medium

sodium dodecy! sulfate

3M NaCl, 0.3 M Na-citrate

N, N, N’, N’ -tetramethylethylendiamin
tris(hydromethyl)aminmetane
tryptophan auxotroph

unit

micro

Volt

volume percent



% [wiV] weight percent
22 Materials

2.2.1 Chemicals, enzymes, radioisotopes and Kits

Chemicals were provided, unless otherwise mentioned, by the following companies: Biomol
(llversheim), Boehringer (Mannheim), DIFCO (Detroit, USA) Merk (Darmstadt), Sigma
(Deisenhofen), and Serva (Heidelberg). Enzymes were supplied by Amersham Buchler
(Braunschweig), Boehringer (Mannheim), DIFCO (Detroit, USA), GIBCO BRL (Neu-
Insenburg), New England Biolabs (Schwalbach), Pharmacia (Freiburg) and Stratagene
(Heidelberg). P32-labelled radioisotopes (a-[32P] dATP, a-[32P|dCTP, g[32P|dATP) were
purchased from Amersham Buchler (Braunschweig). The following Kkits were used:
HybridZAP™ two-hybrid lambda kit (Stratagene, La Jolla, USA); Genomic DNA purification kit
(Quiagen, Hilden), Plasmid DNA preparation kit (Quiagen, Hilden), Quiagquick spin PCR
purification kit (Quiagen, Hilden), Quiaex gel extraction kit (Quiagen, Hilden), BioRad protein
assay (BioRad, Muinchen), ECL kit (Amersham Buchler, Braunschweig) and QlAexpress System
(Quiagen, Hilden).

222 Media, buffersand solutions

All media, buffers and solutions were prepared with deionised water. Thermostabile components
were autoclaved for 20 min at 121°C, 2 bar. Thermolabile componets were sterile-filtered.
Media, buffers and solutions were prepared as described in Sambrook et a. (1989), Murashige
and Skoog (1962) and Negrutiu et al. (1987). Yeast two-hybrid media and reagents were
prepared according to the instruction manual (Stratagene, La Jolla, USA, 1995).

2.2.3 Vector, bacterial and yeast strains.

HybridZAP™ vector Stratagene (Short et al., 1988)
pBluescript I SK +/- vector Stratagene (Alting-Mees et a., 1992)
PQE expression vector Quiagen (Bujard et al., 1987)

pBD-GAL4(Cam) phagemid vector Stratagene (Short and Sorge, 1992)
pAD-GAL4 phagemid vector Stratagene (Short and Sorge, 1992)



p53 expression vector Stratagene (Iwabuchi et al., 1993)

pSV 40 expression vector Stratagene (Li and Fiels, 1993)
pBI1101 expression vector Clontech (Jefferson et al., 1987)
PRT104 expression vector Topfer et a., 1987

E.coli XL1-Blue MRF Stratagene (Bullock et al., 1987)
E.coli DH 5a Hanahan et a., 1983

E.coli K803 Fedoroff et al., 1983

E.coli M15(pREP4) Quiagen (Villajero and Zabin, 1974)
Scerevisiae YRG-2 Stratagene (Guthrie and Fink, 1991)

224 Plant material

2.2.4.1 Craterostigma plantagineum Hochst. Fam . Scrophulariaceae

Craterostigma plantagineum plants were originally collected in South Africa and propagated
under the grown conditions described by Bartels et a (1990). Craterostigma plants were grown
onto artificial clay (Lecaton-fein, Hydro GmBH, Koeln) in Conviron growth chambers with a
light intensity of 60-200 nmol m2 s, 60% relative humidity, day/night temperature of 24°C/
20°C and daily light period of 14 hours.

2.2.4.2 Nicotiana tabacum cv. Petit Havana, Fam. Solanaceae

Nicotiana tabacum plants were grown axenically in a sterile culture system (Binding, 1975) and
propagated in vitro under long-day conditions with a light/dark period of 16 h/ 8 h and day-night
temperature of 24°C/16°C. After approximately 6 weeks, the plant shoots were subcultureted on
solid MS medium (Murashige and Skoog, 1962).

2.2.4.3 Collection and storage
Whole C.plantagineum plants were subject to dehydration or heat-shock treatments after removal

of necrotic parts. At the end of the treatments, the plant material was frozen in liquid nitrogen



and stored at -70°C until further usage. Leaves and roots were stored separately. Detached leaves
were used for the ABA treatment.

Shoot cultures of fully expanded tobacco (N.tabacum cv Havana line SR1; Maliga et al., 1973)
leaves (4-6 weeks old) were used for mesophyll protoplasts preparation.

225 Protoplastspreparation

Tobacco leaves were cut into 1-2 cm squares and digested in K3 solution (Murashige and Skoog,
1962) containing 1% cellulase Onozuka R10, 0.5% macerozyme R10 (Serva), 4 g / | MS salt,
0.2% mg /| 2,4-D, 1 mg/ | a-naphtalene acetic acid, 0.2 mg/ | kinetin, 200 mg / | inositol, 230
mg / | xylose, 0,4 M saccharose (600 mOsm) for 16 h in the dark. Protoplasts were separated by
gentle shaking for 20 min at 100 r.p.m., filtered and purified by centrifugation a room
temperature. The floating protoplasts were recovered, washed in the same MS medium without
enzymes and centrifuged again. Then the protoplasts were collected in W5 solution (Negrutiu et
al., 1987) by centrifugation and resuspended at afinal concentration of 1 x 106 protoplasts/ ml in
MaMg solution (0.45 M mannitol, 15 mM MgClz2, 3 mM MES-KOH, pH 5.6). An average of 6 x

106 protoplasts was obtained from 10 medium size |eaves.

2.2.6 Plantsstresstreatments

2.2.6.1 Dehydration
Dehydration experiments were performed with whole plants, which were placed on filter paper
and air-dried in the growth chamber for various lengths of time.

2.2.6.2 ABA treatments
Detached Craterostigma |leaves were floated on sterile water supplemented with 1 mM ABA. As
ABA was dissolved in a 1:100 ethanol water mixture, detached |eaves were incubated in sterile

water supplied with an equal volume of ethanol as a control.

2.2.6.3 Heat stress
Well water Craterostigma plants from the growth chamber were used for heat-shock
experiments. Pots were put for different lengths of time into an incubator at 42°C, 45°C or 48°C

respectively. During the treatments the plants were exposed to the artificia light (a lamp was



collocated into the incubator) or at the natural light (by putting the plants into an incubator with
transparent walls. The incubator was placed far from heat-sources but by well lighting

conditions). The humidity was kept constant by putting a beaker with water into the incubator.

2.3 Methods

2.3.1 Nucleic acid extraction

2.3.1.1 Genomic and plasmid DNA isolation from bacteria

Genomic DNA was isolated using the Quiagen Genomic DNA purification kit; plasmid DNA
was isolated using the Quiagen Plasmid kit according to the instruction of the manufacturer.
Concentration and purity of the DNA were examined spectrophotometrically at an optical density
(OD) of 260 nm and 280 nm. DNA size was checked by agarose gel electrophoresis. Genomic
DNA was stored at 4° C, plasmid DNA was stored at -20° C.

After restriction enzyme digestion, plasmid inserts were isolated from native agarose gels via the

Quiaex DNA extraction kit according to the instructions of the manufacturer.

2.3.1.2 Plasmid DNA isolation from yeast

Plasmid DNA from yeast cells was performed according to Hofmann and Winston (1987).
Because the procedure yields a mixture of intact plasmid DNA and fragmented chromosomal
DNA, the resultant plasmid DNA was used directly to transform E.coli DH 5a strain . The
further analyses were performed after the isolation of the plasmid DNA form bacteria colonies,
asdescribed in 2.3.1.1.

2.3.1.3 Total RNA isolation

Fully hydrated (8 g), dehydrated (2 to 4 g) or heat-shocked (8 g) leaves and roots from
Craterostigma were collected and total RNA was extracted according to De Vries et a (1986). 30
nyg of each RNA samples were used for Northern blot analysis (2.3.2.2).



2.3.2 Hybridization analysis

2.3.2.1 Southern blot analysis

After agarose gel electrophoresis, DNA was fixed onto membranes (Hybond N, Amersham;
Sambrook et al., 1989). Prehybridization (2 h) and hybridization (overnight) was performed
under high (65° C) stringency conditions (Sambrook et al., 1989). The filters were subsequently
washed in 2X SSC and 0.1% SDS for 3 x 15 min under high stringency (65° C) conditions. The
filters were exposed on X-ray films (Kodak X-Omat ARS) at -70° C.

2.3.2.2 Northern blot analysis

After gel electrophoresis using a formaldehyde denaturing 1.2% agarose gel, total RNA was
transferred onto nylon membranes (Hybond N, Amersham) according to Sambrook et al. (1989).
Prehybridization (3 h) and hybridization (overnight) was performed in Northern hybridization
buffer (50% [v/v] formamide, 5X SSC, 10 mM PIPES pH 6.8, 0.1% [w/v] SDS, 1X Denhardt’ s)
at high hybridization temperature. Equal loading was controlled by

hybridization of the Northern filters with the ribosomal probe pTA71 (Gerlach and Bedbrock,
1979). The blots were subsequently washed for 3 x 15 min under high stringency conditions
(Sambrook et al., 1989). The filters were exposed on X-ray filmsat -70°C.

233 PCR
Specific DNA fragments were generated by PCR (polymerase chain reaction) amplification. The
following standard conditions were used:

10 ng template DNA
5 m 10x PCR buffer (Gibco BRL)

15 mM MgCl

20 pmol/m forward primer

20 pmol/m reverse primer

100 nmM dNTPs

25 U Tag-DNA-polymerase (GIBCO BRL)

X m dH20 to afinal volume of 50 m

The reaction mixture was covered with paraffin oil.



The PCR reactions were performed in a TRIO-thermoblock (Biometra, Goettingen). The number
of cycles of DNA denaturation, primer annealing and DNA synthesis varied from 25 to 35. The
primer annealing temperature Ta was determined as followed:

melting temperature :Tm = (G+C) 4°C + (A+T) 2°C

annealing temperature:Ta=Tm - 5°C

The optimal number of cycles and primers Ta was determined empirically for each

primer/template combination.

2.34 Theyeast two-hybrid system

2.3.4.1 Two-Hybrid cDNA expression library construction and activation domain (pAD-
GAL4) plasmid preparation

Oligo (dT)-primed cDNA was synthesized from 5 ng poly (A)* RNA derived from 2 hours dried
leaves using the Hybrid ZAP™ cDNA synthesis kit (Stratagene, LA Jolla, USA). the cDNA was
directionally cloned into the Uni-ZAP XR vector, packaged using the ZAP

cDNA Gigapack Il Gold packaging extract (Stratagene, La Jolla, USA) and plated on the E.coli
XL1-Blue MRF according to the instructions of the manufacturer. The Hybrid-
ZAP™ lambda library was subsequently converted, by in vivo excision, to a pAD-GAL4 plasmid
library, where the GAL4 activation domain sequence was fused in frame to the cDNA
library sequence in order to expressed the hybrid protein (the target) required for the two-hybrid

screening.

2.3.4.2 DNA-Binding Domain (pBD-GAL4) bait plasmids preparation

BD-Dspl6 expression vector

The full-length cDNA expressing the Cp-Dspl6 dehydrin (Bartels et al., 1990) was amplified
with a 26-mer (5-CGGGAATTCATGCGTCAGTTCGGCGG-3') and a 25-mer (5-
TGCATGCAGGCTGGCCGCCGGGAAG-3) as forward and reverse primers respectively. The
468 bp fragment obtained, was digested and cloned into the pBD-GAL4 expression vector at the

EcoRI/Pstl sites. In order to produce the hybrid protein (the bait) for the two-hybrid screening,



the cDNA sequence was fused in frame with the GAL4 binding domain sequence present in the

vector,

Cp-HSF1 constructs

cDNA sequences representing different domains of the Cp-HSF1 protein were prepared either by
restriction digestion or by PCR amplification of the Cp-Hsf1 full-length cDNA (Bockel C., 2000,
PhD thesis). For the Cp-HSF1157 construct, a 24-mer (5'-
AGAAAAAGCCCGGGAGACTGGCGT-3') and a 26-mer

(5-TGAAAACATCCCGGGCTTTATGCTAT-3') oligos were used as forward and reverse
primers respectively. The obtained 1157 bp fragment was digested and cloned into the pBD-
GAL4 expression vector at the Smal site.

The Cp-HSF960 construct was obtained by digestion with the EcoRI restriction endonuclease.
The obtained 960 bp fragment was digested and cloned into the pBD-GAL4 vector at the

corresponding restriction site.

For the Cp-HSF775 construct, a 26-mer (5 -CGGGAATTCATGCGTCAGTTCGGCGG-3') and
a 17-mer (5-GAATCTGCAGACGTTGC-3') oligos were used as forward and reverse primers
respectively. The obtained 775 bp fragment was digested and cloned into the pBD-GAL4
vector at the EcoRI/Pstl sites.

The 29-mer (5'-ACGCGTCGACTCGATCCATCGAAGCAGAG-3) and a 17-mer
(5-GAATCTGCAGACGTTGC-3') oligos were used as forward and reverse primers
respectively, to prepare the Cp-HSF302 construct. The obtained 302 bp fragment was digested
and cloned into the pBD-GA L4 expression vector at the Sall/Pstl sites.

All the cDNA sequences were fused in frame with the GAL4 binding domain sequence present in

the vector, in order to produce the hybrid protein (the bait) for the two-hybrid screening.

2.3.4.3 Two-hybrid screening

To screen the cDNA yeast expression library, YRG-2 yeast cells, containing the bait, were
transformed according to the TRAFO lithium acetate method (Gietz and Schiestl, 1995). with
individual target plasmids. Transformants were selected for histidine prototrophy (Leu, Trp-, His

). Transformed yeast clones were screened for b-galactosidase activity using a filter lift assay



(Breeden and Nasmyth, 1985). Colonies were transferred onto nitrocellulose filters,
permeabilized by freezing in liquid nitrogen and thawed at room temperature. The freeze/thaw
cycle was repeated for three times. Filters were then overlaid on Whatman 3MM paper saturated
with lacZ-X-gal solution (Breeden and Nasmyth, 1985) and incubated at room temperature. The
time required for color development ranged from 10 min to 8 hours). Colonies corresponding to
positives were further analyzed. b-galactosidase activity was quantified using chlorophenol red-
b-D-galactopyranoside (CPRG, Boehringer Mannheim) as substrate (Bartel and Fiels, 1995).
Assays were performed in triplicate and b-galactosidase units were calculated as 1000 (obs74)/V't

(op600), where V = colture volumein 1 ml and t = reaction time in minutes.

2.35  Sequencing and sequence data analysis
Plasmid DNA preparation and dye terminator Thermosequenase (TM) cycle-sequencing
reactions were performed using the DNA Vistra Labstation 625 (Molecular Dynamics,

Sunnyvale, USA). The sequence ladders were resolved on an ABI373A DNA sequenator
(Applied Biosystems, Foster City, USA). Sequence were edited manualy to remove vector
sequences and ambiguous base calls. Most of the cloned cDNA sequences were sequenced both
from the putative 5'-end and from the putative 3'-end. Sequence similarities of the DNA
sequences to nucleotide sequences in GenBank, EMBL, DDJB and PDB data base were detected
using FASTA and BLASTN programs (Pearson and Lipman, 1988; Altshul et a., 1990). The
cDNA sequences were trandlated in the three reading frames in both possible orientations and the
putative deduced amino acid sequences were compared with non-redundant protein sequence
data bases (GenBank, CDS trandslation, PDB, SwissProt and PIR) by using the BLASTP program
(Altshul et a., 1990; Pearson, 1991). All sequences were analyzed with the Wisconsin package
version 10.0 of the Genetic Computer Group (GCG). Protein sequences alignment was performed
using the PILEUP program with the GapWeight of 6 and the GapLengthWeight of 2.
Phylogenetic analyses of the aligned amino acid sequences were conducted using the PAUP
program (Swofford, 1993). The PSORT software (Gavel and von Haijne, 1990) was used for

prediction of protein localization sites and putative pre-sequences targeting.

2.3.6  Expression and purification of recombinant proteinsin E.coli
Expression and purification of recombinant His-tag-fusion proteins in E.coli was performed

using the Quiaexpress System (Quiagen, Hilden). Optimal induction conditions and solubility of



the recombinant protein were determined according to the instructions of the manufacturer.

Recombinant proteins were purified under native conditions (Sambrook et al., 1989).

2.3.7 Purification of recombinant proteinsfrom yeast
Small-scale protein extract preparations were performed according to Mount et a (1996).
Proteins extracts were obtained by mechanical disruption of the yeast cells, which were vortexed

in the presence of glass beads.

2.3.8 Determination of protein concentration
Protein concentration was determined using the BioRad protein assay (BioRad, Minchen;
Bradford, 1976). Bovine serum albumin (BSA) was used as protein standard.

2.3.9 Geleectrophoretic protein separation (SDS PAGE)
Proteins were separated by one-dimensional electrophoresis in 12% polyacrylamide gels
(Laemmli, 1970). Protein samples were boiled for 5 min and cooled on ice before loading. Gels

wererun at 40 mA.

2.3.10 Protein staining
Protein detection by Poinceau staining (0.2% Poinceau Sin 3% TCA; Salinovich and Montelaro,
1986) was applied to visuadized the proteins before transfering them onto nitrocellulose

membranes (2.3.11).

2.3.11 Western analysis

After separation by SDS PAGE proteins were transferred onto nitrocellulose membrane
(Schleicher & Schuell, Dassel) by semidry-blotting technique according to Westermeier et al.
(Pharmacia special edition RE-72). The transfer buffer contained 39 mM glycineand 48 mM
Tris; blotting was performed at 2 mA / cm? for 1h. Proteins transferred onto nitrocelluose were
detected by specific antiserum as described in the following. The membranes were blocked for
30 min in 5% milk powder, 1X TBS buffer (pH 9.6), incubated for 1 h with the 1: 10000 diluited
antiserum, washed 3 x 10 min with 0.5% Nonited P-40, 5% milk powder, 1X TBS buffer (pH



9.6), and incubated for 45 min with the 1:5000 diluited secondary antiboby (anti-rabbit 1gG
conjugated horseradish peroxidase, Sigma). Subsequently, the membranes were washed 2 x 10
min with 0.5% Nonited P-40, 1X TBS buffer (pH 9.6), 2 x 10 min with 1X TBS buffer (pH 9.6)
and 1 x 50mM Tris-HCI

pH 7.5. All steps were carried at room temperature. For protein detection, “ECL Western blotting

system” (Amersham Buchler) was used according to the instructions of the manufacturer.

2.3.12 Electrophoretic gel mobility shift assay (EM SA)

Protein/DNA interaction was investigated in electrophoretic gel mobility shift assays (EMSA).
The buffer, the protein samples and the unspecific competitor were first incubated for 5 min at
room temperature. The 32P-|abelled DNA probe was added and the mixture was incubated for 15
min at room temperature. The reaction mixture was loaded on a 4% native

polyacrylamide gel (4% acrylamide, 0.1% N,N-methylenbisacrylamide, 0.2x TAE, 7% glycerin,
0.06% APS, 0.06% TEMED). Before loading, the gel was pre-run at 100V for 1 h

at 4°C. After loading, the gel was run at 150 V for 4 to 5 h. After electrophoresis, the gel was
dried for 1 h at 80°C under vacuum on Whatman 3MM paper and exposed to X-ray film (Kodak

X-Omat AR5) overnight. The composition of the reaction mixture is described in the following:

24 ng E.coli protein sample containing the Cp-HSF1 fusion protein (2.9.1)
2 m  sonicaton buffer (50 MM Na-phosphate pH 7.8, 300 mM NaCl)
2 mM MgCl2
100m 2X binding buffer (14% (v/v) glycerin, 15 mM Hepes pH 7.5 (KOH),
8 mM TrispH 7.5,0.14 mM EDTA, 7mM b-mercaptoethanal,
0.1 mM PMSF)

1 ng didC
30,000 cpm 32P-labelled Cp-HSE DNA (5-GTGTGATCGAACTTTTCTCGAAAAATATC-3)
x m  dH20toafina volume of 20 m

For the competition assays, 100-fold molar excess of Cp-HSE sequence was added to the mixture
reaction containing the 30,000 cpm 32P-labelled HSE1 sequence (Bockel C., 2000, Ph.D thesis).



2.3.13 Tobacco protoplasts experiments

2.3.13.1 Construction of the Cp-HSp:GUS reporter plasmid

The 1 kb 5 region of the Cp-Hsp20.6 gene (-1027 to +69; see Appendix Il) was inserted into the
Hindlll1/BamHI sites of the pBI101.2 expression vector in front of the E.coli b-glucoronidase
(GUYS) gene, which was followed by the NOS termination site. In order to obtain a “trandation
fusion expression cassette’, the following primers were used to amplify the 1096 bp Cp-Hsp20.6
promoter region:

forward primer (26-mer): 5 -GAATTCATCCTAAAGCTTAGAAGGTC-3

reverse primer (27-mer): 5 -GTACGGAGCGGATCCAGGACAGTGTTG-3

Subsequently, the 3226 bp HindllI/BamHI fragment was subcloned into the HindllI/EcoRI sites
of pBluescript SK plasmid (Fig.3.19).

2.3.13.2 Construction of the CaM V35S Cp-HSF1 expression plasmid

The full-length cDNA sequence (1150 bp) of the Cp-Hsf1 gene (Bockel 2000, Ph.D thesis), was
cloned at the Ncol/BamHI sites into the expression vector pRT104 containing the stronger 35S
promoter sequence and the polyadenilation signal from the cauliflower mosaic virus (CaMV 35S).
In order to create a “translational fusion cassette”, the following primers were used to amplify the
Cp-Hsf1 cDNA sequence:

forward primer (24-mer): 5 -GGCACGAGAGAAAAAGCCATGGAG-3

reverse primer (26-mer) : 5 -CAATTCATGAAAGGATCCCTAGCTTT-3

2.3.13.3 Protoplasts transfor mation

According to Negrutiu et al. (1987), 10 ng carrier DNA, 10 ng GUS reporter plasmid (2.13.1)
plus 10 ngy expression plasmid (2.13.2) and 330 ml PEG solution (40% PEG-4000, 0.4 M
mannitol, 15 mM MgCl2, 0.1% Hepes) were added to aliquots of protoplasts (330 ni of the
suspension). After 20 min incubation at room temperature, the protoplast/DNA/PEG mixture was
slowly diluted with 5 ml W5 solution (Negrutiu et al., 1987). After adding 6 ml of K3 solution
(2.2.5), protoplasts were incubated for 16 h in the dark at 20 °C, then harvested by centrifugation
and stored in GUS extraction buffer at -70°C.

2.2.13.4 Protoplasts heat stresstreatments



Heat-shock of transformed protoplasts was performed by putting the samples into a waterbath at
37°C or 40°C respectively. For each transformation, one aliquot was kept in a waterbath at the
control temperature (25°C). The length of the heat treatments and of the recovering times were as
described by Treuter et al.(1993).

2.2.13.5 GUS activity assay

The GUS assay was performed according to Jefferson et a (1987). The GUS activity was
measured after 1 h incubation at 37°C using a thermoblock. The assay was based on the
enzymatic conversion of 4-methylumbelliferyl glucuronide to 4-methylumbelliferone, wich was
measured in pmol 4-MUG / mg protein and quantify with a fluorometer (Perkin EImer LS30, 365
nm excitation and 455 nm emission wavelengths). Protein concentration were determined
according to Bradford with the BioRad kit (Bradford, 1976).



3 Results

31 I solation of genes encoding drought-related proteins by the yeast two-hybrid
system

3.1.1 Establishing the yeast two-hybrid system in C. plantagineum

The yeast two-hybrid system is an in vivo molecular-genetic test for protein interactions. To
isolate proteins (the targets) that interact with a protein of interest (the bait protein), first the bait
plasmid was constructed and used to screen a plasmid library for interacting fusion proteins.
Secondly, after the elimination of false positives, sequence analysis and characterization of RNA
transcription profiles were performed for those isolated clones showing significant interaction
with the bait.

3.1.1.1 Verification of the yeast phenotypes

Using different selective media, the phenotype of the yeast host strain YRG-2 was verified prior
to performing the screening assays. The YRG-2 strain contains a dual selection system with the
lacZ and HIS3 reporter genes: these should be activated only in the presence of specific protein
interactions.

Plates of minimal SD agar medium prepared with the appropriate 10X dropout solutions were
used to test the yeast strain for the following nutritional requirements:. tryptophan (Trp), leucine
(Leu), histidine (His) and uracil (Ura). As expected, the yeast host strain YRG-2 can grow only
on SD agar plates without uracil (Table 3.A). The YRG-2 host strain was aso assayed for the
expression of the lacZ reporter gene by filter lift assays (Breeden and Nasmyth, 1985). As shown
in Table 3.A, no b-galactosidase activity was detected, demonstrating that the activation of the
lacZ reporter gene did not occur in the absence of protein interactions. The yeast host strain was
transformed with the plasmids pBD-GAL4(Cam) and pAD-GAL4 separately, in order
to verify the phenotype conferred



by the bait and the target vectors. Each of the two plasmids carries a different nutritional marker,
tryptophan (Trp) and leucine (Leu) respectively, for the selection in yeast. The host strain was
also transformed with the pGAL4 control plasmid (containing the entire coding sequence of the
wild type GAL4 protein), to verify the induction of the lacZ reporter gene. Since the transformed
colonies turned blue when permeabilized and incubated in the presence of a buffer containing X-
Gal, the lacZ gene induction was confirmed (indicated in Table 3.A by a (+) in the b-gal assay
column).

Finaly, the YRG-2 host strain was transformed with the control plasmids p53 (expressing the
GAL4 DNA-binding domain fused to the murine p53 protein) and pSV40 (expressing the AD-
GAL4 domain fused to the large T-antigene) alone or in pairwise combinations. The clone
p53/SV40 obtained after co-transformation with the two plasmids p53 and SV40, whose hybrid
proteins interact in vivo, was used as positive control for specific protein interactions. In fact,
typical of the two-hybrid system is the restoration of the yeast histidine auxotrophy through
protein interactions. As shown in Table 3.A, only the yeast expressing both proteins could grow
on plates lacking histidine. The verification tests here described were necessary to set up the
yeast phenotype controls used during the two-hybrid screening, in order to verify: first, the
detection of the reporter gene products in the assay used; second, that the expression of the
reporter genes occurs only in the presence of specific protein interactions. The results of all
control experiments are summarized in Table 3.A.

Table 3.A

Verification of the yeast phenotypes after transformation with different plasmid vectors

Yeast Vector (1) SD SD SD SD b-gal

Strain -Trp -Leu  -His -Ura (2) | assay (3)
YRG-2 - - - + -
YRG-2 pBD-GAL4Cam + - - + -
YRG-2 pAD-GAL4 - 4 - + -
YRG-2 pGAL4 - + - + +*
YRG-2 p53 + - - n.d. -
YRG-2 pSV40 - W - n.d. -
YRG-2 p53/pSV40 A 4 +**  n.d. Sl

(1) The vectors represent the control plasmids used for all two-hybrid experiments. (2) The URA3 gene confers the
uracile prototrophy to the YRG-2 wild type strain, which can grow on the SD-Ura medium. (3) The b-gal assay
was performed by filter lifts (see 2.3.4.3). (+): lacZ* phenotype (blue colonies); (-): lacZ” phenotype. * : positive
control for specific -galactosidase gene activity (the pGAL4 plasmid carries the
leu2 gene as marker for the selection in yeast).
** : double transformation: positive control for specific protein interaction (the p53 and the
pSV40 plasmids carry the trpl gene leu2 respectively as markers for the selection in yeast).
n.d. : not determined



3.1.1.2 Construction of atarget protein library

A cDNA library representing a pool of expressed proteins after 2 hours dehydration was prepared

using poly(A)*RNA from C.plantagineum leaves and cloned into the HybridZAP™ lamda
vector (Stratagene, La Jolla, USA). Approximately 1,5 x 106 pfu (plague forming units) were
obtained. The HybridZAP™ vector was converted by in vivo excision to the E.coli-yeast shuttle
vector pAD-GAL4, where the DNA insert (average size around 1 kb) representing the library of
target proteins was fused to the yeast GAL4 activation domain (amino acid 768-881; Ma and
Ptashne, 1987).

The plasmid library construct pAD-GAL4 (target plasmid) is shown in Fig. 3.1.

The pAD-GAL4 target plasmid was cotransformed with the pBD-GAL4(Cam) control plasmid
(i.e. with an empty plasmid that does not contain any DNA insert) into the YRG-2 yeast strain
and assayed for expression of the HIS3 and lacZ reporter genes. Because no induced expression
of both reporter genes was observed, the pAD-GAL4 plasmid library seemed a suitable target
vector to be used by the two-hybrid system established for this study.

Fig.3.1

cDNA library pAD-GAL4 expression vector

EcoRlI Xhol

GAL4 AD |

] —

PAD-GAL4 phagemid vector

The size of the pAD-GAL4 phagemid vector is 7620 bp.

The hybrid protein (GAL4 AD plus the cDNA library target proteins) is constitutively expressed by the yeast
PapH1 Promoter (P) and the yeast ty by, terminator (T).

The cDNA insert (average size around 1 kb) was directionally inserted at the EcoRI and at the Xhol sites.

2m : high-copy yeast origin of replication

Amp" - ampicillin-resistance gene for growth in bacteria
leu2  :auxotrophic marker for selection in yeast



3.1.2 Identification of proteinsinteracting with the Cp-Dsp16 dehydrin

3.1.2.1 Preparation of the Cp-Dspl16 dehydrin as bait protein

The gene CDeT6-19 (Bartels et al., 1990) encodes for a 16 kDa protein (Cp-Dsp16) homologous
to the Lea D-11 proteins, known as “dehydrins’ and belongs to the C.plantagineum
drought-inducible transcripts group. Dehydrins generally accumulate in response to any
environmentally-induced or developmentally-programmed process that has a cellular dehydration
component (Close et a., 1993; Dure L., 1993). The Cp-Dspl6 full-length cDNA sequence
(468 bp) was cloned into the bait vector pBD-GAL4(Cam), to produce a hybrid protein between
the binding domain of the yeast transcription factor GAL4 (amino acid 1-147, Keegan et al.
1986) and the dehydrin (Fig. 3.2).

Fig. 3.2
The pBD-Dsp16 expression vector

EcoRI Pstl

PBD-GAL4 (Cam) phagemid vector

The size of the pBD-GAL4(Cam) phagemid vector is 6494 bp.
The hybrid protein (GAL4 BD plus the full-length Cp-Dspl6 dehydrin) is constitutively expressed by the yeast

Papn1 Promoter (P) and the yeast ty by, terminator (T).

The Cp-Dsp16 cDNA insert (468 bp) was directionally inserted at the EcoRI and at the Pstl restriction sites.
2m : high-copy yeast origin of replication

Cam' - chloramphenicol-resistance gene for growth in bacteria

trpl  : auxotrophic marker for selection in yeast

To determine whether the BD-Dspl6 fusion protein was a suitable bait for the two-hybrid
system, its capability of autonomous reporter gene activation was tested. First the host yeast was



transformed with the BD-Dsp16 bait plasmid. Subsequently, the cells expressing the BD-Dspl6
fusion protein were transformed with the pAD-GAL4 plasmid, which does not contain any DNA

insert.

Generadly the yeast cotransformants are plated both on minimal medium lacking leucine and
tryptophan (SD-LT) and on minima medium lacking leucine, tryptophan and histidine (SD-
LTH). The growth on SD-LT indicates the presence of both the proteins (bait and target) but does
not prove that they interact. On the contrary, the interaction between bait and target (or between
two proteins contain transcriptional domains able to activate the HIS3 gene) is necessary for
yeast colonies surviving on SD-LTH. As shown in Table 3.B, the absence of growth on the
selective medium (SD-LTH) of the transformants expressing the Cp-Dspl16 dehydrin proved that
the BD-Dsp16 fusion protein did not contain transcriptional activator regions able to activate the
HIS3 reporter gene independently from the presence of target proteins.

The inability of the BD-Dspl6 fusion protein to interact with an unrelated target (the large T-
antigene; in Table 3.B indicated as AD fusion protein: SV40) was demonstrated by the absence
of growth on the selective medium (SD -LTH) of the transformants expressing the Cp-Dspl6
dehydrin and the SV40 protein. This result proved that the BD-Dspl6 bait did not interact
randomly with other protein. Consequently, the possibility to produce false positives by using the

BD-Dspl6 as bait protein for the two-hybrid screening was estimated to be extremely low.

No b-galactosidase activity was detected for the yeast transformants expressing either the BD-
Dspl6 bait or the bait protein together with SV40 target protein. The failed activation of both
reporter genes confirmed that the BD-Dspl16 fusion protein was suitable bait for the two-hybrid

screening.



Table 3.B

Verification of phenotypes for the yeast clones expressing the BD-Dsp16 protein together with
unrelated targets.

bait target
BD fusion | AD fusion | SD SD SD b-gal
protein protein -Trp -LT  -LTH | assay (1)
Cp-Dspl16 | pAD-GAL4*| + + - -
Cp-Dsp16 SV40 + + = -
p53 SV40 + GEE ¢

(1) Theb-galactosidase assay was performed by filter lifts (see 2.3.4.3).

(+): lacZ* phenotype (blue colonies); (-) : lacZ~ phenotype.
*  The pAD-GAL4 vector here used was the empty shuttle vector which does not contain any additional
coding DNA sequence fused to the GAL4 activation domain and therefore it is not able to produce target

proteins.
**  Double transformation: positive control for specific protein interaction (the p53 and the pSV40 plasmids
carry the trpl gene and the leu2 gene respectively as markers for the selection in yeast).

Analysis of protein extracts from the transformed yeast cultures was used to verify the expression
of the BD-Dsp16 fusion protein. A band of approximately 32 kDa (Fig.3.3) was detected using
polyclona antiserum raised against the Cp-Dspl6 dehydrin (Schneider et al., 1993). The size of
the band recognized by the antibodies is in good agreement with the expected size for the BD-
Dsp16 fusion protein, where the size of the dehydrin (16 kDa, Lisse et a, 1996) has to be added
to the size of the GAL4 binding domain (15 kDa, Keegan et al. 1986).

Fig. 3.3
Western analysis of the Cp-Dsp16 dehydrin expression in the yeast YRG-2

1 2
r 45 kDa lane 1 : total yeast cell extracts
i containing the murine p53
protein (negative control)
34.7 kDa lane 2 : total yeast cell extracts
r— containing the BD-GAL4
fusion protein
24 kDa




3.1.2.2 Identification of proteinsinteracting with the Cp-Dsp16 bait protein

After testing the reliability of the BD-Dspl6 fusion protein as bait (3.1.2.1), the yeast cells
expressing the Cp-Dspl6 dehydrin were transformed with the pAD-GAL4 plasmid library
(3.1.1.2), to identify dehydration-related proteins interacting with the Cp-Dspl6 dehydrin.
Approximately 2 x 106 transformants were plated on synthetic medium containing glucose but

lacking leucine, tryptophan and histidine (SD-LTH).

To distinguish whether the growth of the transformants on minimal medium was due to the leaky
expression of the HIS3 reporter gene or to specifically interacting proteins, the activation of the
second reporter gene lacZ was tested by the b-galactosidase-lift assay: just the transformants
which grew on the medium lacking histidine and which turned blue by the b-galactosidase assay

were considered candidates for expressing interacting proteins.

The first selection round resulted in a massive activation of the lacZ reporter gene and most of
the yeast transformants turned blue, preventing the identification of true positive clones. Two
hundred blue colonies were identified after the b-galactosidase lift assay. Because most of the
colonies turned blue after 4 to 7 hours (while the p53/SV40 clone used as control for protein
interaction needed 40 minutes), a second b-galactosidase lift assay was performed, to eliminate
those clones expressing target proteins which interacted weakly with the BD-Dspl6 bait protein.
Briefly: the putative positives were restreaked on the same selective medium (SD-LTH) and
tested for b-galactosidase activity. After this third round, only twenty-two putative positive yeast

clones were isolated.

To test whether the phenotype observed (growth on SD-LTH and turned blue colonies) was
reproducible and dependent on the presence of the Cp-Dspl6 dehydrin, the plasmid DNA was
recovered from each positive clone and used to retransform the empty YRG-2 host strain to
check for plasmid dependence. The expected result was that none of the new transformants could
grow on selective medium in the absence of the BD-Dspl6 bait protein. However, 13 out of 22
clones were able to grow on selective medium in the absence of specific interaction with the BD-
Dspl6 bait and therefore they were excluded from the analysis because they were clearly false
positives. The other 9 plasmid DNAs were used to retransform the yeast cells expressing the Cp-



Dspl6 dehydrin, in order to confirm the histidine auxotrophic phenotype previously observed.
All were able to grow on minimal medium: all were apparently true positive clones. The
corresponding plasmid DNA was isolated from the yeast clones and subjected to sequence

analysis.

Most of the analyzed DNA sequences showed the GAL4 activation domain sequence fused in
frame to DNA fragments which were too short (size from 50 to 200 bp) to encode any protein
able to interact with the bait. A database search did not reveal any homology to other proteins.
The sequence analysis displayed that these clones were also false positives. The frequency of
false positives by the two-hybrid system and their role by this screening will be discussed in the

fourth part (Discussion).

Only three ORF (open reading frame) sequences, fused in frame with the GAL4 activation
domain, were long enough to encode for putative target proteins (their size was on average from
700 to 800 bp).The RNA profiles of the corresponding transcripts were characterized.

In addition, b-galactosidase liquid assays using chlorophenol-red-b-D-galactopyranoside (CPRG,
Iwabuchi et al., 1993) were performed to quantify the strength of the interaction between these
potential candidate targets and the BD-Dsp16 bait . The results of these analyses are summarized
in Table 3.C.



Table 3.C

Proteins interacting with the Cp-Dsp16 dehydrin.

Homology

Org.(1)

Protein

AA
Ident.
% (2)

Growth on plates
lacking
leu, trp, his (3)

b-gal activity (7)
(b-galactosidase units)

Expression
in
leaves (8)

Putative
targets

no bait | Bait (5)| 3-AT
4) Dspl6 (6)

no bait

bait
Dspl6

Dehydration ABA
Oh 2h 4h 24h 4h

Cp

Ath

Dspl1-24

a-subunit

99

65

- + +

- +

0.95+0.88

0.1 +0.07

1.82+1.1

0.43+0.16

of the TRAP
complex

Sb Kafirin 39 = + 0.58+ 0.4 1.6+0.9 -+ + F +

(1)
()

Cp: Craterostigma plantagineum; Ath: Arabidopsis thaliana: Sb: Sorghum bicolor

The protein sequence comparisons were determined using the BLAST network service (Altschul et al.,
1990).

Growth on SD minimal medium.

3)

(4) not bait: the yeast was transformed with the pBD-GAL4(Cam) vector. This is a plasmid which does not

contain any additional coding DNA sequence fused to the GAL4 binding domain and therefore it is not

able to produce bait proteins. Here it was used as negative control.

(5) Dspl6: BD-Dspl6 bait protein expressing the GAL4 binding domain fused to the full-length protein of

the Cp-Dspl16 dehydrin.

(6) 3-AT: the competitive inhibitor 3-amino-1,2,4-triazole was added to reduce the residual HIS3 gene

expression and to increase the stringency of the selection. Assayed concentrations: 5-15-25-40-50-60

mM.

(7 Liquid cultures were assayed for b-galactosidase activity to quantify two-hybrid interactions.
Transformed yeast clones expressed the putative targets in combination either with the negative control
(pBD, no bait) or with the BD-Dsp16 bait protein (Dspl6, bait).

The substrated was the chlorophenol red-b-D-galactopyranoside (CPRG, Iwabuchi et al., 1993).

1 unit of b-galactosidase = amount that hydrolizes 1mmol of CPRG to chlorophenol red and
galactose per minute per cell (Miller, 1972). Interactions were assayed for 8 hours.

Reference of specific activity GAL4 wt protein : 533 units of b-gal after 10 minutes

Reference of specific protein interaction P53/SV40 : 385 units of b-gal after 40 minutes

CPRG quantification was performed in triplicate for each transformation.

D-

The RNA analyses were performed using poly(A)* RNA from Craterostigma detached leaves. ABA
(abscisic acid) was used at the concentration of 1 mM.

(8)

The first putative target was identical to the CDeT11-24 gene product. The gene was isolated
from C.plantagineum and already characterized (Velasco et al., 1998). The



corresponding protein (Dspll-24) is a hydrophilic 41 kDa polypeptide, whose expression is
congtitutive in roots but induced by dehydration, abscisic acid and salt in leaves.

As reported in Table 3.C, the growth on selective medium (indicated by (+) in Table 3.C) was
observed only for the yeast transformed with the isolated target and the Dspl6 bait protein
together. In addition, the chemical inhibitor 3-aminotriazol (3-AT) was used to test how specific
the interaction with the Cp-Dspl6 was; the transformants expressing the Dspl1-24 protein were
plated on SD-LTH plates containing different concentrations of 3-AT. Growth of the yeast
colonies was observed till up 50 mM 3-AT, indicating that the Dspl1-24 protein was able to
interact relatively strongly with the Cp-Dspl6 dehydrin.

The b-galactosidase activity was estimated for the transformants expressing the target both in the
absence of the bait (BD, no bait) and in the presence of bait protein (Dspl6, bait). The activity
level in the presence of the specific interaction between bait and target proteins was different
from that estimated in the presence of non-specific interactions, but not significantly different.
Finally, the RNA profiles observed for the transcript corresponding to the isolated target protein
were consistent with the expression analysis previously performed (Velasco et al., 1998) and
showed a strong induction by dehydration and ABA treatment in leaves (Table 3.C). The

constitutive expression in roots was also confirmed.

The second protein sequence examined showed 65% homology to the A.thaliana protein TRAP-
a protein, a subunit of a transmembrane protein complex located at the site where the nascent
secretory proteins enter the endoplasmatic reticulum (Hartmann and Prehn, 1994). The TRAP-a
is membrane spanning protein identified, besides Arabidopsis, in man and in trout (Accession
numbers 212830 and 212831 respectively). Like for the first identified target, the growth on
selective medium (+) was observed only for the yeast transformed with the isolated target and the
bait proteins together. In this case, the addition of the chemical inhibitor 3-aminotriazol (3-AT) to
the medium was not necessary for the selection. Similarly to the first clone, the b-galactosidase
activity level in the presence of the specific interaction between bait and target proteins was not
dramatically different from that estimated in the presence of non-specific interactions. The RNA
analysis revealed a congtitutive expression of this transcript in the leaves. Because the aim of this
work was the

study of the dehydration-stress responses and the identification of protein induced by



dehydration in C.plantagineum, the characterization of this clone was not continued.

The third candidate for target protein showed 39% homology to Shicolor kafirin protein, a mgor
seed storage prolamin of Sorghum (DeRose et a., 1989. Accession number P14692). Also for
this putative target protein, the interaction with the bait seemed to be specific (growth on
selective medium only in the presence of the BD-Dspl6 bait, Table 3.C) and the addition of the
histidine inhibitor 3-aminotriazol (3-AT) was not necessary. The b-galactosidase
activity observed was roughly the same in the presence as in the absence of the bait protein. The
corresponding transcript was induced by dehydration and ABA in leaves. The low homology to
plant protein (39% in Sbicolor, just 18% in A.thaliana), and the low b-galactosidase activity
level observed were consistent with the hypothesis that the protein interactions taken place
between this target and the bait were weak. For this reason the characterization of this clone was

not continued.

3.1.2.3 Analysisof the self-interaction ability of the Cp-Dsp16 dehydrin

Dehydrins are characterized by a highly conserved Lys-rich region of 15 amino acids (named K
segment) present near the carboxy terminus of the protein and which has been proposed to form
an amphipathic a-helix domain (Dure L.I1I, 1993). Theoretical studies have speculated on the
dimerization ability of the D-7 Lea protein family (containing the same a-helical arrangement)
viabinding of their hydrophobic faces (Dure L.I11, 1993). In addition, the existence as a dimer of
the 17.7 kDa maize dehydrin has been experimentally demonstrated (Close et al., 1993). Based
on this, the two-hybrid system was used to check the dimerization ability of the Cp-Dspl6
dehydrin. The bait used was the same BD-Dspl6 fusion protein previously prepared for the
library screening and containing the Cp-Dsp16 full-length cDNA sequence (3.1.2.1). The target
protein to test for interactions with the Dspl6 dehydrin was a novel hybrid protein, where the
GAL4 activation domain (amino acid 768-881; Ma and Ptashne, 1987) was fused to the same Cp-
Dspl16 full-length cDNA sequence into the target vector pAD-GAL4. The bait and the target
vectors were introduced

into the yeast host by sequential transformation and plated both on selective medium

lacking leucine and tryptophan (SD-LT), to check for the presence of both the plasmids. On



medium lacking leucine, tryptophan and histidine (SD-LTH) no growth was observed for the
transformants expressing the bait-target dehydrins (Table 3.D). On the contrary, the yeast
colonies could grow on plates lacking only leucine and tryptophan (SD-LT), where the
interaction between the two proteins was not necessary for surviving. The use of the Cp-Dspl16
dehydrin as a bait by the two-hybrid system showed that this protein was not able to create strong

interactions with other proteins, not even to interact with itself to form a homodimer.

Table 3.D
Analysis of Cp-Dsp16 self-interaction.

bait (1) target (1)
BD fusion | AD fusion SD SD
protein protein -LT | -LTH
Cp-Dspl1l6 | Cp-Dspl6 + -
P53 SV40 4 A

(1) TheBD fusion protein (bait) and the AD fusion protein (target) express both the full-length Cp-Dsp16
dehydrin protein.

*  Double transformation: positive control for specific protein interaction (the p53 and the pSV 40 plasmids
carry the trpl gene and the leu2 gene respectively as markers for the selection in yeast).

3.1.3 Identification of proteinsinteracting with Cp-HSF1

3.1.3.1 Preparation of the Cp-HSFL1 bait protein

The fragment introduced into the pBD-GAL4(Cam) vector had a length of 1157 bp and
represented the full-length Cp-Hsf1 cDNA (Bockel C., 2000, Ph.D thesis). To create a hybrid
protein suitable for the two-hybrid screening, the cDNA sequence was fused downstream from
the GAL4 binding domain (amino acid 1-147, Keegan et al., 1986) in the bait vector pBD-
GAL4(Cam), as previously was done for the BD-Dspl16 fusion protein (3.1.2.1). The trandated
hybrid protein used as bait was termed Cp-HSF1157. Before



screening the Craterostigma cDNA library for interacting targets, the Cp-HSF1157 bait was
assayed for transcription of the reporter genes in the absence of specific protein interactions. The

results are reported in Table 3.E.

Table.3.E

Verification of the yeast phenotypes expressing the Cp-HSF1 protein together with
unrelated targets.

bait target 3-AT(1) b-gal
BD fusion AD fusion SD SD SD assay
protein protein -LT -LTH -LTH (@)
Cp-HSF1157 [ pAD-GAL4* | +  + + +*
Cp-HSF1157 [  SV40 + o+ + +*
p53 SV40 + o+ nd. xx

*  The pAD-GALA4 vector here used was the empty shuttle vector that does not contain any additional
coding DNA sequence fused to the GAL4 activation domain and therefore it is not able to produce target
proteins.

**  Double transformation: positive control for specific protein interaction (the p53 and the pSV40 plasmids
carry the trpl gene and the leu2 gene respectively as markers for the selection in yeast).

n.d.: not determined

(1) Assayed concentrations: 10-25-50-75 mM. The yeast colonies expressing the Cp-HSF1157 protein in
combination with the control plasmid pAD-GAL4 could grow in the presence of all 3-AT concentrations.

(2) Theb-galactosidase assay was performed by filter lifts (see 2.3.4.3). (+): lacZt phenotype (blue colonies);
(-) : lacZ™ phenotype.

The host yeast strain YRG-2 was transformed first with the bait plasmid expressing the Cp-
HSF1157 protein, and subsequently with the empty pAD-GAL4 plasmid, which does not contain
any protein encoding DNA insert. Although no potential interacting proteins were present,
nevertheless the activation of the HIS3 and the lacZ reporter genes was observed, i.e the yeast
colonies grew on medium lacking leucine, tryptophan and histidine (SD-LTH) and turned blue
when permeabilized and incubated in presence of the X-Gal buffer. The control target protein
SV40 was expected to not interact with the bait protein Cp-HSF1157. However, when they were
expressed together in the yeast host, the transcription of the HIS3 and the lacZ reporter genes was
activated. These results together indicated that the full-length Cp-HSF1157 protein was an
unsuitable bait for the screening.



Because the minimal medium (SD-LTH) was not sufficient to abolish the transcription of the
HIS3reporter gene in the absence of specific protein interactions, the chemical inhibitor 3-
aminotriazol (3-AT), which restore histidine auxotrophy, was added to the selective medium, in
order to reduce the residual HIS3 gene expression and to increase the stringency

of the selection. As shown in Table 3.E, in the presence of the histidine inhibitor 3-AT, the
Cp-HSF1157 protein could still activate the reporter genes transcription. This result confirmed
the difficulty to utilize the full-length sequence as a reliable bait protein for the two-hybrid

screening.

3.1.3.2 Analysisof different Cp-HSF1 deletion constructs

Since the full-length Cp-HSF1157 protein seemed to be not a suitable bait for the two-
hybrid screening (3.1.3.1), three different deletion constructs were prepared (Fig.3.4). The
corresponding translated proteins were expressed as hybrids between the GAL4 binding domain
and the deleted Cp-HSF1157 protein. The first construct, named Cp-HSF960, was prepared by
omitting the C-terminal hydrophobic region (HR-C) of the activation domain. The second (Cp-
HSF775) represented the DNA binding domain (DBD), the central oligomerization region (HR-
A/B) and the nuclear localization sequence (NLS). The third (Cp-HSF302) was the shorter fusion
protein prepared for this screening. In this construct neither the DNA binding domain nor the
activation domain of Cp-HSF1 were present, but only the oligomerization region (HR-A/B) plus

the nuclear localization sequence (NLS) were conserved.



Fig. 3.4

Representation of the different Cp-HSF1 deletion constructs used as bait proteins in the

yeast two-hybrid screen

Cp-HSF1157 T | . T 1
Cp-HSF960 - | — |
Cp-HSF775 - | I
Cp-HSF302 L1 T T

For all constructs, the GAL4 DNA-binding domain sequence was fused in frame with the cDNA¢
encoding for the different deleted proteins. The terminology used to distinguish the different
congtructs refers to the length of the different DNA fragments obtained after the amplificatior
reactions or the restriction digestions of the full-length Cp-Hsf1 gene. The cDNA fragments were
directionally subcloned in the pBD-GAL4 expression vector.

Cp-HSF1157  :thisconstruct encodes for the full-length Cp-HSF1protein.
The basic structure of the protein is indicated above the draw: DBD = DNA binding
domain; OD = oligomerization domain; AD = activation domain; HR-A/B, HR-C
=heptad hydrophobic repests; L1 = linker region between DBD and HR-A; L2 = linker
region between HR-A and HR-B; NLS = nuclear localization signal (for details see
Bockel C., 2000, PhD. thesis).

Cp-HSF960 ‘the 960 bp fragment was obtained after digestion with the endonuclease EcoRI and
subcloned in the pPBDGAL4 expression vector.

Cp-HSF775 :by amplification with specific primers, a 775 bp EcoRI-Pstl fragment was
obtained.

Cp-HSF302 by amplification with specific primers, the internal hydrophobic region
(HR-A/B) and the nuclear localization sequence (NLS) were obtained as a 302
bp Sall-Pstl fragment.



Each plasmid was introduced in the YRG-2 host strain in pairwise with the empty
pAD-GAL4 vector, to check whether the corresponding bait protein was capable of autonomous
reporter gene activation. In addition, following the same scheme previously applied to the BD-
Dspl6 and the Cp-HSF1157 bait proteins, each bait was tested for its ability to interact with the
control SV40 target protein. The resulting phenotypes were individually assayed by colony lift
assays for the lacZ reporter gene activation (Table 3.F).

Table 3.F

Verification of the yeast phenotypes expressing the Cp-HSF1 deletion constructs together with
unrelated targets.

Bait Target 3-AT@1)| b-gal
BD fusion | AD fusion | SD SD SD | assay
protein Protein -LT -LTH -LTH (2
Cp-HSF960 | pAD-GAL4* + + + +
Cp-HSF960 SV40 A A i i
Cp-HSF775 | pAD-GAL4* | + + - +
Cp-HSF775 SV40 + 5t . +
Cp-HSF302 | pAD-GAL4* | + - - -
Cp-HSF302 SV40 + - n.d. -
P53 SV40 + +**  n.d. +**

The transformants able to grow on medium lacking leucine, tryptophan and histine and showing blue colonies
because of the activation of the b-galactosidase reporter gene (indicated by (+) in the SD-LTH and b-gal assay
columns respectively) suggested that the deletion construct in examined was unsuitable bait for the system.

(1) 3-AT assayed concentrations. 10-25-50-75-90 mM
(2) The b-galactosidase assay was performed by filter lifts (see XX). (+): lacZ* phenotype (blue colonies);
(-) : lacZ” phenotype.

*  The pAD-GALA4 vector here used was the empty shuttle vector that does not contain any additional
coding DNA sequence fused to the GAL4 activation domain and therefore it is not able to produce target
proteins.

**  double transformation: positive control for specific protein interaction (the p53 and the pSV 40 plasmids

carry the trpl geneand the leu2 gene respectively as markers for the selection in yeast).

n.d. : not determined

As aready observed for Cp-HSF1157, the yeast colonies transformed with the Cp-

HSF960 construct could induce autonomously the expression of the reporter genes



(Table 3.F). When plated on medium containing the 3-AT histidine inhibitor, the transformants
could grow up to a concentration of 90 mM, which is three times higher than that routinely used

for these assays. The Cp-HSF960 construct was therefore not used to screen the library.

The transformants expressing the Cp-HSF775 protein could not survive in the presence of the
competitive inhibitor 3-AT, but still they were able to grow on minimal medium lacking leucine,
tryptophan and histidine (Table 3.F). Surprisingly, even though in this protein no activation
domain was present, gene transcription activation was observed for the HIS3 and lacZ reporters.
Differently to the Cp-HSF1157 and Cp-HSF960 proteins, in the presence of the unrelated SV40
control target protein, Cp-HSF775 did not activate the expression of the lacZ reporter gene.
Nevertheless, because the observed growth on selective plates (SD-LTH) in the absence of
any potential target protein, this deletion construct was not chosen as bait for the library

screening.

Cp-HSF302 was the shorter fusion protein prepared for this screening. In this construct neither
the DNA-binding domain nor the activation domain of Cp-HSF1 were present (Fig.3.4). After
testing the protein alone and in combination with the control plasmid encoding for the SV40
target protein, no reporter gene activation was observed. The Cp-HSF302 protein was chosen

as bait for the screening of the C.plantigineum cDNA library.

3.1.3.3 Identification of proteinsinteracting with the Cp-HSF302 bait protein

Using the Cp-HSF302 protein as bait, the Craterostigma cDNA library was screened. To avoid
the identification of weak interactions, 5 x 10* transformants were selected for their swiftness of
growth: the yeast colonies appearing after 5 days from the plating on SD-LTH medium were
excluded from the screening. After several rounds of selection, 87 cotransformats
grown on minimal medium lacking leucine, tryptophan and histidine were isolated. This method
of selection based on the hypothesis that the transformants

expressing stable protein interactions could grow faster than those expressing proteins interacting
weakly or unspecifically. The 87 clones were tested for the HIS3 and lacZ reporter gene
activation. The assays were performed on plates lacking leucine, tryptophan and histidine with



the addition to the medium of the competitive inhibitor 3-AT (15 mM) in order to eliminate false
positive colonies growing because of the cellular endogenous histidine level.

Despite the screening on SD-LTH plates resulted positive (showing the correct activation of the
HIS3 reporter gene), no b-galactosidase activity could be detected by colony lift assay. By the
same work conditions, the activation of the lacZ gene was observed both in the control colonies
expressing the in vivo interacting proteins p53 and SV40 and in the colonies expressing the wild
type GAL4 protein (normally used as control because their strong lacZ gene activation). So the
failed detection of the b-galactosidase activity for the 87 isolated clones could not depend of the
failed detection on the reporter gene expression.

Yeast liquid cultures were established for 40 out of the 87 clones to determine the b-
gaactosidase activity using CPRG (chlorophenol red-b-D-galactopyranoside) as substrate. After
the assays only aweak b-galactosidase activity was observed.

This result indicated that the protein interactions taking place in the presence of the Cp-
HSF302 bait were weak, if ever not specific. The only DNA sequence cloned and homologous to
a plant protein also at the amino acid level showed 71% of identity to an A.thaliana
glutamate/aspartate binding protein (sequence database entry AC002330).

3.1.3.4 Study of the interactions among different functional domains of the Cp-HSF1
protein

Analysis of heat-shock transcription factors from many species has defined structural and
regulatory regions responsible for transcriptional activation. All studied HSFs have a common
core structure containing the DNA binding domain and a trimerization domain (Sorger and
Nelson, 1989; Wu C., 1995). The amino acid sequence of Cp-HSF1 shows the characteristic
domains of the eukaryotic heat-shock transcription factors (Bockel C., 2000, Ph.D thesis).

In this study, the analysis has been focused on the short internal hydrophobic region (the
oligomerization domain, HR-A/B, Fig.3.4) which is thought to be an essential element of the
heat-induced activation of the protein (Sorger P.K., 1991; Morimoto R.1., 1993).



3.1.3.4.1 Preparation of a new Cp-HSF1 deletion construct

A deletion construct was prepared in away that the corresponding translated protein was able to
interact with the bait proteins containing the different functional domains of the Cp-HSF1. The
new protein (Cp-HSF302AD) was encoded by the Cp-HSF302AD plasmid (Fig. 3.5) and it was
a hybrid between the GAL4 activation domain (amino acid 768-881; Ma and Ptashne, 1987) and
the 302 bp region of the Cp-HSF1 protein. This fragment, encoding the oligomerization domain
of Cp-HSF1, was cloned into the target vector  pAD-GAL4 to create a protein able to interact
with all baits so far tested by the two-hybrid system. The standard controls indicated that the

novel protein could be a suitable partner for the different Cp-HSF1 proteins.

Fig. 3.5
The Cp-HSF302AD expression vector.

Sall Pstl
P GAL4 AD Cp-HSF302 T
< S
Tl Amp eu2
| —

pAD-GAL4 phagemid vector

The size of the pAD-GAL4 phagemid vector is 7620 bp.
The hybrid protein (GAL4 AD plus the cDNA library target proteins) is constitutively expressed by the yeast

PapH1 Promoter (P) and the yeast ty by, terminator (T).
The 302 bp DNA fragment was the same used for the preparation of the Cp-HSF302 bait protein (Fig. 3.4).

2m : high-copy yeast origin of replication
Amp" - ampicillin-resistance gene for growth in bacteria
leu2  :auxotrophic marker for selection in yeast

3.1.3.4.2 Analysis of the inter actions among the different Cp-HSF1 domains

A scheme of the different combinations used in the two-hybrid system to study the interactions
among the conserved domains of the Cp-HSF1 protein is given in Fig.3.6. The plasmid vectors
expressing the BD-fusion and the AD-fusion proteins were introduced into the yeast host Y RG-2
by sequential transformation and the selection was performed on  SD-LTH plates. The b-



galactosidase activity was tested both by colony-lift filter screening and by liquid assays using
CPRG as substrate.

No variations in growth rate were observed by the plate selection: none of the interactions among
the different domain of Cp-HSF1 proved to be more advantageous than the others to the yeast
transformants. Apparently the strength of the interaction was equivalent both when the HR-A/B
oligomerization domain was in the presence of the full-length protein (Cp-HSF1157 x Cp-
HSF302AD) and when the HR-A/B domain expressing protein was in combination with the
homologous fusion protein (Cp-HSF302 x Cp-HSF302AD). The activity of the lacZ reporter
gene was weak for all detected interactions, with the exception of the yeast clones transformed
with the full-length protein (Cp-HSF1157 x Cp-HSF302AD) and of the Cp-
HSF302 x Cp-HSF302AD combination.



Fig. 3.6

Analysis of interactions among the different Cp-HSF1 domains

Binding domain constructs Activation domain constructs
: e p— rrr—rwn
—— B S B S [ry———
TR T
B D AD b-gal assay
Cp-HSF1157 X Cp-HSF302AD @ 480 units
Cp-HSF960 X Cp-HSF302AD O 130 units
Cp-HSF775 X Cp-HSF302AD O 110 units
Cp-HSF302 X Cp-HSF302AD O 280 units
GAL4 wild type control for specific activity o 1670 units

p53/SV40 control for specific interaction ® 1540 units

Control reaction

pBD-GAL4(Cam) X Cp-HSF302AD no growth

In the upper part of the figure are represented the different plasmid combinations used for yeast
transformation. The binding domain constructs are described in Fig. 3.4. All are fused in frame with the
GAL4 binding domain. The activation domain construct is the Cp-HSF302AD protein shown in Fig.3.5. This
protein contains the GAL4 activation domain. Below the picture, the fusion proteins expressed by the yeast
clones are indicated by name. The b-galactosidase values are reported (b-gal assay column). The
b-galactosidase units refer to the liquid assays performed using chlorophenol red-b-D-galactopyranoside
(CPRG) as substrated. 1 unit of b-galactosidase = amount that hydrolizes 1mmol of CPRG to chlorophenol
red and D-galactose per min per cell (Miller, 1972). Interaction were assayed for 8 hours. CPRG
guantification was performed in triplicate for each assay. The control reaction was performed to test the
ability of the Cp-HSF302AD protein to activate by itself the HIS3 reporter gene.



3.2 Characterization of the small heat-shock protein Cp-HSP20.6

3.2.1 Sequenceanalysisof the Cp-Hsp20.6 cDNA

3.21.1 Sequence of the Cp-Hsp20.6 cDNA and the deduced CpHSP20.6 protein

The clone used for this study was kindly provided by Dr. J.Phillips. The cDNA sequence showed
high homology to the plant small heat-shock proteins (small HSPs) and was chosen as potential
target gene of the heat-shock transcription factor Cp-HSF1. All small HSPs exhibit high level of
induction on heat stress (Chen et al., 1990; DeRocher et a., 1991; Hsieh et al., 1992).

The cDNA has a length of 772 bp with an open reading frame (ORF) of 612 bp (Fig 3.7). The
ORF beginns with a putative translation start codon ATG in position 1 and ends with the stop
codon TAG in position 612. The methionine coded by the ATG is considered to be the
trandation start point based on sequence similarity with other small HSP genes. The Cp-
Hsp20.6 sequence contains a 3’ -untranslated region of 146 bp and a poly(A)-tail of 14 residues.

The corresponding cDNA transcript is a 203 amino acid protein with a predicted molecular mass
of 20.6 kDa and an isoelectric point of 9.64. The deduced protein, named CpHSP20.6, contains
two large conserved regions (consensus | and 11, Fig. 3.9) found in all plant small HSP sequences
so far analyzed. In addition, a 5 amino acid consensus sequence at the N-terminus identifies
the maturation site typical of the plant mitochondrial small heat-shock proteins. The
CpHSP20.6 protein sequenceis analyzed in 3.2.1.2.



Fig.3.7
Sequence of the Cp-Hsp20.6 cDNA and the deduced CpHSP20.6 protein

TCGTTTGCAAT GGCTTCATCGATAGCT CTGAGGAGGCT CCTGT CGT CGAGCAACGCTCTCTTCGGTICC - 60

M A S SI ALRRL L SSSNALFGFP

CTCCGTACGECGCGAGCGECEECT CAGCCAGCCTCCGT TCGTCTGT TCAACAGCAACGCEG 120
L RTARAAAQPASVRLFNSNA

CTGACGGAGTACGACAGT GACGACCGAGACGT CGACGT CGCTGATCGACGGGEECGAGCGA 180
L T EY DSDUDIRDVDVADIRRGTER

CGCCTATTCTCTCCATTTGCAGATATGATGT TTGGTCCCTTCTCAACGAGGAGCCGCCTC 240
RLFSPFADMMEFGPZFSTIRSRL

AGCCAAATCCTTAACATGATGGACCAAATCGT TGACTCACCAATGTCCTCCGCCGTTCGC 300
s QI L NMMDOQI VDSPMSSAVR

CGGAATTGGT TTGCTAGAGAAGCT GCCGAGGGT CTCCATCTGAGGATGGACATGCCAGEC 360
R NWFAREAAEGLHLIRMDMP G

CTGGGCAAGGGEGACGT TAAAAT CTCGGTGGAGCAGAACACTTTGATCATCAGAGGTGAG 420
L GK GDVKI SV EQNTTULI I R GE

GGCAAAAAGGAGGAGT TTGAAAACGAT GAAGAGGT TGGTGECCGAAGATTCTCGGGGAGG 480
G K KEEFENDEIEV GGRRF S GR

ATCGATCTGCCTGAGAAGCTGTACAAGGT GAATGACATTAAAGCT GAGATGAAGAATGEC 540
I DL PEKLYKVNDI KAEWMKNG

GICTTGAAGGTGI TTGI TCCCAAGACAAAGGAT GAGGAGAGGAGTGATGTCTTCCATGIT 600
vV L KV FVPKTIKWDEIEIRSUDVFHYV

AATGTTGAGTAG 612
N V E

TATAGT CGGTAATGATGAGT GCTACCGT TGGT TGGTAGACT ACGGT GAAAATAATGT GAT
GTCCCTACTTTGGTAGATGAGT TGGGAATCTTCCTGCGTCGTAAAATTCGT TACTTTCTT
GGTTAAGCGATATCTACAGATCTGT TAAAAAAAAAAAAAA 772

Numbers indicate the nucleotide positions starting at the first nucleotide. The predicted trandation start
site ATG is underlined and marked in blue. The predicted termination site TAG is marked in bold.The
methionine coded by the ATG is considered to be the trandation start point based on sequence similarity
to other small HSP genes. The putative mitochondrial transit peptide is underlined.



3.2.1.2 Sequence comparison of the CpHSP20.6 protein with the plant small HSP

super family
According to the sequence similarity and to their cellular localization (cytosol or organelles) the
plant small HSPs are divided in different classes. The diversity of the small HSPs in plants is
unigue among eukaryotes and includes proteins found in the endomembrane system, chloroplasts
and mitochondria (Vierling E., 1991; Lenne and Douce, 1994, Waters E.R., 1995). All plant
small HSPs are nuclear encoded (Vierling E., 1991).
Phylogenetic analysis using the program PILEUP in the Wisconsin Genetic Computer Group
package (GCG version 10.0) was performed to determine the relationship of the CpHSP20.6 to
other plant small heat-shock proteins.
Asshownin Fig. 3.8, CpHSP20.6 protein is assigned to the mitochondrial small HSP family.

Fig 3.8

Phylogenetic tree showing the relationship of the CpHSP20.6 protein to other plant small
HSPs.

Using the PILEUP program from the GCG package a consensus tree was generated. The five different small HSP
classes are indicated. The mitochondrial small HSP region of the tree is highlighted. Craterostigma plantagineum
CpHSP20.6 protein is marked in red. The different small HSPs are indicated by their molecular weight.

Plant species are identified by their acronyms. The complete scientific names are here indicated in alphabetic order:
Ath: Arabidopsisthaliana;, Cs: Castanea sativa; Dc: Daucus carota; Gm: Glycine max; Ha: Helianthus
annuus; Hv: Hordeum vulgare; In: Ipomea nil Le: Lycopersicon esculentum; Ms: Medicago sativa; Nt: Nicotiana
tabacum; Os: Oryza sativa; Peg: Pennisetum glaucum; Pc: Petroslinum crispum; Pg: Picea glauca; Ps. Pisum
sativum Ta: triticum aestivum; Zm: Zea mays.

Accession numbers for all sequences are listed in Appendix I.



Fig. 3.8
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DNA and protein similarities to plant small HSPs were determinate using the BLAST network
service (Altschul et al., 1990). Seven of the protein sequences that were more similar to the
CpHSP20.6 have been characterized as mitochondrial small HSPs (Table 3.G).

Table 3.G

Comparison of the C.plantagineum mitochondrial CpHSF20.6 protein sequence with other plant

mitochondrial small HSPs.
Sequence are listed in descending order of percent of amino acid identity with respect to CpHSP20.6

Plant Accession No Protein Localization Identity Similarity
P.sativum X86222 HSP22 mitochondria 65 78
G.max u21722 HSP23.9 mitochondria 59 68
A.thaliana U72958 HSP23.6 mitochondria 45 65
L.esculentum AB017134 HSP23.8 mitochondria 42 63
Z.mays AF035460 HSP23.8 mitochondria 41 63
P.glauca L47741 HSP23.5 mitochondria 42 59
T.aestivum AF104107 HSP23.5 mitochondria 38 52
A.thaliana X54102 HSP21 chloroplasts 34 48
G.max X07188 HSP22 endomembranes 32 49

The amino acid sequence aignment (Fig. 3.9) further supports the incluson of the
C.plantagineum protein in the mitochondrial class of smal HSPs. In fact the amino acid
sequence of CpHSP20.6, besides the two conserved regions present in the C-terminus of all plant
small HSPs ((I) and (1), underlined in green), shows the N-terminus -ENSNA- amino acid
sequence (marked in blue), very similar to the -ENTNA- sequence identified in severa plant
small HSPs (Lenne et a., 1995). This 5 amino acid motif represents the consensus sequence
around the maturation site of the protein to enter the mitochondrion (a serine (S) residue in the
Craterostigma sequence replaces the threonine (T) in the conserved motif. Both are neutral,
hydrophilic amino acids). On the basis of protein sequencing a putative transit peptide long 35
residues could be identified in the CpHSP20.6 protein sequence, according to the length of the
plant mitochondrial targeting peptides, which has been



estimated between 18 and 77 amino acid (Schneider et al., 1998). In addition, the CpHSP20.6
amino acid composition of the mitochondrial targeting sequence shows two arginine residues in
position -10 and -2 from the putative cleavage site, as described by Schneider (Schneider et al.,
1998) for the plant mitochondria protein.






Fig. 3.9

Comparison of the predicted amino acid of the CpHSp20.6 protein with mitochondrial
small HSPs from diverse plant species.

PgHSP23.5  ~~~~~~~~~m MATVASAK. . . .. SNVMKSVI PAVKKCL. PSGRQGDSSA
ZmHSP23. 8 MASI VASRRAVPLVRALEKLI AASSA. . PGT GSALRPVAVAGC—LRGYmG
PsHSP22 ~  ~~~~~e MASSLALKRFLSSG. . LLSS. . SFLRPVASSASRSE%N
CrHSP23 ~~— MAS. MALRRLASRN. . LVSGGE . . FRPLSVS. . RSE%H
CpHSP20. MASSI ALRRL L SSSNAFGPL RTARVRAAQPASARL FNSN

PgHSP23. 5 SAMCRSL STAAAKYRPEYDSAI QDDTQNRQASETRRGGLPNI FGDPFYP.
SP23. 5 AFTPLRSYDRDEAVEDTRRV. . A. . . RE. . RDI GYPSFFSDVFRDPFS. A

GrHSP22. 9 2 MRQYDNRADDHSTDI DRHSERSFPSTARRDDI . . . FLRCVG. SI FSDS
At hHSP23. 6 2 VRSYDDDGEFTNGDGVDLYRRSVPR. . RRGDF. . . . FSDVF. DPFSP.

CpHSP20. 6 2 LREY. .. .. PEADMVF. GPFSTR
PgHSP23. 5 .. . LRSLGFGLDQL FDNPFL AASRGT GDAVRGGSRKPWDAVEDKEALHLR

DFTGAARAA. PMRRGWNAREDADALRLR
GrHSP22. 9 EFEPGSEHDGPCGHGQSVPLRVAR. . . DRSVR. WEGRGADARETEDALHLR
At hHSP23. 6  TRSVSQVLNLMDQFMENPLL SATRGMGASGF. TARRGADI KEKDDALYLR

CpHSP20. 6 SR. LSQ LNWWVDQ VDSPMSSA. . . ........ VRRNWFAREAAEGLHLR

TaHSP23. 5 VDMPGLGKEHVKVWAEQONSL VI KG. EGEKESECEGAFTDAP. . . RYSGR.
GKEHVKVWAEOQNSL VI KG. EGEKEDSEDEA. APPP. . . RYSGR.

PsHSP22 LDMPGLGKEDVKI SVEONTLTI KCEEGAKESEEKEKSG. . . . . RRFSSR.
Cr HSP23 VDMPGLAKEDVKVSVEDNTLI | KS. EAEKETEEEEQ. . . . . . RRRYSSR.

CpHSP20. 6|  MDVPGLGKGDVKI SVEQNTLI | RG EGKKEEFENDEEVGG ~ RRESGR.
I

PgHSP23. 5 I ELPPKVYKLDHI KAQWKNGVLKVTVPKFTEQEI KNVI NVNI E (L47741)

ZmHSp23. 8 I ELAPEVYRNMDKI KAEMKNGVL KVWWPKVKEQQRKDVFQVNVE (AF065460)
P22.9 | DLPDKLYKI DQI RAEMKNGVL KVWWPKIVKEEERKDVI SVKVE (U21722)

At hHSP23. 6 || GLPDKI YKI DEI KAEMKNGVLKWVI PKMKEQERNDVRQ! EI N (U72958)

CpHSP20. 6 | DLPEKL YKVNDI KAEMKNGVL KVFVPKITKDNERSDVFHVNVE
I

Conserved domains typical of small HSPs (I and 1) are boxed in different colors.

The consensus sequence at the N-terminus around the maturation site is indicated in bold.



3.2.2 Characterization of the genomic sequence of Cp-Hsp20.6 gene

3.2.2.1 Cp-Hsp20.6 gene organization

To analyze the genomic organization of the Cp-Hsp20.6 gene, genomic DNA was digested with
the restriction endonucleases Bglll or EcoRI, whose restriction sites are absent in the Cp-Hsp20.6
cDNA sequence. The digested DNA was blotted and the filter was hybridized with the full-length
cDNA (772 bp) as a probe. As shown in Fig. 3.10, several hybridizing bands were detected. This
result suggest the presence of a*“small Hsp” gene family in C.plantagineum, as already observed
for most, if not al, plant small heat-shock proteins so far studied (Waters et a., 1996; Vierling

E., 1997).

Fig. 3.10

Southern analysis using the cDNA Cp-Hsp20.6 probe.

Bgl Eco
I R M

w= 1.6 Kb

Ten ngy of tota genomic DNA from
C.plantagineum were digested with the
indicated enzymes, electrophoretically
separeted and blotted. Hybridization with
the full-lenght cDNA seguence was
performed overnight a high stringency
(see Material and Methods).

M = molecular weight marker




3.2.2.2 Cp-Hsp20.6 genestructure

To isolate a genomic clone corresponding to Cp-Hsp20.6, a genomic library (kindly provided by
Dr. A. Furini) was screened using the full-length Cp-Hsp20.6 cDNA as probe. Approximately
2,5 x 107 pfu were generated by plague hybridization (Sambrook. et a., 1989); three positive
phage pools were further purified. Phage DNA was BamHI digested and hybridized with the full-
length Cp-Hsp20.6 cDNA probe in order to identify the exon containing fragments.

The sequence analysis confirmed that the complete nucleotide sequence is a 612 bp ORF (open
reading frame), with the 3' untranslated region that extends 146 bp up to the polyadenylation site
and the putative promoter region containing a TATA motif, severa transcriptional regulatory
regions (two CCAAT sequences, the AT-rich region) and at least two heat-shock responsive
elements that represent potential binding sites for the Cp-HSF1 protein.

A scheme of the genomic structure is given in Fig.3.11 (see aso 3.2.2.3 for the analysis of the
promoter region). The identity between the cDNA sequence used as probe and the genomic
sequences was 98.8%. A single intron of 242 bp splits the coding region between codons +202
and +203. The presence of the intron was deduced from the consensus 5’ splicing site GT and the
3’ splincing site AG characteristic for the eukaryotic introns (Padgett et al., 1986). Moreover, the
intron sequence present in the Cp-Hsp20.6 gene is rich in A-T residues typical of dicot introns
(Goodall and Filipowicz., 1989; Luehrsen et a., 1994). The complete sequence of the Cp-
Hsp20.6 gene is shown in Appendix I1.

Fig. 3.11
Cp-Hsp20.6 gene structure

GT AG

AT-rich region [jjsgs | 2x ccaaT  TATA .t(—_ AAAA

+ 202 + 444




3.2.2.3 Analysisof the Cp-Hsp20.6 promoter region

The 5 untrandated region of Cp-Hsp20.6 contains several putative cis-regulatory elements
(Fig. 3.12), most of them characteristic for heat stress-induced genes. a modified TATA box
represented by the TATAT motif (marked in grey), two CCAAT boxes (marked in red) found in
severa heat-shock gene promoters, numerous blocks of contiguous AT-rich sequences (marked
in blue). These sequences exist as repeats of ATTA or TAAT motifs (Gurley et a., 1992) in the
promoters of many heat-shock responsive genes and are thought to act as transcriptional activator
elements (Baumann et al., 1987; Czarneckaet al., 1989).

The thermoinducible expression of heat-shock genes is attributed to the presence of controlling
DNA sequences, the heat-shock elements (HSEs), located in the promoter. The essential
component of the HSE is a trinucleotide repeat 5’ -nGAAN-3', or its complement 5’ -nTTCn-3',
arranged in alternating orientations (Pelham, 1982; Amin et al., 1988). At least two nGAAnN units
are needed for high affinity binding of heat-shock factors in vitro and these may be arranged
either head-to-head (NnGAANNTTCn) or tail-to-tail ("NTTCnNGAAN; Perisic et al, 1989; Sorger
P.K., 1991).

In the Cp-Hsp20.6 promoter, a 25 bp region (underlined in black and indicated as Cp-HSE, Fig.
3.12) shows adjacent GAA/TTC blocks that represent a potential functional sequence for the
binding of the Cp-HSF1 protein. Particularly, the TTCTCGAA sequence (edged in black)
provides the perfect module for the binding activity.

Upstream the Cp-HSE sequence, several nGAAN and nTTCn motifs form HSE-like sequences
(marked in yellow). In addition, two ACGT elements (marked in green) are present in the Cp-
Hsp20.6 promoter region. The ACGT elements represent the core of the ABA-responsive
element (ABRE), a cis-acting DNA sequence involved in ABA-regulated gene expression
(Giuliano et a., 1988; Giraudat at al., 1994; Ingram et Bartels, 1996; |zawa et al, 1993), but also
found in genes that are expressed during seed development (Pla et al., 1991, 1993; McCarty,
1995).

Finally, CT-rich regions characteristic of many heat-shock gene promoters (Gilmour et al., 1989;
Lu et a., 1992; Voellmy, 1994) have been identified; alternating C and T residue regions
(underlined) were shown to function as binding sites of the GAGA transcription factor (Gilmour
et al., 1989; Giardinaet a., 1992).



Fig. 3.12

Nucleotide sequence of the proximal promoter region of Cp-Hsp20.6.

- 445

- 395

- 345

- 295

- 245

-195

- 145

-95

- 45

TTTACTATGITTATTTTTACTTTTGACATTTTTCAATAAATGITTCAGIG

TCAATTAGI TCGAGCCCCGAACT CCATTTTGAAATCGAAATTCCCAAATC

ACATAATTTCCAATGGATGTATTTGAATTTGAACTTAAGATTTTAAAATT

AAAATGTAAAATTATGCGATTGCAAAACG T GAATTTAAAAGCATAAAGAA

AATCACGTGITACGATCTGGCTCTAATACCGATGGETTAAAAAGT CAACA

ATACCAAGCATAATAATGCTACACCCCCAATCAAGTGAGATCTAGGAATC

GAACTTTTCTCGAAAAATATCT CGAGAAACTACTCTCCTCCTCTTCTCTA
Cp-HSE

CTATTAAAACCACCTTGCTCTTATCCGATATATCATCTCAGAAACTTGAA

CGCCAAGCTAAAGI TCCTATCAACTCAACTTTCCGATCGI TTGCAATG GC

Underlined in black is the 25 bp containing the Cp-HSE (boxed in black), which shows the perfect
spatial arrangement required for binding of putative heat-shock transcription factors. Both perfect
and imperfect putative HSEs present in the 5’ -flanking sequence are shown in yellow. The bold
faced trinucleotide sequences (-GAA- or -TTC-) represent the core of further putative distal HSEs.
CCAAT, ACGT and AT-rich motifs are described in 3.2.2.3 (see also0 4.2.2).

The putative TATA box is marked in grey. Numbers correspond to the positions from the
trandation start site (ATG = +1).







323 Cp-Hsp20.6 transcript expression

Northern analyses with the full-length Cp-Hsp20.6 cDNA probe were performed to study the
heat induction of the protein and to confirm that the Cp-Hsp20.6 gene is expressed upon drought.
The expression of the Cp-Hsp20.6 transcript was analyzed using total RNA isolated from fresh,
dehydrated and heat stressed Craterostigma leaves and roots. The drought and stress treatments
were performed on whole plants, whose roots and leaves were analyzed separately. The filters
carrying the mRNA were hybridized subsequently with the ribosomal probe pTA71 to monitor
equal loading (Gerlach and Bedbrock, 1979).

3.2.3.1 Cp-Hsp20.6 transcript expression in dehydrated roots

During the dehydration treatment whole plants were placed on filter paper and air dried for
various lengths of time. Not detectable in fresh roots, Cp-Hsp20.6 is rapidly induced within two
hours but its expression increases appreciably after longer times dehydration (Fig.3.13). Cp-
Hsp20.6 expression remains high upon prolonged dehydration: after 72 hours, the signal was still
significantly strong, indicating a prolonged transcription activity. Dehydration treatment over 72
hours was not applied in this study.

Fig.3.13
Cp-Hsp20.6 expression pattern during dehydration in roots

A RNA gel blot loaded with 30 pg of
total RNA per lane extracted from roots
f 1h 2h  4h 24h  72h harvested from dried plants at the times
indicated. The membrane was probed
with  the full length cDNA

a Cp-Hsp20.6..
A g . . . B Subsequently hybridization of the
_ . B . same membrane with the ribosomal
probe pTA71.

Hybridization and washing of the filters
were performed under high stringency
condition.

f: fresh tissue




3.2.3.2 Cp-Hsp20.6 transcript expression in heat stressed roots

Heat stress was performed with plantsin their potsin the light for 3 hours at 42°C, 45°C or 48°C,
keeping the humidity constant. A strong induction of the Cp-Hsp20.6 transcript was observed
both upon the heat treatment (3 hours at 42°C) aready applied for heat stress studies on
sunflower (Almoguera et al., 1993; Coca et a., 1996) and C.plantagineum plants (Alamillo et a,
1995), and upon extreme heat stress conditions (45°C and 48°C). As shown in Fig. 3.14, in
comparison to the dehydration treatment (lane D), the heat stress exposure induces a higher
expression of Cp-Hsp20.6. This suggests that the Cp-Hsp20.6 transcript. is induced by heat-
shock, besides to dehydration.

Fig. 3.14

Cp-Hsp20.6 expression pattern upon heat stress in roots

D 42°C _45°C _48°C
72h 3h 3h  8h 3h

i o

A RNA gel blot loaded with 30 pg of total RNA per
lane extracted from roots harvested from plants heat
stressed at 42°C, 45°C and 48°C at the times indicated.
A sample from dehydrated roots (D) was included as
control. The membrane was probed with the full length
Cp-Hsp20.6 cDNA.

A B Subsequently hybridization of the same membrane
with the ribosomal probe pTA71.
Hybridization and washing of the filters were
B performed under high stringency condition.

3.2.3.3 Cp-Hsp20.6 transcript expression in dehydrated and heat stressed leaves



Both in fresh and in dehydrated |eaves the expression of the Cp-Hsp20.6 transcript was rather
low, increasing in the extremely dehydrated (24 hours) and in heat-shocked tissues. A sample of
ABA treated leaves (4 hours treatment) was included to test if the gene is ABA-responsive. As
shown in Fig 3.15, the Cp-Hsp20.6 transcript was not induced by ABA in |leaves.

Fig. 3.15
Cp-Hsp20.6 expression pattern in leaves

4h hs dehydration A RNA gel blot loaded with 30 pg of total

from plants treated as indicated. For the ABA
treatmet 1 mM ABA solution was used.

hs : heat stress treatment
T : freshtissue

B Subsequently hybridization of the same
membrane with the ribosomal probe pTA71.

Hybridization and washing of the filters were
performed under high stringency condition.

-
-




3.3 Study of the binding activity of the Cp-HSF1 protein to the Cp-Hsp20.6 gene
promoter region

To investigate the ability of the C.plantagineum heat-shock element Cp-HSE to act as a
functional heat-shock regulatory sequence, the 25 bp fragment containing the TTCTCGAA
motif was used in gel retardation and competition assays (3.3.1) in the presence of the heat-
shock transcription factor homologue (Cp-HSF1) isolated from C. plantagineum (Bockel C.,
2000, Ph.D thesis). In addition, 1096 bp from the Cp-Hsp20.6 promoter region were cloned in
front of the GUS-reporter gene and its expression was tested in tobacco protoplasts (3.3.2).

331 In vitro binding assays of Cp-HSF1 to the heat-shock responsive
element Cp-HSE

Previous investigations have shown that this transcription factor homologue binds to a synthetic
heat-shock element (HSE1) providing the optimal binding site for HSF proteins (Bockel C.,
2000, Ph.D thesis). Starting from this observation, the Cp-Hsp20.6 promoter region containing a
perfect heat-shock responsive element motif (Fig. 3.16) was used as target sequence for Cp-
HSF1 in gel retardation and competition assays. Interestingly, this sequence is very similar to the
synthetic oligomer HSE1 used successfully in binding assays with the soybean heat-shock

transcription factor GmHSF34 (Czarnecka-Verner et al., 1995).

Fig. 3.16

Comparison of the-5-oligomer sequences used for Electrophoretic gel Mobility Shift Assay
(EMSA) in previous studies and the Cp-HSE 5’ oligomer sequence.

Bockel (HSE1)
5 gtgtagggatcgaGAAQCT T CtaGAAcT TCtcGAAtggaggat 3

Czarnecka-Verner (HSEL)
5 tcgacgttaggatttT TCtgGAAcatacaa 3

this study (Cp-HSE)
5 gtgtgatcgaacttT T CtcGAAaaatatc 3’

HSE sequences are underlined. References: Czarnecka-Verner et al., 1995; C.Bockel 2000, Ph.D thesis



The cloning, overexpression and purification of the recombinant full-length Cp-HSF1 protein in
E.coli was originally performed by Bockel (Bockel C., 2000, Ph.D thesis). Here, the crude
protein extract was prepared after induction of the bacterial clone (see Material and Methods) and
directly used in the Electrophoretic gel Mobility Shift Assays (EMSA). The presence of the
recombinant Cp-HSF1 in the total protein extract was checked by Western analysis using
monoclonal anti-His tag antibodies.

The ge retardation assay was performed using as target sequence both the synthetic
oligonucleotide HSE1 and the Cp-HSE sequence isolated from the Cp-Hsp20.6 promoter. The
recombinant Cp-HSF1 was added to different reactions, containing the radio-labelled HSE1
sequence and the radio-labelled Cp-HSE sequence respectively. The reactions were loaded,
together with the free probes and the non-induced bacterial crude protein extracts as negative
controls, in the same polyacrylamide gel (Fig.3.17). The binding of Cp-HSF1 to the synthetic
HSE1 sequence should provide the positive control for the reaction conditions. In fact, the Cp-
HSF1:HSE1 complex was observed (Fig.3.17, left). The Cp-HSF1:.Cp-HSE
complex was aso present and showed the same electrophoretic gel mobility (Fig.3.17, right).
This result confirms the putative nature of heat-responsive cis-regulatory element for the
C.plantagineum heat-shock element-like sequence (Cp-HSE) and at the same time is consistent
with the potential transcriptional activation function of the heat-shock transcription factor

homologue Cp-HSF1.

Fig. 3.17
Gel retardation assay showing the binding activity of E.coli Cp-HSF1 fusion protein to the
synthetic oligonucleotide HSE1 and to the Cp-HSE probe.

HSE 1 Cp-HSE

C NI 1 C NI 1 ) )
2,4 g protein extracts per samples were incubated

respectively with the radio-labelled HSE1 or Cp-HSE
DNA and the samples were separeted on native gel

electrophoresis at 4°C.

C  :control, free probe

NI :non-induced total cell extract containing the
Cp-HSF1 fusion protein

I :induced total cell extract containing the

Cp-HSF1fusion protein




The competition assays were performed using the radio-labelled synthetic oligonucleotide HSE1
in the presence of the recombinant Cp-HSF1 protein and of 100-fold molar excess of the
C.plantagineum heat-shock element (Cp-HSE). As reaction conditions control the Cp-
HSF1:HSE1 forming complex were used (Fig. 3.18, left). After addition of the non-labeled Cp-
HSE to the reaction containing the radio-labelled synthetic oligonucleotide HSE1, the
hybridization band corresponding to the Cp-HSF1:HSE1 complex disappeared (Fig. 3.18, right).
This result indicated that Cp-HSF1 protein specifically binds to the heat-shock element Cp-HSE.

Fig. 3.18

Gel competition assays showing the specific binding of the E.coli Cp-HSF1 fusion protein to the
Cp-HSE probe.

HSE 1 Cp-HSE 2,4 ug protein extracts per samples were incubated
respectively with the radio-labelled HSE1 or Cp-HSE

Cy 1 C, 2 3 DNA and the samples were separeted on native gel
electrophoresis at 4°C.
C1 trol, Cp-HSE f b
: control, Cp- ree probe
==

lane 1 : total protein extract was added to the
radio-labelled Cp-HSE1 sequence

Co : control, HSE1 free probe

lane 2 : total protein extract was added to the
radio-labelled HSE1 sequence

lane 3 : total protein extract was added to the
radio-labelled HSE1 sequence in the
presence of 100-fold molar excess of
the Cp-HSE1L sequence




3.3.2 Transient expression assaysin tobacco protoplasts

3.3.2.1 Activation of GUS-reporter genes by Cp-HSF1

In order to test whether Cp-HSF1 was able to bind to the heat-shock element-like sequence
Cp-HSE and to promote gene transcription in vivo, the transient expression of the
CaMV35S:.Cp-HSF1 chimeric construct (expression plasmid) was tested in a tobacco mesophyll
protoplasts system . The target sequence was the 1096 bp fragment containing the Cp-HSE motif
and other putative regulatory elements from the Cp-Hsp20.6 promoter region (3.2.2.3). This
sequence named Cp-HSp (for C.plantagineum heat-shock promoter) was fused in front of the
bacterial b-glucuronidase gene (GUS) in order to obtain the reporter plasmid Cp-HSp:GUS. The
negative control was the promoterless GUS reporter plasmid pGUS, tested both aone and in
pairwise combination with the expression plasmid expressing the full-length Cp-HSF1 protein.

The reporter and expression plasmids are shown in Fig. 3.19.

Fig. 3.19

Expression plasmid CaMV35S: Cp-HSF1

CaMV35S Cp-HSF1
Ncol BamHI

The pRT104 vector (Toepfer et al., 1987) was
used to create a tradational fusion cassette
containing the CaMV35S promoter sequence (800
bp) linked to the full-length Cp-
HSF1(subcloned omitting the start codon, as a
1150 bp Ncol-BamHI fragment, orange area).
The pRT104 vector contains a Ncol site,
providing the ATG codon and the poly(A) signal
sequence (stripped area).

GUS-reporter plasmid Cp-HSp:GUS

Cp-HSp b-glucuronidase (GUS) NOs

HindI 11 BamHI1 EcoRl

The expression vector pBI101 (Jefferson et al.,
1987) was used to create a trandational cassette
where 1096 bp from the Cp-HSp promoter plus 69
bp downstream of the initiation site (the start codon
of the Cp-Hsp20.6 gene is indicated by the arrow)
were fused in frame with the GUS-reporter gene.
The NOS fragment (black area) respresent the
terminal poly(A) sequence The Cp-HSp promoter
fragment contains multiple and overlapping HSE
plus putative cis-regulatory sequences (see Fig.3.12
for the detailed description). Restriction sites
Hindlll and BamHI were used for subcloning the
cassette in the Bluescript SK vector for protoplasts
trasformation.




The evauation of the pGUS/CaMV35S:Cp-HSF1 interaction was necessary to estimate how
specific the binding of Cp-HSF1 to the Cp-Hsp20.6 promoter was. As shown in Fig 3.20, the
Cp-HSF1 protein was able to activate the reporter gene by binding to the  Cp-Hsp20.6 promoter
region (violet column): the achieved GUS activity was 1.5-fold higher than that observed in the
absence of the Cp-Hsp20.6 promoter (blue column). The reporter gene basic expression level
caused by the endogenous HSF system of the tobacco protoplasts, was indicated by the GUS
activity obtained after transformation with the reporter plasmid Cp-HSp:GUS aone (grey
column). The basic GUS activity levels were rather high but in agreement with values
occasionally observed for plant heat-shock full-length promoter sequences cloned in front to
the b-glucuronidase gene (Treuter et a., 1993; Lyck et a., 1997). Constructs were tested three to

five timesin duplicate.

Fig. 3.20
Transactivation of the Cp-HSp promoter by the Cp-HSF1 factor.
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rel. GUS activity

[ | CaMV35S.Cp-HSF1 : expression plasmid

B pGUS : promoterless GUS-reporter pl.
[ | pGUS/ CaMV35S:Cp-HSF1 :control interaction

[ | Cp-HSp:GUS : GUS-reporter plasmid

[ Cp-HSp:GUS/ CaMV35S.Cp-HSF1  : transactivation

O Activity of the CaMV35S:GUS construct used as reference to normalize

the GUS activity (100)

In vivo activation of GUS reporters by Cp-HSF1 was performed using tobacco mesophyl|
protoplasts. 10ug expression plasmid (CaMV35S:Cp-HSF1) plus 10ug GUS-reporter
plasmid (Cp-HSp) were used to transform 5x10° protoplasts. GUS expression assays were
incubated at 37°C for 1 hour. GUS activity is expressed as pmol 4-MUG mg/protein/min.




3.3.2.2 Heat stressinducible expression of the Cp-HSF1 protein

Table 3.H summarizes the data on GUS activities measured in tobacco protoplasts after heat-
shock treatment. In the test system used for this experiment, the protoplasts were divided in three
aliquots: one aliquot was kept at the control temperature (25°C), one was heat stressed at 37°C
for 16 hours and the third was shocked for two periods of 2 hours each at 40 °C, separated by a
16 hours recovery phase. Protein extracts were then obtained and the GUS assay was performed
according to established protocols (see in Material and Methods).

Table. 3.H

Heat stress inducible GUS expression in tobacco protoplasts

control heat shock

25°C 37°C 40°C
CaMV35S:GUS ++++  ++++ +H 4+
Cp-HSp:GUS + + ++ + + +
Cp-HSp/Cp-HSF1 ++ + + ++
PGUS/Cp-HSF1 ++ ++ (+) +

CaMV35S:GUS : GUS activity referenceCp-HSp/Cp-HSF1 : transactivation

Cp-HSp:GUS  : GUS-reporter plasmid pGUS/Cp-HSF1  : control interaction
(pGUS:promoterless reporter plasmid)

For the transfection, polyethylene glycol-mediated DNA transformation was used (Krens et al., 1982). The Cp-HSF1
expression plasmid (10 pg) was co-transformed with 10 g of the Cp-HSp:GUS reporter plasmid. The GUS activity
was measured in pmol 4-MUG per mg protein. Transactivation levels are shown as GUS activity relative to the
CaMV35S:GUS construct: + (5-25%); ++ (25-50%); +++ (50-75%); ++++ (100%). The activity level caused by
the endogenous HSF system of the tobacco protoplasts is indicated by the Cp-HSp:GUS construct (reporter
plasmid where the Cp-HSE promoter is fused to the GUS gene).

In respect to the expression levels observed for the assays performed at the control temperature,
the heat-shock treatment seemed to increase the b-glucuronidase (GUS) activity in general, but
did not modify the relation of the values corresponding to the



different interactions. As shown in Table 3.H, the heat-shock did not increase the GUS
activity when the Cp-HSp promoter sequence was in the presence of the Cp-HSF1 protein (Cp-
HSp/Cp-HSF1 combination) and the values observed by the 37°C treatment were comparable, if
even not lower, to the basic GUS activity caused by the endogenous HSF tobacco system (Cp-
HSp:GUS construct). The activity levels reported for the protoplasts heat-shocked at 40°C were
higher for the Cp-HSp/Cp-HSF1 interactions in respect to the interaction between the
promoterless construct and the Cp-HSF1 protein (pGUS/Cp-HSF1combination);

nevertheless the values did not differ very much. Constructs were tested three times in duplicate.



4  Discussion

4.1 Theyeast two-hybrid system as method to detect partners of dehydration
stress proteinsin Craterostigma plantagineum.

The investigation of the molecular basis of desiccation tolerance in C.plantagineum has mainly
focused on characterization of genes which are up regulated during dehydration or rehydration
(reviewed by Bartels et al., 1997). Several different approaches have been used to understand the
role of the corresponding gene products. On the basis of their putative functions the transcripts so
far characterized have been grouped in three major categories. polypeptides with protective
function (osmotic adjustment, cellular protecting mechanisms), carbohydrate metabolism-related
enzymes and potential regulatory factors (for reviews see Ingram and Bartels, 1996; Bartels et
al., 1997). In this study, the in vivo yeast two-hybrid system was chosen as experimental strategy
to identify proteins interacting with two transcripts previoudly isolated, in order to define their
role in the C.plantagineum response to dehydration.

The two-hybrid system has three major applications: testing interactions of known proteins,
defining protein domains critical for an interaction, and screening libraries for proteins that bind
target proteins. Current systems contain three basic components: a vector expressing the protein
of interest, termed “bait”; a vector driving the synthesis of open reading frame encoded proteins,
representing the “target” to identify, one or more reporter genes such as lacZ, LEU2 or HIS3.
Interactions between the bait and the target proteins result in the localization of the transcription



activation domain and in the transcription of the adjacent reporter genes, generating a phenotypic
signal. Because selection of positive protein interactions is indirect and relies on activation of
reporter genes, two-hybrid screens are potentially vulnerable to artifacts (Bartel et al., 1993b;
Fields and Sternglanz, 1994; Serebriiskii et al., 2000). Artifacts or false positives are proteins that
cause the activation of reporter genes but not as a result of a specific interaction with the bait
(Bartel et al., 1993b) and that frequently occur during the two-hybrid library screening. Despite
the diversity of the two proteins used in this study as bait (the Dsp16 dehydrin and the Cp-HSF1
transcription factor homologue), considerations to reduce the percentage of artifacts were

common to the two independent screenings.

1. Successful two-hybrid selections require a yeast host strain that contains inducible promoter
elements fused to reporter genes. The yeast strain used for this study was the YRG-2 (Callahan et
a., 1995), a derivative of the HF7c strain (Feilotter et al., 1994), selected for its ability to
generate high-efficiency competent cells. The YRG-2 yeast strain contains two reporter genes
(HIS3 and lacZ) for the detection of interacting proteins. This represents a significant advantage
by reducing the number of false positives (Mullinax and Sorge, 1995). In addition, the reporter
genes HIS3 and lacZ contain different UAS (upstream activating sequence) sequences, GAL1 or
GAL4 respectively, which govern their expression. The use of two different UAS promoter
sequences decreases the possibility of non-specific interactions because of the expression of both
the reporter genes. Due to the advantages offered by the dual-reporter system of the YRG-2
strain, other commercialy available yeast two-hybrid hosts were not tested. Even if the strains
commonly used do not differ very much in their general features (James et a., 1996), yet some
strains could be more sensitive to small changes in reporter activity for detecting weak or
transient interactions. This observation could partially explain the missed identification of many
positive interactions observed once after the first selection steps and not more occurred. In fact,
the failed reproducibility of preliminary positive interactions has been observed by both
independent screenings performed in this study.

Finally, host strains such the YRG-2 utilize a HIS3 reporter that is sensitive but very leaky. This
leakness can be reduced by addition of the drug 3-aminotriazole (3-AT) to the media.
Incorporation at a concentration of 20-40 mM generally inhibits the basal level of histidine and
keeps the strain from growing unless GAL4-HIS3 gene is activated (Bartel et al. 1993a); but
severely inhibits true positives in higher concentrations, reducing the sensitivity of the system



and increasing the time required for the growth and the selection of positive clones (Feilotter et
al., 1993; James et a., 1996).

2. A high quality two hybrid cDNA library is required: the domains responsible for interactions
may occur anywhere within a protein and many fusion proteins could be non- functional due
to problems with folding or stability (James et al., 1996). The target

protein library for this study was constructed in which total cDNA derived from 2 hours
dehydrated C.plantagineum leaves was fused to the GAL4 activation domain sequence.

Typicaly, two-hybrid libraries contain >106 inserts, although only one-sixth of these are likely to
be in the correct orientation and reading frame (Chien et a., 1991). The primary titer obtained
was 1,5 x 106 pfu (plague forming units) and therefore the library was supposed to be sufficient
to represent the cDNA population of interest. Because it is critical to test each component before
starting the screening, the ability of the plasmid library pAD-GAL4 vector to activate the reporter
genes system by itself was tested (3.1.1.2). The inability to produce b-galactosidase activity
when alone or in combination with the DNA binding domain (i.e. not fused to a protein coding
DNA sequence) appeared to indicate specificity. The possibility to identify artifacts in using this
plasmid library vector by the two-hybrid screening was estimated to be extremely low.

3. Inusing the system, it is critical to test each isolated positive clone against an unrelated protein
fused to the DNA binding domain and to eliminate those that do not show specificity for the bait
used (Bartel et a., 1993b). Regarding the putative positive targets isolated in this study, plasmids
from the library were reintroduced into the original wild type strain YRG-2 with the following
combinations. alone or with the plasmid encoding the DNA binding domain alone (pBD-
GAL4(Cam)). Some putative targets were transformed also in combination with the plasmid
encoding a completely different protein (the murine p53 protein) as DNA binding domain vector.
Usually these assays provide a rapid system to eliminate the great majority of false positives
(Fields and Sternglanz, 1993), but this has not always been an effective filter against artifacts
(seed.1.1.1and4.1.2.1).

4.1.1. TheDspl6 dehydrin used as bait



Studies of their biochemical properties have suggested that some of the C.plantagineum genes,
which are up-regulated during dehydration, encode |ate embryogenesis abundant (LEA) proteins
(Dure, 1989) or LEA-like proteins (Baker et al., 1988), which have a

protective function during dehydration (Ingram and Bartels, 1996). One abundant class of
drought-induced proteins is represented by the dehydrin-related Dspl6 protein, a 16 kDa
polypeptide which accumul ates abundantly very early during dehydration or in response to ABA
treatment (Piatkowski et al., 1990; Schneider et al. 1993). The Dspl6 features match the typical
biochemical profile of the dehydrins, known to be very hydrophilic, heat stable proteins, which
accumulate in response to any type of environmental stress or developmental change that has a
dehydration component, or in response to abscisic acid (Close et al., 1993a). At the present time
the biochemical role of the dehydrins is not clear but it has been suggested that they act as
stabilizers of nuclear or cytoplasmic macromolecules under low water conditions: it is possible
that dehydrins interact with membranes or lipids in a manner similar to apolipoproteins
(Campbell and Close, 1997; Wisniewski et a., 1999), or with partially denatured proteins (Close,
1997) in a manner similar to chaperones (Mayhew and Hartl, 1996). Physical properties of
recombinant Cp-Dspl6 were determinated that confirmed its putative role as cellular
osmoprotectans (Lisse et al., 1996).

Dehydrins are characterized by a conserved up to 15 amino acid, lysine-rich sequence that is
present near the carboxyl terminus, several times repeated throughout the protein (Dure, 1989).
This highly conserved domain is predicted to be involved in hydrophobic interactions (Close,
1996), as it has been suggested for the 17.7 kDa maize dehydrin (Close et a., 19934). Based on
the observation that Dspl6 dehydrin from C.plantagineum contains the conserved lysine-rich
repeat motif (Piatkowski et al., 1990; Lisse et al., 1996), the ability of the protein to interact with
other polypeptides or at least with other dehydrins to form oligomers, should be expected. Thus,
the two-hybrid system was chosen as experimental strategy to identify partner proteins
interacting with the Dspl6 dehydrin, in order to get some indications about its biological
function. The protein expressing the full-length C.plantagineum Dspl6 fused to the GAL4
binding domain, named BD-Dsp16, was the bait used for the screening of the cDNA library.



4.1.1.1 Interacting proteinsand false positive targets

The problems preventing success of two-hybrid screens are the transactivation by the bait protein
itself and the failure to express the bait properly (Golemis et al., 1994). Both these possibilities
were tested before the library screening (3.1.2.1) and the control assays indicated that the BD-
Dspl6 fusion protein prepared for the system was a reliable bait. Consistent with the temporal
expression of the CDeT6-19 gene, which isinduced in leaves at the very beginning of the drying
process (Bartels et a, 1990), putative interacting partners were supposed to belong to the pool of
early dehydration-induced transcripts. Consequently, a cDNA library was prepared, which
represented proteins expressed in C.plantagineum leaves after two hours dehydration.

The aim of the screening was the identification of true interactions, therefore the selection criteria
were mainly the observation of a strong activation of the HIS3 and lacZ reporters and the
reproducibility of the assays. In order to maximize the range of interactions detectable, the
transformants were plated at first on selective medium which did not contain the histidine
inhibitor 3-AT (normally used to eliminate the basic level of the HIS3 reporter activity and to
avoid the isolation of artifacts); this omission probably has reduced the effectiveness of the
screening. On the other hand, there are no report that dehydrins have been used as bait for two-
hybrid screens and indications about their use by this system are not available in the literature
(i.e., if they have any toxic effect on the yeast metabolism that could reduce the transformation
efficiency, which could be their putative partners, recurring isolated false positives, etc.).

The primary screening showed an unspecific and massive activation of the lacZ reporter and the
presence of the histidine inhibitor 3-AT in the medium was necessary to increase the
effectiveness of the selection. However, the drug concentration could not exceed 10 mM, avalue
normally used in the presence of very specific protein interactions (Bartel et al., 1993b; Cayrol et
a., 1997; Golemis et d., 1999). In fact when 2-or-3-fold higher 3-AT concentrations were used
in the presence of the BD-Dspl6 bait, a drastic reduction of the transformation efficiency was
observed.

After two independent library screenings and several rounds of selection by plating and

transformation steps, still most of the targets identified by the BD-Dspl16 bait protein were



false positives. Starting initialy with two hundred candidates, the number of putative positives
was reduced to 22 clones. the sequence anaysis showed that two third of them expressed
proteins which unlikely could represent true targets. In fact, the putative interacting proteins were
encoded by very short nucleotide sequences (the longer one stretched to 150 bp), containing high
acidic regions These acidic patches, as well as extended helical sequences and charged regions,
are typical of two-hybrid system artifacts and are thought to promote sticky behavior and
consequently to activate the reporter genes (Bartel and Fields, 1995; Serebriiskii et a., 2000).

The ability of the Dspl6 dehydrin to interact with other proteins has been finally verified by
isolation of three ORF sequences encoding for three different polypeptides. The first identified
target was the desiccation stress protein Dspl1-24 isolated from C.plantagineum (Velasco et al.,
1998). Its amino acid sequence contains a lysine-rich domain and conserved motifs which have
been observed in some LEA proteins; because these characteristics, together with other structural
features like the high hydrophilicity, has been speculated that the protein could belong to a new
LEA protein group (Velasco et al., 1998). The temporal expression of the 11-24 transcript, which
accumulated in response to dehydration in leaves, and the subcellular localization of the protein
(cytosol), are consistent with those of the Dspl6 dehydrin. This is rapidly accumulated during
dehydration and has been localized in the cytosol (Schneider et al., 1993). So the two proteins
likely could be present at the same time in the same cellular compartment and interact. The
evidence that alysine-rich region is present in both proteins supports this hypothesis. Studies on
plant desiccation proteins containing the 11-mer amino acid conserved motif, originally
identified in the D-7 family of cotton LEA proteins but typical of dehydrins, indicate that
tandemly repeating 11-mer units result in an amphiphilic helix. It has been speculated
that putative interactions between two proteins containing such motifs could take place via
binding of the hydrophobic faces of the helix, within or near the lysine-rich basic domain (Dure,
1993a). Because of their temporal expression and amino acid composition the Dspl1-24 protein
and the Dsp16 dehydrin should be able to interact with each other. The biological meaning of this
interaction is not clear. The function of the Dspl1-24 protein is unknown and a general role in
balancing cellular water content has been suggested (Velasco et al., 1998). The

ability to interact with the Dspl6 dehydrin may depend on the high number of dehydration-
related proteins expressed in cellular water stress conditions and on the sequence of the

biochemical composition of the two proteins.



Another putative candidate to interact with the Dspl6 dehydrin was a predicted 120 amino acid
polypeptide, homologous to the A.thaliana TRAP-a protein, a membrane protein of the
endoplasmic reticulum (Hartmann and Prehn., 1994). This transcript was not induced by
dehydration, therefore the characterization of the protein was not continued, but the interaction of
the Dspl6 dehydrin with a membrane protein is consistent with the hypothesis that dehydrins
would preserve membrane structures in drying cells by acting at the interface

between membrane phospholipids and the cytosol (Close, 1996, 1997; Campbell and Close,
1997). Experimental evidence in support of this hypothesis comes from studies on cold-induced
acidic dehydrins from wheat, thought to localize at the plasma membrane (Danyluk et al., 1998)
and on onion epiderma cells, where anti-dehydrin antibodies were associated with the
endomembrane sheath (Reuzeau et al., 1997). In addition, Ergenton-Warburton et al. (1997)
demonstrated the association of dehydrins near the membranes surrounding the protein bodies in
maize. Finally, two proteins which are expressed upon low water activity, the desiccation-related
protein Dsp34 isolated from C.plantagineum (Schneider et a., 1993) and a cold-induced protein
from Arabidopsis (Artus et a., 1996; Thomashow et al., 1996), have been identified in the
thylakoid membranes of chloroplasts.

Altogether, these observations indicate a genera ability of dehydrins to act in reducing the
dehydration-induced membrane alterations and perhaps to prevent the interaction between
membrane bilayers (Steponkus et al., 1993; Danyluk et a., 1998). Although it has been suggested
that dehydrins probably interact with lipids, (Campbell and Close, 1997), the evidence reported

to date in the literature is not conclusive and does not exclude other possible interactions.

The third isolated target showed very low sequence homology to other plant proteins: the highest
identity (39%) was to a Sorghum bicolor 22 kDa kafirin (DeRose et al., 1989). Kafirins are the
major storage proteins of sorghum seed endosperm and show extensive homology to maize zeins
(Shull et al., 1992). Like for the two other targets previously

isolated, the reporter gene activity was not very high, indicating that the binding to the Dspl16
dehydrin was rather weak. The isolated clone encoded for a 620 bp ORF containing the
methionine start codon and did not show highly charged regions or acidic domain which usually
are responsible for interactions with non specific baits by the two-hybrid system. In addition, the
transcript was induced by dehydration and ABA, indicating a putative role of this protein in the



C.plantagineum response to desiccation. The interaction observed between the Dspl6 dehydrin
and this storage-like protein can be explained by the high concentration of dehydration-related
proteins that accumulate abundantly in C.plantagineum leaves during the early phases of
dehydration (Piatkowski et al., 1990; Bockel et al., 1998).

4.1.1.2 Nodimerization ability of the Dsp16 dehydrin

It is speculated that dehydrins form dimers. Analysis on the biochemical composition of
dehydrins isolated from cotton have shown the presence of a conserved 11-mer amino acid
repeating motif thought to be the functional domain for dehydrin dimerization (Dure, 1989). The
existence as a dimer of maize dehydrins has been strongly suggested by detailed studies on its
biochemical properties and cellular localization (Close et al., 1993a; Ceccardi et al. 1994; Goday
et a., 1994). The results obtained from the application of the two-hybrid system for testing the
dimerization ability of the Dsp16 dehydrin, were not conclusive. It cannot be excluded that weak
interactions sufficient for dimerization are not detectable for those proteins in the two-hybrid
system.

4.1.1.3 Conclusions

As mentioned above, the biochemical role of dehydrins has not yet been established and still very
little is known about their function in plants (Ismail et al., 1999; Cellier et al., 2000). So far a
considerable number of studies have described the biochemical and physiological features, the
subcellular localization, the timing of expression and the phenotypic traits associated with
dehydrinsisolated from several plants and expressed in

E.coli strains (Close, 1997). Yet, there is no experimental evidence on interactions of dehydrins

with other proteins. This study has nevertheless at least provided some putative partners.

4.1.2 Theuseof thetranscription factor homologue Cp-HSF1 as bait



Previous studies on C.plantagineum genes which are transiently activated during dehydration
suggested that Cp-Hsf1 represents a regulatory gene involved in the early drought response
(Bockel C., 2000, Ph.D thesis). The corresponding Cp-HSF1 protein shows significant sequence
similarity to heat-shock transcription factors (HSFs), which play a central role in the ubiquitous
heat stress response (Nover et al., 1996; Scharf et al., 1998). The studies conducted by C. Bockel
indicated that Cp-HSF1 isinvolved in HSF regulatory

processes. Through the two-hybrid system, the study of the protein in vivo should have confirmed
this potential, primarily by identification of interacting proteins presumably involved in gene
transcription activity.

By using heat-shock transcription factors as bait, TATA-binding proteins have been identified in
yeast (Tillman et a., 1995) and in A.thaliana (Reindl and Schoeffl, 1998), as well as several
other HSF-binding proteins which are supposed to have trans-regulatory activity (Goff et al.,
1992; Staudinger et al.,1993; Shi et al., 1995; Kanei-Ishii et al., 1997; Cormack et al., 1998;
Satyal et al., 1998; Eulgem et al., 1999). On the contrary, the two-hybrid system has never
been used to test the oligomerization ability of heat-shock factors. In fact, the HSF complexes
observed in vertebrates and Drosophila have been so far estimated from gel filtration profiles and
EGS cross-linking experiments (Clos et al., 1990; Baer et al., 1993; Rabridan et al., 1993;
Westwood et al., 1993; Zuo et a., 1995; Zandi et a., 1997; Scharf et al., 1998; Satyal and
Morimoto, 1998; Tanabe et al., 1998). The unique application of the two-hybrid system to
confirm the trimerization ability of the human HSF1 factor has been reported by Liu (Liu et al.,
1997).

4.1.2.1 Assessing thedifferent deletion constructs of Cp-HSF1

The analysis of heat-shock transcription factors from a number of organisms has reveaded the
presence of highly-conserved motifs: a DNA-binding domain (DBD) contained within the amino
terminus that is also conserved in its three dimensiona structure, an adjacent trimerization
domain composed of hydrophobic heptad repeats (HR-A/B) and a stress responsive
transcriptional activation domain at the carboxyl terminus (Rabindran et al., 1993; Harrison et al.,
1994; Vuister et a., 1994; Green et al., 1995; Shi et al., 1995; Wisniewski et al., 1996). A feature



of the plant and animal HSFs is the presence of an additional hydrophobic repeat (HR-C) located
towards the carboxyl terminus. Cp-HSF1 shows the modular amino acid arrangement
characteristic of eukaryotic heat-shock transcription factors and contains the typical plant HSF
domains (Fig. 3.4, page 43) and Bockel C., 2000, Ph.D thesis). The full-length protein (Cp-
HSF1157) was used as bait for a two-hybrid cDNA library screening. As it has been reported
(Bartel et al., 1993, Fields and Sternglanz, 1994), when the protein fused to the DNA-binding
domain (the bait) is a transcription factor, it likely activates reporter gene transcription by itself.
Therefore, the observed expression of the HIS3 and lacZ reporters by Cp-HSF1157 in the
absence of any other protein was not surprising. In atest involving two defined proteins, the two
proteins could be switched to the opposite vector such that the activating protein is fused to the
activator domain instead of the DNA-binding region: in this case a more efficient transcription
has been observed (Bartel and Fields, 1995). This change of orientation of the hybrids was
obviously not possible for the cDNA library search performed during this study. Thus, in order to
define aminimal domain for interaction, three deletions of Cp-HSF1 were constructed and
assayed in the system.

The HSF domains involved in transactivation activity have been mapped and characterized by
use of deletion mutants and chimeric proteins (reviewed by Nover and Scharf, 1997; Scharf et al.,
1998). With respect to the importance of the different regions, the three Cp-HSF1 deleted
proteins (Fig.3.6, page 49) should have represented baits with distinct transactivation ability,
because respectively either the activation region (completely or in part) or the DNA-binding
domain were missing.

The Cp-HSF960 protein was lacking in the HR-C terminal domain. The importance of the

C-terminal region in the regulation of HSF activity has been shown for HSFs of Drosophila,
plant and chicken. Mutations in the HR-C region lead to trimerization and DNA binding activity;
deletion of this domain creates a more active phenotype (Naka and Morimoto, 1993; Rabindran
et a., 1993; Zuo et a., 1994; Lyck et a., 1997). The effect of such deletion has been observed in
this study during the yeast selection on medium containing the 3-AT histidine inhibitor. Even at
concentrations three times higher than those routinely used for two-hybrid assays, the growth of
the transformants expressing the Cp-HSF960 protein did not stop. In comparison with the full-
length, the Cp-HSF960 deleted protein activated the transcription of the HIS3 reporter gene more
efficiently*. In the case of A.thaliana, it has been speculated that the C-terminal truncated form
of the AtHSF1 protein interacted more efficiently than the full-length protein, because it is folded



in a conformation more accessible for its TATA-binding protein target (Reindl and Schoeffl,
1998). According to this, it is expected that a shorter protein could interact more easily with
putative partners, particularly if they belong to a transcriptional complex formed by severa
components, as suggested by Struhl (Struhl, 1996).

The strong gene activation ability was the major limit to use the Cp-HSF1 protein as bait for the
two-hybrid screening, because it could activate the reporter gene transcription by itself. Indeed,
even the deletion of most of the activation domain region, as in the Cp-HSF775
protein, did not decrease the gene activation ability of the protein, as verified by the HIS3 and
lacZ reporter genes expression (Table 3.F, page 44). The observation that for the cDNA library
screening, the only suitable bait was represented by the Cp-HSF302 protein, which contains just
the HR-A/B oligomerization region plus the nuclear localization sequence (NLS), was
predictable. The strong transactivation ability shown by Cp-HSF1 could be drastically reduced
just through the elimination of the DNA-binding domain region, besides that of the activation
domain (already tested by the Cp-HSF960 and Cp-HSF775 deleted proteins). Consistent
with this hypothesis, the transcription of both HIS3 and lacZ reporter genes in the presence of the
Cp-HSF302 alone was not observed. The interactions taking place between Cp-HSF302 and
putative target proteins were not

*The yeast colonies expressing Cp-HSF960 could grow in the presence of 90 mM 3-AT concentration, while

the yeast transformed with the full-length protein could not survive up to 75mM.

particularly strong and difficult to reproduce by the standard b-galactosidase assays. The Cp-
HSF302 protein was able to activate only one (the HIS3 gene) of the two reporter genes.

The activation of the lacZ reporter gene presupposes at least a stable protein interaction, which
has been not found by this two-hybrid screening. Because the HIS3 gene expression is necessary
for growing on minimal medium and because was not possible to add the histidine inhibitor 3-
AT, even weak interactions between Cp-HSF302 and putative targets resulted in the gene
activation and surviving yeast phenotypes were obtained. None of the predicted protein
sequences from the isolated yeast clones contained hydrophobic regions which could interact
specifically with the oligomerization domain of Cp-HSF1 used here as bait, as well as amino acid
motifs usually present in proteins known to act as transcriptional regulators. All together these

observations confirmed that the Cp-HSF302 bait did not interact specifically to other proteins.



4.1.2.2 Interactionsamong different domains of Cp-HSF1

The heat-shock transcription factor (HSF) protein exists in the cell as monomer and is reversibly
induced upon heat-shock or other physiological stresses to a trimeric state, capable of binding to
the DNA (Sorge and Nelson, 1989; Jakobsen and Pelham, 1991). A model used to explain the
inactive state of HSFs involves intramolecular interactions between the C-terminal HR-C and the
central HR-A/B/NLS region (Rabindran et al., 1993; Zuo et a., 1994, 1995). This part of the
protein is required for oligomerization and nuclear transport, which are both steps of the
activation process. Thus, intramolecular shielding might efficiently block the HSF function as
transcription activator. Deletions and point mutations in these domains were reported to abolish
the heat-shock regulation (Chien et a., 1993; Zuo et a., 1994; Shi et al., 1995; Boscheinen et al.,
1997; Farkas et al., 1998), confirming the specia role of the central part of the protein for the
stress response.

The model of an intramolecular interaction between the HR-A/B and HR-C regions in the
monomeric HSF and in general speculations about the regulatory role played by the different
HSF domains, is to date not supported by experimental evidences, e.g. a two-hybrid test.

For this reason, the analysis of the Cp-HSF1 conserved domains through

two-hybrid assays of the Cp-HSF960, Cp-HSF775 and Cp-HSF302 deleted proteins was
particularly interesting. The interactions tested included the short hydrophobic oligomerization
domain (HR-A/B/NLS) in combination respectively with the full-length and three truncated
proteins: al of them contained the same short HR-A/B/NLS region thought to be the core of the
HSF trimer formation. Thus, if the centra HR-A/B/NLS oligomerization region interacts
specifically with the C-terminal HR-C domain, as suggested by several studies and molecular
models, this should be observed through the two-hybrid interactions taking place between the
Cp-HSF302 and the full-length Cp-HSF1157, the only protein containing the HR-C
region. Consequently, the other protein combinations should be ineffective. The strongest
activation of the lacZ reporter gene (Fig.3.6, page 49) was observed for the Cp-HSF1157 x Cp-
HSF302 combination. Because in previous assays the full-length protein could function as a
positive transactivator by itself, the observed reporter gene transcription could be an artifact and

not the proof of true protein interactions. Noteworthy, when Cp-HSF302 was in the presence of



the C-terminal truncated Cp-HSF960, which showed even stronger self-activation ability than the
full-length protein

but was lacking the HR-C region, the b-galactosidase activity observed after the colony lift assay
was lower (the colonies turned blue slowly and the final color was not very intense).

A strong interaction was expected also from the Cp-HSF302 x Cp-HSF302 combination, where
the oligomerization domains of the two proteins could easily interact, because, in the absence of
the other domains, the normal tridimensional protein folding was missing and the HR-A/B
regions were more accessible. The b-galactosidase activity was surprising low and did not
indicated this protein combination be more successful that the others in activating the reporter
system. However, a positive two-hybrid effect requires dimer formation, whereas the natural
interaction of HSFs by their oligomerization domains leads to trimers. Thus, the difficulty to
observe stable interactions among the Cp-HSF1 functional regions could depend on the

experimental conditions that force the proteinsto associate in an abnormal way.

4.1.2.3 Conclusions

The knowledge of the processes of transcription in plantsis still limited but due to the high level
of conservation in the factors involved, the mechanism of transcriptional activation is believed to
follow a common scheme in all eukaryotic organisms (Stargell and Struhl, 1996). The use of the
Cp-HSF1 protein as bait for atwo-hybrid cDNA library did not reveal novel interacting partners,
but has shown the high transactivation ability of this transcription factor homologue in vivo, at
least in ayeast system. With regard to the interactions among the conserved functional domains
of Cp-HSF1, the yeast clones expressing different protein combinations showed different
phenotypes by lift colony assay, demonstrating the ability of the proteins to interact. Yet the
guantitative b-galactosidase activity values were very low in comparison with the control
reactions. For this reason the presented results must be considered more as experimental

indications not yet conclusive.



4.3.1 Limitsand pitfallsof the yeast two-hybrid system

The two-hybrid technology has contributed significantly to the discovery of protein
interactions in eukaryotes and technical variations of this system have been developed and
successfully applied. Y et, limitations in applying the two-hybrid system have been reported

by severa scientists working with proteins from different organisms. A major difficulty in

the two-hybrid screening is the elimination of false positives. These are clones that cause

the activation of reporter genes but not as result of a specific interaction with the bait
(Bartel et a., 1993b).

Serebriiskii  and Golemis have compiled a list of such promiscuous interactors
(http://www.fcce.edu/research/labs/golemis/InteractionTraplnWork.html);  unfortunately, the
database is not very representative of plant protein interactions, because most of the data come
from studies on humans, Drosophila or yeast. Even if not complete, this analysis emphasizes the
high probability to identify false interactions by using the two-hybrid system, especially for

screening of libraries.

Generally false positives are eliminated by verifying that HIS3 and lacZ reporter gene expression
is specific for the presence of the target protein. Activation of lacZ reporters in yeast is assayed
by one of three approaches. growth on plates containing X-gal; growth on standard cultivation
conditions following colony lysis and X-gal incubation; growth in liquid, cell lysis and
guantitative assay (Bartel and Fields, 1997). Surprisingly, it has been recently demonstrated that
the assay can produce dramatic differences in lacZ activity levels obtained after the three
different assays (Serebriinskii et al., 2000). These results indicated that the lacZ readout could
not be strictly correlated with the transcriptional activation of the reporter gene and that variables
unrelated to transcriptional activation biased the assessment of the gene reporter activity. In
addition, a study about the correlation of two-hybrid interactions affinity data with in vitro
measurements (Estojak et al., 1995) showed that the pool of positive clones selected may be
biased by the choice of the reporter gene assay. Proteins that appear to interact strongly on the
basis of the HIS3 phenotype but which activate a lacZ reporter only weakly may still be valid
(Datta et al., 1995). In other cases, interactions were detected when one partner was the bait
(carrying the binding domain) and the other carried an activation domain (AD), but were not

observed in the other combination



(i.e. when the bait expressed the AD). All together these observations confirm that successful or
failure applications of the two-hybrid system depend on experimental variables whose
importance can be unlikely predicted because it is specific to each different test. In fact,
comments on troubles found by using the two-hybrid system are increasing, as well as the studies
about the limits and new strategies to overcome them have to be devel oped.

4.2 Characterization of the small heat-shock protein CpHsp20.6 gene

The discovery of the dehydration-induced heat-shock transcription factor Cp-HSF1 raised the
guestion for a putative target. Previously, Alamillo et a. (1995) had discovered the expression of
small heat-shock protein (small HSPs) in C.plantagineum by using antibodies raised against
seed-stored small HSPs from sunflower (Almoguera and Jordano, 1992; Cocaet a., 1994). These
observations indicated the presence of small heat-shock protein-related

genes in C.plantagineum. Small heat-shock proteins (small HSPs) represent the most prominent
group of plant heat stress responsive proteins (Key et a., 1981; Vierling, 1991). Besides the
expression in unstressed vegetative tissues of C.plantagineum, further accumulation of these
proteins was induced by heat-shock and water stress (Alamillo et al., 1995). Therefore, small
HSPs were potential targets for Cp-HSF1.

In the following, the heat stress response in C.plantagineum and the role of the small HSP
homologue Cp-Hsp20.6 gene as putative target for the heat-shock transcription factor Cp-
HSF1 will be discussed.

421 Sequenceand expression analyses of the Cp-Hsp20.6 gene transcript

A considerable number of sequences of diverse plant small HSPs, most of them characterized on
the cDNA level, have been reported. A cDNA clone from C.plantagineum (kindly provided by
Dr. J. Phillips), showed high homology both at the nucleotide and at the amino acid sequence
level to plant small HSPs. In addition, the theoretical molecular weight

(20.6 kDa) of the predicted protein (named CpHSP20.6) was in accordance with the size
expected for small HSPs, usualy smaller than 30 kDa (Vierling, 1991; Waters, 1995). Amino



acid sequence comparisons using public datebases (Pearson and Lipman, 1988; Altschul et al.,
1990) indicated that CpHSP20.6 belongs to the mitochondrial small HSPs (MT small HSPs)
family. So far, MT small HSPs have been cloned from pea (Lenne et a., 1994), Chenopodium
rubrum (Debel et al., 1995), soybean (LaFayette et a., 1996), Arabidopsis (Willet et al., 1996,
Visioli et a., 1997) and maize (Lund et al., 1998). Noteworthy, the highest homology level for
CpHSP20.6 was to the pea PsHSP22 protein (Table 3.G, page 54), a small HSP which has been
shown to be directly associated with the mitochondria (Lenne and Douce, 1995; Lenne et a.,
1995). The detailed analysis of the CpHSP20.6 protein sequence supports the homology to the
MT small HSPs family.

First, a putative consensus sequence necessary to enter the mitochondrion is present in the
predicted amino acid sequence of CpHSP20.6 (Fig.3.9, page 55). The transit peptides identified
in the plant MT small HSP sequences so far analyzed is contained within the first 32-40 amino
acids. It has been shown that the N-terminus of the mature protein liesin

the region -FNTNA-, which is highly conserved within the maturation site sequence of all
angiosperm mitochondrial small HSPs - (Lenne et al., 1995). The pre-sequence predicted for the
CpHSP20.6 protein consists of 35 amino acid and contains the -FNSNA- sequence, very similar
to the conserved motif (the replacing of the threonine residue with a serine, should not modify
the function of this region, because both are neutral, hydrophilic amino acids). So, the presence
of the mitochondrial transit peptide sequence suggests the organelle localization of the
CpHSP20.6 protein.

Secondly, CpHSP20.6 contains the two C-terminal consensus regions thought to be responsible
for the structural and functional properties of the small heat-shock protein family (Casperset al.,
1995). Plant small HSPs share a consensus region (named consensus I1) not present in the other
eukaryotic small HSPs and a 15 amino acid region (named consensus |) common to all
eukaryotic small HSPs (Vierling, 1991). Both these domains are present in its CpHSP20.6
protein sequence. Further analysis of its C-terminus amino acid composition also revealed the
presence of the heat-shock motif GVLKVT(F)VP, which is conserved in al small HSPs from
prokaryotes and eukaryotes (Lindquist and Craig, 1988).

The Cp-Hsp20.6 expression patterns suggests that the CpHSP20.6 protein is induced both by
dehydration and by heat stress in Craterostigma roots (Fig.3.13 and 3.14, page 61,62). The

expression of a mitochondrial small HSP homologue in C.plantagineum is consistent with the



observation that heat stressed plants accumulate much more mitochondrial small heat-shock
proteins than other heat-shock related proteins, like HSP60 and HSP70 (Vierling, 1991; Lenne
and Douce, 1994; Lund et a., 1998). In fact, very early experiments on heat-shocked organisms
demonstrate that the inhibition of the mitochondrial function was one of the first targets in the
heat response, which could lead to HSP synthesis (Ritossa, 1962; Lindquist, 1986).

The high tolerance to water stress of C.plantagineum has been extensively studied but not very
much is known on its response to heat stress. Alamillo et al. (1995) observed the presence of
small HSP-related proteins both in vegetative and in water or heat stressed tissues and the
importance of these proteins for desiccation tolerance in C.plantagineum has been suggested. As
defined by Levitt (1980), direct heat injury in plants results from an exposure to extreme

temperature (45°C to 60°C). Investigations on the response of

Craterostigma to high temperature were previously performed (Alamillo et al., 1995; Bockel C.,
2000, Ph.D thesis); yet, the data coming out from the presented study are the first obtained from
plants heat stressed at temperatures higher than 42°C.

The induction of the Cp-Hsp20.6 transcript in heat stressed roots suggests that Craterostigma
responds to overheating by expression of heat-shock related proteins: the more abundant
CpHsp20.6 gene transcription was actually observed in the heat stressed tissues. However, the
transcript is induced also by water stress, as indicated by the expression in dehydrated roots and
in extremely dehydrated leaves. The rate of HSP synthesis in plants or other eukaryotes has been
shown to be directly proportional to the temperature applied during the stress, increasing at the
higher temperatures (Nagao et al., 1986; Lindquist and Craig, 1988; Chen et al., 1990). Indeed,
the Cp-Hsp20.6 expression in the roots increased considerably when the plants were exposed for
three hours at 45°C, in respect to the expression observed for plants heat stressed at 42°C for the
same length of time (Fig. 3.14, page 43). So, in C.plantagineum heat-shock-related gene
expression is induced by heating at the same temperature (42°C) which has been shown to
promote the heat stress response in most plant species so far studied; yet, for a massive
production of heat-shock related proteins this threshold must be overcome.

It can be hypothesized that in C.plantagineum an abundant synthesis of heat-shock proteins
represents the way for the plant to tolerate high temperature stress. It has been postulated that
resurrection plants should be resistant to large fluctuations in temperature (Hartung et a., 1998)
and it is known that C.plantagineum occurs in regions where arid climate predominates (Dinter,
1918; Gaff, 1977). Therefore, C.plantagineum should be expected to be heat tolerant. HSPs are



implicated in the ability to grow at high temperatures and in the development of thermotolerance
(McAlister and Finkelstein, 1980; Nagao et al., 1986; Key et al., 1987; Czarnecka-Verner et a.,
1994; Nover and Scharf, 1997). Hence, the specific involvement of smal HSPs in
thermotol erance has been demonstrated in animal systems (Chretien and Landry, 1988; Lavoie et
a., 1993), as well as in plants (Vierling, 1991; DeRocher and Vierling, 1994; Lee et al., 1995;
Waters et a., 1996; Prasad, 1997; Madlik et a., 1999). In addition, the expression of a plant small
HSP has been shown to enhance the viability of E.coli under heat and cold stress (Soto et d.,
1999). According to the evidence that MT small HSPs synthesis is synchronized with the

enhancement of the heat tolerancein

different plant species (Chou et al., 1989; Visioli et al., 1997; Lund et a., 1998; Liu and Shono,
1999), it could be hypothesized that the induction of the mitochondrial small heat-shock
protein homologue Cp-Hsp20.6 gene could be involved in heat tolerance acquisition in
C.plantagineum.

Besides heat stress, the induction of the Cp-Hsp20.6 transcript was observed in roots after
prolonged dehydration. Heat and water stress induces the Cp-Hsp20.6 transcript in the roots as it
was observed for the drought-responsive Cp-Hsf1 transcript (Bockel C., 2000, Ph.D thesis),
suggesting that in this tissue Cp-Hsp20.6 gene could be a potential target for the CpHSF1
protein. CpHSF1 was detected both in heat stressed and dehydrated roots; on the contrary, in
dehydrated leaves the Cp-Hsf1 expression was transiently activated, but not induced by heat
(Bockel C., 2000, Ph.D thesis). According to the observation that Cp-Hfsl gene was differently
regulated in leaves and roots, this putative heat-shock transcription factor could activate different
targets in the two different tissues: it might be assumed that the Cp-Hsp20.6 gene is one of the
targets activated in the roots of Craterostigma.

Roots are characterized primarily by long-term drought response (Monneveux and Belhasse,
1996): so, it must be expected that in this tissue the expression of important genes can continue
for several hours, at least in response to severe stress conditions. The observed Cp-Hsp20.6
transcript after prolonged exposition at 45°C is consistent with this hypothesis. The prolonged
expression of Cp-Hsf1 in the roots at 45°C has not been tested and the protein synthesis was
observed only in roots heat stressed at 42°C. Nevertheless, because in roots upon dehydration the
Cp-Hsf1 expression increased without subsequent decrease, it has been suggested that it can
function in this tissue in prolonged synthesis of HSPs. The hypothesis that a dehydration/drought



responsive transacting factor can promote the expression of heat stress-related genes is not
surprising.

It is well known that heat-shock proteins are synthesized in the plant cells in response to high
temperature (Nover et al., 1984; Schlesinger et a., 1990; Gurley and Key, 1991) and water
deficit (Bray, 1993), besides other environmental factors. Data indicate that heat and drought
stressin plants are often positively correlated (Wallner at al., 1982) and evidence is accumulating
in favor of this hypothesis. Recently, a 45 kDa heat-shock protein from a drought and heat
resistant maize line has been identified (Ristic et al., 1999) and increased heat tolerance has been
demonstrated in water stressed |eaves of geranium (Aroraet al.,

1998). In particular, high level expression of homologous small HSPs in response to water stress
has been shown in sunflower (Almoguera et al., 1993) and studies on stress responsive proteins
from tomato revealed the existence of one small HSP in mitochondria, which was induced by
cold and high temperature (Sabehat et al., 1996; 1998) as well as by oxidative stress (Banzet et
a., 1998). So, drought can be the signa for the synthesis of stress responsive gene, like Cp-
Hsp20.6, through the expression of the drought responsive transacting element CpHSF1. The
ability of CpHSFL1 to bind in vitro to the promoter region of Cp-Hsp20.6 (3.3.1) further suggests
the putative role of this gene astarget for the protein.

In leaves, the expression of the CpHsp20.6 transcript was observed in response to severe
dehydration and to heat stress (Fig. 3.15). The observation that in leaves CpHSFL1 is rapidly
activated upon dehydration (Bockel C., 2000, Ph.D thesis), whereas CpHsp20.6 synthesis starts
in the tissues after several hours, is consistent with the hypothesis that the trans-factor homologue
acts in leaves on different targets than in roots. The absence of the transcript after ABA treatment

suggests that the CpHsp20.6 gene is not exclusively a dehydration responsive gene.

4.2.2 ldentification of a heat-shock responsive element-like sequence (Cp-HSE)
homologous to plant heat-shock cis-regulatory elements.

The thermoinducibility of heat-shock genes has been attributed to the presence of Cis
elements designated as heat-shock consensus elements (HSEs), which are located in the 5
flanking sequences (Mirault et al., 1982; Pelham, 1982; Amin, 1988; Lis et a, 1990). The HSE
has been shown to serve as binding site for the heat-shock transcription factor (HSF) that
mediated the thermal activation of transcription (Parker and Topol, 1984; Goldenberg et al.,



1988; Wu, 1995). A functional heat-shock element includes a minimum of three 5-nucleotide
NGAAnN (or its complement NnTTCn) modules, which do not have to be consecutive (Amin et al.,
1988; Sorge, 1991); even arrangements of HSE modules that are interrupted are functional (Amin
et al., 1988). However, at least two NnGAAN units are needed for high affinity binding of heat-
shock factor in vitro, and these can be arranged either head-to-head (hnGAANNTTCn) or tail-to-
tall (NTTCnNnGAAN; Perisic et al., 1989). The heat-shock element identified in the Cp-Hsp20.6
promoter (Cp-HSE) is atail-to-tail motif

very similar to the HSE1 sequence used successfully for binding assays with the soybean heat-
shock transcription factor GmHSF34 (Czarnecka-Verner et a., 1995); the similarity to the HSE1
of the Cp-Hsp20.6 promoter sequence extends for 25 nucleotides. The gel retardation and
competition assays showed the binding of the transcription factor homologue CpHSF1 (3.3.1) to
the 25 bp Cp-HSE and suggest the putative function of this motif as cis-regulatory element.
Hence, the observed CpHSF1 binding activity supports the role of the Cp-Hsp20.6 gene as
potential target and at the same time is consistent with the potential function as transactivator of
the CpHSF1protein.

HSF binds to DNA with high affinity and deviations from the nGAAnN consensus sequence may
be tolerated in vivo because multiple HSEs foster cooperative interactions between multiple HSF
trimers (Bonner et al., 1984; Topol et a., 1985; Xiao et al., 1991). Imperfect HSE motifs, usually
found in distal positions in respect to the nGAAN/nTTCn core, have been shown to be equally
important for the binding activity of heat-shock factors in Drosophila and yeast, (Perisic et a.,
1989; Santoro et al., 1998) as well asin plants (Guy and Key, 1991; Barros et a., 1992; Rojas et
a., 1999). The occurrence of multiple HSE-like motifs within the TATA upstream region of the
Cp-Hsp20.6 promoter was observed. Their allocation in a range of 250 nucleotides along the
proximal TATA box region of the Cp-Hsp20.6 promoter is in accordance with the general
observation that heat-shock promoters carry multiple copies of the HSE within a few hundred
base pair upstream of the TATA sequence (reviewed in Nover, 1997).

The configuration of HSES in promoters of genes encoding small HSPs localized either in the
cytoplasm or in different cellular compartments are similar, consistent with the observation that
all small HSPs are nuclear encoded. So, besides the conserved trinucleotide core nGAAN
sequence, the presence of cis-regulatory elements typical of heat-shock promoter genes was
expected. Indeed, several conserved transcriptional heat-shock response regions have been

identified in the Cp-Hsp20.6 promoter.



A structural element featured in some HS gene promoters is the CCAAT box (Czarnecka-Verner
et a., 1994), present twice in the Cp-Hsp20.6 promoter region. The contribution of this motif to
basal expression of HS genes has been demonstrated in the case of HSP70 promoter from human
and Xenopus (Bienz, 1986; Morimoto and Milarski, 1990; Williams and Morimoto, 1990). It has
been a so observed the involvement of CCAAT elementsin

heat induced expression of small HSP genes from soybean (Czarnecka et al., 1989; Rieping and
Schoeffl, 1992).

Further control of Cp-Hsp20.6 transcriptional activity upon heat is substantiated by the presence
of AT-rich sequences. These repeats are thought to act as transcriptional activators and have been
found upstream of a variety of inducible plant genes (Jofuku et al., 1987; Bustos et al., 1989;
Jordano et al., 1989), including heat-shock genes. For example, several soybean genes encoding
small HSPs (Schoeffl et a., 1984; Czarnecka et al., 1985; 1990; Nagao et al., 1985; Baumann et
a., 1987) contain in their promoter contiguous AT-rich blocks located upstream from the TATA-
box.

Finally, the Cp-Hsp20.6 promoter sequence contains twice the AGCT element, which represent
the core of the ABA-responsive element (ABRE) involved in ABA responsive gene expression
(Giuliano et al., 1988; Giraudat et al., 1994). However, the presence of the ABRE sequence in the
promoter region is not necessary correlated to the ABA regulation of the corresponding
transcript. On the one hand, studies employing ABA-insensitive mutants of Arabidopsis
indicated that there are also ABA-independent signal transduction pathways for dehydration-
regulated gene expression (Gilmour and Liss, 1986; Nordin et a., 1991; Y amaguchi-Shinozaki
and Shinozaki, 1994). On the other hand, promoters of plant genes, which are not known to be
modulated by ABA, contain the AGCT or similar sequences, which in many cases have been
demonstrated to be functionally important (Staiger et al., 1989; McKendee et al., 1990). The
presence of this motif in the Cp-Hsp20.6 promoter but the failed expression of the Cp-Hsp20.6
transcript after ABA treatment seems to confirm these observations.

Further investigations on the function as cis-acting sequence of the Cp-Hsp20.6 promoter were
conducted in a transient expression system using tobacco protoplasts, where the full-length
Cp-Hsp20.6 promoter sequence was used to drive the GUS-reporter expression in the presence of
the Cp-HSF1 transcription factor homologue (3.3.2). As described above, the 5'-flanking region
of the Cp-Hsp20.6 gene, besides the HSE and HSE-like sequences, contains several regions
supposed to act as transcription regulators, if even not as enhancers. Because these regions were



present in the GUS-reporter plasmid used for the transient assays, the transcription of the reporter
gene could be likely activated by the tobacco endogenous transcriptional system, as suggested by
Treutet et al (1993). In that case,

transcription depending on the endogenous HSF system was observed with reporter constructs
containing intact HSE but not with truncated promoter sequences. The transcription level of the
reporter gene driven by the full-length Cp-Hsp20.6 promoter was significant also in the absence
of the transactivator Cp-HSF1. However, the highest values were observed when the
transcription factor-homologue was expressed. Anyway, the role as cis-activating sequence of
the Cp-Hsp20.6 promoter region was confirmed.

423 Conclusions

During drought, plants are often affected both by water deficiency and high temperature. The
water stress tolerance of Craterostigma is well known and because the particular ability of this
plant to tolerate severe desiccation, the presence of heat responsive genes that are also induced in
dehydrated tissues might be expected. The mechanisms essential for desiccation tolerance in
Craterostigma are still not completely known; however, cellular protection seems to play a
central role (Ingram and Bartels, 1996). LEA genes that are assumed to function as chaperones
are strongly expressed upon desiccation (Bartels et al., 1990; Dure, 1993). Small HSPs too are
proposed to act as chaperones in desiccation tolerance (Almoguera et a., 1993; Jacob et al.,
1993; Alamillo et a., 1994; DeRocher and Vierling, 1994; Cocaet al., 1994, 1996).

It has been demonstrated in vitro that both the chloroplast small HSP and plant mitochondrial
small HSPs protect electron transport during high temperature conditions in these organelles
(Downs and Heckathorn, 1998; Heckathorn et al., 1998; Downs et a., 1999). So, the induction of
heat and water stress responsive genes (as observed for the Cp-Hsp20.6 gene in
C.plantagineum) with a relevant biochemical function, as for maintaining the activity of

mitochondria, certainly belongs to the fundamental mechanisms of cellular protection.



5 Summary

The resurrection plant Craterostigma plantagineum (Fam. Scrophulariaceae) is one
example of the known desiccation-tolerant plants. Its ability to cope with drought stress has
been extensively studied and several dehydration-induced genes have been characterized.
The identification and isolation of stress responsive proteins is a central theme in plant
stress studies. To investigate the complex network of dehydration-related gene products in
C.plantagineum, protein-protein interactions were analyzed in vivo by the yeast two-hybrid
system. A cDNA expression library was generated and screened using two dehydration-
induced proteins, a dehydrin-like protein (Cp-Dspl6) and a heat-shock transcription factor
homologue (Cp-HSF1).

Dehydrins and heat-shock proteins represent two very different classes of stress proteins
that accumulate upon drought conditions. Little is known about the role of dehydrins in
plants and their putative function as chaperones has been suggested; yet, there is no
experimental evidence about interactions of dehydrins with other proteins. This study has
provided some putative Cp-Dspl6 partners, which have been identified from a pool of
dehydration-induced proteins from C.plantagineum (3.1.2). Heat-shock transcription
factors (HSFs) play an important role in the ubiquitous heat stress response. The heat-shock
factor homologue Cp-HSF1 represent a putative regulatory protein of the early drought
response in Craterostigma. Through the two-hybrid system, the high transactivation ability
of this transcription factor homologue has been shown in vivo (3.1.3).

In order to identify potential target genes of the heat-shock transcription factor Cp-HSF1,
experiments have been extended to the investigation of small heat-shock proteins (small

HSPs) in C.plantagineum. The small HSPs represent the most prominent group of plant



heat stress responsive proteins. Previously, the presence of small HSPs was observed in
vegetative tissues of C.plantagineum, where their accumulation was induced both by heat
and by water stress. During this study a small HSP homologous cDNA isolated from
Craterostigma (Cp-Hsp20.6) has been characterized (3.2). Phylogenetic and sequence
comparison analyses assigned the predicted protein (CpHSP20.6) to the plant
mitochondrial small HSP family. The CpHsp20.6 transcript is induced both by high
temperature and by dehydration in C.plantagineum roots (3.2.3). Upon heat and water
stress the Cp-Hsp20.6

expression patterns were similar to those observed in the roots for the drought responsive
Cp-Hsf1 transcript, suggesting that in this tissue CpHsp20.6 gene could be a potential
target for the Cp-HSF1 protein. A heat-shock responsive element (Cp-HSE) has been
identified in the Cp-Hsp20.6 promoter region and the ability of the heat-shock transcription
factor homologue Cp-HSF1 to bind to this heat-shock element-like sequence and to
activate the Cp-Hsp20.6 target gene has been tested by in vitro binding assays (3.3.1) and
by in vivo tobacco protoplasts transformation experiments (3.3.2).

6 Zusammenfassung

Die Wiederauferstehungspflanzen Crater ostigma plantagineum (Fam. Scrophul ariaceae) ist
ein Beispid fur eine trockentolerante Pflanze. Die Fahigkeit, Austrocknen zu Uberleben, ist
molekularen und physiologischen Ebene gut untersucht worden. Mehere Trocknenstress
induzierte Gene sind charakteriziert worden.

Die Identifizierung und Isolierung von Stref3proteinen ist ein zentrales Thema in der
Strefforschung. Um das complexe Network der Trocknenstref induzierten Proteine in
C.plantagineum zu erforschen, sind in der vorliegenden Arbeit Protein-Proteininteraktionen
in vivo in Hefe-zwe-Hybridsystem untersucht worden. Eine cDNA Bank wurde
durchmustert um interagierende Proteine fur das Dehydringen (Cp-Dspl6) und fir den
homologen Hitzestref3transkriptionsfaktor (Cp-HSF1) zu identifizieren.

Dehydrine und Hitzeschochproteine reprasentieren zwel sehr verschiedene Klassen von
Strefjproteinen, die wéahrend Trocknenstress in den Geweben von C.plantagineum

akkumulieren. Uber die biochemische Funktion von Dehydrinen in Pflanzen ist wenig



bekannt. Es ist postuliert worden, dass sie as Chaperone fungieren. Bislang gibt es
dlerdings keinen experimentellen Nachwels, dass Dehydrine mit andere Proteinen
wechselwicken. In der vorgeligenden Arbeit sind Proteinen identifiziert werden, die
moglichesweise mit Cp-Dspl6 interagieren (3.1.2). Hitzeschochtranskriptionsfactoren
(HSFs) spielen eine wichtige Rolle in der Hitzestrefreaction, die in allen Organismen zu
finden ist. Der homologe Hitzeshoch Cp-HSF1 stellt ein putatives regulatorisches Protein
dar, das in der frihen Trocknenstrefdreaktion beteiligt ist. Mit Hilfe des Hefe-zwei-
Hybridsystems kommt das hohen Transaktivierungspotential von Cp-HSF1 nachgewiesen
werden (3.1.3).

Um mogliche Zielgene des Hitzeschochtranskriptionsfaktores Cp-HSF1 zu identifizieren,
sind die Gruppe der kleinen Hitzestref3proteine (kleine HSPs) in die experimentellen
Untersuchungen miteinbezogen worden. Die kleinen HSPs sind eine sehr prominente
Gruppe von Hitzestref3proteinen in Pflanzen. Die Expression der kleinen HSPs in
vegetativen Geweben von C.plantagineum nach Hitze und Trockenstref3 konnte
nachgewiesen werden.

In der vorliegenden Arbeit ist ein cDNA Klon (Cp-Hsp20.6) charakterisiert worden, der fir
ein kleines HSP (Cp-HSP20.6) kodiert (3.2). DNA Sequenzanalysen und phylogenetisch
Vergleiche weisen darauf hin, dass Cp-HSP20.6 zur Gruppe der pflanzichen
mitochondrialen Hitzeshochproteinen angehort. Das Cp-Hsp20.6 transcript wird sowohl
durch hohe Temperatur und durch Trockenstreld in Wurzeln induziert (3.2.3). Das
Expressionsmuster von Cp-Hsp20.6 as Antwort auf Temperaturerh6hung und Wasserstress
entspricht dem des Hitzeschochtranskriptionfaktores Cp-Hsf1, so dal3 Cp-Hsp20.6 ein
mogliches Zielgen von Cp-HSF1 sein konnte. Ein typisches Hitzeschoch-Response-
Element konnte im Promoter von Cp-Hsp20.6 identifiziert werden. Es kénnte gezeigt
werden, dass Cp-HSF1 an dieses Promoterelement bindet. In einem transienten
transformationssystem in Tabakprotoplasten wurde untersucht, ob Cp-HSF1 die
Transkription von Cp-Hsp20.6 aktivieren kann.



7 References

AdamsM.D., ThomasJ.C., Vernon D.M., Bohnert H.J. and Jensen R.G. (1992)
Distinct cellular and organismic responses to salt stress.
Plant Cell Physiol. 33: 1215-1223

Alamillo J.M., Roncarati R., Heino P., Velasco R., Nelson D., Elster R., Bernacchia G.,
Furini A., Schwall G., Salamini F. and Bartels D. (1994)

Molecular analysis of desiccation tolerance in barley embryos and in the resurrection

plant Craterostigma plantagineum.

Agronomie 14:161-167

Alamillo J.M., Almoguera C., Bartels D. and Jordano J. (1995)

Constitutive expression of small heat shock proteins in vegetative tissues of the resurrection plant
Craterostigma plantagineum.

Plant Mol. Biol. 29: 1093-1099

Allen R.D. (1995)
Dissection of oxidativestress tolerance using transgenic plants.
Plant Physiol. 107: 1049-1054

Almoguera C., Coca M .A. and Jordano J. (1983)
Tissue-specific expression of sunflower heat shock proteinsin responseto water stress.
Plant Journal 4: 947-958

Almoguera C. and Jordano J. (1992)

Developmental and enviromental concurrent expression of sunflower dry-seed-stored
low-molecular-weight heat-shock protein and Lea mRNAS.

Plant Mol. Biol. 19: 781-792

Almoguera C., Prieto-Dapena P. and Jordano J. (1998)

Dual regulation of a heat shock promoter during embryogenesis. stage-dependent role
of heat shock elements.

Plant Journal 13: 437-446

Altschul SFF., Gish W., Miller W., MeyersE.W and Lipman D.J. (1990)
Basic local alignment search tool.
J. Mal. Biol. 215: 403-410

Amin J., Ananthan J. and Voellmy R. (1988)



Key features of heat shock regulatory elements.
Mol. Cell Biol. 8: 3761-3769

Apuya N.R. and Zimmerman J.L. (1992)
Haet shock gene expression is controlled primarly at the trandational level in carrot cells and
somatic embryos.

ThePlant Cell 3: 657-665

Arakawa T. and Timasheff S.N. (1985)
The stabilization of proteins by osmolytes.
Biophys. J. 47: 411-414

ArandaM.A., Escaler m., ThomasC.L.ansMaule A.J. (1999)
A heat shock transcription facotr inpeais differentially controlled by heat and virus repkication.
ThePlant J. 20: 153-161

AroraR., Pitchay D.S. and Bearce B.C. (1998)

Water-stress-induced heat tolerance in geranium leaf tissue: a possible linkage through stress
proteins ?

Physiol. Plant. 103: 24-34

ArtusN.N., Uemura M., SteponkusP.L ., Gilmour S, Lin Can and Thomashow M.F. (1996)
Constitutive expression of the cold-regulated Arabidopsis thaliana COR15aa gene

affects both chloroplast and protoplast freezing tolerance.

Proc.Natl.Acad. Sci. USA  93: 13404-13409

Baja S, Targalli J., LiuL.-F., Ho T.-H.-D. and Wu R. (1999)
Transgenic approaches to increase dehydration-stress tolerance in plants.
Molecular Breeding 5: 493-503

Baker J., Steele C. and DureL.Il1. (1988)
Sequences and characterization of 6 Lea proteins and their genes from cotton.
Plant Mol. Biol. 11: 277-291

Baler R., Dahl J. and Voellmy R. (1993)

Activation of human heat shock genes is accompanied by oligomerization, modification
and rapid translocation of heat shock transcription factor.

Mol. Cel. Biol. 13: 2486-2496

Banzet N., Richaud C., Deveaux Y., Kazmaier M., Gagnon J. and Triantaphylides C.
(1998) Accumulation of small heat shock proteins, including mitochondrial HSP22, |
nduced by oxidative stress and adaptive response in tomato cells.

Plant J. 13: 519-527

Barbour M.G., Burk J.H. and Pitts W.D. (1987)
Terrestrial Plant Ecology
Second Edition. Benjamin/Cummings, Menlo Park, Calif.



BarrosM.D., Czarnecka E. and GurleyW.B. (1992)
Mutational analysis of a plant heat shock elements.
Plant Mol. Biol. 19: 665-675

Barsa A.S. (1994)
Stress-induced gene expression in plants.
Harwood Academic publishers

Bartel P., Chien C.-T., Sternglanz R. and Fields S. (1993a)

Using the two-hybrid system to detect protein-protein interactions. In: Cellular

interactions in development: A practical course. (D.H. Hartley ed.). Oxford University Press. pp
153-179

Bartel P.L., Chien C-T., Sternglanz R. and Fields S. (1993b)
Elimination of false positives that arise in using the two-hybrid system.
Biotechniques 14: 920-924

Bartel P.L. and Fields S. (1994)
The Two-Hybrid System: A Practical Approach.
Oxford University Press, NY

Bartels D., Schneider K., Terstappen. G., Piatkowski D. and Salamini F. (1990) Molecular
cloning of abscisic acid-modulated genes which are induced during desiccation of the
resurrection plant Cratestigma plantagineum.

Planta 181: 27-34

BartelsD., Hanke C., Schneider K., Michael D. and Salamini F. (1992)

A desiccation-related Elip-like gene from the resurrection plant Craterostigma plantagineum is
regulated by light and ABA.

EmboJ. 11.2771-2778

Bartels D., Chandler J., Bockel C., Frank W., Rodrigo M.J., Phillips J., Mariaux J.-B.,
Furini A. and Salamini F. (1997)

Investigating the molecular basis of desiccation tolerance using the resurrection plant
Craterostigma plantagineum.

Acta Physiol. Plant. 4: 399-403

Basha E., WatersE.R. and Vierling E. (1999)

Triticum aestivum cDNA homologous to nuclear-encoded mitochondrion-localized small heat-
shock proteins.

Plant Science 14: 93-103

Baumann G., Raschke E., Bevan M. and Schoeffl F. (1987)

functional anlysis of sequences required for transcriptional activation of a soybean heat shock
gene in transgenic tobacco plants.

Embo J. 6: 1161-1166

Berger E.M. and Woodward M.P. (1983)



Small heatshock proteins of Drosophila may confer thermal tolerance.
Exp. Cell. Res. 147: 437-442

Bernacchia G., Schwall G., Lottspeich F., Salamini F. and Bartels D. (1995)

The transketolase gene family of the resurrection plant Craterostigma plantagineum: differential
expression during the rehydration phase

Embo J. 14: 610-618

Bernacchia G., Salamini F. and Bartels D. (1996)

Molecular characterization of the rehydration process in the resurrection plant Craterostigma
plantagineum.

Plant Physiol. 111: 1043-1050

Bieleski R.L. (1982)

Sugar acohoals.

Encyclopedia of Plant Physiology, New Series, Vol. 13 A, Plant Carbohydrates (1), F.A. Loewus
and W. Tamer, eds, Berlin. Soringer-Verlag

pp 158-192

Bienz M. (1986)
A CCAAT box confers cell-type specific regulation on the Xenopus hsp70 geen on oocytes.
Cell 46: 1037-1042

Bjoerkman O. and Demming-Adams B. (1994)

Regulation of photosnthetic light energy capture, conversion and dissipation in leaves of higher
plants.In: Schulze E and Caldwell M.M.(eds) Ecophysiology of photosynthesis. Springer-Verlag,
Berlin

pp 17-47

Bockel C. (2000)

| solation of genes expressed during early dehydration and detailed molecular analysis of
Cp-Hsf1, anew Hsf-homologue from the resurrection plant Craterostigma plantagineum.
Doctoral Thesis, Universitat Koln.

Bohnert H.J., Nelson D.E. and Jensen R.G. (1995)
Adaptations to enviromental stresses.
Plant Cell 7: 1099-1111

Bohnert H.J. and Jensen R.G. (1996)
Strategies for engineering water-stress tolerancein plants.
Trends Biotech. 14: 89-97

Bonner J.J., Ballou C. and FackenthalD.L. (1994)
Interactions between DNA-bound trimers of the yeast heat shock factor.
Mol. Cell. Biol. 14: 501-508

Borkird C., Simoens C., Villarroel R. and Van Montagu M. (1991)



Gene expression associated with water-stress adaptation of rice cells and identification of two
genes as hsp 70 and ubiquitin.
Physiol. Plant. 82: 449-457

Boscheinen O., Lyck r., Queitsch C., Treuetr E., Zimarino V. and Scharf K.-D. (1987)

Heat stress transcription factors from tomato can functionally replace HSF1 in the yeast
Saccharomyces cerevisiae.

Mol. Gen. Genet. 255. 322-331

BotellaM.A., Quesada M .A., Kononowicz A.K., Bressan R.A., Pilego F.,
Hasegawa P.M. and Valpuesta V. (1994)

Characterization and in situ localization of salt induced tomato peroxidase gene.
Plant Mol. Biol. 25: 105-114

Boyer J.S. (1982)
Plant productivity and environment.
Science 28: 443-448

Bray E.A. (1993)
Molecular response to water deficit.
Plant Physiology 103: 1035-1040

Bray E.A. (1997)
Plant responses to water deficit.
Trends Plant Sci.  2: 46-54

Breeden L. and Nasmyth K. (1985)
Regulation of the HO gene.
Cold Spring Harbor Symp. Quant. Biol. 50:643

BustosM .M., Guiltinan M .J., Jordano J., Begum D., Kalkan F.A. and Hall T.C. (1989)
Regulation of b-glucoronidase expression in transgeneic tobacco plants by an A/T rich,

cis-acting sequence found upstream of a French bean b-phaseolin gene.
The Plant Cell 1: 839-853

Callahan M. et al. (1995)
Strategies 8: 45-46

Campbell SA: and Close T.J. (1997)
Dehydrins. genes, proteins, and associations with phenotypic traits.
New Phytol. 137: 61-74

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

Carranco R., Almoguera C. and Jordano J. (1987)



A plant small heat shock protein gene expressed during zygotic embryogenesis
but noninducible by heat stress.
J. Biol. Chem. 272: 27470-27475

Caspers G.J., Leunissen J.A.M. and de Jong W.W. (1995)

The expanding small heat shock protein family, and structure prediction of the
conserved “ a-Crystallin Domain”.

J. Mol. Evol. 40: 238-248

Cayrol C., Cabrolier G. and Ducommun B. (1997)

Use of the two-hybrid system to identify protein-protein interaction temperature
sensitive mutants. application to the CDK2/p21Cipl interaction.

Nucl. Acid Res. 25: 3743-3744

Ceccardi T.L., Meyer N.C. and Close T.J. (1994)
Purification of a maize dehydrin.
Protein Express. Purif. 5. 266-269

Céellier F., Congero G., Breitler J-C. and Casse F. (1998)

Molecular and physiological responses to water deficit in drought-tolerant and
drought-sensitive lines of sunflower.

Plant Physiol. 116: 319-328

Cellier F., Congero G. and Casse F. (2000)
Dehydrin transcript fluctuationsduring a day/night cycle in drought-stressed sunflower.
J. of Exp.Botany. 343:299-304

Chandler J.W. and Bartels D. (1997)

Structure and function of the vpl gene homologue from the resurrection
plant Craterostigma plantagineum Hochst.

Mol. Gen. Genet. 256:539-546

ChenH.H,,Lin P.H. and Weiser C.J. (1975)
Induction of hardinessin red-osier dogwood stems by water stress.
Hort. Science 10: 372-374

ChenH.H.and Lin P.H. (1982)

Potato cold acclimation. In Plant Cold Hardiness and Freezing Stress.

(P.H. Linand A. Sakai eds.). Academic Press New York, NY ISBN 012-447602-3
pp 5-22

Chen Q., Lauzon L.M., DeRocher A.E. and Vierling E. (1990)
Accumulation, stability and localization of a maor chloroplast heat shock protein.
J. Cell Biol. 110: 1873-1883

Cherry J.H. (1989)



Enviromental Stress in Plant: Biochemical and Physiological Mechanisms Associated with
Environmental Stress Tolerance in Plants.
NATO AS Series G, vol19- Springer, Berlin

Chien C.T., Bartel P.L., Sternglanz R. and Fields S. (1991)

The two-hybrid system: a method to identify and clone genes for proteins that interact with a
protein of interest.

Proc. Natl. Acad. Sci. USA  88: 9578-9582

Chou M., ChenY.-M. and Lin C.-Y. (1989)
Thermotolerance of isolated mitochondria associated with heat shock proteins.
Plant Physoilogy 89: 617-621

Clegg J.S. (1986)

The physical properties and metabolic status of Artemia cystis at low water contents:

The “water replacement” hypothesis. In: Membranes, metabolism and dry organisms. Leopold
A.C. (ed.) Cornell Univ. Press, Ithaca, NY

pp 169-187

ClosJ. Westwood J.T., Becker P.B., Wilson S., Lambert U. and Wu C. (1990)
Molecula cloning and expression of a hexameric Drosophila heat shock factor subject
to negative regulation.

Cell 63: 1085-1097

Close T.J., Fenton R.D., Yang A., Asghar R., DeMason D.A., Crone D.E., Meyer N.C. and
Moonan F. (1993a)

Dehydrin: the protein.In: Close T.J. and Bray E.A. (eds)

Plant responsesto cellular dehydration during enviromental stress.

American Society of Plant Physiologists, Rockville, MD

pp 104-118

Close T.J., Fenton R.D. and Moonan F. (1993b)
A view of plant dehydrins using antibodies specific to the carboxy terminal peptide.
Plant Mol. Biol. 23: 279-286

Close T.J. (1996)
Dehydrins. Emergence of abiochemical role of afamily of plant dehydration proteins.
Physiol. Plant. 97: 795-803

Close T.J. (1997)

Dehydrins: A commonality in the response of plants to dehydration and low
temperature.

Physiol. Plant. 100: 291-296

Coca M.A., Almoguera C. and Jordano J. (1994)

Expression of sunflower low-molecular weight heat-shock proteins during embryogenesis and
persistance after germination: Localization and possible functional implications.

Plant Mol. Biol. 25: 479-492



CocaM.A., Almoguera C., ThomasT.L. and Jordano J. (1996)

Differential regulation of small heat-shock genes in plants. Analysis of a water-stress-inducible
and developmentally activated sunflower promoter.

Plant Mol. Biol. 31: 863-876

ColasP. and Brent R. (1998)
The impact of the two-hybrid and related methods on biotechnology.
Trends Bioth. 16: 355- 363

Collada C., Gomez L., Casado R. and Aragoncillo C. (1997)

Purification and in vitro chaperone activity of a class | small heat-shock protein abundant in
recalcitrant chestnut seeds.

Plant Physiol. 115: 71-77

Cormack R.S,, Hahlbrock K. and Somssich I.E. (1998)

Isolation of putative plant transcriptional coactivators using a modofied two-hybrid
system incorporating a GFP reporter gene.

Plant Journal 14: 685-692

Crawford R.M.M.(1989)

Drought survival . In: Sudiesin plant survival. Edited by Anderson D.J., Smith P.G. a
nd Pitelka F.A. Blackwell Scientific Publication, Oxford.

pp. 177-204

CroweJ.H., CroweL.M. and Chapman D. (1984)
Preservation of membranes in anydrobiotic organisms: the role of trehal ose.
Science 223: 701-703

Curry J., MorrisC.F. and Walker-Simmons M .K. (1991)

Sequence analysis of acDNA encoding agruop 3 leamRNA inducible by
ABA or dehydration stress in wheat.

Plant Mol. Biol. 16: 1073-1076

Cushman J.C., DeRocher E.J. and Bohnert H.J. (1990)

Gene expression durind adaptation to salt stress. In: Katterman F. (Eds)
Environmental injury to plants. Academic Press, Orlando, FL

pp: 173- 203

CzarneckaE., Nagao R.T., Key J.L. and Gurley W.B. (1988)
Characterization of Gmhsp26-A, a stress gene encoding a divergent heat shock
protein of soybean: heavy-metal-induced inhibition of intron processing.

Mol. and Cell. Biol. 8: 1113-1122

CzarneckaE., Key J.L. and Gurley W.B. (1989)

Regulatory domains of Gmhspl7.5E haet shock promoter of soybean. Mutational
analysis.

Mol. Cell. Biol. 9: 3457-3463

Czarnecka E., Fox P.C. and Gurley W.B. (1990)



In vitro interaction of nuclear proteins with the promoter of soybean heat
shock gene Gmhspl7.5E.
Plant Physiol. 94: 935-943

Czarnecka-Verner E., Dulce-Barros M. and Gurley W.B. (1994)
Regulation of heat shock gene expression.

Sress-induced gene expression in plants - Harwood Academic Publishers
pp 131-161

Czarnecka-Verner E., Chao-Xing Y., Paul C. F. and Gurley W.B. (1995)
| solation and characterization of six heat shock transcription factor cDNA clones from soybean.
Plant Mal. Biol. 29: 37-51

Czarnecka-Verner E., Yuan C.-X., Nover L., Scharf K.-D., Englich G. and Gurley W.B.
(2997).

Plant heat shock transcription factors: positive and negative apects of regulation.

Acta physiologiae plantarum 19: 529-537

Danyluk J., Hounde M., Rassart E. and Sarhan F. (1994)

Differential expression of a gene encoding an acidic dehydrin in chilling sensitive and freezing
tolerant Gramineae species.

FEBSLett. 344: 20-24

Datta K., Franke T.F., Chan O., Makris A., Yang S-l., Kaplan D.R., Morrison D.K.,
GolemisE.A. and Tsichlis P.N. (1995)

AH/PH domain-mediated interaction between Akt molecules and its potential role in Atk
regulation.

Mol. Cell. Biol. 15: 2304-2310

Debel K., Eberhard D. and Kloppstech K. (1995)

Light stress: its effect on the expression of small organella heat-shock proteinsin plants.

In Proceedings of the Second STRESSNET Conference, Salsomaggiore, Italy. Edited by Leight
R.A and Mechteld B.K.M.M.A.

pp29-34 EC DG VI, Brussels

Delseny M., Gaubier P., Hull G., Saez-Vasquez J., Gallois P., Raynal M., Cooke R. and
Grellet F. (1994)

Nuclear genes expressed during seeds desiccation: Relationship with responses to stress. In:
Sress-induced gene expression in planta. A.S. Basra, ed. (Chur, Switzerland: Hawood Academic
Publishers)

pp 25-60

DeRocher A.E.,Helm K.W., Lauzon L.M. and Vierling E. (1991)

Expression of a conserved family of cytoplasmic low molecular weight heat shoch proteins
during heat stress and recovery.

Plant Physiol 96: 1038-1047

DeRocher A.E. and Vierling E. (1994)



Developmental control of small heat shock protein expression during pea seed maturation.
The Plant Journal 5: 93-102

DeRoseR.T.,MaD.-P., Know | .-S,, Hasnain SEE., Klassy R.C. and Hall T.C. (1989)
Characterization of the kafirin gene family from sorghum reveals extensive homology with zein
from maize.

Plant Mol. Biol. 12: 245-256

Dilks T.J.K. and Proctor M.C.F. (1979)
Phosynthesis, respiration and water content in bryophytes.
New Phytol. 82: 87-114

Ding J.P. and Pickard B.G. (1993)
Mechanosensory calcium-selective cation channel in epidermal cells.
Plant J. 3: 83-110

Dinter K. (1918)
Botanische Reisen in Deutsch-Sued-west Africa.
Feddes Republic Bein  3: 1-169

Donoghue M .J. (1994)
Progress and prospects in reconstructing plant phylogeny.
Ann. Mo. Bot. Gard. 81: 405-418

Doering P., Treuter e, Kistner C., Lyck R., Chen A. and Nover L. (2000)
Therole of the AHA motifsin the activator function of tomato heat stress
transcriptional factors HsfA1 and HsfA2.

The Plant Cell 12: 265-278

Donoghue M .J. (1994)
Progress and prospects in reconstructing plant phylogeny.
Ann. Mo.Bot. Gard. 81. 405-418

Downs C.A. and Heckathorn S.A. (1998)

The mitochondrial small heat-shock protein protects NADH:ubiquinone oxidoredctase
of the electrontransport chain during heat stressin plants.

FEBSLetters 430: 246-250

DownsC.A., Ryan S.L. and Heckathorn S.A. (1999)

The chloroplast small heat-shock protein: evidence for ageneral rolein
protecting photosystem Il against oxidative stress and photoinhibition.
J. Plant Physiol. 155: 488-496

Drew M.C. and Lynch J.M. (1980)
Soil anaerobiosis, microorganisms and root function.
Annu. Rev. Phytopathol. 18: 37-66



Drew M.C. (1997)

Oxygen deficiency and root metabolism: Injury and acclimation under hypoxia and
anoxia.

Annu. Rev. Plant Physiol. Plant Mol. Biol. 48: 223-250

DurelL. Il (1993)

Structural motif in LEA proteins of higher plants.

In: Close T.J. and Bray E.A. (eds)

Response of plantsto cellular dehydration during enviromental stress.
American Society of Plant Physiologists, Rockville, MD

pp 91-103

Dynlach B.D., Hoey T. and Tjian R. (1991)

Isolation of coactivators associated with the TATA-binding protein that mediate
transcriptional activation.

Cell 66:563-576

Egerton-Warburton L.M ., Balsamo R.A. and Close T .J. (1997)
Temporal expression and ultrastructural localization of dehydrinsin Zea maysL.
Plant Physiol. 101: 545-555

Eckey-Kaltenbach H., Kiefer E., Grosskopf E, Ernst D. and Sandermann H Jr. (1997)
Differential transcript induction of parsley pathogenesis-related proteins and of a

small heat shock protein bu ozone and heat-shock.

Plant Mol. Biol. 33:343-350

Estojak J., Brent R. and GolemisE.A. (1995)
Correlation of two-hybrid affinity datawith in vitro measurents.
Mol. Cell. Biol. 15: 5820-5829

Eulgem T., Rushton P.J., Schmelzer E., Hahlbrock K. and Somssich | .E. (1999)
Early nuclear events in plant defence signalling: rapd gene activation by

WRKY transcription factors.

EMBO Journ. 17: 4689-4699

Feilotter H.E., Hannon G.J., Ruddell C.J. and Beach D. (1994)
Construction of an improved host strain for two hybrid screening.
Nucl. Acid Reser. 22: 1502-1503

Fields S. and Song O. (1989)
A novel genetic method to detect protein-protein interactions.
Nature 340: 245-246

Fields S. and Sternglanz R. (1994)
The two-hybrid system: an assay for protein-protein interactions.



Trendsin Genetic 10: 286-291

Fitter A.H. and Hay R.K.M. (1987)
Environmental physiology of plants. 2nd ed. Academic Press, London.

Gaff D.F. (1977)
Desiccation tolerant vascular plantsin Southern Africa.
Oecologia 31: 95-104

Gagliardi D., Breton C., Chaboud A., Vergne P. and Dumas C. (1995)

Expression of heat shock factors and heat shock protein 70 genes during maize pollen
development .

Plant Mol. Biol. 29: 841-856

Gerlach W.L. and Bedbroch J.R. (1979)
Cloning and characterization of ribosomal RNA genes from wheat and barley.
Nucleic Acid Res. 7: 1869-1885

Gibcon S. and Somerville C. (1993)
| solating plant genes.
Trendsin Biotech. 11: 306-313

Gill G. and Ptashne M. (1988)
Negative effect of the transcriptional activator GALA4.
Nature 334: 721-724

Gilmour D.S. and LisJ.T. (1986)

RNA polymerase Il interacts with the promoter region of the noninduced hsp70
gene in Drosophila melanogaster cells.

Mol. Cell. Biol. 6: 3984-3989

Giraudat J., Parcy F., Bertauche N., Gosti F., Leung J., MorrisP.C.,
Bouvier-Durand M. and Vartanian N. (1994)

Current advances in abscisic acid action and signalling

Plant Mol. Biol. 26: 1557-1577

Giuliano G., Pichersky e, Malik V.S, Timko M .P.,Scolnick P.A.
and Cashmore A.R. (1988)

An evolutionary conserved protein binding sequence upstream of a plant
light-regulated gene.

Proc. Natl. Acad. Sci. USA  85: 7089-7093

Goday A., Jensen A.B., Culianez-Macia, F.A., Mar AlbaM., FiguerasM .,

Serratosal., Torrent M. and Pages M. (1994)

The maize abscisic acid-responsive protein Rabl7 is located in the nucleus and interacts with
nuclear localization signal.



The Plant Cell 6: 351-360

Godoy J.A., Lunar R., Torres-Schumann S., Moreno J., Rodrigo

R.M., and Pintor-Toro J.A. (1994)

Expression, tissue distribution and subcellular localization of dehydrin TAS14 in
salt stress tomato plants.

Plant Mol. Biol. 26: 1921-1934

Goff SA., ConeK.C. and Chandler V.L. (1992)

Functional analysis of the transcriptional activator encoded by the maize B gene: evidence for a
direct functional interaction between two classes of regulatory proteins.

Genes & Development 6: 864-875

GolemisE.A., GyurisJ. and Brent R. (1994)

Two hybrid systemd/interaction traps. In: Ausbel F.M., Brent R., Kingston R., Moore D.,
Seidmann J., Smith A., Struhl K. (ed). Current protocols in molecular biology.

John Wiley & Sons, New Y ork pp. 13.14.1-13.14.17

Goodall W.B. and Filipowicz W. (1989)

The AU-rich sequences present in the introns of plant nuclear pree-mRNASs are
required for splicing.

Cell 58: 473-483

Green M. Schuetz T.J., Sullivan E.K. and Kingston R.E. (1995)

The heat shock responsive dmain of human HSF1 that regulates transcription
activation domain function.

Mol. Cell. Biol. 15: 3354-3362

Greenway H. and MunnsR. (1980)
Mechanisms of salt tolerance in nonhal ophytes.
Ann. Rev. Plant Physiol. 31: 149-190

Grover A., Pareek A.. and Maheshwari S.C. (1993)
Molecular approaches for genetically engineering plants tolerant to salt stress.
Proc. Indian Natl. Sci. Acad. B59: 113-127

Grover A., Pareek A. and Singla S.L. (1998)
Engineering crop plants for tolerance against abiotic stress through gene manipolation.
Curr. ci. 75: 689-696

Gurley W.B. and Key J.L. (1991)
Transcriptional regulation of the heat shock response: A palnt perspective.
Biochemistry 30: 1-12

Gurley W.B., Czarnecka E. and BarrosM.D.C. (1992)

Anatomy of a soybean heat shock promoter

Control of plant gene expression, edited byD.P.S Verma, Boca Raton: CRC Press
pp 103-123



Guy C.L. (1990)
Cold acclimation and freezing stress tolerance: role of protein metabolism.
Ann.Rev.Plant Physiol. Plant Mol. biol. 41: 187-223

Gyoergyey J., Gartner A., Nemet K., Magyar Z., Hirt H., Heberle-BorsE.

and  DuditsD. (1991)

Alfalfa heat-shock genes are differentially expressed during somatic embryogenesis.
Plant Mal. Biol. 16: 999-1007

Hall E.A. (1993)

|s dehydration tolerance relevant to genotypic differences in leaf senescence and crop adaptation
to dry environments ?

In: Close T.J. and Bray E.A. (eds): Plant responses to cellular dehydration during enviromental
stress.American Society of Plant Physiologists, Rockville, MD  pp 1-13

Hanson A.D. (1992)
Compatible solute synthesis and compartmentation in higher plants.
Water and Life. Somero et al (eds) Springer-Verlag Berlin, Heidelberg pp 46-56

Harada J.J., DeLisle A.J., Baden C.S. and Crouch M.L. (1989)

Unusua sequence of abscisic acid-inducible mRNA which accumulates latein
Brassica napus seed development.

Plant Mol. Biol 12: 395-401.

Harrington H.M ., Dash S,, Dharmasiri N. and Dharmasiri S. (1994)
Heat-shock proteins: a search for functions.
Aust. J. Plant Physiol. 21: 843-855

Harrison C.J., Bohm A.A. and Nelson H.C.M. (1994)
Crystal structur of the DNA binding domain of the heat shock transcription factor.
Stience 263: 224-227

Hartmann E. and Prehn S. (1994)

The N-terminal region of the a-subunit of the TRAP complex has a conserved
cluster of negative charges.

FEBSLetters 349: 324-326

Hartung W., Schiller P. and Karl-Joseph D. (1998)
Physiology of poikilohydric plants. Cell Biology and Physiology.
Progressin Botany 59: 299-327

Herckathorn SA., Dows C.A., Sharkey T.D. and Coleman J.S. (1998)

The small, methionine-rich chloroplast heat-shock protein protects photosystem |1
electron transport during heat stress.

Plant Physiol. 116: 439-444

Hightower R. (1991)
Expression of antifreeze proteins in tramsgenic plants.
Plant Mol. Biol. 17: 1013-1021



Holmberg N. and Bulow N. (1998)
Improving stress tolerance in plants by gene transfer.
Trends Plant Sci 3: 61-66.

Hong B., Uknes S.J. and Ho T.D. (1988)

Cloning and characterization of a cDNA encoding a mRNA rapidly-induced
by ABA in barley aleurone layers.

Plant Mal. Biol. 11: 495-506

Hsieh M-H, Chen J-T, Jinn T-L, Chen Y-M and Lin C-Y. (1992)

A class of soybean low molecular weight heat shock proteins. Immunological
study and quantitation.

Plant Physiol 99: 1279-1284

Hubel A. and Schoeffl F. (1994)

Arabidopsis heta shock factor: isolation and characterization of the and the
recombinant protein.

Plant Mal. Biol. 26: 353-362

Hughes M.A. and Dunn M.A. (1996)
The molecular biology of plant acclimation to low temperature.
J. Exp. Bot. 47: 291-305

Ingram J. and Bartels D. (1996)
The molecular basis of dehydration tolerance in plants.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 47: 377-403

Ishitani M., Majumder A.L., Bornhouser A., Michalowski C.B., Jensen R.G.

and Bohnert H.J. (1996)

Coordinate transcription induction of myo-inositol metabolism during environmental stress.
Plant J...9: 537-548

Ismail A.M., Hall A. E. and Close T.J. (1999)

Allelic variation of a dehydrin gene cosegragates with chilling tolerance during
seedling emergence.

Proc. Natl. Acad. Sci.. USA 9. 13566-13570

Iwabuchi K., Li B., Bartel P.L. and Fields S. (1993)
Use of the two-hybrid system to identify the domain of p53 involved in oligomerization.
Oncogene 8: 1693-1696

lzawa T., Foster R. and Chua N.-H. (1993)
Plant bZIP protein DNA binding specificity.
J. Mol.Biol. 230: 1131-1144

Jackson M .B. and Drew M.C. (1984)
Effects of flooding on growth and metabolism of herbaceus plants.
Flooding and Plant Growth, T.T. Kozlowski, ed Academic Press, New York



pp 47-128

Jakob U., Gaestel M., Engel K. and Buchner J. (1993)
Small heat shock proteins are molecular chaperones.
J. Biol. Chem. 268: 1517-1520

Jakobsen B.K. and Pelham H.R.B. (1991)

A consereved heptapeptide restrains the activity of the yeast heat shock transcription
factor.

EMBO J. 10: 369-375

Jain R.N. and Selvaraj G. (1997)
Molecular genetic improvement of salt tolerancein plants.
Biothecnol. Annu. Rev. 3: 245-267

James P., Halladay J. and Craig E.A. (1996)
Genimic libraries and a host strain desigend for highly efficient two-hybrid selection in yeast.
Genetics 144: 1425-1436

Jefferson R.A., Kavanagh T.A. and Bevan M.W. (1987)

GUS fusions: b-glucuronidase as a sensitive and versatile gene fusion marker in
higher plants.

The EMBO J. 6: 3901-3907

JinnT.-L.,Chen Y.-M.and Lin C.Y. (1995)

Characterization and physiological function of class | low-molecular-mass,
heat-shock protein complex in soybean.

Plant Physiol. 108: 693-701

Jofuku K.D., Okamuro J.K. and Goldberg R.B. (1987)
Interaction of am embryo DNA binding protein with a soybean lectin gene upstream.
Nature 328: 734-737

JonesH., FlowersT.J. and Jones M .B. (Eds) (1989)
Plants under stress.
Cambridge University Press, Cambridge

Kaiser W.M. (1987)
Effects of water deficit on photosynthetic capacity.
Physiol. Plant. 71: 142-149

Kanei-Ishii C., Tanikawa J., Nakai A., Morimoto R.l. and Ishii S. (1997)
Activation of heat shock transcription factor 3 by c-Myb in the absence of cellular stress.
Science 277: 246-248

Katterman F. (Eds) (1990)
Environmental injury to plants.
Academic Press, Orlando, FL



Kavi K.P.B. (1989)
Salt stressin cultured rice cells effects of proline and abscisic acid.
Plant Cell & Environment 12: 629-634

Keegan L., Gill G. and Ptashne M. (1986)
Science 231: 699-704

Kenward K.D., Altschuler M., Hildebrand D. and DaviesP.L. (1993)
Accumulation of type | fish antifreezer protein in transgenic tobacco is cold specif.
Plant Moal. Biol. 23: 377-385

Kermode A.R. (1997)
Approaches to elucidate the basis of desiccation tolerance in seeds.
Seeds Science Res.  7: 75-95

KeyJ.L.,LinC.Y.and Chen Y.M. (1981)
Heat shock proteins of higher plants.
Proc. Natl. Acad. Sci. USA  78: 3526-3530

Key J.L., Kimpel J. and Nagao R.T. (1987)

Heta shock gene families of soybean and their expression. In: Plant Gene System and their
Biology, edited by J.L. Key and L. Mclntosh, New York, Alan R. Liss.

pp 87-97

Khanna-Chopra R. and Sinha SK. (1998)

Prospects of success of biothecnological approaches for improving tolerance to
drought stressin crop plants.

Curr. Sci. 74: 25-34

Kiyosue T., Yamaguchi-Shinozaki K. and Shinozaki K. (1994)

Cloning of cDNAs for genes that are early-responsive to dehydration stress

(EDRs) in Arabidopsisthaliana L: Identification of three ERDs as HSP cognate genes.
Plant Mal. Biol. 25: 791-798

KodamaH., Hamada T., Horiguchi G., Nishimura M. and |ba K. (1994)
Genetic enhancement of cold tolerance by expression of a gene for chloroplast
w-3 fatty acid desaturase in transgenic tobacco.

Plant Physiol. 105: 601-605

KrensF.A., Molendijk L., Wullems G.I. and Schilperoot R.A: (1982)
In vitro transformation of plant protoplasts with Ti-plasmid DNA.
Nature 296: 72-74

Kuznetsov V.V., Pustoitova T.N., Yatsenko | .A., Borisova N.N. and

Zholkevich V.N. (1992)

Stress proteins and phytohormones during adaptation of Cucumis sativus L. plantsto
drought soil.



Dokl. Akad. Nauk. SSSR  322: 204-207

LaFayette P.R., Nagao R.T., O’Grady K., Vierling E. and Key J.L. (1996)

Molecular characterization of cDNAs encoding low-molecular-weight heat shock proteins of
soybean.

Plant Mal. Biol. 30: 159-169

Lee G.J., PokalaN. and Vierling E. (1995)

Structure and in vitro molecular chaperone activity of cytosolic small heat shock proteins from
pea

J. Biol. Chem. 270: 10432-10438

Lee G.J. and Vierling E. (2000)

A small heat shock protein cooperates with heat shock protein 70 system to reactivate a heat-
denatured protein.

Plant Physiol. 122: 189-197

Lenne C. and Douce R. (1994)
A low molecular mass heat-shock protein islocalized to higher plant mitochondria.
Plant Physiol. 105: 1255-1261

LenneC., Block M.A., Garin J. and Douce R. (1995)

Sequence and expression of the mRNA encoding HSP22, the motochondrial
small heats shock protein in pealeaves.

Biochem. J. 311: 805-813

Leopold A.C., Bruni F. and Williams R.J. (1992)

Water in dry organisms.

Water and Life: A Comparative Analysis of Water Relationships at the
Organismic, Cellular and Molecular Levels. (C.B. Osmond, G. Somero and
C.L. Bolis, eds) Sporinger-Verlag Berlin. ISBN

pp 141-160

LeprinceO., Hendry G.A.F. and McKersie B.D. (1993)
The mechanisms of desiccation tolerance in seeds.
Seed Soi.Res.  3: 231-246

Levitt J. (1972)
Responses of Plants to Environmental Stresses.
Academic Press, Inc, New York and London

Levitt J. (1980)
Responses of Plants to Environmental Stresses.
Second Edition; Vol | and Il. Academic Press, Inc, New York and London

Lichtentaler H.K. (1995)
Vegetation stress: an introduction to the stress concept in plants.
J. Plant Physiol. 148: 4-14



Lin C.-Y., Roberts J.K. and Key J.L. (1984)
Acquisition of thermotolerance in soyabean seedligs.
Plant Physiol. 74: 152-160

Lindquist S. (1986)
The heat shock response.
Annu. Rev. Biochem. 55:1151-1191

Lindquist S. and Craig E.A (1988)
The heat shock proteins.
Annu. Rev. Genet. 22: 631-677

LisseT., BartelsD., Kalbitzer H.R. and Jaenicke R. (1996)

The recombinat Dehydrin-like desiccation stress protein from Craterostigma plantagineum
displays no defined three-dimensional structure in its native state.

Biol. Chem. 377: 555-561

Liu F. ansBateman E. (1994)
Purification and characterization of TATA-binding protein promoter binding factor.
J. of Biol. Chem. 269: 18541-18548

Liu X.-D., Liu P.C.C., Santoro N. and Thiele D. (1997)

Conservation of a stress response human heat shock transcription factors
functionally substitute for yeast HSF.

EMBO J. 21: 6366-6477

Liu J. and Shono M. (1999)

Characterization of mitochondria-located small haet shock protein
from tomato (Lycopersicon esculentum).

Plant Cell Physiol. 40: 1297-1304

Loew D., BraendleK., Nover L. and Forreiter C. (2000)
Cytosolic heat-stress protein Hspl7.7 class | and Hspl7.3 class |1 of
tomato act as molecular chaperonsein vivo.

Planta 211: 575-582

LuQ., Wallrath L., Allan B., Glaser R., LisJ. and Elgin S. (1992)
Promoter sequence containing (CT)n (GA)n repeatsis critical for the formation
of the DNasel hypersensitive sotes in the Drosophila hsp26 gene.

J. Mol. Biol. 225: 985-998

Luehrsen K.R., Taha S. and Walbot V. (1994)
Nuclear pre-mRNA processing in higher plants.
Progr. Nucl. Acid Res. Mal. Biol. 47: 149-197

Lund A.A., Blum P.H., Bhattramakki D. and Elthon T.E. (1998)
Heat-stress response of maize mitochondria



Plant Physiol. 116: 1097-1110

Lyck R., Harmening U., Hoefeld I., Treuter E., Scharf D.K. and Nover L. (1997)
Intracellular distribution and identification of the nuclear localization signal of

two plant heat stress transcription factors.

Planta 202: 117-125

MaJ. and Ptashne M. (1987)
Deletion analysisof GAL4 defines two transcriptional activating segments.
Cell 48: 125-132

MaasE.V. and Hoffman G.J. (1977)
Crop salt tolerance - Current assessment
J. Irrig. Drainage Div. Am. Soc. Civ. Eng. 103: 115-134

Maliga P., Breznovitz Sz. A. and Marton L. (1973)
Nature New Biol. 244: 29

Malik M K., Slovin J.P., Hwang C.H. and Zimmerman J.L. (1999)

Modified expression of a carrot small heat shock protein gene, Hspl7.7, results in increased or
decreased thermotolerance.

The Plant Journal 20: 89-99

Mayhew M. and Hartl F.U. (1996)

Molecular chaperone proteins.

In: Neidhardt F. (ed) Escherichia coli and Salmonella typhimurium: Cellular and
Molecular Biology. American Society for Microbiology. Washington DC.

pp 922-937

McAlister L. and Finkelstein D.B. (1980)
Heat shock proteins and thermal resistance in yeast.
Biochem. Biophys. Res. Comm. 93: 819-824

McCueK.F. and Hanson A.D. (1990)
Drought and salt tolerance: towards understanding and application.
Trends Biotech. 8: 358-362

McKendee W. Paul A.L., DeLideA.J. and Ferl R.J. (1990)

Invivo and in vitro characterization of protein interactions with the dyad G-box
of the Arabidopsis Adh gene.

Plant Cell 2: 207- 214

McKersieB.D. and Leshem Y.Y. (1994)

Desiccation. In: McKersie B.D. and Leshem Y.Y. (eds): Stress and stress
coping in cultivated plants

pp 132-144

Michael D., Salamini F., BartelsD., Dale P., Baga M. and Szalay A. (1993)



Analys of adesiccation and ABA-responsive promoter isolated from the resurrection
plant Craterostigma plantagineum.
The Plant Journ. 4: 29-40

Mittler R. and Zilinskas B.A. (1994)

Regulation of pea cytosolic acsorbate peroxidase and other antioxidant enzymes
during the progressin of drought stress and following recovery from drought.
Plant J. 5: 397-405

Monneveux P. and Belhassen E. (1996)
The diversity of drought adaptation in thewide.
Plant Growth Regulation 20: 85-92

Morimoto R.l. and Milarski K.L. (1990)

Expression and function of vertabrate hsp70 genes. In: Sress proteins in biology
and medicin,.edited by R.I. Morimoto, A. Tissieres and C. Gergopoul os.

Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY .

pp 323-359

Morimoto R.l., TissieresA., and Geor gopoulos C. (1990)

The stress response, function of the proteins, and prespectives. In: Sress proteinsin
biology and medicin,.edited by R.I. Morimoto, A. Tissieres and C. Gergopoul os.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY .

pp 1-30

Morimoto R.1. (1993)
Cellsin stress: transcriptional activation of heat shock genes.
Science 259: 1409-1410

Morimoto R.1. (1998)

Regulation of the heat shock transcriptional response: crosstalk between afamily
of heat shock factors, molecular chaperones and negative regulators.

Genes and Develop. 12: 3788-3796

Morgan J.M. (1984)
Osmoregulation and water stressin higher plants.
Annu. Rev. Plant Physiol. 35:299-319

Mullinax R.I: and Sorge J.A. (1995)
Srategies 8: 3-5

Murata N. (1982)

Composition and positional distribution of fatty acidsin phospholipids from
leaves of chilling sensitive and chilling resistant plants.

Plant Cell Physiol. 23: 1071-1079

Nagao R.T., Kimpel J.A. and Key J.L. (1986)
The heat shock response: a comparative analysis. In: Oxford Surveys of
Plant molecular and Cell Biology , edited by B.J. Moflin. Oxford University Press



vol 3, pp 384-438.

Nagao R.T., Kimpel J.A., Vierling E. and Key J.L. (1996)
Oxf. Sur.Plant Mol. Cell. Biol. 3: 384-438

Nakai A. and Morimoto R.I. (1993)

Characterization of anovel chicken heat shock transcription factor, heat shock
factor 3, suggests a new regulation pathway.

Mol.Cell. Biol. 13: 1983-1997

Naot D.,

Ben-Hayyim G., Eshdat Y. and Holland D. (1995)

Drought, heat and salt stress induce the expression of a citrus homologue of an
atypical late-embryogenesis Lea 5 gene.

Plant Mol. Biol. 27: 619-622

Negrutiu I., Shillito R.D., Potrykus|., Biasini G. and Sala F. (1987)
Plant Mal. Biol. 8: 363

Nelson D., Salamini F. and Bartels D. (1994)

Abscisic acid promotes novel DNA-binding activity to a desiccation-related
promoter of Craterostigma plantagineum.

The Plant Journ. 5: 451-458

Nguyen H.T., Babu R.C. and Blum A. (1990)
Breeding for drought resistance in rice: physiology and molecular genetics consideration.
Crop i, 37: 1426-1434

Niu X., Bressan R.A., Hasegawa P.M. and Pardo J.M (1995)
lon homeostasis in NaCl stress environments.
Plant Physiol. 109: 735-742

Nordin K., Heino P. and Palva E.T. (1991)
Plant Mol. Biol. 16: 1061-1071

Nover L., Hellmund D., Scharf K.D. and Serfling E. (1984)
The heat shock response of eukaryotic cells.
Biol. Zentralbl. 103: 353-435

Nover L., Scharf K.-D., Gagliardi D., Vergne P., Czarnecka-Verner E.

and Gurley W.B. (1996)

The Hsf world: classification and properties of plant heat stress transcription factors.
Cell Stress & Chaperones 1. 215-223

Nover L. and Scharf K.D. (1997)
Heat stress protein and transcription factors.
Cell Mal. Life Sci.  53: 80-103



Oberbauer S.F. and BillingsW.D. (1981)
Drought tolerance and water use by plants along an alpine topographic gradient.
Oecologia 6: 711-719

Orosz A., Wisniewski J. and Wu C. (1996)

Regulation of Drosophila heat shock factor trimerization: global sequence
requirements and indipendence of nuclear localization.

Mol. Cel. Biol. 12: 7018-7030

Orr W., WhiteT.C., luB., Robert L. and Singh J. (1995)

Characterisation of alow-temperature-induced cDNA from winter Brassica napus
encoding the 70kDa subunit of tonoplast ATPase.

Plant Mol. Biol. 28: 943-948

Osmod C.B., Austin M.P., Berry J.A., BillingsW.D., Boyer J.S., Dacy
J.W.H., Nobd P.S.,, Smith SD. and Winner W.E. (1987)

Stress physiology and distribution of plants.

Bioscience 37: 38-48

Parker C.S. and TopolJ. (1984)
Cell 36: 357-369

Paul M.J. and Coekburn W. (1989)
Pinitol, a compatible solute in Mesembryanthemum crystallinum.
J. Exp. Bot: 40: 1093-1098

Padgett R.A., Grabowski P.J., KonarskaM.M., Seiler S. and Sharp P.A. (1986)
Splicing of messeger RNA precursors.
Annu. Rev. Biochem. 55: 1119-1150

Pareek A., SinglaS.L., Khush A.K. and Grover A. (1997)

Short term salinity and high temperature stress-associated ultrastructural alterations in young leaf
cells of Oryza sativa.

Ann. Bot. 80: 629-639

Pearson W.R. and Lipmann D.J. (1988)
Improved tools for biological sequence comparison.
Proc. Natl. Acad. Sci. USA  86: 2444-2448

Pelham H.R.B. (1982)
A regulatory upstream promoter element in the Drosophila hsp70 heat shock gene.
Cell 30: 517-528

Perisic O., Xiao H. and Lis J.T. (1989)

Stable binding of Drosophyla heat shock factor to head-to-head and tail-to-tail repeats
of aconserved 5 bp recognitoin unit.

Cell 59: 797-805



Perl-TrevesR. and Galun E. (1991)

The tomato Cu, Zn superoxidase dismutase genes are developmentally regulated
and respond to light and stress.

Plant Mol. Biol. 17: 745-760

Piatkowski D., Schneider K., Salamini F. and Bartels D. (1990)

Characterization of Five Abscisic Acid-Responsive cDNA Clones Isolated from the Desiccation-
Tolerant Plant Craterostigma plantagineum and Their Relationship to other Water Stresss Genes.
Plant Physiol. 94. 1682-1688

PlaM. Vilardell J., Guiltinan M .J., Marcotte W.R., Niogret M.F., Quartano R.

and Pages M. (1993)

The cis-regulatory element CCACGTGG isinvolved in ABA and water-stress responses
of the maize gene rab28.

Plant Mal. Biol. 21: 259-266

Prasad M.V.N. (1997)
Plant Ecophysiology. John Wiley and Sons, New York, NY ISBN 0-47-13157-1

Quarrie S.A. (1980)

Genotypic differences in leaf water potential, abscisic acid and proline concentrations in spring
wheat during drought stress.

Annals. Botany 46: 383-394

Rabindran SK., Haroun R.I., Clos J., Wisniewski J. and Wu C. (1993)
Regulation of heat shoxk factor trimerization: role of axonserved leucine zipper.
Science 259: 230-234

Reindl A. and Schoeffl F. (1998)

Interaction between the Arabidopsis thaliana heat shock transcription factor HSF1
and the TATA binding protein TBT.

FEBSLetters 436: 318-322

Reuzeau C., McNally J.C., Fenton R.D., Jepson S.G., Close T .J.

and Pickard B.G. (1997)

Colocalization of dehydrin with the endomembrane sheath in onion epidermal cells.
Plant Physiol. 114:

Ristic Z., Yang G. and Bhadula S.K. (1999)

Two-dimensional gal analysis of 45 ku heat shock proteins from a drought and
heat resistent maize line.

J. of Plant Physiol. 154: 264-268

Ritossa F.M. (1962)
A new puffing pattern induced by atemperature shock and DNP in Drodophila
Experimentia 18: 571-573



RobertsJ.K.M., Callis J., Jardetzky O., Walbot V. and Freeling M. (1984)
Cytoplasmic acidosis as a determinant of floodind intolerance in plants.
Proc. Nat. Acad. i, USA  81: 6020-6033

Robertson A.J., Ishikawa M., GustaL.V. and McKenzie S.L. (1994)
Abscisic acid-induced heat tolerance in Bromus inermis Leyss cells-suspension
cultures.

Plant Physiol. 105: 181-190

Rollet E., Lavoie J.N., Landry J. and Tanguay R.M. (1992)

Expression od Drosophila’s 27 kDa heat shock protein into rodent cells confers
thermal resistance.

Biochem. Biophys. Res. Commun. 185:786-793

Roungdey S, Lin X. and Ketchum K.A. (1998)
Large-scale sequencing of plant genomes.
Curr. Opin. Biol. 1: 136-141

Ryu S.B.and Li P.H. (1994)

Potato cold hardiness devel opment and abscisic acid. | Conjugated abscisic acid is
not the source of the increase in free abscisic acid during potato cold acclimation.
Plant Physiol. 90: 15-20

Sabehat A., Lurie S. and WeissD. (1998)
Expression of small heat-shock proteins at low temperature.
Plant Physiology 117: 651-658

Sachs M .M., Subbaiah C.G. and Saab |.N. (1996)
Anaerobic gene expression and flooding tolerance in maize.
J. Exp. Bot. 47: 1-15

Salisbury F.B. and Ross C.W. (1989)
Plant Physiology
Third edition. Wadsworth Publishing Company, Belmont, CA, USA

Sambrook J., Fritsch E.F. and Maniatis T. (1989)
Molecular cloning: A laboratory manual. Cold Spring Harbor laboratory, Cold Soring Harbor,
NY

SantoroN., Johansson N. and Thiele D.J. (1998)

Heat shock element architecture is an important determinant in the temperature and trenscription
domain requirements for heat shock transcription factors.

Mol. and Cell. Biol. 18: 6340-6352

Sasaki T., Song J. and Koga-Ban Y. (1994)
Tpward cataloguing all rice genes.
Plant J. 6: 615 624



Satyal S.H. and Morimoto R.I. (1998)
Biochemical eventsin the activation and attenuation of the haet shock transcriptional response.
J. Biosc. 4: 303-311

Satyal SH., Chen D., Fox S.G., Kramer J.M. and Morimoto R. (1998)
Negative regulation of the heat shock transcriptional response by HSBP1
Genes & Development 12: 1962-1974

Scharf K.-D., Rose S., Zott W., Schoeff f. and Nover L. (1990)

Three tomato genes code for heat stress transcription factors with a region of remarkable
homology to the DNA-binding domain of the yeast HSF.

EMBO J. 9: 4495-4501

Scharf K.-D., Heider H., Hoehfeld | ., Lyck R., Schmidt E. and Nover L. (1998)

The tomato Hsf system: HsfA2 needs interaction with HsfA1 for efficient nuclear import and
may be localized in cytoplasmic heat stress granules.

Mol. and Cell. Biol. 4: 2240-2251

Scharf K.-D., Hoefeld I. and Nover L. (1998)

Heat stress response and heat stress transcription factors.
J. Biosc. 4:313-329Schlesinger M .J. (1990)

Heat shock proteins.

J. Biol. Chem. 265: 12111-12114

Schnelder G, §oling S., Wallin E., Glaser E and von Heijne G. (1998)
Feature-extraction from endopeptidase cleavage sites in mitochondrial targeting peptides.
Proteins 30: 49-60

Schneilder K., Well B., Schmelzer E., Salamini F. and Bartels D. (1993)
Desiccation leads to the rapid accumulation of both cytosolic and chloroplastic
proteins in the resurrection plant Craterostigma plantagineum Hochst.

Planta 189: 120-131

Schwab K.B. (1986)

Morphol ogische, physiologische und biochemische Anpassungstsrategien
austrocknungstol eranter hoeherer Pflanzen.

Doctoral Thesis, Universitdt Wuerzburg.

Schwab K.B., Schreiber U. and Heber U. (1989)

Response of photosynthesis and respiration odf resurrection plants to desiccation
and rehydration.

Planta 95: 217-227

Scott P. (2000)
Resurrection plants and the secret of the eternal |eaf.
Annals of Botany 85: 159-166

SeffensW.S., Almoguera C., WildeH.D., Vonder Haar R.A. and ThomasT. L. (1990)
Molecular analysis of a phylogenetically conserved carrot gene: developmental



and enviromental regulation.
Devel. Genet. 11: 65-76

Senaratna T., McKersie B.D. and Borochov A. (1987)
Desiccation and free radical mediated changes in lant membranes.
J. Exp. Bot. 38: 2005-2014

Serebriiskii I.,Estojak J., Berman M. and Golemis E.A. (2000)
Approaches to detecting false positives in yeast two-hybrid system.
Biotechniques 28: 328-336

Serrano R. (1995)
Salt tolerance in plants and microorganisms: toxicity targets and defense response.
Inter. Rev. Cytol. 165

Sgherri C.L., Pinzino C, and Navarri-l1zzo F. (1993)
Chemical changes and O2 production in thylakoid membranes under water stress.
Physiol. Plant. 87: 211-216

Sheldon L.A. and Kingston R.E. (1993)

Hydrophobic coiled-coil domains regulated the subcellular localization of human
heat shock factor 2.

Genes & Development 7: 1549-1558

Shi Y., Kroeger P.E. and Moromoto R.1. (1995)

The carboxyl-terminal transactivation domain of heat shock factor 1 is negatively
regulated and stress responsive.

Mol. Cell. Biol. 15: 4309-4318

Shinozaki K. and Yamaguchi-Shinozaki K. (1996)
Molecular response to drought and cold stress.
Curr. Opin. Biotech. 7:161-167

Shull J.M., Watterson J.J. and KirleisW.A. (1992)

Purification and immunocytochemical localization of kafirinsin Sorghum bicolor
(L. Moench) endosperm.

Protoplasma 171: 64-74

SinglaS.L., Pareek A. and Grover A. (1997)
High temperature stress. In M.N.V. Prasad (Ed.)
Physiological Ecology of Plants.

pp 101-127

Skriver K. and Mundy J. (1990)
Gene expression in response to ABA and osmotic stress.
The Plant Cell 2: 503-512

Smirnoff N. and Cumbes Q.T. (1989)
Hydroxyl-radical scavenging activity of compatible solutes.



Phytochemistry 28: 1057-1060

Somero G.N (1986)
Ann. J. Physiol: 251: R197-R213

Sorger P.H. and Nelson H.C.M. (1989)
trimerization od a yeast transcriptional activator via a coiled-coil motif.
Cell 59: 807-813

Sorger P.H. (1991)
Heat shock factor and the heat shock response.
Cell 62: 793-805

Sorger P.H. and Pelham H.R.B. (1988)

Y east heat shock factor is an essenzial DNA-binding protein that exhibits
temperature-dependent phosphorylation.

Cell 54: 855-864

Soto A., Allonall., Collada C. Guevara M .-A., Casado R., Cerzo-Rodriguez
E., Aragoncillo C. and Gomez L. (1999)

Heterologous Expression of a plant small het-shock protein enhances
Escherichia coli viability under heat and cold stress.

Plant Physiology 120: 521-528

Staiger D., Kaulen H. and Shell J. (1989)

A CACGTG motif of the Antirrhinum majus chal cone synthase promoter is
recognized by an evolutionarily conserved nuclear protein.

Proc Natl. Acad. Sci. USA  86: 6930-6934

Stargell L.A. and Struhl K. (1996)
Mechanisms of transcriptional activation in vivo: two steps forward.
Trends Genet. 12: 311-315

Staudinger J., Perry M., Elledge S.J. and Olson E.N. (1993)
Interactions among vertebrate helix-loop-helix proteinsin yeast using the
two-hybrid system.

J. Biol. Chem. 268: 4608-4611

Steponkus P.L., UemuraM. and Webb M.S. (1993)

Membrane destabilization during freeze-induced dehydration.

In: Plant Responses to Cellular Dehydration during Environmental Stress.

Close T.Jand Bray E.A. eds. Rockville, MD, American Society of Plant Physiologists
pp. 37-47

Struhl K. (1996)
Chromatin structure and RNA polymerase I connection-Implication for trascription.
Cell 84:179-182



Tarczynski M.C., Jensen R.G. and Bohnert H.J. (1993)
Stress protection of transgenic tobacco by production of the osmolyte mannitol.
Sience 259: 508-510

TanabeM ., Kawazoe Y., Takeda S., Morimoto R.I., Nagata K. and Nakai A. (1998)
Distruption of the HSF3 gene results in the severe reduction of heat shock gene
expression and loss of thermotolerance.

EMBOJ. 6: 1750-1758

Thomas J.C. (1995)
Enhancement of seed germination in high salinity by engineering mannitol expression.
Plant Cell Environ. 18: 801-806

Thomashow M.F. (1993)

Characterization of genesinduced during cold acclimation in Arabidopsis thaliana.

In: Close T.J., Bray E.A., eds. Response of plant to cellular dehydration

during environmental stress. Rockville MD, USA: American Society of Plant Physiologists.
pp 137-143

Tillman T.S,, Ganster R.W., Jiang R., Carlson M. and Schmidt M.C. (1995)
STD1 (MSN3) interacts directly with the TATA-binding protein and

modulates transcription of the SUC2 gene of Saccharomyces cerevisiae

Nucl. Acids Res. 23: 3174-3180

Timasheff S.N. (1992)

A phycochemical basis for the selection of osmolyte by nature.

Water and Life. Somero et al (eds) Soringer-Verlag Berlin, Heidelberg
pp 70-84

Topol J., Ruden D.M. and Parker C.S. (1985)
Sequences required for in vitro transcriptional activation of a Drososphila hsp 70 gene.
Cell 42: 527-537

Tranquillini W. (1976)

Water relation and alpine timberline. In: O.L. Lange, L. Kappen, E.-D. Schulze (eds):
Water and plant life. Springer-Verlag, Berlin

pp 473-491

Treuter E., Nover L., OhmeK. and Scharf K.-D. (1993)

Promoter specificity and deletion analysis of three heat stress transcription factors
of tomato.

Mol. Gen. Genet. 240: 113-125

Velasco R., Salamini F. and Bartels D. (1994)

Dehydration and ABA increase mRNA levels and enzyme activity of cytosolic
GAPDH in the resurrection plant Craterostigma plantagineum.

Plant Mol. Biol. 26: 541-546



Velasco R., Salamin F. and Bartels D. (1998)

Gene structure and expression analysis of the drought- and abscisic

acid-responsive  CDeT11-24 gene family from the resurrection plant Craterostigma
plantagineum.

Planta 204: 459-471

Vernon D.M ., Tarezynski M.C., Jensen R.G. and Bohnert H.J. (1993)
Cyclitol production in transgenic tobacco.
Plant J. 4: 199-205

Vierling E., Nagao R.T., DeRocher A.E. and Harris|.M. (1988)
EMBO J. 7: 575-581

Vierling E. (1991)
Theroles of heat shock proteinsin plants
Ann. Rev.Plant Physiol. Plant Mol. Biol. 42: 579-620

Vierling E. (1997)

The small heat shock proteins in plants are members of an ancient family of heat
induced proteins.

Acta physiologiae plantarum 19: 539-547

Visioli G., Maestri E. and Marmiroli N. (1997)

Differential display-mediated isolation of a genomic sequence for a putative
mitochondrial LMW HSP specifically expressed in condition of induced
thermotolerance in Arabidopsis thaliana (L.) Heynh.

Plant Mol. Biol. 34: 517-527

Vollmy R. (1994)

Transdaction of the stress signal and mechanisms of transcriptional regulation
of heat shock-stress protein gene expression in higher eukaryotes.

Critical Reviewsin Eukaryotic Gene Expression 4: 357-401

Vuister G.W., Kim S.-G., Orosz A., Marquardt J., Wu C. and Bax A. (1994)
Solution structure of the DNA-binding domain of Drodophila heat shock
transcroption factor.

Nature Sruct. Biol. 1: 605-614

Wallner S.J., Becwar M.R. and Butler J.D. (1982)
Measurement of turfgrass heat tolerance in vitro.
J. Am. Soc. Hortic. Sci. 107: 608-613

Waters E.R. (1995)
The molecular evolution of the small heat shock protein in plants
Genetics 141: 785-795



WatersE.R., Lee G.J. and Vierling E. (1996)
Evolution, structure and function of the small heat small proteinsin plants.
J. Exp. Bot. 47: 325-338

Wehmeyer N., Hernandez L .D., Flinkelstein R.R. and Vierling E. (1996)
Synthesis of small heat-shock proteinsis part of the developmental program
of late seed maturation.

Plant Physiol. 112: 747-757

Westwood J.T. and Wu C. (1993)

Activation of Drosophila haet shock factors- Conformational change associated
with a monomer-to trimer transition.

Mol. Cel. Biol. 13: 3481-3486

Willett D.A., Basha E. and Vierling E. (1996)

Nucleotide sequence of acDNA encoding a mitochondrion-located small HSP
from Arabidopsis thaliana: AtHsp23.6 (PRG 96-117).

Plant Physiol. 112: 1399

Williams G.T. and Morimoto R.I. (1990)

Maximal stress-induced transcroption from the human hsp70 promoter requires
interactions with the basal promoter elements indipendent of rotational alignment.
Mol. and Cell. Biol. 10: 3125-3136

Wisniewski M., Webb R., Balsamo R. Close T.J., Yu X.-M. and Griffith M. (1999)
Purification, immunolocalization, cryoprotective, and antifreeze activity of PCA60: A dehydrin
from peach (Prunus persica).

Physiol. Plant. 105: 600-608

Wu Carl (1995)
Heat shock transcription factors: Structure and Regulation
Annu. Rev. Cell Dev. Biol. 11: 441-469

Wyn J.R.G. and Gorham J. (1993)

Osmoregulation.

Encyclopedia of Plant Physiology, New Series, Vol 12C, O. L.. Lange, P.S. Nobsdl,
C.B. Osmond, and H. Ziegler, eds., Sringer, Berlin

pp 35-58

XiaoH., PersicO.and LisJ.T. (1991)
Cooperative binding of Drosophila heat shock to array of aconserved 5 bp unit.
Cell 64: 585-593

XuD.,
Expression of |late-embyogenesis abondant protein genes, HVAL, from barley



confers tolerance to awter deficit and salt stressin rice.
Plant Physiol. 110: 249-257

Yancey P.H., Clark M.E.,Hand S.C., Bowlus P.D. and Somero G.N. (1982)
Living with water stress: evolution of osmolyte systems.
Science 217: 1214-1217

Yeh C.-H., Yeh K-W., Wu S--H. Chang L. P.-F., Chen Y.-M. and Lin C.-Y. (1995)
A recombinat rice 16.9 kDa heat shock protein can provide thermoprotection in vitro.
Palnt Cell Physiol. 36: 1341-1348

Zandi E., Tran T.-N. T., Chamberlain W. and Parker C.S. (1997)
Nuclear entry, oligomerization and DNA binding of Drosophila heat shock
transcription factor are regulated by a unique nuclear localization sequence.
Genes & Development 11: 1299-1314

Zuo J., Baler A., Dahl G. and Voellmy R. (1994)

Activation of the DNA-binding ability of human heat shock transcription factor 1 may involve
the transition from an intramol ecular to an intermolecular triple-stranded coild-coil structure.

Mol. Cell. Biol. 14: 7557-7568

Zuo J., Rungger D. and Voelmy R. (1995)
Multiple layers of regulation of human heat shock factor 1.
Mol. Cell. Biol. 15: 4319-4330



8 Appendix

Accession numbers of the plant small HSP amino acid sequences used for
phylogenetic analyses showing the relationship between the C.plantagineum small
heat-shock protein CpHSP20.6 and small HSP from diver se plant species.

The protein names are listed in alphabetic order.

Protein Class Protein Name Accessions Number

Cytosolic | AthHSP 17.4 X17293
AthHSP 17.6 X16076

Cs HSP 175 AJ009880

Dc HSP 18 X53852
Hv HSP 17 Y 078844
GmHSP 18.5 X07160
Ha HSP 17.6 u46545
Ha HSP 18.2 P30693
Le HSP17.8 X56138
Ms HSP 18.2 X58711
Nt HSP18.1 X70688
Os HSP16.9 X60820
Os HSP17.4 D12635
Peg HSP 17 X94191
Ps HSP18.1 M 33899
Ta HSP16.9 X64618
Zm HSP17.2 X65725

Cytosolic Il AthHSP 17.6 X63443
GmHSP 17.9 X07159
Ha HSP 17.9 729554
In HSP17.2 M 99429

Pc HSP17.9 X95716

Pg HSP17.1 L47717
Ps HSP17.7 M33901
Ta HSP17.3 X58279
Zm HSP 175 X54076

Zm HSP17.8 X54075



Protein Class Protein Name Accessions Number

Chloroplast-

localized Ath HSP 21 X54102
Ps HSP 21 X07187
Zm HSP26 L28712

Endomembrane-

localized Ath HSP 22 U11501
GmHSP 22.2 u21723

Mitochondrion-

localized Ath HSP 23.5 X98375
Ath HSP 23.6 U72958
GmHSP 23.9 u21722
Le HSP235 AB017134
Pg HSP 23,5 L47741
Ps HSP22 X86222
Ta HSP23.5 104107
Zm HSP 23.8 AF03560

. Nucleotide sequence of the Cp-Hsp20.6 gene

Trandational start and stop codon are highlighted, as well as the HSE-like sequence (position —
165). The TATA motif and the putative polyadenilation sequence are underlined. The intro
sequence is shown in italic (the consensus GT/AG boundaries are underlined). The numbering in
based on the traslational start site (ATG = 1).

- 1245 CTCTGTGGTCTACGTAAATTATAAGGGAGAGAAGAGGECCTAT GAGGACT TCAGAGAGTCC
CAAGT TGTGCGATGGAACCT CCTCATTATACGAAACAAAGCT AAGAAGAAT CGCCGAGGA
- 1125 GITAAGGT TCGAAGAAAAT GAAGT CCAAGAAAAGT ACCACAACCTAATCAACACCATCTC
TGCTCGAATATCCTTTTCGAAGAAGCCT GCGATCAATGAATTCATCCTAGGGECT TAGAAG
- 1005 GICTCCTTTCACCCTGGT GAAACCAAAGAAAAAGAAAACACAAAGGACACCAACAAGECG

AAGAGGACACT AAGECCGAGAT TGT TAGGAAATCATTATAGTGTTGGGT TTATTTTTTGT



885

765

645

525

405

285

165

45

75

195

315

435

555

675

795

TATTTAGTGGGT TACTAGTAGI TTGATGAGACAAATGACATTATGTATAAGT TTGGTGAC

TGGCECTTTAATATACCAATTACTTGTGGTATATAAAGCCCATATTTACCCTAATTAGGEGT
TTATCAAAGGTATTATCAAGI TAGCCACCAAGTACGI TCTCTCTCCAAGAACACACACAC

TACATGCACTAGAAGGT GGAAACCGTCTTAAGCATTTAATCTAACTTTTGATCCTTGITT

GGTAATATAAGGACCAACAATTATAATGATGACGAT TAGGTATGAACGAT GAGT CGAACC

GGCTCGAGCTCATCATCGCCTCGAGAGCTCTTTGAGTAGGCT CGCGAGCT TGAACT TACT

AAAGCT CGACTAGCTCGAGCTCATTATTCTCGAGCTCAAGT TTACTCATCGT GCTCGAAA

GACCGCAAGTATTTCATTATTTACTATGITTATTTTTACTTTTGACATTTTTCAATAAAT
GTTTCAGTGTCAATTAGT TCGAGCCCCGAACT CCATTTTGAAATCGAAAT TCCCAAATCA
CATAATTTCCAATGGATGTATTTGAATTTGAACTTAAGATTTTAAAATTAAAATGTAAAA
TTATGOGATTGCAAAACGT GAATTTAAAAGCAT AAAGAAAAT CACGT GTTACGATCTGGC
TCTAATACCGAT GGGT TAAAAAGT CAACAATACCAAGCAT AAT AAT GCTACACCCCCAAT
CAAGT GAGATCTAGGAAT CGAACT TTTCTCGAAAAAT ATCTCGAGAAACTACTCTCCTCC

TATATCATCTCAGAAACTTGAAC
GCCAAGCTAAAGTTCCTATCAACT CAACTTTCCGAT CGTTTGCAATGGCTTCATCGATAG
CTCTGAGGAGGCTCCTGT CGT CGAGCAACGCT CTCCT CGGT CCOCT COGTACGGCGOGAG
CGGCGGCT CAGCCAGCCT CCGT TCGT CTGT TCAACAGCAACGCGCT GACGGAGTACGACA
GT GACGACCGAGACGT CGACGT CGCT GAT CGACGGGEGCGAGOGACGCCTATTCTCTCCAT
TTGCAGGTTAGTAGTCTTCTTCCTCCTACAATGCTTCAGGTGATTTTTTTATGATTCAGC
TATGAAAAT GGGAACAATATGTGT TTACCCCGAT TTGTGTCTGTGT TGGTTTGCTCTACC
ATGGTCCTTTTCAACCGCACTAGTAAGATGAGATTTCGTCTGTGTCCTCTGTTTCTGAGT
CCACGTGGTATATACTCTTCTTCCTACT GAAGAT GAGATCTGAGT GCGTGOGT TTGAATT
GTTATCTGCAGATATGATGT TTGGTCCCTTCTCAACGAGGAGCAGCCT CAGCCAAATCCT
TAACATGATGGACCAAAT CGTTGACT CACCAAT GTCCTCCGGAT TGAGCCGGAATTGGTT
TGCTAGAGAAGCT GCCAGAGGGT CTCCATCT GAGGAT GGACAT GCCAGGCCT GGGCAAGG
GGGACGT TAAAAT CTCGGT GGAGCAGAACACT TTGATCAT CAGAGGT GAGGGCAAAAAGG
AGGAGT TTGAAAACGAT GAAGAGGT TGGT GECAGAAGAT TCTCGGGGAGGATCGATCTGC
CTGAGAAGCT GTACAAGGT GAAT GACAT TAAAGCT GAGAT GAAGAAT GGOGT CTTGAAGG
TGTTTGTTCOCAAGACAAAGGAT GAGGAGAGGAGT GATGT CTTCCATGT TAATGTTGAGT

AGTATAGT CGGTAATGATGAGT GCTACCGT TGGTAGACTACGGT GAAAATAATAGT GATG



+ 915 TCCCTACTTTGGTAGATGAGT TGCGAATCTTCCTGCGTCGTAAATTCGTTACTTTCTTGG

TTAAGCGATATCTACAGATCTGTTAAAAAAAAAAAAAA
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