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1. Abstract 

Human HOP (Heat shock protein 70/90 organising protein) and yeast STI1 (Stress-inducible 

protein 1) are best characterized Hsp70/Hsp90 co-chaperones in their organisms. The model 

plant Arabidopsis thaliana encodes three members of the HOP/STI1 family, but knowledge of 

their biological function is limited. In this thesis, investigation of Arabidopsis HOP/STI1 

proteins (STIAT) and a homologous protein in tobacco (STINT) was performed to identify 

roles during control and stress defence mechanisms. 

STIAT1 and STIAT2 share redundant function as mutant lines for the two isoforms show 

normal growth response after cold and heat stress treatment. Expression analysis using 

immunoblottings revealed co-expression of both isoforms in leaves under control, cold and 

heat conditions with higher abundance after stress application. The third isoform STIAT3 was 

exclusively expressed in leaves after heat treatment. In stems and flowers of Arabidopsis all 

three STIAT isoforms were present under control conditions in different amounts, while they 

were not detectable in roots. 

Immunodetection of subcellular fractions showed co-localisation of STIAT1 and STIAT2 

isoforms in cytosol and nucleus of leaves with lower abundance in the latter compartment. A 

partial association of these two isoforms to membranes was also detected. 

The in silico analysis of the putative STIAT promoter sequences supported the regulation by 

diverse abiotic stress factors, phytohormones and light. 

The characterisation of putative interaction partners of STIAT1 and STIAT2 revealed co-

localisation with Hsp90 and Hsp70 isoforms in cytosol and nucleus. Immunoprecipitation led 

to the purification of the STIAT isoforms, whereas TAP purification identified the cytosolic 

isoforms of the Hsp’s as interacting proteins with the homologous tobacco STINT in 

Arabidopsis. Additional components of the protein complex are still unknown. The 

application of TAP was verified in yeast resulting in co-purification of Hsp’s with STI1. The 

native dimeric state of STINT was obtained during the investigations of the STINT complex 

in tobacco. 

The analysis of recombinant STIAT1 and STIAT2 by 2-D PAGE resulted in a chain of four to 

five spots. One phosphorylation site in each isoform was identified so far. For the analysis of 

STIAT isoform modification in planta, enrichment approaches are essential. Ion exchange 

chromatography separated phosphorylated and dephosphorylated STIAT isoforms, which can 

be enhanced by the addition of phosphatase inhibitor during protein extraction. 
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2. Introduction 

2.1. Detection and functional characterisation of a HOP/STI1 protein in 

tobacco 

Trichomes are known to be specialized leaf structures functioning in stress defence (Wagner 

1991, Wang et al. 2002). A recent study compared the proteome pattern of leaf trichomes 

with residual leaf tissue aiming at characterizing the protein complement of trichomes in 

tobacco (Amme et al. 2005). Many stress-associated proteins as well as enzymes of the 

antioxidative stress defence system such as cytosolic Cu/Zn superoxide dismutase, 

glutathione peroxidase, and pathogenesis-related proteins were more abundant in trichomes 

relative to leaves. One protein was identified as a stress-related protein based on a homology 

to a sequence from Arabidopsis thaliana (A. thaliana). In analogy to the stress-inducible 

protein of Arabidopsis (gi:15221564), this novel tobacco protein was referred to as STINT 

(stress-induced protein in Nicotiana tabacum). 

The STINT protein sequence contains three tetratricopeptid repeat (TPR) domains, two 

aspartate-proline (DP) repeats and one nuclear localization signal (NLS) which was in 

accordance with previously described HOP (heat shock protein 70/90 organising protein) 

heterologes in human (Honore et al. 1992) and yeast (Nicolet and Craig 1989). The functional 

characterisation of STINT in tobacco was initiated by cloning the protein and producing 

polyclonal antibody to study its expression. Immunodetection with antiserum against STINT 

showed the expression of STINT in various tissues and an induction after heat and cold stress 

in leaf (Figure 1). The cellular and subcellular localisation was studied using ß-glucuronidase 

(GUS) and green fluorescent protein (GFP) fusion constructs and revealed localisation of 

STINT in nucleus and cytosol. In order to functionally characterize STINT, gene knock down 

by RNAi approach was performed (Hedtmann 2005, Hedtmann 2007). Here, STINT RNAi 

tobacco plants were exposed to various abiotic stresses, including heat, cold and drought, 

revealing in the strongest phenotype after exposure to cold stress. 
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Figure 1: Initial functional characterization of STINT. 

A: Sequence analysis of STINT protein revealed three TPR domains, two DP repeat regions and one NLS. 

B, C: Expression analysis of STINT using immunodetection with antiserum against STINT resulted in 

detection in various tissues (B) and induction after heat and cold stress in leaf (C). 

D: Confocal laser scanning microscopy of transgenic tobacco plants expressing STINT-GFP show 

subcellular localisation of STINT in nucleus and cytosol. 

E: Transgenic plants containing an RNAi construct of STINT were sensitive to cold stress, resulting in a 

stunted phenotype and reduced leaf area. 

 

2.2. The role of HOP/STI1 proteins in mammalia and yeast 

The HOP/STI1 protein is a co-chaperone which reversibly couples to Hsp70 and Hsp90 

(Chen and Smith 1998). The yeast HOP stress-inducible protein 1 (STI1) was initially 

identified in a genetic screen for proteins involved in heat shock response (Nicolet and Craig 

1989). The human heterolog was first described as transformation-sensitive protein IEF SSP 

3521 (Honore et al. 1992) and later referred to as HOP. Yeast STI1 and human HOP share    

42 % amino acid identity and are characterized by specific structural features. They contain 

nine TPR motifs that are clustered in three TPR domains, namely TPR1, TPR2A and TPR2B 

(Scheufler et al. 2000) (Figure 2). A single TPR motif is a degenerate 34 amino acid sequence 

with higher frequency of conservation at 8 amino acid residues generating a consensus at 

positions 4 (W/L/F), 7 (L/I/M), 8 (G/A/S), 11 (Y/L/F), 20 (A/S/E), 24 (F/Y/L), 27 (A/S/L), 
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and 32 (P/K/E), especially at positions 8, 20, 24 and 27 (Blatch and Lässle 1999). The 

interaction with the C-terminal EEVD residues of Hsp70 and Hsp90 is mediated by TPR1 and 

TPR2A of HOP/STI1 (Demand et al. 1998, Scheufler et al. 2000, Young et al. 1998). The 

function of TPR2B is not yet resolved, but a binding to Hsp70 or a function as Hsp90 ligand 

has been suggested (reviewed in Odunuga et al. 2004, Song and Masison 2005). In addition to 

TPR motifs, HOP/STI1 contains smaller regions with conserved DP repeats, located in close 

proximity to the TPR motifs, that is DP1 after TPR1 (Carrigan et al. 2004) and DP2 after 

TPR2B (Chen and Smith 1998). The DP2 domain of HOP has been shown to be essential for 

Hsp70 binding (Carrigan et al. 2004), but these findings are not confirmed for yeast STI1 

(Flom et al. 2007). A critical function of DP1 domain in Hsp70 or Hsp90 binding has not 

been described so far (Carrigan et al. 2004). These results indicate that knowledge of 

HOP/STI1 interactions with Hsp70 and Hsp90 is far from being complete. 

Despite the high similarities between HOP and STI1, also distinctive characteristics are 

described. A putative NLS was found in HOP (Longshaw et al. 2004), which is absent in 

yeast STI1. 

 

TPR 2BTPR 1 TPR 2ADP1 DP2

105 328 460  482 5434 225 364

HOP

STI1
TPR 2BTPR 1 TPR 2ADP1 DP2

107 369 492    527 5895 262 396

(H. sapiens)

(S. cerevisiae)

NLS

 

Figure 2: HOP/STI1 domain structure. 

TPR, DP repeat regions and NLS are indicated. Domains stretches are indicated by amino acid residue 

numbers at the domain borders (scale is approximate). 

 

HOP functions primarily as an adaptor that directs Hsp90 to Hsp70-client protein complexes 

in the cytoplasma (Figure 3). This interaction is best studied in the maturation pathway of 

hormone receptors such as glucocorticod receptor in mammals (Chen et al. 1996, Dittmar et 

al. 1996). HOP binds to the ADP-bound form of Hsp90, resulting in HOP-Hsp90 complex 

(Johnson et al. 1998) and subsequently to Hsp70 with low affinity, which is increased in the 

presence of Hsp90 (Hernandez et al. 2002). 
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Figure 3: Model for HOP functionality and its cellular distribution in the mammalian systems (modified 
after Daniel et al. 2008). All processes are also assumed to be regulated by phosphorylation. 

1: Location of free or reversibly Hsp90-bound HOP in cytoplasma. 

2: Coupling of Hsp90-bound HOP with the Hsp70-Hsp40-client protein (CP) complex in the cytoplasma to 

mediate the transfer of a CP from Hsp70 to Hsp90, e.g. the steroid hormone receptor complex. 

3: Free HOP translocates into nucleus, which increases in response to heat stress. 

4: Translocation of Hsp90-bound HOP into nucleus is proposed, but not yet experimentally confirmed. 

5+6: Hsp90 and Hsp70-Hsp40-CP complex translocates into nucleus under heat stress conditions. 

7: Putative Hsp90-HOP-Hsp70-Hsp40-CP complex in nucleus, e.g. Octamer binding protein 1 coactivator 

in S phase (OCA-S), which is essential for S phase-dependent histone H2B transcription. 

Annotations 1, 2A, 2B, DP1, DP2 and NLS in HOP refer to its TPR1, TPR2A and TPR2B domains, DP 

repeat region and NLS respectively. 

 

HOP is also involved in binding of proteins other than Hsp90 and Hsp70 (Abbas-Terki et al. 

2002, Abbas-Terki et al. 2001, Glover and Lindquist 1998) and appears to be involved in the 

formation of numerous Hsp90-independent complexes (Odunuga et al. 2004). Early studies 

reported the presence of HOP in Golgi apparatus and small vesicles of normal cells, and in the 

nucleolus of human SV40-transformed fibroblast cells (Honore et al. 1992). It has been 

proposed that HOP integrates into the plasma membrane as part of a sialoglycoprotein (alpha-
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helix rich prion protein, PrPC) complex, although HOP lacks a signal peptide for membrane 

transport (Zanata et al. 2002). 

The participation of HOP in a variety of cellular processes is dependent on its distribution in 

cytosol and nucleus. Translocation of HOP from its predominant cytoplasmic localisation 

(Lassle et al. 1997) to the nucleus increases in response to heat shock (Daniel et al. 2008, 

Longshaw et al. 2004). This nucleocytoplasmatic shuttling is probably regulated by 

phosphorylation/dephosphorylation events (Daniel et al. 2008, Longshaw et al. 2004). 

 

2.3. Plant-encoded HOP/STI1 proteins 

Plant heterologs of HOP are described in soybean (Torres et al. 1995, Zhang et al. 2003), 

Arabidopsis (Krishna and Gloor 2001, Prasad et al. 2010), wheat germ lysate (Krishna and 

Kanelakis 2003), and rice (Chen et al. 2010). The number of HOP genes per plant species 

varies between one gene in soybean and three in Arabidopsis. The phylogenetic analysis of all 

currently known plant HOP compared to yeast STI1 and human HOP is shown in Figure 4. 

 

 
Figure 4: Phylogenetic analysis of HOP/STI1 from plants, human and yeast drawn with Clustal X. 

HOP from human and STI1 from yeast are single-copy genes. There are three genes in the genome of 
Arabidopsis (At), and two in rice (Os) and Brachipodium (Bd). Only one HOP gene is known in soybean, 

maize and barley. The scale bar represents evolutionary distance (amino acid replacements). 
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In additiom, two HOP genes were found in the genome of rice and Brachipodium distachion, 

and one in barley and maize using Basic Local Alignment Tool (BLAST) at National Centre 

for Biotechnological Information (NCBI). Whether barley and maize contain HOP multicopy 

genes remains unknown until sequencing of these organisms is completed. 

In vitro binding assays in soybean and wheat germ lysate revealed the interaction of HOP 

either with Hsp90 alone or with both Hsp90 and Hsp70 (Krishna and Kanelakis 2003, Zhang 

et al. 2003). The interaction of the rice HOP-Hsp90 heterocomplex with the chitin receptor 

CERK1 and in the Rac1 immune complex indicate a dual function in rice innate immunity 

(Chen et al. 2010). Authors suggested that the HOP-Hsp90 complex is involved in the 

efficient export of PAMP (Pathogen Associated Molecular Patterns) receptors from 

endoplasmatic reticulum to plasma membrane (PM) and in signalling pathways in the 

defensome at the PM. In Arabidopsis, functions of HOP homologues have not been defineded 

so far. 

 

2.4. The HOP/STI1 isoforms in Arabidopsis (STIAT) 

As mentioned before, the Arabidopsis genome contains three genes that encode HOP, in this 

work referred to as STIAT (stress-induced proteins in A. thaliana). The gene product of 

STIAT1 (At1g62740) on chromosome one showed highest homology to the tobacco stress-

induced protein STINT (Hedtmann 2007). The other two genes, one located on the same 

chromosome and one on the fourth chromosome, are presumably the result of duplication/ 

triplication event. The gene product of STIAT2 (At1g12270) has the same sequence length as 

STIAT1, while STIAT3 (At4g12400) lacks some amino acids when compared to the other two 

(Hedtmann 2007). 

All STIAT isoforms show homology to human HOP and yeast STI1 (Figure 5) containing the 

characteristic protein domains described in section 2.2. So far, experimental evidences for the 

involvement in stress response or the functional characterisation of HOP/STI1 family in 

Arabidopsis are lacking. 
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A 

Amino Acid Substitutions (x100)

0

54.8

1020304050

STIAT1   -

STIAT2   -

STINT    -

STIAT3   -

hsHOP    -

scSTI1   -

 
 

B 
STIAT1    ---MADEAKAKGNAAFSSGDFNSAVNHFTDAINLTPT-NHVLFSNRSAAHASLNHYDEAL 56 

STIAT2    ---MAEEAKAKGNAAFSSGDFTTAINHFTEAIALAPT-NHVLFSNRSAAHASLHQYAEAL 56 

STIAT3    ---MAEEAKSKGNAAFSSGDYATAITHFTEAINLSPT-NHILYSNRSASYASLHRYEEAL 56 

STINT     ---MADEAKAKGNAAFSAGNFTDAITHFTEAINLSPT-NHVLYSNRSAAYASIGKYSDAL 56 

scSTI1    MSLTADEYKQQGNAAFTAKDYDKAIELFTKAIEVSETPNHVLYSNRSACYTSLKKFSDAL 60 

hsHOP     -MEQVNELKEKGNKALSVGNIDDALQCYSEAIKLDPH-NHVLYSNRSAAYAKKGDYQKAY 58 

 

          TPR1 

STIAT1    SDAKKTVELKPDWGKGYSRLGAAHLGLNQFDEAVEAYSKGLEIDPSNEGLKSGLADAKAS 116 

STIAT2    SDAKETIKLKPYWPKGYSRLGAAHLGLNQFELAVTAYKKGLDVDPTNEALKSGLADAEAS 116 

STIAT3    SDAKKTIELKPDWSKGYSRLGAAFIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRS 116 

STINT     SDAQKTVDLKSDWAKGYSRLGAAHLGLHHYDEAVSAYKKGLEIDPNNEALKSGLSDAQAA 116 

scSTI1    NDANECVKINPSWSKGYNRLGAAHLGLGDLDEAESNYKKALELDASNKAAKEGLDQVHRT 120 

hsHOP     EDGCKTVDLKPDWGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNPQLKEGLQNMEAR 118 
 

STIAT1    ASRSRAS--APNPFGDAFQGPEMWSKLTADPSTRGLLKQPDFVNMMKEIQRNPSNLN-LY 173 

STIAT2    VARSRA---APNPFGDAFQGPEMWTKLTSDPSTRGFLQQPDFVNMMQEIQKNPSSLN-LY 172 

STIAT3    RVSSKS-----NPFVDAFQGKEMWEKLTADPGTRVYLEQDDFVKTMKEIQRNPNNLN-LY 170 

STINT     QARSRGPASSANPFGDAFSGPEMWAKLTADSSTRAYLNQPDFVNMMKDIQKNPSNLN-LY 175 

scSTI1    QQARQAQP--DLGLTQLFADPNLIENLKKNPKTSEMMKDPQLVAKLIGYKQNPQAIGQDL 178 

hsHOP     LAERK--------FMNPFNMPNLYQKLESDPRTRTLLSDPTYRELIEQLRNKPSDLG-TK 169 
 

STIAT1    LQDQRVMQALGVLLNIQIR-TQQAGDDMEIGEEEMAVPSRKEPEVEKKRKPEPEPEPEP- 231 

STIAT2    LKDQRVMQSLGVLLNVKFRPPPPQGDEAEVPESDMGQSSSNEPEVEKKREPEPEPEPEVT 232 

STIAT3    MKDKRVMKALGVLLNVKFG--GSSGEDTEMKEAD--------------ERKEPEPEMEPM 214 

STINT     LKDQRVMQALGVLLGMKLSTRMPEEEDAEMPEP---SPERKRPAEEEKKRPEPEPEPEPM 232 

scSTI1    FTDPRLMTIMATLMGVDLNMDDINQSNSMPKEPETSKSTEQKKDAEPQSDSTTSKENSSK 238 

hsHOP     LQDPRIMTTLSVLLGVDLG---SMDEEEEIATPP--------------PPPPPKKETKPE 212 
 

STIAT1    EFGEEK------------QKKLKAQKEKELGNAAYKKKDFETAIQHYSTAMEIDDEDISY 279 

STIAT2    EEKEKK------------ERKEKAKKEKELGNAAYKKKDFETAIQHYSTAIEIDDEDISY 280 

STIAT3    ELTEEERQK--------KERKEKALKEKGEGNVAYKKKDFGRAVEHYTKAMELDDEDISY 266 

STINT     EVGEEEKEI--------KERKAKAQKEKEAGNAAYKKKDFETAIQHYSKAIELDDEDISF 284 

scSTI1    APQKEESKESEPMEVDEDDSKIEADKEKAEGNKFYKARQFDEAIEHYNKAWELH-KDITY 297 

hsHOP     PMEEDLP-----------ENKKQALKEKELGNDAYKKKDFDTALKHYDKAKELDPTNMTY 261 

 

          TPR2A 

STIAT1    ITNRAAVHLEMGKYDECIKDCDKAVERGRELRSDYKMVAKALTRKGTALGKMAKVSKDYE 339 

STIAT2    LTNRAAVYLEMGKYNECIEDCNKAVERGRELRSDYKMVARALTRKGTALTKMAKCSKDYE 340 

STIAT3    LTNRAAVYLEMGKYEECIEDCDKAVERGRELRSDFKMIARALTRKGSALVKMARCSKDFE 326 

STINT     ITNRAAVYLEMGKYEDCIKDCDQAVERGRELRSDFKMIARALTRKGTALAKMAKSSKDFE 344 

scSTI1    LNNRAAAEYEKGEYETAISTLNDAVEQGREMRADYKVISKSFARIGNAYHKLGD----LK 353 

hsHOP     ITNQAAVYFEKGDYNKCRELCEKAIEVGRENREDYRQIAKAYARIGNSYFKEEK----YK 317 
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STIAT1    PVIQTYQKALTEHRNPETLKRLNEAERAKKELEQQEYYDPNIGDEEREKGNDFFKEQKYP 399 

STIAT2    PAIEAFQKALTEHRNPDTLKRLNDAERAKKEWEQKQYFDPKLGDEEREKGNDFFKEQKYP 400 

STIAT3    PAIETFQKALTEHRNPDTLKKLNDAEKVKKELEQQEYFDPTIAEEEREKGNGFFKEQKYP 386 

STINT     VAIEVFQKALTEHRNPDTLKKLNDAEKARKELEQQEYFNPQIADEEREKGNQFFKEMKYP 404 

scSTI1    KTIEYYQKSLTEHRTADILTKLRNAEKELKKAEAEAYVNPEKAEEARLEGKEYFTKSDWP 413 

hsHOP     DAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQERLAYINPDLALEEKNKGNECFQKGDYP 377 

 

          TPR2B 

STIAT1    DAVRHYTEAIKRNPKDPRAYSNRAACYTKLGAMPEGLKDAEKCIELDPTFLKGYSRKGAV 459 

STIAT2    EAIKHYTEAIKRNPNDHKAYSNRAASYTKLGAMPEGLKDAEKCIELDPTFSKGYSRKAAV 460 

STIAT3    EAVKHYSEAIKRNPNDVRAYSNRAACYTKLGALPEGLKDAEKCIELDPSFTKGYSRKGAI 446 

STINT     EAVKHYTESIKRNPKDPRAYSNRAACYTKLAALPEGLKDAEKCIELDPTFVKGYTRKGAV 464 

scSTI1    NAVKAYTEMIKRAPEDARGYSNRAAALAKLMSFPEAIADCNKAIEKDPNFVRAYIRKATA 473 

hsHOP     QAMKHYTEAIKRNPKDAKLYSNRAACYTKLLEFQLALKDCEECIQLEPTFIKGYTRKAAA 437 
 

STIAT1    QFFMKEYDNAMETYQKG------LEHDPNNQELLDGVKRCVQQINKANRGDLTPEELKER 513 

STIAT2    QFFLKEYDNAMETYQAG------LEHDPSNQELLDGVKRCVQQINKANRGDLTPEELKER 514 

STIAT3    QFFMKEYDKAMETYQEG------LKHDPKNQEFLDGVRRCVEQINKASRGDLTPEELKER 500 

STINT     QFFMKEYEKAMETYQEG------LKHDPQNQELLDGVKRCVEQINRGSRGDLTPEELKER 518 

scSTI1    QIAVKEYASALETLDAARTKDAEVNNGSSAREIDQLYYKASQQRFQPGTSNETPEETYQR 533 

hsHOP     LEAMKDYTKAMDVYQKA------LDLDSSCKEAADGYQRCMMAQYNRHD---SPEDVKRR 488 
 

STIAT1    QAKGMQDPEIQNILTDPVMRQVLSDLQENPAAAQKHMQNPMIMNKIQKLISSGIVQMK- 571 

STIAT2    QAKGMQDPEIQNILTDPVMRQVLSDLQENPSAAQKHMQNPMVMNKIQKLISAGIVQMK- 572 

STIAT3    QAKAMQDPEVQNILSDPVMRQVLVDFQENPKAAQEHMKNPMVMNKIQKLVSAGIVQVR- 558 

STINT     QAKGMQDPEIQNILTDPVMRQVLTDFQENPKAAQDHMKNPLVMNKIQKLINAGIVQS-- 575 

scSTI1    ---AMKDPEVAAIMQDPVMQSILQQAQQNPAALQEHMKNPEVFKKIQTLIAAGIIRTGR 589 

hsHOP     ---AMADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLIAIR- 543 

Figure 5: Homology analysis of the HOP/STI1 proteins from Arabidopsis and of selected eukaryotic 

homologues. 

A: Similarity tree of HOP/STI proteins aligned by Clustal W. Yeast, human and plant HOP are clustering 

together. Arabidopsis HOP (STIAT1 and STIAT2) show highest homology to STINT from tobacco in 

comparison to STIAT3 and yeast/human HOP. 

B: Alignment of HOP/STI proteins. STIAT: A. thaliana, STINT: N. tabacum, scSTI1: S. cervisiae, hsHOP: 

H. sapiens. Grey shaded areas represent TPR domains. DP repeats are shown in bold.  

 

2.5. HOP/STI1 proteins participate in plant stress response network 

Plants are exposed to different kinds of abiotic stresses, such as extreme temperatures, 

drought, salinity, chemical toxicity and oxidative stress, that potentially reduce crop yield by 

more than 50 % (reviewed in Vij and Tyagi 2007, Wang et al. 2004, Wang et al. 2003). 

Physiological consequences of abiotic stresses are morphological, physiological, biochemical 

and molecular changes affecting plant growth and productivity (Wang et al. 2001). Heat stress 

is one of the main abiotic stress factors that effects plant biomass and productivity, in 

particular during warm seasons and when growing boreal crops in warm climatic regions 

(Huang and Xu 2008). It also turns into deciding factor when plants suffer from water loss 

during dry spells. In addition, global warming increases the world’s average ambient 

temperature resulting in an aggregation of that issue. In order to accelerate breeding efforts for 
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plant improvement moderating the adverse effects of heat stress, understanding of heat stress 

defence mechanisms are essential. 

Despite the diversity of environmental stresses, a conserved activation of cell signalling 

pathways (Knight and Knight 2001) and cellular responses is known, such as the production 

of stress-related proteins and the accumulation of antioxidants or compatible solutes (Vierling 

and Kimpel 1992). A proposed model describing the complex plant response network is 

represented in Figure 6. 

 

Primary stress
Heat, Cold, Drought, 

Salinity, etc.

Secondary stress
Osmotic stress

Oxidative stress

Disruption of osmotic/ ionic homeostasis;
Damage of proteins/membranes

Signal sensing, perception and transduction
Osmosensor, second messengers (ROS), kinases (MAP), Ca2+sensors

Transcriptional control
Transcription factors, e.g. HSF, CBF/DREB, ABF, MYC/MYB, bZIP

Stress responsive mechanisms

Gene

activation

Detoxification

SOD/ PX

Osmoprotection

proline

Chaperone functions

Hsp/LEA

Water and ion movement

Aquaporin/ ion transporter

Re-establishment of cellular homeostasis, functional and 

structural protection of proteins and membranes

Stress tolerance or resistance  

Figure 6: The complexity of plant response network to abiotic stresses (Wang, et al. 2003). 

Initial abiotic stresses including heat, cold, drought and salinity which can be overlapping, result in the 

generation of secondary stresses. The primary signals trigger downstream signalling processes and 

activate transcription factors. The subsequent gene activation results in the re-establishment of cellular 

homeostasis and protection of proteins and membranes. 

Abreviations: ABF, ABRE binding factor; bZIP, basic leucine zipper transcription factor; CBF/DREB, C-
repeat-binding factor/dehydration-responsive binding protein; Hsp, heat shock protein; LEA, late 

embryogenesis abundant; MAP, mitogen-activated protein; PX, peroxidase; ROS, reactive oxygen species; 

SOD, superoxide dismutase. 
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Initially, mostly overlapping abiotic stresses including drought, salinity, cold and heat, result 

in the disruption of cellular homeostasis and the generation of secondary effects like osmotic 

and oxidative stresses. Protein damage and distortions in ionic homeostasis represent signals 

that are perceived and transduced. Genes responsible for diverse stress-responsive 

mechanisms are activated by specific transcription factors that mainly function in 

detoxification, osmoprotection, water and ion movement, and chaperone network. Finally, all 

components of the network result, in a concerted manner, to the re-establishment of cellular 

homeostasis and protection or reparation of damaged proteins and membranes. However, the 

inappropriate response at one or more steps in this signalling cascade leads to irreversible 

disturbances in cellular homeostasis and damages of structural proteins, finally to cell death. 

In recent years, investigations of the transcriptional control, analysis of free-radical 

scavengers, osmoprotectants and ion transporters were in the focus of research efforts, largely 

omitting the significance of stress-induced proteins (reviewed in Wang et al. 2003). 

Functional analysis of the role of stress-induced proteins during abiotic stress responses, such 

as heat-shock proteins and late embryogenesis abundant (LEA)-type proteins, are limited to 

the focus on small Hsp family (reviewed in Wang et al. 2003). 

Many Hsp have been shown to act as molecular chaperones, responsible for protein synthesis, 

targeting, maturation and degradation. They are expressed under normal growth conditions, 

indicating contribution to cellular homeostasis, but they also respond to a wide range of 

unfavourable environmental conditions, such as heat, flooding, salinity, osmotic, cold and 

oxidative stress (Boston et al. 1996, Vierling 1991). They are known to be an important 

adaptive strategy in plant tolerance to heat stress, which is reflected by an elevated expression 

there (Vierling 1991). 

Five major families of Hsp are described in plants and grouped, initially according to their 

molecular size, into small Hsp, Hsp60, Hsp70, Hsp90 and Hsp100. Current classifications, 

however, are based on homology and functional domains. 

Except for the small Hsp family, relatively little focus has been given to the role of other Hsp 

in relation to plant abiotic stresses in the past (reviewed in Wang et al. 2003). There is still no 

specific information on how the two major protein chaperones Hsp70 and Hsp90 contribute to 

survival of heat stress in plants (Kotak et al. 2007) and how HOP/STI1 proteins are involved. 
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2.6. Hsp70 and Hsp90 protein families in Arabidopsis – the potential 

interaction partners of STIAT isoforms 

Hsp70 proteins have an important role in preventing aggregation and in assisting refolding of 

native proteins under both normal and stress conditions (Hartl 1996). They also function in 

protein import, translocation processes and targeting of proteins to proteasomes for 

degradation (Frydman 2001, Hartl 1996). The latter function is mediated by inducible family 

members, while the general function is performed by constitutively expressed isoforms 

(Frydman 2001, Hartl 1996). 

Structurally, Hsp70 consists of a highly conserved N-terminal ATPase domain of 44 kDa and 

a C-terminal peptide-binding domain of ca. 25 kDa (Zhu et al. 1996). Substrate binding and 

release are coupled to ATPase activity of Hsp70, which requires the assistance of co-

chaperones. 

The Hsp70 protein superfamily is divided into two subfamilies: the Escherichia coli DnaK 

subfamily, and mammals and yeast Hsp110/SSE subfamily (reviewed in Wang et al. 2004). 

The genome of the model plant A. thaliana contains 18 genes encoding Hsp70 family 

members, including one pseudogene (Lin et al. 2001). The DnaK subfamily in Arabidopsis 

contains 13 members with diverse subcellular localisations implying both functional 

specificity and phylogenetic divergence (Vierling 1991). AtHsp70-1 to AtHsp70-5 are 

predicted to be located to the cytosol and nucleus, AtHsp70-6 and AtHsp70-7 to plastids (Su 

and Li 2008), AtHsp70-9 and AtHsp70-10 to mitochondria and AtHsp70-11 to AtHsp70-13 to 

endoplasmatic reticulum (ER) (Lin et al. 2001). AtHsp70-8 represents an exception, because 

it shows large sequence variation with similarity of only 25 % to most other AtHsp70s (Lin et 

al. 2001). The 4 members of Hsp110/SSE subfamily AtHsp70-14 to AtHsp70-17 are 

predicted to be localized in cytosol, with exception of AtHsp70-17 expected to residue to ER. 

In recent years, specific functions of single Hsp70 isoforms in Arabiopsis have been studied. 

Overexpresion of the major cytosolic Hsp70 isoform (Hsp70-1) resulted in an improved 

tolerance to heat and cadmium stress but in sensitivity to pathogens (Cazalé et al. 2009, Noël 

et al. 2007, Sung and Guy 2003). The involvement of the cytosolic and stress-inducible 

Hsp70-4 isoform in protein degradation and embryogenesis has been demonstrated using 

Hsp70-4 RNAi plants (Lee et al. 2009). Knock down of stromal Hsp70-6 and Hsp70-7 

isoforms revealed an abnormal plastid structure and an impaired root growth after heat shock 

treatment of germinating seeds indicating essential role in chloroplast development and 

thermotolerance of germinating seeds (Latijnhouwers et al. 2010, Su and Li 2008). Very 
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recently, Hsp70-15 deficient Arabidopsis plants showed growth reduction after heat stress and 

improved tolerance to turnip mosaic virus, indicating essential function of Hsp70-15 during 

thermotolerance and virus infection process (Jungkunz et al. 2011). Moreover, authors 

suggested that Hsp70-15 may function as nucleotide exchange factor for cytosolic members 

of the DnaK subfamily because Hsp70-15-deficient Arabidopsis resulted in an equal up-

regulation of genes coding for Hsp as seen in a study with L-azetidine-2-carboxylic acid 

(AZC), which is used to induce the cytosolic Hsp70 protein response (Jungkunz et al. 2011). 

Thus, these findings indicate that Hsp70 isoforms have specific functions in cellular response 

to different environmental stresses. 

 

Hsp90 is one of the most abundant proteins under normal physiological conditions and a 

highly conserved molecular chaperone found in all organisms with key roles in cell viability. 

In general, Hsp90 has major functions in folding, translocation, activation and degradation of 

proteins involved in a wide range of processes, from signal transduction to cell cycle control 

(Buchner 1999, Richter and Buchner 2001, Young et al. 2001). As for the Hsp70 family some 

members of the Hsp90 family are stress-inducible, while others are constitutively expressed. 

All Hsp90 share a conserved N-terminal ATP-binding domain and a C-terminal dimerisation 

domain which are connected by a highly charged linker of variable length (Buchner 1999, 

Richter and Buchner 2001, Young et al. 2001). Cytoplasmatic Hsp90 isoforms from both 

animals and plants contain the C-terminal pentapeptide MEEVD, which is used as a 

diagnostic marker (Buchner 1999, Krishna and Gloor 2001, Richter and Buchner 2001, 

Young et al. 2001). 

Cytosol, ER- and plastid-localized Hsp90 genes have been isolated from several plant species, 

sharing 63-71 % amino acid sequence similarity with Hsp90 of yeast and animal origin and 

88-93 % within Hsp90 from plants (Krishna and Gloor 2001). The Arabidopsis genome 

contains seven members of Hsp90 family: AtHsp90-1 to AtHsp90-4 constitute the 

cytoplasmatic subfamily, while AtHsp90-5, AtHsp90-6 and AtHsp90-7 are predicted to be 

localized to plastids, mitochondria or ER, respectively (Krishna and Gloor 2001). 

Genes of Hsp90-2/3/4 are located as a cluster on chromosome five and show 97 % homology, 

indicating gene duplication and redundant function. They are constitutively expressed, 

whereas Hsp90-1 is only induced after heat shock and arsenite treatment (Haralampidis et al. 

2002). An essential function of Hsp90-1 was reported in pathogen resistance by binding to 

resistance proteins RAR1 and SGT1 (Takahashi et al. 2003), whereas the complex of Hsp90-
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1 with ROF1 is modulating thermotolerance in Arabidopsis (Meiri and Breiman 2009). 

Overexpression of Hsp90-2 and Hsp90-3 in Arabidopsis enhanced plant sensitivity to both 

salt, drought and heat stress, but improved tolerance to high Ca2+ (Song et al. 2010, Xu et al. 

2010), suggesting that proper balance of Hsp90 is critical for cellular stress response and/or 

tolerance in plants. 

Overexpression of cytosolic Hsp90-2 and organellar Hsp90-5 and Hsp90-7 resulted in an 

improved tolerance towards oxidative stress (Song et al. 2009a, Song et al. 2009b). However, 

the comparison of cytosolic and organellar Hsp90 overexpression led to reduced resistance 

towards oxidative stress and a higher sensitivity under salt and drought conditions of the 

organellar Hsp90, indicating different functional roles of cytosolic and organellar Hsp90 

(Song et al. 2009a, Song et al. 2009b). Since the detailed functional mechanism of Hsp90 

during abiotic stress is still unresolved, studying Hsp90 in plants has great potential to reveal 

yet unknown important roles which are specific for plants. 

 

2.7. Aims of the work 

The functional investigation of HOP/STI1 protein family in plants by means of molecular and 

biochemical analysis was addressed in this thesis to clarify the roles during control and stress 

conditions. The analyses were performed in Arabidopsis as it encodes three STIAT genes 

(Krishna and Gloor 2001), but all information available so far is based on in silico data 

(Krishna and Gloor 2001, Prasad et al. 2010) or found during untargeted large-scale 

proteomic analysis (Benschop et al. 2007, Conde et al. 2011, Sugiyama et al. 2008). Partly 

studies were conducted in tobacco on the homologous protein STINT, which was detected 

earlier in leaf trichomes of tobacco during the characterisation of the protein complement 

(Amme et al. 2005). 

In order to clarify the roles of the different STIAT isoforms in Arabidopsis the following 

group of topics were analysed: the characterisation of STIAT isoform expression (1), the 

verification of their intracellular distribution (2) and the isolation and characterisation of their 

potential interaction partners and their molecular status (3). For the expression analysis of 

STIAT isoforms Arabidopsis T-DNA insertion lines were selected. STIAT isoform 

expression has been investigated in these mutants, during abiotic stress treatments and in 

different organs by immunoblotting using the antiserum against STINT. 
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As the knowledge of the subcellular localisation on STIAT isoforms is limited to the 

localisation of STIAT1 in cytsol and nucleus when fused to GFP (Hedtmann 2005), 

subcellular compartments of Arabidopsis and tobacco leaves were isolated and analysed by 

immunoblotting. 

Last, for the isolation and identification of putative interaction partners of STIAT/STINT and 

the analysis of the molecular status a combination of chromatographic and gel based 

separation methods as well as mass spectrometry analysis has been applied. Therefore 

Arabidopsis leaf material, tobacco and Arabidopsis cell cultures, a STI1-TAP yeast strain as 

well as the recombinant produced proteins were used, e.g. in immunoprecipitation 

experiments of STIAT isforms from Arabidopsis leaf material and in tandem affinity 

purifications of STINT overexpressed in an Arabidopsis cell culture. 
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3. Material and Methods 

3.1. Plant material and plant growth 

Arabidopsis thaliana ecotype Columbia-0 plants were grown on soil under short-day 

conditions (8h light, 16h dark), at approximately 60 % humidity and 22 °C/18 °C day/night 

temperature. They were transferred to long-day conditions (16 h light, 8 h dark) were applied 

to allow flowering. 

Wild-type Columbia-0 line N1072 and T-DNA insertion lines GABI_399G03 (stiat1-1), 

GABI_028A04 (stiat1-2) and GABI_420A10 (stiat2-1) (Rosso et al. 2003) and 

SALK_023494 (stiat3-1) (Alonso et al. 2003) were ordered from Nottingham Arabidopsis 

Stock Center (Nottingham, United Kingdom). 

For in vitro cultivation, seeds were surface sterilized by treatment with 70 % ethanol for         

2 min, 7 % NaOCl for 8 min and three washing steps with sterile water. Seeds were placed on 

¼ MS medium (Murashige and Skoog 1962) (1.1 g L-1 MS medium including vitamins 

(Duchefa, Haarlem, Netherlands), 5 g L-1 sucrose, 8 g L-1 agar, pH 5.8) and selective marker. 

Stratification of seeds was performed at 4 °C for 4 days in the dark prior to growth under 

controlled conditions. 

Abiotic stress experiments were performed with 5 weeks old plants at 10 °C and 30 °C, 

representing cold and heat stress, respectively under short day conditions. Water was not 

restricted. 

Tobacco root cell suspension culture N. tabacum L. cv Havana SR1 (Maliga et al. 1973) was 

maintained in 20 ml modified Linsmeier-Skoog medium LS-3 (Linsmeier and Skoog 1965) 

(4,4 g L-1 LS medium (Duchefa, Haarlem, Netherlands), 30 g·L-1 sucrose, 2 mg·L-1                

α-naphtalene acetic acid, 0.3 mg·L-1 kinetin, pH 6.0) at 25 °C in the dark by gentle agitation 

(110 rpm). The cells were subcultured in fresh medium at a 1:10 dilution every 7 days. 

 

3.2. Antibodies 

3.2.1. Preparation of STINT specific antibody 

Immunisation of rabbits with purified, recombinant STINT-Protein and collection of bleed 

samples was done as a service by Dr. Udo Conrad (Research Group Phytoantibodies, IPK 

Gatersleben). 
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Recombinant STINT protein was produced as His-fusion protein using pQE32 expression 

vector following manufacturer’s instructions (Qiagen, Hilden, Germany). Therefore, a      

1,728 bp SmaI-HindIII fragment of STINT was obtained by PCR using primers 5-

ATCCCGGGGCCGACGAAGCTAAG-3 and 5-CGCGAAGCTTTTATTTAACTTGGACA-

ATTCC-3, ligated into SmaI-HindIII digested pQE32 and transformed into Escherichia coli 

strain XL1 Blue cells (Bullock et al. 1987). The expression clone was sequenced to confirm 

the identity (MWG Biotech, Martinsried, Germany). The recombinant STINT was purified 

using affinity chromatography with 1 ml Ni sepharose high performance (HP) column in 

ÄktaExplorer System (GE Healthcare, Freiburg, Germany) according to manufacturer’s 

instructions and confirmed by SDS-PAGE. 

The antiserum was purified with ÄktaExplorer System using a 5 ml HiTrap-NHS column (GE 

Healthcare, Freiburg, Germany) following instruction of manufacturer. Initially, isopropanol 

was removed from the column manually by washing three times with ice cold 1 mM HCl 

(drop by drop). The washed column was incubated with 5 ml recombinant STINT for 30 min 

at RT. Unspecific bounded protein was removed by washing with 25 ml PBS buffer (140 mM 

NaCl, 10 mM KCl, 6.4 mM Na2HPO4, 2 mM KH2PO4). Washing and deactivation of the 

column was performed by alternate incubation with buffer A (0.5 M ethanolamine, 0.5 M 

NaCl, pH 8.3) and buffer B (0.1 M acetate, 0.5 M NaCl, pH 4). Antiserum was desalted 

against PBS buffer using PD-10 columns (GE Healthcare, Freiburg, Germany) before loading 

to the HiTrap-NHS column at a flow rate of 0.3 ml min-1, which was equilibrated with 50 mL 

PBS buffer. After removing unspecific bounded proteins from the column with 40 mL 

washing buffer (0.01 M Tris, 1 M NaCl, pH 7.5) the elution was carried out with 0.1 M 

glycin, pH 2.8. The purity of the lysate was confirmed by Western blot analysis. 

 

3.2.2. Other antibodies 

An Arabidopsis Hsp90 antibody was produced in this thesis as described above with minor 

modification. Recombinant Hsp90-1 protein was produced as HIS protein using pDEST17 

expression vector (Invitrogen, Karlsruhe, Germany). The Hsp70 specific antibody recognizing 

cytosolic Arabidopsis isoforms Hsp70-1 to Hsp70-5, the anti-H+-ATPase- and anti-V-ATPase 

polyclonal antisera were obtained by Agrisera (Vännäs, Sweden). Anti-polyHistidine mouse 

monoclonal antibody HIS-1, anti-GOAT donkey antiserum and alkaline phosphatase-coupled 

secondary mouse and rabbit antibodies were purchased from Sigma-Aldrich (Taufkirchen, 
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Germany). Infrared dye-coupled secondary rabbit antibody was obtained by Li-Cor (Bad 

Homburg, Germany). 

 

3.3. Preparation of total proteins extracts, determination of protein 

concentration, SDS-PAGE and immunodetection 

3.3.1. Preparation of total proteins extracts and determination of protein content 

Total protein extracts were prepared by homogenisation of one part of frozen, ground plant 

material with two parts of extraction buffer [50 mM Hepes pH 7.5, 150 mM NaCl, 1 mM 

DTT, 1 mM PMSF, 1 X protease inhibitor cocktail (Roche, Mannheim, Germany)]. After 

centrifugation at 16,000 x g for 30 min at 4 °C, supernatants were subjected to Bradford 

protein assay (Bradford 1976) to determine the protein content. Bovine serum albumin (BSA) 

served as a reference protein. 

 

3.3.2. SDS-PAGE and immunodetection 

Defined protein amounts were separated by SDS-PAGE according to Laemmli (1970) using 

the Mini Protean II (Biorad, Munich, Germany) or Perfect Blue Twin ExW S apparatus 

(Peqlab, Erlangen, Germany). The aluminium-based staining protocol of Kang et al. (2002) 

was applied for colloidal Coomassie staining of proteins. After electrophoresis, gels were 

washed twice with water for 10 min and subsequently incubated in staining solution (5 % 

aluminium sulfate-(14-18)-hydrate, 0.02 % CBB-G250, 10 % ethanol, 2 % ortho-phosphoric 

acid) for 1-3 h and destaining solution (10 % ethanol, 2 % ortho-phosphoric acid) for 30 min 

to visualize the proteins. 

Protein transfer to polyvinylidene fluoride (PVDF) membrane and immunodetection using 

alkaline phosphatase-coupled secondary antibodies was perfomed as described in Amme et al. 

(2005). Subsequent to SDS-PAGE, proteins were transferred to a PVDF membrane 

(Immobilon-P, pore size 0.45 µm, Millipore, Eschborn, Germany) using a semidry apparatus 

(Schütt, Göttingen, Germany). Immunodetection was performed using the respective 

antibodies and alkaline phosphatase color reagents 5-bromo-4-chloro-3-indolyl phosphate 

(BCIP), and nitroblue tetrazolium chloride (NBT). 

Gels and membranes visualized with alkaline phosphatase-coupled secondary antibodies were 

documented using a UMAX Power Look III scanner (UMAX Systems GmbH, Willich, 
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Germany) with the MagicScan software (v.4.5). Li-Cor scanner (Li-Cor, Bad Homburg, 

Germany) with the Odyssey software (v3.0) was used for documentation of membranes 

decorated with infrared dye-coupled secondary antibody and densitometric evaluation of 

protein bands. 

 

3.3.3. Two-dimensional protein gel electrophoresis and immunodetection 

Protein extraction for 2-D gel electrophoresis was performed according to the procedure 

described by Amme et al. (2005). Frozen plant material was homogenized under liquid 

nitrogen to a fine powder. Ten parts of TCA/acetone solution [10 % (w/v) TCA, 0.07 % (w/v) 

2-mercaptoehtanol in acetone] were added to one part of ground material (approximately 1 g) 

and incubated 45 min at -20 °C. The precipitate was pelleted by centrifugation at 36,000 x g 

for 15 min at 4 °C (Eppendorf centrifuge 5417R with FA45-24-11 rotor, Eppendorf, 

Hamburg, Germany) and washed twice with 0.07 % (w/v) 2-mercaptoethanol in acetone. 

After drying the pellet in a vacuum centrifuge for 10 min at RT (Concentrator 5301, 

Eppendorf, Hamburg, Germany), it was solubilized in rehydration buffer (8 M urea, 2 % 

CHAPS, 20 mM DTT, 0.5 % IPG buffer) for 1 h at 37 °C under shaking conditions. Solid 

residues were removed by an additional centrifugation step and clarification through 0.45 µm 

filter units (Ultrafree-MC, Millipore, Eschborn, Germany). The protein concentration was 

determined using 2-D Quant-Kit (GE Healthcare, Freiburg, Germany) according the 

manufacturer’s instructions. BSA served as a reference protein. 

2-D gel electrophoresis was performed following the procedure described by Schlesier and 

Mock (2006). Fifteen µg total protein extract were loaded on immobilized pH gradient (IPG) 

strip of 7 cm in length (GE Healthcare, pH 4-7) by rehydration. Isoelectric focussing (IEF) 

was performed on IPGphor II unit (GE Healthcare) with following parameters: 14 h 

rehydration, 30 min Gradient to 250 V, 30 min Gradient to 500 V, 30 min Gradient to 3,000 V 

and 4.40 h 3,000 V with a total of about 15 kVh. After IEF, IPG-strips were equilibrated in 50 

mM Tris-HCl, pH 8.8, 6 M urea, 30 % (v/v) glycerin, 2 % (w/v) SDS, 20 mM DTT, 0.01 % 

bromphenol blue for 15 min. Then, the equilibrated strips were placed on top of an 11.25 % 

SDS gel, covered with 0.5 % agarose and second dimension was performed using Mini 

Protean II (Biorad, Munich, Germany). 2-D gel was subsequently subjected to Western blot 

analysis as described in section 3.3.2. 
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3.4. Transcriptional analysis using Genevestigator 

Genevestigator (Hruz et al. 2008) (www.genevestigator.com, V3) was employed to extract the 

transcriptional data of STIAT isoforms in Arabidopsis. Standard settings using Affymetrix 

ATH1 22k genome array with high quality as quality control was applied, resulting in a total 

number of 6100 arrays. 

 

3.5. Identification and characterisation of STIAT T-DNA insertion 

mutants 

T-DNA insertion lines GABI_399G03 (stiat1-1), GABI_028A04 (stiat1-2) and 

GABI_420A10 (stiat2-1) (Rosso et al. 2003) were screened for homozygous plants by PCR-

based genotyping. Using the gene-specific primers 5'-GGCGGACGAAGCAAAAGCTAA-

AG-3'/ 5'-CTTTCCCATCTCTAGATGAACAGCAG-3' for stiat1-1, 5’-GAAAGGGGTAG-

AGAGCTTAGGTCTG-3’/ 5’-GAATAATCTCCCCGTGACTTAACACC-3’ for stiat1-2 and 

5’-ATGGCAGAAGAAGCTAAAGCTAAAGGAAA-3'/ 5'-TTATTTCATCTGGACGATCC-

CAGCGCTAATAA-3' for stiat2-1 Wt-like allele was detected. For detection of T-DNA allele 

Primer for left border of T-DNA insertion (5'-CCCATTTGGACGTGAATGTAGACAC-3') 

was combined with 5'-CTTTCCCATCTCTAGATGAACAGCAG-3' (stiat1-1), 5’-GAATA-

ATCTCCCCGTGACTTAACACC-3’ (stiat1-) and 5’-ATGGCAGAAGAAGCTAAAGCTA-

AAGGAAA-3' (stiat2-1). Knock out was confirmed by Western blot analysis using antiserum 

directed against the recombinant tobacco protein STINT. 

The resulting T-DNA insertion lines were subjected to abiotic stress treatments cold and heat 

as described in section 3.1. The growth parameters “diameter of rosette”, “number” and “fresh 

weight of leaves” were determined for 15 plants for each line grown under control and stress 

conditions in three independent experiments. Means of 15 plants per line, treatment and 

experiment were calculated and statistical analysis of mutant lines compared to control line 

Columbia-0 for each treatment and experiment was performed using ANOVA followed by 

Tukey-test with a significance level at p<0.05. 
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3.6. Methods for subcellular localisation of proteins 

3.6.1. In silico analysis tools 

The subcellular localisation analysis of STIAT isoforms was performed using the tools 

TargetP (Emanuelsson et al. 2000) and WoLF PSORT (Horton et al. 2007). Mitoprot (Claros 

and Vincens 1996) and Predotar (Small et al. 2004) were used for verification of 

mitochondrial targeting peptides based on the assumed localisation in mitochondria. The 

prediction of transmembrane domains in STIAT isoforms was employed by using the tools 

SOSUI (Hirokawa et al. 1998), HMMTop (Tusnady and Simon 2001) and DAS (Cserzo et al. 

1997) with standard parameters. 

 

3.6.2. Fractionation of all nuclei 

Nuclei isolation was performed according to Shen et al. (2007) with an additional purification 

step. 1.5 g fresh leaf tissue was homogenized with 3 ml of Honda buffer [2.5 % Ficoll 400,    

5 % dextran T40, 0.4 M sucrose, 25 mM Tris-HCl pH 7.4, 10 mM MgCl2, 1 mM DTT, 1 mM 

PMSF, 1 X protease inhibitor cocktail (Roche, Mannheim, Germany)] using pre-cooled motar 

and filtered through a 62 µm nylon mesh. Filtrate (total protein) was incubated with Triton X-

100 at a final concentration of 0.5 % on ice for 15 min and centrifuged at 1,500 x g for 5 min 

(Hereaus Multifuge 1S-R with TTH400 rotor, Schütt, Göttingen, Germany). The supernatant 

represented the soluble fraction. The pellet was washed with 2.5 ml Honda buffer containing 

0.1 % Triton X-100, centrifugated, resuspended with 2.5 ml Honda buffer without Triton X-

100 and transferred to two microcentrifuge tube. Starch and remaining cell debris were spun 

down at 100 x g for 5 min. The supernatant was centrifuged at 2,000 x g for 5 min (Eppendorf 

centrifuge 5417R with FA45-24-11 rotor, Eppendorf, Hamburg, Germany) to pellet the 

nuclei. Additional purification was achieved by resuspending the nuclei in buffer G [1.7 M 

sucrose, 10 mM Tris-HCl pH 8.0, 0.15 % Triton-X100, 2 mM MgCl2, 5 mM DTT, 1 X 

protease inhibitor cocktail (Roche, Mannheim, Germany)], overlaying an equal amount of 

buffer G and centrifugating at 16,000 x g for 1 h. This pellet was resuspended in 100 µl 

Honda buffer. All centrifugation steps were carried out at 4 °C. If necessary, this procedure 

was scaled up to 3 or 6 g fresh leaf tissue. 
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3.6.3. Enrichment of leaf plasma membrane proteins 

Plasma membrane enrichment was performed by two-phase partitioning method described by 

Santoni (2007). Fifty g fresh leaf tissue was vacuum infiltrated with two volumes 

homogenisation buffer [50 mM MOPS, 5 mM EDTA, 0.33 M sucrose, pH 7.5 with KOH; 

added before use: 5 mM DTT, 5 mM ascorbate, 0.6 % (w/v) polyvenylpolypyrrolidone, 1 X 

protease inhibitor (Roche, Mannheim, Germany)]. After filtration through two layers of 

Miracloth (Calbiochem, Darmstadt, Germany), the solution was centrifuged at 4,200 x g for 

30 min at 4 °C (Hereaus Multifuge 1S-R with TTH400 rotor, Schütt, Göttingen, Germany) to 

remove debris. The supernatant was ultracentrifuged at 55,000 x g for 50 min at 4 °C 

(Beckman ultracentrifuge with Ti770 rotor, BeckmanCoulter, Fullerton, USA) to pellet the 

microsomes. The supernatant (cytosolic fraction) was removed and microsomal pellet was 

homogenized in resuspension buffer (5 mM potassium phosphate pH 7.8, 0.33 M sucrose; 

added before use: 1 mM DTT, 0.1 mM EDTA) using a brush. The two-phase partitioning was 

performed on three two-phase systems containing 6.4 % (w/w) dextran T500 and 6.4 % (w/w) 

PEG 3350, 5 mM potassium phosphate, 5 mM KCl, 0.3 M sucrose and water to a final weight 

of 27 g. Nine g microsomal fraction or resuspension buffer were added to two systems, 1 and 

2 respectively, mixed by inverting and centrifuged at 1,000 x g for 7 min at 4 °C. The upper 

phase of system 2 was removed and upper phase of system 1 was transferred to lower phase 

of system 2. Resuspension buffer was added to system 3 and all three systems were 

centrifuged. The lower phase of system 1 resulted in endomembrane fraction. The upper 

phase of system 3 was removed and upper phase of system 2 was transferred to lower phase 

of system 3. After phase separation by centrifugation, the upper phase of system 3 displayed 

the plasma membrane fraction. Both membrane fractions were mixed with one volume 

resuspension buffer and ultracentrifuged at 100,000 g for 60 min at 4 °C. Pellets of 

plasmamembrane and endomembrane were resolved in 400 and 1000 µl resuspension buffer 

using a brush, respectively, and stored at -80 °C. All steps were carried out at 4 °C. 

 

3.7. Size exclusion chromatography of the putative STINT complex 

Total protein extracts were prepared from tobacco cell culture by mixing 200 mg lyophilized 

cell culture with 600 µl 0.05 M Hepes pH 8.5 supplemented with 1 X protease inhibitor 

cocktail (Roche, Mannheim, Germany). After centrifugation at 16,000 g for 30 min at 4 °C 

(Eppendorf centrifuge 5417R with FA45-24-11 rotor, Eppendorf, Hamburg, Germany), 

supernatants were clarified through 0.45µm filter units (Ultrafree-MC, Millipore, Eschborn, 
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Germany) and concentrated by Viaspin 6 column with exclusion size of 10 kDa (Sartorius, 

Göttingen, Germany) to 1.5 ml. 500 µl of total protein extracts was separated on a Superdex 

200 size exclusion column in ÄktaExplorer System (GE Healthcare, Freiburg, Germany) at a 

flow rate of 0.5 ml min-1 pre-equilibrated in gel filtration buffer (0.05 M Hepes, 0.2 M NaCl 

pH 8.5). Fractions of 500 µl were collected and 10 µl of each fraction was analyzed by 

immunoblotting with antiserum directed against the recombinant STINT. 

Ferritin (440 kDa), catalase (232 kDa), aldolase (160 kDa) and bovine serum albumin (66 

kDa) (Serva, Heidelberg, Germany) were used as molecular mass references. 150 µl of each 

reference protein (2 mg ml-1 diluted in 0.05 M Hepes pH 8.5) was pooled and 500 µl (1.2 mg 

protein) were loaded on the Superdex 200 column in ÄktaExplorer System using the same 

running conditions as described above. 

 

3.8. Blue native PAGE and native immunodetection of the STINT 

complex 

Blue native PAGE (BN-PAGE) and subsequent native immunodetection was performed with 

precasted 4-16 % Bis-Tris Native PAGE gels (Invitrogen, Karlsruhe, Germany) using a Höfer 

miniVE complete (GE Healthcare, Freiburg, Germany) according to the manufacturer’s 

conditions. As recommended, the dark blue cathode buffer was replaced by light blue cathode 

buffer after one third of separation for Western blot analysis. 

 

3.9. Protein identification methods 

3.9.1.  Peptide mass fingerprinting by MALDI-TOF MS 

Relevant SDS-PAGE lanes were excised manually from the gels and incubated with 400 µl 

wash buffer [10 mM ammonium bicarbonate (ABC), 10 % acetonitrile (ACN)] for 30 min 

under vigorous shaking. After buffer removal, gel plugs were dried for 15 min at RT in a 

vacuum centrifuge (Concentrator 5301, Eppendorf, Hamburg, Germany) and proteins were 

incubated with 7.5 µl trypsin solution (Sequencing Grade Modified Trypsin V511, Promega, 

Mannheim, Germany, 10 ng µl-1 in 5 mM ABC, 5 % ACN) for 5 h at 37 °C. The digest was 

terminated by addition of 1 µl 1 % TFA and peptides eluted from the gel plug at 4 °C over 

night. 
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For MALDI-TOF mass spectrometry (MS), 0.5 µl of the digests were deposited onto the 

MALDI target (MTP 384 target plate AnchorChip 800um, Bruker Daltonics, Bremen, 

Germany) and subsequently covered with 1 µl matrix solution (0.7 mg/ml a-cyano-4-

hydroxycinnamic-acid (HCCA) in 90 % ACN, 0.1 % TFA, 1 mM (NH)4H2PO4). A MALDI 

tandem MS instrument (Ultraflextreme, Bruker Daltonics) was used to acquire peptide mass 

fingerprints (PMF). Peptide calibration standard covering a mass range from 1,000-4,000 Da 

were used for external calibration and trypsin autolysis peaks (m/z 842.509, 2211.104) for 

internal calibration. 

PMF were subjected to protein homology identification using Mascot search engine (Matrix 

Science, London, United Kingdom) in Biotools 3.0 software (Bruker Daltonics) by searching 

for Viridiplantae in the NCBI non-redundant protein database. The following parameter 

settings were used: 50 ppm monoisotopic mass accuracy, one missed cleavage, oxidation 

(Met), propionamide (Cys) and carbamidomethyl (Cys) as allowed variable modifications. 

 

3.9.2. De novo sequencing of peptides by nanoLC-ESI-Q-TOF MS/MS 

When the identification described in section 3.9.1 failed, 5 µl of tryptic digest was used for 

nanoLC-ESI-Q-TOF MS/MS analysis and de novo sequencing (Witzel et al. 2007). Peptides 

were separated on a C18 pre-column (180 µm x 20 mm Symmetry, 5 µm) coupled to a C18 

column (100 mm x 100 µm BEH, 1.7 µm) (Waters Corporation, Manchester, United 

kingdom) at a flow rate of 0.6 µl min-1 with 40 °C column temperature and an increasing 

ACN gradient from 3 % to 35 % in 30 min with solvent A (0.1 % formic acid in water) and 

solvent B (0.1 % formic acid in ACN). Mass spectrometry was performed using Q-TOF 

Premier with MassLynx 4.1 software (Waters, Eschborn, Germany) in a positive ion V-mode. 

The resulting mass spectra were integrated over 1 s intervals with internal calibration using 

Glu-Fibrinopeptide B (Sigma-Aldrich, Taufkirchen, Germany). Automatic data directed 

analysis (DDA) on doubly- and triply-charged precursor ions was applied for MS/MS 

analysis. Mass spectra were collected from m/z range of 400 to 1,600, and product ion 

MS/MS spectra were collected from m/z 50 to 1,600. Lock mass correction of the precursor 

and the product ions was conducted with 500 pmol µl-1 Glu-Fibrinopeptide B in 0.1 % formic 

acid in ACN/water (50:50, v/v), respectively. Mass spectra for the reference mass were 

acquired in continuous fragmentation mode at collision energy of 22 eV. ProteinLynx 

GlobalSERVER v2.3 (PLGS) software was used for data processing and database searches. 

The MS/MS spectra searches were conducted against the protein index of the non-redundant 
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SwissProt database and the UniProtKB index for Viridiplantae complemented with human 

keratin, porcine trypsin, and yeast enolase sequences. The following parameter settings were 

used: 10 ppm peptide, 0.1 Da fragment tolerance, one miss cleavage, oxidation (Met), 

carbamidomethyl (Cys) and phosphorylation (STY) as allowed variable modifications. The 

false positive rate was set to 4 %. Results for positive protein identification were accepted 

when at least two peptides per protein were identified with a peptide score of > 50 %. 

 

3.10. Immunoprecipitation of STIAT isoforms 

Immunoprecipitations were performed with Dynabeads Protein G (Invitrogen, Karlsruhe, 

Germany) according to manufacturer’s instructions. One to ten µg purified STINT antibody 

diluted in 200 µl PBST was coupled to 50 µl dynabeads Protein G for 30 min at RT with 

gentile rotation with an RM5 apparatus (Karl-Hecht GmbH & Co KG, Sondheim). Unbound 

antibody was removed by binding of the Dynabeads Protein G to the magnet and antibody 

coupled Dynabeads were washed once with equal volume PBST by gentile mixing with an 

RM5 apparatus. After removal of wash buffer, total protein extracts as described in section 

3.3.1 were incubated with the antibody coupled Dynabeads for 1h at RT with gentile rotation. 

Supernatant containing unbound protein was removed and three wash steps with 200 µl PBS 

followed as described before. The fourth wash fraction of 100 µl PBS was transferred to a 

new reaction tube. Precipitated proteins and antibody were eluted from the Dynabeads under 

denaturing conditions by incubation with 100 µl 1 X DTE sample buffer at 94 °C for 10 min. 

Eluate fractions were analyzed by SDS-PAGE either by Coomassie staining or 

immunoblotting with antiserum directed against the recombinant STINT. 

 

3.11. Expression and purification of proteins in E. coli 

Full-length cDNA gateway clones G67849 (At1g62740/ STIAT1), G21235 (At1g12270/ 

STIAT2), G16132 (At1g16030/ Hsp70-5) and G22186 (At5g52640/ Hsp90-1) were obtained 

from Arabidopsis Biological Resource Center (ABRC, Columbus, USA) and sequenced to 

confirm identities. RAFL21-02-C06 (At4g12400/ STIAT3), RAFL09-22-P16 (At3g12580/ 

Hsp70-4), RAFL09-88-H11 (At1g79930/ Hsp70-14) and RAFL09-76-I24 (At5g56030/ 

Hsp90-2) were obtained from RIKEN BioResource Center (Tsukuba, Japan) and used to 

amplify full-length coding sequences by PCR. Using gene specific primers 5-

CACCATGGCGGAAGAAGCAAAATCC-3/ 5-TTACCGGACCTGAACAATTCCGG-3 for 
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STIAT3, 5-CACCGCGGGTAAAGGTGAAGGTCC-3/ 5-TTAATCAACTTCTTCAATCTT- 

TGGGCCAGC-3 for Hsp70-4, 5-CACCAGTGTAGTCGGGTTTGATTTTGG-3/ 5-TTA- 

GGTACTACCTTCCGCGGGATTC-3 for Hsp70-14 and 5-CACCGCGGACGCTGAAAC- 

CTTTGC-3/ 5-TTAGTCGACTTCCTCCATCTTGCTACC-3 for Hsp90-2, full-length coding 

cDNA were subsequently inserted into pENTR/D-TOPO vector (Invitrogen, Karlsruhe, 

Germany). Sequencing of entry clones confirmed the identity (Eurofins MWG Operon, 

Ebersberg, Germany). Then, the coding sequences were introduced into pDEST17 vector 

(Invitrogen) by LR recombination and transformed to E. coli strains TOP10F´ and Bl21AI 

(Invitrogen) for plasmid propagation and expression, respectively. The recombinant His-

tagged fusion proteins were expressed according to instructions of manufacturer, but the E. 

coli lysates were prepared under native conditions as described in QIAexpressionist handbook 

(Qiagen, Hilden, Germany) with a modification. Lysis buffer (50 mM NaH2PO4, 300 mM NaCl 

pH 8) without imidazol was used, because of higher binding capacity of HIS tagged proteins 

in the subsequent purification procedure. 

This was performed by affinity chromatography with 1 ml Ni-sepharose high performance 

(HP) column in ÄktaExplorer System (GE Healthcare, Freiburg, Germany) according to 

manufacturer’s instructions. The purities of the recombinant generated proteins were 

confirmed by SDS-PAGE. 

 

3.12. In vitro interaction studies of STIAT isoforms with its putative 

interaction partners 

The in vitro interaction studies were performed according to Wegele et al. (2003) with total 

protein extracts from Arabidopsis described in section 3.3.1 and with purified recombinant 

proteins STIAT1, STIAT2 and Hsp70-5 in a volume of 200 µl. Reaction mixes were 

incubated at RT for 1 h with gentile rotation. One to ten µg purified STINT antibody diluted 

in 200 µl PBST was coupled to 50 µl Dynabeads Protein G (Invitrogen, Karlsruhe, Germany) 

for 30 min at RT with gentile rotation on a. Unbound antibody was removed by binding of the 

Dynabeads Protein G to the magnet and antibody coupled Dynabeads were washed once with 

equal volume PBST by gentile mixing. After removal of wash buffer, in vitro binding studies 

were incubated with the antibody coupled Dynabeads for 1 h at RT with gentile rotation. 

Supernatant containing unbound protein was removed and three wash steps with 200 µl PBS 

followed as described before. The fourth wash fraction of 100 µl PBS was transferred to a 
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new reaction tube. Precipitated proteins and antibody were eluted from the Dynabeads under 

denaturing conditions by incubation with 100 µl 1 X DTE sample buffer at 94 °C for 10 min. 

All fractions were analyzed by SDS-PAGE and subsequent immunoblotting with both 

antiserum directed against the recombinant STINT and Hsp70. 

 

3.13. Tandem affinity purifications of STINT and STI1 

3.13.1. Tandem affinity purification of heterologous STINT in Arabidopsis 

Tandem affinity purification of heterologous STINT protein in Arabidopsis was performed in 

collaboration with Functional Proteomics Group at VIB/ University Gent, Belgium and was 

conducted as described in Van Leene et al. (2007). 

Full-length coding sequences of STINT containing a stop codon for N-terminal fusion and 

lacking a stop codon for C-terminal fusion were amplified from Plasmid-DNA by PCR, 

respectively. Subsequently, attB sites were attached to the PCR fragments using primers 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’/ 5’-GGGGACCACTTTGTACAAGA-

AAGCTGGGT-3’ in a second PCR. These fragments were inserted into entry vector 

pDONR221 and E. coli strain Top10F’ (Invitrogen, Karlsruhe, Germany) by BP reaction 

according to manufacturer instructions. Sequencing confirmed the identities of PCR products 

(Eurofins MWG Operon, Ebersberg, Germany). Coding sequences were then introduced into 

destination vectors pKNTAP and pKCTAP (Van Leene et al. 2007) by LR reaction according 

to manufactory’s protocol and transformed to Agrobacterium tumefaciens strain C58C1RifR 

(pMP90) by electroporation. 

Transformation of cell culture A. thaliana ecotype Landsberg erecta (PSB-D), tandem affinity 

purification and protein identification was performed following Van Leene et al. (2007). 

 

3.13.2. Tandem affinity purification of STI1 in yeast 

Tandem affinity purification was performed as described by Rigaut et al. (1999) with some 

modifications. The S. cerevisiae strain expressing STI1-TAP from its natural chromosomal 

location (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) was obtained by Biocat (Heidelberg, 

Germany). Yeast cells were grown at 30 °C in YPD [1 % (w/v) yeast extract, 2 % (w/v) 

peptone, 2 % (w/v) glucose] or minimal medium lacking specific amino acids (0.67 % yeast 

nitrogen base without amino acids, 2 % glucose, supplemented with all required amino acids) 
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to an optical density at 600 nm of 2 to 3. Cells of 200 ml culture were harvested 

(approximately 2 g), washed with water and resuspended in TAP lysis and IgG binding buffer 

[50 mM Tris-HCl pH 8, 150 mM NaCl, 0.1 % Tween-20, added before use: 1 mM PMSF,      

1 mM DTT, 1 X protease inhibitor (Roche, Mannheim, Germany)]. Cells were disrupted 

twice in the presence of glass beads (0.25-0.3 mm, Roth, Karlsruhe, Germany) for 45 sec at 

5,000 rpm in Precellys (Peqlab, Erlangen, Germany) and centrifuged at 16,000 x g for 10 min 

at 4 °C (Eppendorf centrifuge 5417R with FA45-24-11 rotor, Eppendorf, Hamburg, 

Germany). Supernatants were transferred to 100 µl IgG-Sepharose 6 Fast Flow beads (GE 

Healthcare, Freiburg, Germany) in Poly-Prep columns (Biorad, München, Germany) pre-

equilibrated with 10 ml of IPP150 buffer (10 mM Tris-Cl pH 8.0, 150 mM NaCl, 0.1 % 

Tween-20), supplemented with 1 mM PMSF and 1 X protease inhibitor (Roche). After 

incubation for 2 h at 4 °C under gentle rotation the IgG-Sepharose beads were washed three 

times with 10 ml IPP150 buffer and once with 10 ml TEV cleavage buffer (IPP150 buffer, 

added before use: 0.5 mM EDTA, 1 mM DTT). Bound bait protein with its interaction 

partners was eluted with TEV protease (100 U, Invitrogen, Karlsruhe, Germany) in 1 ml TEV 

cleavage buffer for 1 h at 21 °C under gentle rotation followed by gravity flow. An aliquot of 

IgG eluate fraction was retained for SDS-PAGE. One volume of IgG eluate fraction was 

mixed with three volume of calmodulin binding buffer (CBB) (10 mM Tris-Cl pH 8.0,        

150 mM NaCl, 0.1 % NP-40, 1 mM Mg-acetate, 1 mM imidazole, 2 mM CaCl2, added before 

use: 10 mM ß-mercaptoethanol, 1 mM PMSF) and CaCl2 concentration was adjusted to 2 

mM. This fraction was transferred to 100 µl calmodulin sepharose (GE Healthcare, Freiburg, 

Germany) in Poly-Prep columns pre-equilibrated with 10 ml CBB. After incubation over 

night at 4 °C under gentle rotation, calmodulin sepharose beads were washed three times with 

10 ml CBB. Bound bait protein and its interaction partners were eluted 5 times with 200 µl 

calmodulin elution buffer (10 mM Tris-Cl pH8.0, 150 mM NaCl, 0.1 % NP-40, 1 mM Mg-

acetate, 1 mM imidazole, 2 mM EGTA, added before use: 10 mM ß-mercaptoethanol). 

Fractions were analyzed by SDS-PAGE and protein visualized by Coomassie staining. 

 

3.14. Enrichment of phosphorylated peptides 

3.14.1.  Immobilized metal ion affinity chromatography 

Protein reduction, alkylation, digestion with trypsin, desalting of peptides and immobilized 

metal ion affinity chromatography (IMAC) followed by phosphopeptide enrichment was 
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performed for the reference protein casein as described in Villen and Gygi (2008). A 20 µM 

casein solution was prepared by dissolving casein in lysis buffer [8 M urea, 75 mM NaCl,      

50 mM Tris-HCl pH 8.2, 1 X protease inhibitor (Roche, Mannheim, Germany), 50 mM NaF, 

50 mM ß-glycerophosphate, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate,     

1 mM PMSF]. The casein solution was incubated for 25 min at 56 °C in the presence of 5 mM 

DTT to reduce the disulfide bonds. Alkylation of free cysteines was performed in the presence 

of 14 mM iodoacetamide at room temperature for 30 min in the dark. The unreacted 

iodoacetamide was quenched by adding 5 mM DTT and incubating 15 min at RT in the dark. 

The urea concentration in the protein mixture was reduced to 1.6 M by dilution of 1:5 in      

25 mM Tris-HCl, pH 8.2. CaCl2 was added to a final concentration of 1 mM before proteins 

were digested with 0.2 µg µl-1 trypsin (Sequencing Grade Modified Trypsin V511, Promega, 

Mannheim, Germany) in a enzyme:substrate ratio of 1:200 overnight at 37 °C. The digest was 

terminated by adjusting the pH to ~2 with TFA to 0.4 % (v/v) and the resulting pellet was 

removed by centrifugation at 20 min for 18,000 g at 4 °C (Eppendorf centrifuge 5415C, 

Eppendorf, Hamburg, Germany).  

Peptides were desalted using SepPak with 50 mg of tC18 beads (Waters, Eschborn, 

Germany). The cartridge was conditioned using 3 ml ACN followed by 1 ml 50 % ACN,    

0.5 % HAcO. Three ml 0.1 % TFA were used for equilibration before sample was applied. 

Desalting of the peptides was performed with 3 ml 0.1 % TFA. Remaining TFA was removed 

by adding 300 µl 0.5 % HAcO, before peptides were eluted with 1 ml 50 % ACN, 0.5 % 

HAcO. The eluted peptides were dried for 2.5 h at RT in a vacuum centrifuge (Concentrator 

5301, Eppendorf, Hamburg, Germany). 

One hundred µl of IMAC bead suspension (PhosSelect, Sigma-Aldrich, Taufkichen, 

Germany) were prepared by adding of 1 ml IMAC binding buffer [40 % (v/v) ACN, 25 mM 

FA in H2O], shaking and discarding the supernatant, three times each. Finally, the beads were 

resuspended in 100 µl IMAC binding buffer. Ten µl of the prepared IMAC bead suspension 

was indubated with the desalted peptides diluted in 120 µl IMAC binding buffer for 60 min at 

RT. The supernatant was transferred to a new reaction tube for MS analysis. The IMAC beads 

were washed twice with 120 µl IMAC binding buffer and wash fractions were subjected to 

MS analysis. Elution was performed twice by incubation with 40 µl IMAC elution buffer A 

(50 mM K2HPO4 pH 10) at RT. The eluates were neutralized by addition of 40 µl 10 % FA 

and dried for 1 h at RT in a vacuum centrifuge (Concentrator 5301, Eppendorf, Hamburg, 

Germany). 
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StageTips for phosphopeptide desalting were prepared according to Rappsilber et al. (2001). 

A first 200 µl tip was cut directly behind the bottom with a razor-blade. A second 200 µl tip 

was cut the same way, but with a wider opening. The second tip was used for cutting out the 

C18 Empore material (3M Germany, Neuss, Germany). By putting the second tip into the first 

one, the C18 material was directly transferred to the first tip using a 10 µl gel loader tip. 

StageTips were positioned into an adaptor for centrifugation consisting of an on the bottom 

cutted 0.5 ml reaction tube within a 2 ml reaction tube. StageTips were equilibrated by 

passing each time 20 µl MeOH, 20 µl 50 % (v/v) ACN, 0.5 % (v/v) HAcO and 20 µl 1 % FA 

through. The last step was perfomed twice. The dried eluate of IMAC was solubilized in 20 µl 

1 % FA and passed through the StageTip. After one wash step using 20 µl 1 % FA, peptides 

were eluted by passing 40 µl 50 % (v/v) ACN, 0.5 % (v/v) HAcO through. All samples were 

dried for 30 min at RT in a vacuum centrifuge (Concentrator 5301, Eppendorf, Hamburg, 

Germany) and stored at -20 °C until MS analysis. Samples were solubilized in 10 µl 5 % (v/v) 

ACN, 4 % (v/v) FA. Flow-through and wash fractions of IMAC and StageTips were diluted 

1:100 in 5 % (v/v) ACN, 4 % (v/v) FA. 

0.5 µl of each fraction were deposited onto the MALDI target, but subsequently covered with 

1 µl matrix solution [2 mg/ml 2.5-dihydroxybenzoic acid (DHB) in 50 % (v/v) MeOH, 0.2 % 

(v/v) TFA]. MALDI-TOF mass spectrometry was performed as described in section 3.9.1. 

 

3.14.2.  Phos-tag agarose 

Casein reduction, alkylation, digestion with trypsin and desalting of peptides was performed 

as described in section 3.14.1. 

For STIAT isoform, a 1.5 nM protein solution was prepared in 50 mM ammonium 

bicarbonate (ABC). Reduction and alkylation was performed as described for casein. As the 

protein was dissolved in ABC, protein was directly digested with 0.2 µg µl-1 trypsin 

(Sequencing Grade Modified Trypsin V511, Promega, Mannheim, Germany) in a 

enzyme:substrate ratio of 1:200 overnight at 37 °C. The termination of the digest and the 

desalting of peptides was perfomed as described for casein in section 3.14.1. 

Phosphopeptide enrichment using Phos-tag agarose was performed according to Kinoshita et 

al. (2005). 

Zebra desalt columns (Thermo Fisher Scientific, Braunschweig, Germany) were filled with   

60 µl Phos-tag agarose and centrifuged for 20 sec at 2,000 g. Phos-tag agarose was incubated 
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with balancing buffer (10 mM MES, 0.1 M NaCl, 5 mM sodium oxalate, pH 6.0 with NaOH; 

added before use: 10 mM Zn acetate) for 5 min at RT. Balancing buffer was removed by 

centrifugation as described before and agarose was incubated twice with binding buffer       

(10 mM MES, 0.1 M NaCl, 5 mM sodium oxalate, pH 6.0 with NaOH). One hundred µl of 

desalted peptides (40 µg of casein, 20 µg of STIAT) were incubated with Phos-tag agarose for 

5 min at RT and removed by centrifugation. After three washing steps with 100 µl binding 

buffer, peptides were eluted four times using 5 % (w/v) NH3. 0.5 µl of each fraction were 

deposited onto the MALDI target, but subsequently covered with 1 µl matrix solution         

(20 mg/ml 2.5-dihydroxybenzoic acid (DHB) in 50 % (v/v) MeOH, 0.2 % (v/v) TFA). 

MALDI-TOF mass spectrometry was performed as described in section 3.9.1. 

 

3.15. Preparative IEF of STIAT isoforms 

Protein extraction was performed as described in section 3.3.3, but the pelleted precipitate 

was solubilized in 1.25 X sample buffer [8.4 M urea, 2.4 M thiourea, 78 mM DTT, 6 % (v/v) 

glycerol, 1.2 % IPG buffer, 0.005 % (v/v) bromphenol blue] for 1 h at 37 °C under shaking 

conditions. 

Preparative IEF was performed following the user protocol (Agilent, Böblingen, Germany). 

The device was set up for the 12 fractions separation by using a 12 cm in length IPG gel strip 

(GE Healthcare, Freiburg, Germany, pH 4-7). IPG strip was swelled in rehydration solution   

(1 X sample buffer) for 15 min at RT. One mg total protein extract (corresponding to 1.8 ml) 

was loaded. Preparative IEF was performed on Offgel fractionator 3100 unit (Agilent) with 

the following parameters: maximum current of 50 µA, total voltage of 20 kVh. After 

focusing, 50 to 200 µl of sample was recovered for each well and transferred in individual 

micro tubes. Fractions were precipitated using MeOH/chloroform (Wessel and Flügge 1984) 

and analysed by SDS-PAGE either by Coomassie staining or immunoblotting with antiserum 

directed against the recombinant STINT. 

 

3.16. Ion exchange chromatography of STIAT isoforms 

Total protein extracts were prepared from Arabidopsis leaves as described in section 3.7 with 

minor modifications. Four g intact frozen leaf material was homogenized prior to extraction 

and incubated with 11.2 ml 0.05 M Hepes pH 8.5 supplemented with 1 X protease inhibitor 

cocktail (Roche, Mannheim, Germany) for 30 min at 4 °C with mixing every 5 min. When 



Material and Methods 32 

 

influence of phosphorylation was investigated, extraction buffer contained additionally 1 X 

phosphatase inhibitor cocktail (Roche, Mannheim, Germany). After centrifugation at 16,000 g 

for 10 min at 4 °C, proteins were reextracted. The supernatants obtained after a second 

centrifugation step were desalted against anion exchange running buffer (0.05 M Hepes pH 

7.5) using PD10 desalting units (GE Healthcare, Freiburg, Germany). 

Ten to 14 ml of total protein extracts (referring 6 to 14 mg total protein) were loaded on a      

1 ml Hi Trap Resource Q anion exchange column in ÄktaExplorer System (GE Healthcare, 

Freiburg, Germany) at a flow rate of 0.25 ml min-1 pre-equilibrated in anion exchange running 

buffer (0.05 M Hepes pH 7.5). After loading of the sample chromatography was continued at 

a flow rate of 0.5 ml min-1. Elution of proteins was performed as following: direct 10 % anion 

exchange elution buffer (0.05 M Hepes, 1 M NaCl pH 7.5) for 12 ml, 35 % anion exchange 

elution buffer in 15 min and holding for 10 ml, 100 % anion exchange elution buffer in        

10 min. Fractions of 1 ml were collected and 10 µl of each fraction was analyzed by 

immunoblotting with antiserum directed against the recombinant STINT. 
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4. Results 

The STINT protein was originally found in a comparative proteomic approach between leaf  

and trichome preparations in tobacco and identified based on homology to a stress-induced 

protein of A. thaliana (Amme et al. 2005). The functional characterisation of STINT in 

tobacco was initiated by analysing the protein expression using immunoblotting, the cellular 

and subcellular localisation using GUS and GFP fusion constructs and knock down of gene by 

RNAi approach (Hedtmann 2005, Hedtmann 2007). In order to gain further insight into the 

biochemical and functional properties of this protein, the characterisation of stress-induced 

protein in A. thaliana (STIAT) was initiated. Three genes encode for STIAT protein family in 

the genetic model system Arabidopsis. The gene product of the gene located on chromosome 

one, named STIAT1 (At1g62740), showed highest homology of 76.3 % to tobacco stress-

induced protein STINT (Hedtmann 2007). The other two genes, one located on the same 

chromosome and one on the fourth chromosome, are named STIAT2 (At1g12270) and STIAT3 

(At4g12400) and are presumably the result of two duplication events. The gene products of 

STIAT1 (571 aa) and STIAT2 (572 aa) have the same sequence length, while STIAT3 (558 aa) 

lacks some amino acids when compared to the other two (Figure 5). 

 

4.1. Characterisation of STIAT isoform expression 

Four different Arabidopsis lines, Columbia-0 ecotype with T-DNA insertion in exons of 

STIAT1, STIAT2 and STIAT3 genes, were identified from www.gabi-kat.de and 

signal.salk.edu. In the following, the lines GABI_399G03, GABI_028A04, GABI_420A10 

and SALK_023494 are named stiat1-1, stiat1-2, stiat2-1 and stiat3-1, respectively. 

 

4.1.1. Identification and analysis of stiat1-1 and stiat2-1 T-DNA insertion lines 

The relative positions of T-DNA insertions in STIAT1 and STIAT2 genes are indicated in 

Figure 7A. Plants homozygous for the respective knock-out were identified by PCR-based 

genotyping. Immunoblots using the antiserum directed against the recombinant tobacco 

protein STINT are shown for one representative plant per line compared to Columbia-0 as 

control with colloidal Coomassie Brilliant Blue (cCBB) stained gels as loading control 

(Figure 7B). T-DNA insertion lines for STIAT1 (stiat1-1, stiat1-2) showed absence of the 

lower band in leaf extracts compared to Columbia-0, demonstrating the knock-out of STIAT1. 



Results 34 

 

The STIAT2 (stiat2-1) mutant line resulted in absence of upper band, indicating STIAT2 

protein deletion there. Further isoforms were not detected in all lines under these conditions. 

The identity of STIAT isoforms in leaves of Columbia-0 grown under control conditions was 

further proven by mass spectrometric analysis after immunoprecipitation (see section 4.1.4). 

The T-DNA insertion line for STIAT3 (stiat3-1) was also analysed, but indicated no 

functional T-DNA insertion for STIAT3 (Figure A 1) and was not further investigated. 

 

STIAT1 STIAT2

Col-0 stiat1-1 Col-0 stiat2-1

stiat1-1 stiat1-2 stiat2-1

Col-0 stiat1-2

antiSTINT

RuBisCO

(Coomassie)

A

B

 
Figure 7: Analysis of T-DNA insertion lines of STIAT1 and STIAT2 in Columbia-0 ecotype. 

A: Relative positions of T-DNA insertions in STIAT1 and STIAT2 genes, indicated by red triangles. 

B: Immunodetection of STIAT isoforms in T-DNA insertion lines and Col-0. Five µg of total leaf protein 

extracts were separated on SDS-PAGE and probed with antiserum against STINT. Knock-out lines of 

STIAT1 (stiat1-1, stiat1-2) showed the absence of lower band, indicating depletion of STIAT1 there. In 

contrast, STIAT2 deletion resulted in absence of upper band. The Coomassie staining of ribulose-1,5-

bisphosphate carboxylase-oxygenase (RuBisCO) was used as loading control. 

 

4.1.2. Morphological characterisation of stiat1-1 and stiat2-1 during abiotic stresses 

In order to elucidate the potential significance of STIAT1 and STIAT2, analyses of their T-

DNA insertion lines during control and abiotic stress conditions was performed. Previous data 

showed that gene silencing of STINT in tobacco lead to a stunted phenotype after exposition 

to long term cold stress with impact on the growth parameters plant height and leaf area. 

(Figure 1E, Hedtmann 2007). To confirm this in Arabidopsis, the identified T-DNA insertion 

lines for STIAT1 and STIAT2 were used and subjected to comparable stress conditions 

(Figure 8). Five-week-old plants were grown for two weeks at 10 °C or 30 °C, representing 

cold and heat treatments, respectively. Plants serving as control were grown at 20 °C. No 
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obvious differences regarding leaf anatomy were observed between STIAT1 and STIAT2 T-

DNA insertion lines compared to Columbia-0 under control or stress conditions (Figure 9). 

 

Control condition at 20 °C

5 weeks 2 weeks
Cold treatment at 10 °C

Heat treatment at 30 °C

 

Figure 8: Schematic presentation of the experimental set-up of the stress experiments performed with T-

DNA insertion lines for STIAT1 and STIAT2 and Columbia-0 as control line. 

Five-week-old plants grown under control conditions at 20 °C were further grown under heat treatment 

at 30°C or cold treatment at 10°C for two weeks. Plants grown at 20 °C represent control conditions. 

 

Control

Cold

Heat

Col-0 stiat1-1             stiat2-1

 

Figure 9: Phenotype of stiat1-1 and stiat2-1 T-DNA insertions lines after cold or heat stress treatment. 

Five-week-old plants were subjected to 10 °C or 30 °C for two weeks. Growth at 20 °C represents control 

conditions. No phenotypic difference was observed between T-DNA insertion lines of STIAT1 and 

STIAT2 compared to Columbia-0 under all conditions. 
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Different biometric parameters for leaves were measured, including ‘diameter of rosette’, 

‘number’ and ‘fresh weight of leaves’ to obtain quantitative morphological data. In three 

independents experiments 15 plants per line and condition were analysed for these 

parameters. Statistical analysis was done by ANOVA followed by Tukey test with a 

significance level p<0.05. The summary of the statistical analysis among all three experiments 

is shown in Table 1. No differences between mutants and control line in all three experiments 

were observed for parameter ‘fresh weight of leaves’. Significant decreases of ‘number of 

leaves’ and ‘diameter of rosettes’ of both mutant lines compared to Columbia-0 under cold 

stress were only observed in one of three experiments. Furthermore, parameter ‘diameter of 

rosette’ showed significant changes for both mutants in all treatments, but again in most cases 

only in one of three experiments. 

 

Table 1: Statistical analysis of stiat1-1 and stiat2-1 leaf growth parameters compared to Columbia-0, 

cultivated at 10 °C (cold) or 30 °C (heat) for two weeks. 

Means of n = 15 plants were analysed by ANOVA followed by Tukey-test with p<0.05. 

↔↔↔↔:  No significant changes compared to Columbia-0.  

↓↓↓↓/↑↑↑↑: Significant decrease/ increase in comparison to Columbia-0.  

1, 2, 3: Number of experiment. 

Parameter  Control   Cold   Heat  

 stiat1-1 stiat2-1   stiat1-1 stiat2-1   stiat1-1 stiat2-1  

Fresh weight 
of rosette 

↔  ↔   ↔  ↔   ↔  ↔  

Number of 
leaves  

↔  ↔        ↔ 2,3 
 ↓1 

   ↔2,3  
 ↓1 

 ↔  ↔  

Diameter of 
rosette  

 ↑1 
 ↓2 
 ↔3 

   ↔1,3  
 ↓2 

    ↔1,2  
 ↓3  

   ↔2,3  
 ↓1 

    ↑1,3  
 ↔2 

↔  

 

Figure 10 shows the graphical data for one of the three experiments. Here, no statistical 

differences between stiat mutant lines compared to Columbia-0 under control and stress 

conditions were observed for any of the measured parameters. 

In summary, knocking down either STIAT1 or STIAT2 alone results in no strong phenotypic 

alterations under the chosen experimentally conditions, indicating redundant functionality of 

STIAT1 and STIAT2. 
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Figure 10: Measurements of leaf growth parameters of five-week-old stiat1-1 and stiat2-1 mutants, 

cultivated at 10 °C (cold) or 30 °C (heat) for two weeks. 

A: Diameter of rosette. B: Number of leaves. C: Fresh weight (FW) of leaves. 

Means of n = 15 plants per treatment of one representative harvest are shown. Statistical analysis between 

mutant lines and Columbia-0 per treatment were analysed by ANOVA followed by Tukey-test with a 

significance level at p<0.05. No significant differences were detected. 

 

4.1.3. STIAT isoform expression in stiat1-1 and stiat2-1 during abiotic stresses 

The annotation of STIAT genes and homologues in other species as stress-induced was based 

on gene expression data (Zimmermann et al. 2004). Therefore, the expression of STIAT 

proteins during stress experiments was investigated. Previous data showed that STINT protein 

expression in tobacco was induced after heat and cold stress (Hedtmann 2007). To confirm 
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this finding in Arabidopsis, Columbia-0 and T-DNA insertion lines were subjected to 

identical stress conditions as described in 4.1.2 and used to detect differences in STIAT 

isoform expression. Protein extracts from Arabidopsis leaves were separated by SDS-PAGE 

and STIAT isoform expression was verified by Western blot analysis using antiserum directed 

against the recombinant tobacco protein STINT (Figure 11). Columbia-0 showed co-

expression of STIAT2 and STIAT1 in all treatments with higher abundance after cold and 

heat stress. In mutant lines stiat1-1 and stiat2-1, where only one of the two isoforms was 

expressed, the same tendency was observed. After heat stress treatment, both knock-out lines 

and Columbia-0 revealed an expression of an additional band, indicating STIAT3, the heat-

inducible isoform. The identity of that additional band in leaves of Columbia-0 after heat 

stress was later proven by mass spectrometric analysis after immunoprecipitation (4.1.4). 
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Figure 11: Analysis of STIAT isoform expression in leaves of T-DNA insertion mutants and Columbia-0 
ecotype after cold and heat stress. The experiments were performed triply to ensure technical 

reproducibility. 

A: Western blot analysis of two µg of total leaf protein extracts were separated on SDS-PAGE and probed 

with antiserum against STINT. One representative figure of the results obtained in at least three 

independently conducted experiments is shown. 

B: Relative protein amount of STIAT isoforms. STIAT2 isoform of Col-0 grown under control conditions 
was set to 100 % and all other isoforms were calculated in relation to that isoform. Means of three 

biological replicates are shown. 

STIAT2 and STIAT1 were co-expressed under control conditions and are higher abundant after cold and 

heat stress in Columbia-0. The same tendency is observed in the mutants with only one of the two 

isoforms. Both T-DNA insertion lines and Columbia-0 revealed an expression of a third band after heat 

treatment indicating the expression of the STIAT3 isoform (for confirmation by MS, see 4.1.4). 
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The STIAT isoform composition in leaves of heat stressed Columbia-0 ecotype and T-DNA 

insertion lines were additionally analysed by 2-D Western blot. Total proteins extracted under 

native conditions were analysed in the first dimension using isoelectric focussing (IEF) and in 

the second dimension by SDS-PAGE coupled to immunoblotting using antiserum directed 

against the recombinant tobacco protein STINT (Figure 12). In 2-D Western blot analysis, 

Columbia-0 and the knock-out lines for STIAT1 and STIAT2 showed expression of the 

additional spot, STIAT3, after heat stress treatment compared to control conditions. This 

isoform is detected the closest to pH 7, indicating the more basic isoform of the three. 

 

4 pI 7

130 –
70 –

kDa

55 –
40 –

35 –

25 –

A

Col-0  Heat treatment

Col-0 stiat1-1 stiat2-1

Heat treatment

Control conditions

B

 

Figure 12: Characterization of STIAT isoform composition in leaves of Columbia-0 ecotype and T-DNA 
insertion mutants after heat stress. This experiment was performed from one biological harvest. 

A: 2-D Western blot analysis of 15 µg of total protein extract from heat stressed Columbia-0 leaves was 

separated on 7 cm pH gradients 4-7 and SDS-PAGE and probed with antiserum against STINT. 

B: The indicated area of the immunoblot is reproduced with higher magnification, showing a protein 

pattern of three spots. The other five panels show total protein extract prepared from T-DNA insertion 
lines that were heat stressed as Columbia-0 (top) or remained under control conditions (bottom).  

Arrowheads indicate the additional expression of STIAT3 in Columbia-0 and T-DNA insertion lines after 

heat treatment. 
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4.1.4. Identification of STIAT isoforms under control and heat conditions 

Immunoprecipitation (IP) experiments of STIAT isoforms from leaves of Arabidopsis grown 

under control and heat stress conditions were performed to enrich the isoforms from total 

protein extracts and to ease their identification by MS analysis. Total protein extracts were 

precipitated by antibody raised against STINT and antiGoat serving as a negative control. 

Eluate fractions were separated by SDS-PAGE and either stained by cCBB or transferred to 

PVDF membrane and probed with antiserum directed against the recombinant tobacco protein 

STINT (Figure 13). The Coomassie stained gel showed detection of two and three protein 

bands in control and heat stressed leaf samples precipitated by anti-STINT antibody, 

respectively. Precipitation using the anti-goat antibody revealed no protein bands indicating 

specific binding during immunoprecipitation. Immunoblot analysis for the STIAT isoforms 

using antiSTINT antibody confirmed the findings obtained by the cCBB staining. 
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Figure 13: Immunoprecipitation of STIAT isoforms from Columbia-0 leaf samples using antiSTINT and 

antiGoat antibodies. 

A: Precipitated fractions from control (C) or heat stressed leaves (H) were separated by SDS-PAGE and 

visualized by cCBB staining. Two and three bands (black arrowheads with numbers) were detected using 

the antiSTINT antibody, respectively, while no bands were found in IP experiments using the anti-goat 

antibody. 

B: Immunodetection with antiserum against STINT confirmed exclusive detection of STIAT isoforms in 

precipitated fractions using antiSTINT antibody. 

Hc represents the heavy chain of the antibodies, respectively. 

 

These five detected bands were excised manually from the cCBB stained gels in order to 

verify the isoform identity. The gel bands were incubated with trypsin and peptide eluates 

were subjected to MS. Analysis by LC-ESI-Q-TOF MS/MS using the derived de novo 

sequences of tryptic peptides for homology-based database search led to distinct identification 
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of STIAT isoforms (summarized in Table 2). For each sample and each STIAT isoform the 

total and isoform-specific peptides are listed. The STIAT isoform with highest number of 

diagnostic peptides per sample is shown in bold, representing the STIAT isoform identified 

per sample. The identified peptides were analysed for their diagnostic properties by matching 

them to the complete protein sequences of the three isoforms (examples in Figure 14 to Figure 

18). All peptides found in the first band derived from IP of control leaves were aligned to the 

protein sequences of the three isoforms (Figure 14). Four of five peptides were found to be 

diagnostic for STIAT2. ESI-MS/MS spectra of peptide ions for one diagnostic 

(SGLARAEASVAR) and one conserved peptide (GDLTPEELKER) are presented. The 

Figure 15 shows the identification of STIAT1 in band #2 derived from IP of control leaves, 

while identification of STIAT2, STIAT1 and STIAT3 in bands # 1, #2 and #3 derived from IP 

of heat stressed leaves is presented in Figure 16 to Figure 18. 

In summary, the first and second band of control and heat stressed leaves revealed the 

identification of STIAT2 and STIAT1, respectively. The third band was detected in heat 

stressed leaves solely, and this band was reliably identified as STIAT3. 

 

Table 2: Identification of precipitated STIAT isoforms from control and heat-stressed leaves by LC-ESI-

Q-TOF MS/MS. Given are the sample as indicated in Figure 13, the protein name and accession number, 

the detected total and isoform-specific peptides revealed by ESI MS/MS. Overlapping peptide sequences 

occurred. The isoforms with maximum of diagnostic peptides are shown in bold. 

Sample Protein Accession Total peptides Diagnostic peptides 

Control 1 STIAT2 Q9LNB6 5 4 

 STIAT1 Q5XEP2 2 1 
 STIAT3 B9DG66 1 0 

Control 2 STIAT1 Q5XEP2 11 9 

 STIAT2 Q9LNB6 2 0 
 STIAT3 B9DG66  1 0 

Heat 1 STIAT2 Q9LNB6 9 6 

 STIAT1 Q5XEP2 4 2 

 STIAT3 B9DG66  2 0 

Heat 2 STIAT1 Q5XEP2 5 3 

 STIAT3 B9DG66  4 2 

 STIAT2 Q9LNB6 2 0 

Heat 3 STIAT3 B9DG66  10 8 

 STIAT1 Q5XEP2 2 0 

  STIAT2 Q9LNB6 2 0 
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...

STIAT1   KTVELKPDWGKGYSRLGAAHLGLNQFDEAVEAYSKGLEIDPSNEGLKSGLADAKASASRS 120

STIAT2   ETIKLKPYWPKGYSRLGAAHLGLNQFELAVTAYKKGLDVDPTNEALKSGLADAEASVARS 120

STIAT3   KTIELKPDWSKGYSRLGAAFIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRSRVSS 120

STIAT1   RASAPNPFGDAFQGPEMWSKLTADPSTRGLLKQPDFVNMMKEIQRNPSNLNLYLQDQRVM 180

STIAT2   RA-APNPFGDAFQGPEMWTKLTSDPSTRGFLQQPDFVNMMQEIQKNPSSLNLYLKDQRVM 179

STIAT3   KS---NPFVDAFQGKEMWEKLTADPGTRVYLEQDDFVKTMKEIQRNPNNLNLYMKDKRVM 177

...

STIAT1   YSNRAACYTKLGAMPEGLKDAEKCIELDPTFLKGYSRKGAVQFFMKEYDNAMETYQKGLE 478

STIAT2   YSNRAASYTKLGAMPEGLKDAEKCIELDPTFSKGYSRKAAVQFFLKEYDNAMETYQAGLE 479

STIAT3   YSNRAACYTKLGALPEGLKDAEKCIELDPSFTKGYSRKGAIQFFMKEYDKAMETYQEGLK 465

STIAT1   HDPNNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 538

STIAT2   HDPSNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 539

STIAT3   HDPKNQEFLDGVRRCVEQINKASRGDLTPEELKERQAKAMQDPEVQNILSDPVMRQVLVD 525

STIAT1   LQENPAAAQKHMQNPMIMNKIQKLISSGIVQMK 571

STIAT2   LQENPSAAQKHMQNPMVMNKIQKLISAGIVQMK 572

STIAT3   FQENPKAAQEHMKNPMVMNKIQKLVSAGIVQVR 558

A

B

C

 

Figure 14: Identification of band #1 of control leaves after STINT-IP from Figure 13A as STIAT2 using 

LC-ESI-Q-TOF MS/MS. 

A: Sequence alignment of STIAT isoforms and matching tryptic peptides sequenced by LC-ESI-Q-TOF 

MS/MS (bold) are displayed representing diagnostic (red underlined) or conserved peptides (red) for 
STIAT2. Additionally, one peptides diagnostic for STIAT1 was detected (italics). 

B: ESI-MS/MS spectra of the diagnostic peptide SGLARAEASVAR (m/z 1146.5824 [M+H
+
]). 

C: ESI-MS/MS spectra of the conserved peptides GDLTPEELKER (m/z 1286.6655 [M+H
+
]). 

B (red) and Y (blue) ion series are shown as fragmentation products of the C-N bond leading to charge 

either the N-terminus (B ions) or C-terminus (Y ions). 
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STIAT1   MADEAKAKGNAAFSSGDFNSAVNHFTDAINLTPTNHVLFSNRSAAHASLNHYDEALSDAK 60

STIAT2   MAEEAKAKGNAAFSSGDFTTAINHFTEAIALAPTNHVLFSNRSAAHASLHQYAEALSDAK 60

STIAT3   MAEEAKSKGNAAFSSGDYATAITHFTEAINLSPTNHILYSNRSASYASLHRYEEALSDAK 60

STIAT1   KTVELKPDWGKGYSRLGAAHLGLNQFDEAVEAYSKGLEIDPSNEGLKSGLADAKASASRS 120

STIAT2   ETIKLKPYWPKGYSRLGAAHLGLNQFELAVTAYKKGLDVDPTNEALKSGLADAEASVARS 120

STIAT3   KTIELKPDWSKGYSRLGAAFIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRSRVSS 120

STIAT1   RASAPNPFGDAFQGPEMWSKLTADPSTRGLLKQPDFVNMMKEIQRNPSNLNLYLQDQRVM 180

STIAT2   RA-APNPFGDAFQGPEMWTKLTSDPSTRGFLQQPDFVNMMQEIQKNPSSLNLYLKDQRVM 179

STIAT3   KS---NPFVDAFQGKEMWEKLTADPGTRVYLEQDDFVKTMKEIQRNPNNLNLYMKDKRVM 177

...

STIAT1   DCDKAVERGRELRSDYKMVAKALTRKGTALGKMAKVSKDYEPVIQTYQKALTEHRNPETL 358

STIAT2   DCNKAVERGRELRSDYKMVARALTRKGTALTKMAKCSKDYEPAIEAFQKALTEHRNPDTL 359

STIAT3   DCDKAVERGRELRSDFKMIARALTRKGSALVKMARCSKDFEPAIETFQKALTEHRNPDTL 345

...

STIAT1   YSNRAACYTKLGAMPEGLKDAEKCIELDPTFLKGYSRKGAVQFFMKEYDNAMETYQKGLE 478

STIAT2   YSNRAASYTKLGAMPEGLKDAEKCIELDPTFSKGYSRKAAVQFFLKEYDNAMETYQAGLE 479

STIAT3   YSNRAACYTKLGALPEGLKDAEKCIELDPSFTKGYSRKGAIQFFMKEYDKAMETYQEGLK 465

STIAT1   HDPNNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 538

STIAT2   HDPSNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 539

STIAT3   HDPKNQEFLDGVRRCVEQINKASRGDLTPEELKERQAKAMQDPEVQNILSDPVMRQVLVD 525

STIAT1   LQENPAAAQKHMQNPMIMNKIQKLISSGIVQMK 571

STIAT2   LQENPSAAQKHMQNPMVMNKIQKLISAGIVQMK 572

STIAT3   FQENPKAAQEHMKNPMVMNKIQKLVSAGIVQVR 558  
Figure 15: Identification of band #2 of control leaves after STINT-IP from Figure 13A as STIAT1 using 

LC-ESI-Q-TOF MS/MS. The sequence alignment of STIAT isoforms and matching tryptic peptides 

sequenced by LC-ESI-Q-TOF MS/MS are shown (bold). Nine peptides identified were diagnostic (red 

underlined) for STIAT1, two peptides were conserved (red) at least within two of three isoforms. 

Overlapping peptide sequences occurred. 

...

STIAT1   KTVELKPDWGKGYSRLGAAHLGLNQFDEAVEAYSKGLEIDPSNEGLKSGLADAKASASRS 120

STIAT2   ETIKLKPYWPKGYSRLGAAHLGLNQFELAVTAYKKGLDVDPTNEALKSGLADAEASVARS 120

STIAT3   KTIELKPDWSKGYSRLGAAFIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRSRVSS 120

STIAT1   RASAPNPFGDAFQGPEMWSKLTADPSTRGLLKQPDFVNMMKEIQRNPSNLNLYLQDQRVM 180

STIAT2   RA-APNPFGDAFQGPEMWTKLTSDPSTRGFLQQPDFVNMMQEIQKNPSSLNLYLKDQRVM 179

STIAT3   KS---NPFVDAFQGKEMWEKLTADPGTRVYLEQDDFVKTMKEIQRNPNNLNLYMKDKRVM 177

...

STIAT1   KKLKAQKEKELGNAAYKKKDFETAIQHYSTAMEIDDEDISYITNRAAVHLEMGKYDECIK 298

STIAT2   RKEKAKKEKELGNAAYKKKDFETAIQHYSTAIEIDDEDISYLTNRAAVYLEMGKYNECIE 299

STIAT3   RKEKALKEKGEGNVAYKKKDFGRAVEHYTKAMELDDEDISYLTNRAAVYLEMGKYEECIE 285

STIAT1   DCDKAVERGRELRSDYKMVAKALTRKGTALGKMAKVSKDYEPVIQTYQKALTEHRNPETL 358

STIAT2   DCNKAVERGRELRSDYKMVARALTRKGTALTKMAKCSKDYEPAIEAFQKALTEHRNPDTL 359

STIAT3   DCDKAVERGRELRSDFKMIARALTRKGSALVKMARCSKDFEPAIETFQKALTEHRNPDTL 345

...

STIAT1   YSNRAACYTKLGAMPEGLKDAEKCIELDPTFLKGYSRKGAVQFFMKEYDNAMETYQKGLE 478

STIAT2   YSNRAASYTKLGAMPEGLKDAEKCIELDPTFSKGYSRKAAVQFFLKEYDNAMETYQAGLE 479

STIAT3   YSNRAACYTKLGALPEGLKDAEKCIELDPSFTKGYSRKGAIQFFMKEYDKAMETYQEGLK 465

STIAT1   HDPNNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 538

STIAT2   HDPSNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 539

STIAT3   HDPKNQEFLDGVRRCVEQINKASRGDLTPEELKERQAKAMQDPEVQNILSDPVMRQVLVD 525

STIAT1   LQENPAAAQKHMQNPMIMNKIQKLISSGIVQMK 571

STIAT2   LQENPSAAQKHMQNPMVMNKIQKLISAGIVQMK 572

STIAT3   FQENPKAAQEHMKNPMVMNKIQKLVSAGIVQVR 558  
Figure 16: Identification of band #1 of heat stressed leaves after STINT-IP from Figure 13A as STIAT2 
using LC-ESI-Q-TOF MS/MS. The sequence alignment of STIAT isoforms and matching tryptic peptides 

sequenced by LC-ESI-Q-TOF MS/MS are shown (bold). Six peptides identified were diagnostic for 

STIAT2 (red underlined), three peptides were conserved at least within two of three. Additionally, two 

peptides diagnostic for STIAT1 were detected (italics). 
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...

STIAT1   KTVELKPDWGKGYSRLGAAHLGLNQFDEAVEAYSKGLEIDPSNEGLKSGLADAKASASRS 120

STIAT2   ETIKLKPYWPKGYSRLGAAHLGLNQFELAVTAYKKGLDVDPTNEALKSGLADAEASVARS 120

STIAT3   KTIELKPDWSKGYSRLGAAFIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRSRVSS 120

...

STIAT1   DCDKAVERGRELRSDYKMVAKALTRKGTALGKMAKVSKDYEPVIQTYQKALTEHRNPETL 358

STIAT2   DCNKAVERGRELRSDYKMVARALTRKGTALTKMAKCSKDYEPAIEAFQKALTEHRNPDTL 359

STIAT3   DCDKAVERGRELRSDFKMIARALTRKGSALVKMARCSKDFEPAIETFQKALTEHRNPDTL 345

...

STIAT1   HDPNNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 538

STIAT2   HDPSNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 539

STIAT3   HDPKNQEFLDGVRRCVEQINKASRGDLTPEELKERQAKAMQDPEVQNILSDPVMRQVLVD 525

STIAT1   LQENPAAAQKHMQNPMIMNKIQKLISSGIVQMK 571

STIAT2   LQENPSAAQKHMQNPMVMNKIQKLISAGIVQMK 572

STIAT3   FQENPKAAQEHMKNPMVMNKIQKLVSAGIVQVR 558
 

Figure 17: Identification of band #2 of heat stressed leaves after STINT-IP from Figure 13A as STIAT1 
using LC-ESI-Q-TOF MS/MS. The sequence alignment of STIAT isoforms and matching tryptic peptides 

sequenced by LC-ESI-Q-TOF MS/MS are shown (bold). Three peptides identified were diagnostic 

isoforms (red underlined) for STIAT1, one peptide was conserved for all isoforms. Additionally, two 

peptides diagnostic for STIAT3 were detected (italics). 

 

...

STIAT1   KTVELKPDWGKGYSRLGAAHLGLNQFDEAVEAYSKGLEIDPSNEGLKSGLADAKASASRS 120

STIAT2   ETIKLKPYWPKGYSRLGAAHLGLNQFELAVTAYKKGLDVDPTNEALKSGLADAEASVARS 120

STIAT3   KTIELKPDWSKGYSRLGAAFIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRSRVSS 120

STIAT1   RASAPNPFGDAFQGPEMWSKLTADPSTRGLLKQPDFVNMMKEIQRNPSNLNLYLQDQRVM 180

STIAT2   RA-APNPFGDAFQGPEMWTKLTSDPSTRGFLQQPDFVNMMQEIQKNPSSLNLYLKDQRVM 179

STIAT3   KS---NPFVDAFQGKEMWEKLTADPGTRVYLEQDDFVKTMKEIQRNPNNLNLYMKDKRVM 177

...

STIAT1   DCDKAVERGRELRSDYKMVAKALTRKGTALGKMAKVSKDYEPVIQTYQKALTEHRNPETL 358

STIAT2   DCNKAVERGRELRSDYKMVARALTRKGTALTKMAKCSKDYEPAIEAFQKALTEHRNPDTL 359

STIAT3   DCDKAVERGRELRSDFKMIARALTRKGSALVKMARCSKDFEPAIETFQKALTEHRNPDTL 345

...

STIAT1   YSNRAACYTKLGAMPEGLKDAEKCIELDPTFLKGYSRKGAVQFFMKEYDNAMETYQKGLE 478

STIAT2   YSNRAASYTKLGAMPEGLKDAEKCIELDPTFSKGYSRKAAVQFFLKEYDNAMETYQAGLE 479

STIAT3   YSNRAACYTKLGALPEGLKDAEKCIELDPSFTKGYSRKGAIQFFMKEYDKAMETYQEGLK 465

STIAT1   HDPNNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 538

STIAT2   HDPSNQELLDGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSD 539

STIAT3   HDPKNQEFLDGVRRCVEQINKASRGDLTPEELKERQAKAMQDPEVQNILSDPVMRQVLVD 525

STIAT1   LQENPAAAQKHMQNPMIMNKIQKLISSGIVQMK 571

STIAT2   LQENPSAAQKHMQNPMVMNKIQKLISAGIVQMK 572

STIAT3   FQENPKAAQEHMKNPMVMNKIQKLVSAGIVQVR 558
 

Figure 18: Identification of band #3 of heat stressed leaves after STINT-IP from Figure 13A as STIAT3 

using LC-ESI-Q-TOF MS/MS. The sequence alignment of STIAT isoforms and matching tryptic peptides 

sequenced by LC-ESI-Q-TOF MS/MS (red) are shown. Eight peptides identified were diagnostic isoforms 

(underlined), two peptides were conserved for all isoforms. 
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4.1.5. Gene and protein of STIAT3 isoform is induced after heat stress and present over 

the time of elevated temperature 

Information on transcriptional alteration of STIAT isoforms during cold and heat stress was 

obtained from microarray data analysis using Genevestigator tool (Hruz et al. 2008) (Figure 

19). Cold and heat stress studies performed on green tissue were selected. All cold treatment 

studies were performed with 4-week-old plants grown on soil and stress application varied in 

temperature and duration of stress ranging from 4 °C to 17 °C and 6 h to 14 d. STIAT1 

showed strong upregulation at 4 °C for 24 h, which decreased during length of stress until 14 

d. The same slight upregulation of STIAT1 at 4 °C for 14 d was observed at higher 

temperatures but shorter time (8 °C and 10 °C for 78 h). In the other cold stress treatments 

STIAT1 was not upregulated. STIAT2 showed a similar regulation during cold stress as 

STIAT1, but to a lesser extent. Cold stress had no influence on the expression of STIAT3. 

Transcriptional expression data of STIAT isoforms obtained after heat stress application on 

green tissue was less detailed compared to cold stress data. Heat treatment was performed 

only at one temperature and for a short time, 37 °C for either 30 min or 2 h. Plants differed in 

their age and growth conditions. Plants treated for 30 min were 3 weeks old and grown in 

vitro, whereas the plants incubated for 2 h were 8 weeks old and grown on soil. Both 

experiments showed upregulation of all three STIAT isoforms with highest abundance of 

STIAT3. When plants, grown in vitro, were shifted to control conditions after heat 

application, upregulation of the STIAT isoforms was diminished. 

A time course experiment with Columbia-0 ecotype was performed to investigate the 

induction of STIAT3 isoform by heat and its expression during heat stress. Plants were 

subjected to comparable stress condition as described before, but the influence of heat 

treatment on STIAT3 expression in leaves was examined ranging from short term stress of 30 

minutes up to long term stress of 14 days of heat stress. Protein extracts from Arabidopsis 

leaves were separated by SDS-PAGE and STIAT isoform expression was verified by Western 

blot analysis using antiserum directed against the recombinant tobacco protein STINT (Figure 

20). Immunoblotting revealed an increased expression of STIAT3 after 1 day of heat stress 

and its continuous presence until 14 days of stress. Analysis of STIAT isoform expression in 

leaves without stress application served as control, showing only expression of STIAT1 and 

STIAT2. 
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Figure 19: Transcriptional expression of STIAT isoforms in rosette tissue of Columbia-0 ecotype during 

cold and heat stress studies obtained from microarray data using Genevesigator tool 
(www.genevestigator.com, Hruz et al. 2008). 

Microarray data analysis revealed respectable upregulation of STIAT1 and STIAT2 after short time cold 

stress at 4°C for 24 h, which decreased over the time of stress. Slight induction of these isoforms was 

observed at higher temperatures, 8 °C and 10°C, whereas STIAT3 showed no or even downregulation 

under cold stress. All three STIAT isoforms are highly upregulated after short time heat stress at 37 °C, 

from which STIAT3 showed the highest increase. 

1
: Plants were grown in vitro. 

2
: Plants were re-shifted to control conditions for 48 h. 

 

C     30min     1h       3h       6h      12h     24h      48h      7d      14d 

Heat
treatment

Control
conditions

STIAT2
STIAT1

STIAT2

STIAT3
STIAT1

 

Figure 20: Characterisation of STIAT3 expression in leaves of Columbia-0 ecotype during heat stress. 

This experiment was performed only once. 

Western blot analysis of five µg of total leaf protein extracts were separated on SDS-PAGE and probed 

with antiserum against STINT. STIAT3 protein was slightly induced after 1 day of heat stress and 

continuously expressed until the end of the treatment. 

 

4.1.6. Organ-dependent expression of STIAT isoforms in Columbia-0 

Localisation of the STIAT protein family in different tissue types of Arabidopsis was 

performed on total protein extracts of eight-week-old Arabidopsis Columbia-0 tissues, 
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separated by SDS-PAGE and subjected to Western blot analysis using antiserum directed 

against the recombinant tobacco protein STINT (Figure 21A). The cCBB stained gel served 

as a control (Figure 21B). Two STIAT isoforms were expressed in rosette leaves, whereas the 

third isoform was detectable in stem and flower. No STIAT isoform was present in roots 

under these conditions. Determination of the absolute protein amount revealed the presence of 

the STIAT isoforms in the range of 2-6 ng per µg total protein (Figure 21C). STIAT2 isoform 

showed the highest expression in the analyzed tissues, while STIAT1 and STIAT3 were 

detected with lower quantities. 
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Figure 21: Protein expression of STIAT isoforms in different tissues of eight-week-old Columbia-0. Two 

biological replicates were performed. 

A: Five µg of protein extracts from roots, leaf, stem or flower were separated by SDS-PAGE and 

subjected to Western blot analysis using antiserum directed against the recombinant tobacco protein 

STINT. STIAT2 and STIAT1 were detected in rosette, stem and flower. STIAT3 was also expressed in 

stem and flower. No expression level was found in roots. One technical replicate is shown. 

B: The colloidal Coomassie Brilliant Blue staining of root protein served as a loading control. 

C: Absolute protein amount of STIAT isoforms. STIAT isoforms of Col-0 tissues grown under control 

conditions are expressed in the range of 2 to 6 ng. Means of two biological replicates are shown. 

 

Proteomic results were compared with microarray data obtained by Genevestigator tool (Hruz 

et al. 2008) (Figure 22) and revealed distinct differences. Here, STIAT1 showed the highest 
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expression and STIAT2 a medium level of expression in all organs analyzed including roots. 

STIAT3 transcripts pointed low signal intensity in stem and flower, whereas the protein was 

detectable in these organs using immunodetection. 
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Figure 22: Transcriptional expression of STIAT isoforms in different organs obtained from microarray 
data using Genevesigator tool (www.genevestigator.com, Hruz et al. 2008). 

Microarray data analysis revealed high and medium signal intensities for STIAT1 and STIAT2 in 

respective tissues. For STIAT3 low or medium signal intensities were detected. 

 

4.2. Intracellular distribution of STIAT isoforms 

4.2.1. Prediction of STIAT isoform localisation using in silico tools 

Localisation of the STIAT1 isoform to cytosolic, nuclear and plasma membrane 

compartments was suggested according to the genomic database TAIR (The Arabidopsis 

Information Resource). The cytosolic and nuclear localisation of that isoform has been shown 

in earlier studies using GFP fusion construct (Hedtmann 2005). To obtain further evidences 

for the subcellular localisation and a possible association to membranes of STIAT isoforms, 

in silico analysis was performed using different software tools. Subcellular localisation of 

STIAT isoforms was analysed using the tools TargetP (Emanuelsson et al. 2000) and WoLF 

PSORT (Horton et al. 2007). Both programs analyse amino acid sequences for targeting 

sequences necessary for correct protein guidance to their compartments. While TargetP only 
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searches for targeting sequences of chloroplast, mitochondrial and secretory localisation, 

WoLF PSORT predicts also a cytosolic and nuclear localisation. TargetP detected neither 

chloroplast transit peptide, mitochondrial targeting peptide nor a signal peptide for secretory 

pathway in all three isoforms, indicating another localisation than in these organelles (Table A 

1). The predicted subcellular localisation of STIAT isoforms using WoLF PSORT is shown in 

Table 3. The output was ranked according to a calculated likelihood score and highest 

numbers represent the predominant localisation. Whereas STIAT1 and STIAT2 were 

predicted to be mainly localised in the cytosol, the localisation of STIAT3 was predicted to be 

mainly in mitochondria. A lower prediction score for STIAT3 was found for the cytosol, 

while further STIAT1 and 2 predictions included mitochondria and nucleus, respectively. The 

assumed localisation of STIAT3 in mitochondria was verified by two more in silico tools. 

Mitoprot (Claros and Vincens 1996) and Predotar (Small et al. 2004) revealed no 

mitochondrial targeting peptides for all three isoforms (Table A 2). A possible localisation of 

STIAT isoforms in Arabidopsis mitochondria was not further investigated. 

 

Table 3: In silico prediction of STIAT isoform localisation using WoLF PSORT (Horton et al. 2007). 

Ranking of likelihood scores revealed a main predicted subcellular localisation of STIAT1 in cytosol, 

while STIAT2 is either localised there or in mitochondria. For STIAT3 the tool predicted a predeominant 

localisation in mitochondria. 

Isoform Cytosol Nucleus Mitochondria Chloroplast Plastids 

STIAT1 7.0 2.0 4.0 - - 

STIAT2 5.0 2.0 5.0 - 1.0 

STIAT3 3.0 1.0 7.0 1.0 1.0 

 

The STIAT isoforms and the plasma membrane-type H+-ATPase from Arabidopsis 

(At2g18960) as reference were examined for transmembrane domains using the tools SOSUI 

(Hirokawa et al. 1998), HMMTop (Tusnady and Simon 2001) and DAS (Cserzo et al. 1997) 

to elucidate possible association to membranes. Earlier studies indicated the presence of the 

human HOP in Golgi apparatus and plasma membrane (Honore et al. 1992, Zanata et al. 

2002). Transmembrane alpha-helices consist of around 15-30 amino acids, which are 

predominantly hydrophobic and necessary for anchoring the membrane. Algorithms of 

SOSUI and HMMTop did not predict such a transmembrane domain for STIAT isoforms. 

However, in silico analysis using DAS revealed one transmembrane domain between amino 

acids 183 to 187 for STIAT1 and 181 to 184 for STIAT3, respectively (Figure 23). The 
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transmembrane domain for STIAT2 was predicted between amino acids 180 to 187 at a lower 

threshold. 
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Figure 23: Prediction of transmembrane regions of STIAT isoforms (A-C) in comparision to yeast STI1 
(D), human HOP (E) and the Arabidopsis plasmamembrane protein H

+
-ATPase1 (F) using in silico tool 

DAS (Cserzo et al. 1997). 

Dashed and continuous lines represent a loose and a strict threshold at DAS scores of 1.7 and 2.2 for 

transmembrane domain respectively. They give the actual location or are informative in terms of the 
number of matching segments of the transmembrane segment. STIAT1 and STIAT3 contain one 

transmembrane domain at the strict threshold, while STIAT2 comprises that at a loose threshold. In 

comparison, STI1 and HOP contain a transmembrane domain at the strict threshold in the same region as 

the STIAT isoforms. Only STI1 has a second transmembrane domain at the strict threshold at the C-

terminus. The transmembrane protein H
+
-ATPase1 was used to validate the accuracy of transmembrane 

domain prediction by in silico tool DAS. 
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In comparison, yeast STI1 and human HOP contain a transmembrane domain in the same 

region as the STIAT isoforms, while STI1 has a second transmembrane domain at the C-

terminus.Ten transmembrane domains were predicted for the plasma membrane-type H+-

ATPase, which is in accordance to the literature (Pedersen et al. 2007) and suggests the 

accuracy of the prediction algorithm. Although only one transmembrane domain was detected 

based on hydrophobic amino acid sequences at described positions, an association of STIAT 

isoforms to membranes is possible. 

 

4.2.2. STIAT1 and STIAT2 are localised in cytosol and nucleus. 

In order to obtain experimental evidences for the subcellular distribution of the STIAT2 

isoform and additional support for STIAT1 localisation, subcellular fractionations of 

Arabidopsis leaves grown under control conditions were examined. 

First, nuclei isolation was performed following the protocol of Shen et al. (2007). The 

resulting protein fractions were separated by SDS-PAGE and quality of nuclei preparation 

was verified by immunoblotting using marker proteins for nuclei, cytosol and chloroplasts 

(Figure 24). Western blot analysis of STIAT isoforms using antiserum directed against the 

recombinant tobacco protein STINT revealed detection of STIAT1 and STIAT2 

predominantly in cytosol compared to nuclei fraction. STIAT3 isoform was not present in 

leaves of Arabidopsis plants grown under control conditions as already depicted in Figure 11 

and Figure 20. The enrichment of nuclei was validated by marker protein Histon3. This was 

detected in all fractions, indicating remaining nuclei in the soluble nuclei-depleted fraction. 

Monodehydroascorbate reductase (MDAR) and cytochrome F were used as marker proteins 

for contamination with cytosolic and plastidic proteins in the nuclei fraction, respectively. 

Signals for both proteins were observed in total and soluble fraction, whereas no signal of 

them was detected in nuclei, indicating low contamination with cytosolic and plastidic 

proteins there. Similar results were obtained in nuclei isolations of tobacco leaves (Figure A 

2). 
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Figure 24: Distribution of STIAT isoforms in nuclei separated fractions of Columbia-0 leaves. The 

experiments were performed three times to ensure technical reproducibility.  

Equal amounts of total (T), cytosolic (C) and nuclear (N) extracts were separated on SDS-PAGE and 

transferred to PVDF membrane. Immunological detection with antiserum against STINT and marker for 

nuclei (Histon3), cytosol (monodehydroascorbate reductase MDAR) and chloroplasts (cytochrome F) 

revealed a predominantly cytoplasmatic localisation of STIAT1 and STIAT2 compared to its amount in 
the nucleus. 

 

4.2.3. STIAT1 and STIAT2 can partially associate with membranes. 

Experimental evidences for a possible association of STIAT isoforms to membranes were 

collected by using aqueous two-phase partitioning method (Schindler et al. 2008). Leaf tissue 

from Arabidopsis grown under control conditions was used to fractionate the material into 

endomembrane- (EM) and plasma membrane (PM)-enriched extracts. The resulting protein 

fractions were separated by SDS-PAGE and the quality of PM preparation was assessed by 

Western blot analysis using marker proteins for cytosol, endomembrane and plasma 

membranes (Figure 25). Immunoblot analysis of STIAT isoforms using antiserum directed 

against the recombinant tobacco protein STINT showed detection of STIAT1 and STIAT2 in 

all fractions analysed with a predominant signal in the cytoplasmatic fraction. STIAT3 

isoform was not present in leaves of Arabidopsis plants grown under control conditions as 

already depicted in Figure 11 and Figure 20. The detection of STIAT1 and STIAT2 in EM 

and PM fractions indicates a possible association with membranes. The enrichment of PM 

was confirmed by marker protein H+-ATPase which was detected only in the PM fraction. 

Contamination of PM fraction by endomembrane and soluble proteins was verified by visual 

inspection of immunoblot analysis of marker proteins V-ATPase and MDAR. The abundance 

of V-ATPase was similar in EM and microsomal fraction, but lower in PM fraction. This 
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demonstrates a depletion of endosomal proteins in this fraction. The signal intensity of the 

MDAR was highest in the cytosolic fraction, as expected for a marker for cytosolic proteins. 

Only traces of MDAR were found in EM and PM preparations, indicating low amounts of 

cytosolic proteins in those fractions. Similar results were obtained in PM fractionations of 

tobacco leaf and barley root tissue (Figure A 3). 

In summary, STIAT1 and STIAT2 were co-localised in cytosol with higher abundance in 

cytsol and they partially associate with membranes. 
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Figure 25: Subcellular distribution of STIAT isoforms in membrane fractions of Columbia-0 leaves. 

A: Five µg of protein of microsomal (M), cytosolic (C), endomembrane (EM) and plasma membrane (PM) 

fractions were separated by SDS-PAGE and visualized by cCBB staining. The specific band patterns 

indicate the fractionation using aqueous two-phase partitioning. 

B: The quality of membrane preparations was assessed using immunoblotting with antibodies against the 

subcellular marker proteins H+-ATPase, MDAR and V-ATPase. Western blot analysis with antiserum 

against STINT revealed a predominantly cytoplasmatic localisation of STIAT1 and STIAT2 and a partial 

association to membranes. 

 

4.3. In silico analysis of regulatory elements of STIAT isoforms 

Transcriptional activation or repression of genes is one important step in the control of stress 

responses. To obtain further evidences for the STIAT isoform regulation by stress application 

their promoter were analysed for cis-acting regulatory DNA elements using different in silico 

tools. Cis-acting regulatory DNA elements consist typically of 4-20 nucleotides, which are 

DNA-binding domains for one or more transcription factors. The programs PLACE (Higo et 

al. 1999), Athena (O'Connor et al. 2005) and AGRIS AtcisDB (Davuluri et al. 2003) were 

used for analysis of cis-elements in STIAT promoter sequences. Only cis-elements for the 
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putative promoter regions of the STIAT isoforms are listed, which were found with at least 

two of the programs (Table 4 to Table 6). The detection of DNA-binding domain HSE (heat 

shock element) in the STIAT3 promoter comprised an exception, because it was only found by 

AGRIS AtcisDB. Furthermore, this cis-element was only detected in STIAT3 promoter, 

suggesting regulation of STIAT3 gene by heat shock transcription factors. 

 

Table 4: List of potential cis-regulatory elements in STIAT1 promoter. 

Cis-element, signal sequence, function and reference are given. 

Cis-element Sequence Function Reference 

ARF TGTCTC Induction by auxin and 

brassinosteroids 

(Ulmasov et al. 1999) 

ATB2 ACTCAT Induction by hypoosmolarity (Satoh et al. 2002) 

Box II/ GT1 GGTTAA Regulation by light (Green et al. 1988) 

CARGCW8GAT C(W)8G Embryo-specific expression (Tang and Perry 2003) 

DRE RCCGAC Induction by drought, high-

light, cold 

(Kasuga et al. 1999) 

DPBF ACACNNG Induction by absicic acid, 

Embryo-specific expression 

(Kim et al. 1997) 

E2F TTTCCCGC Regulation by cell cycle (Chaboute et al. 2000) 

E2FAT TYTCCCGCC Regulation by cell cycle (Ramirez-Parra et al. 

2003) 

GAREAT TAACAAR Induction by gibberellic acid (Ogawa et al. 2003) 

GATABOX GATA Regulation by light (Teakle et al. 2002) 

HEXAMER CCGTCG Meristem-specific expression (Chaubet et al. 1996) 

IBOX GATAAG Regulation by light (Giuliano et al. 1988) 

LEAFYATAG CCAATGT Flower-specific expression (Lohmann et al. 2001) 

MYB1AT WAACCA Induction by ABA (Abe et al. 2003) 

MYBATRD22 CTAACCA Induction by ABA and 

drought 

(Abe et al. 1997) 

MYBPLANT MACCWAMC Regulation of phenylpro-

panoid and lignin biosynthesis 

(Tamagnone et al. 

1998) 

MYCATERD1 CATGTG Induction by dehydration (Simpson et al. 2003) 

MYCATRD22 CACATG Induction by ABA and 

drought 

(Abe et al. 1997) 

RAV1A CAACA Induction by cold (Kagaya et al. 1999) 

SORLIP1 GCCAC Regulation by light (Hudson et al. 2003) 

SV40CORE GTGGWWHG Enhancer, 

Regulation by light 

(Green et al. 1987) 

TATABOX TATAAA Transcriptionstart (Shirsat et al. 1989) 

TBOX ACTTTG Regulation by light (Chan et al. 2001) 
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Table 5: List of potential cis-regulatory elements in STIAT2 promoter. 

Cis-element, signal sequence, function and reference are given. 

Cis-element Sequence Function Reference 

ARF TGTCTC Induction by auxin and 
brassinosteroids 

(Ulmasov et al. 1999) 

ATB2 ACTCAT Induction by hypoosmolarity (Satoh et al. 2002) 
ATHB2 TAATMATTA Regulation by light (Ohgishi et al. 2001) 
CARGCW8GAT C(W)8G Embryo-specific expression (Tang and Perry 2003) 

CBF2 (ABRE) CCACGTGG Induction by absicic acid and 
water-stress 

(Pla et al. 1993) 

DRE RCCGAC Induction by drought, high-
light, cold 

(Kasuga et al. 1999)) 

DPBF ACACNNG Induction by absicic acid, 
Embryo-specific expression 

(Kim et al. 1997) 

GAREAT TAACAAR Induction by gibberellic acid (Ogawa et al. 2003) 
GATABOX GATA Regulation by light (Teakle et al. 2002) 

GBOX CACGTG Induction by diverse 
stimulatory pathways 

(Menkens et al. 1995) 

HEXAMER CCGTCG Meristem-specific expression (Chaubet et al. 1996) 
L1BOX TAAATGYA L1 layer-specific expression (Abbas-Terki et al. 

2001) 
LTRE ACCGACA Regulation by low 

temperature 
(Nordin et al. 1993) 

MYB1AT WAACCA Induction by ABA (Abe et al. 2003) 
MYB1LEPR GTTAGTT Pathogen defence (Chakravarthy et al. 

2003) 
MYBATRD22 CTAACCA Induction by ABA and 

drought 
(Abe et al. 1997) 

MYBPLANT MACCWAMC Regulation of phenylpro-
panoid and lignin 
biosynthesis 

(Tamagnone et al. 
1998) 

MYCATERD1 CATGTG Induction by dehydration (Simpson et al. 2003) 
MYCATRD22 CACATG Induction by ABA and 

drought 
(Abe et al. 1997) 

RAV1A CAACA Induction by cold (Kagaya et al. 1999) 

RAV1B CACCTG Induction by cold (Kagaya et al. 1999) 
RYREPEAT CATGCATG Tissue-specific expression (Bäumlein et al. 1992) 

SORLIP1 GCCAC Regulation by light (Hudson et al. 2003) 
SORLIP2 GGGCC Regulation by light (Hudson et al. 2003) 

SV40CORE GTGGWWHG Enhancer, 
Regulation by light 

(Green et al. 1987) 

TATABOX TATAAA Transcription start (Shirsat et al. 1989) 
TBOX ACTTTG Regulation by light (Chan et al. 2001) 
UPRMOTIFII CC(N)12CCACG Protein folding response (Martinez and 

Chrispeels 2003) 
WBOX TTTGACY Pathogen defence (Eulgem et al. 2000) 
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Table 6: List of potential cis-regulatory elements in STIAT3 promoter. 

Cis-element, signal sequence, function and reference are given. 

Cis-element Sequence Function Reference 

Box II/ GT1 GGTTAA Regulation by light (Green et al. 1988) 

CARGCW8GAT C(W)8G Embryo-specific expression (Tang and Perry 
2003) 

CCA1 AAMAATCT Induction by light (Wang et al. 1997)) 

DRE RCCGAC Induction by drought, high-
light, cold 

(Kasuga et al. 1999) 

DPBF ACACNNG Induction by absicic acid, 
Embryo-specific expression 

(Kim et al. 1997) 

GAREAT TAACAAR Induction by gibberellic 
acid 

(Ogawa et al. 2003) 

GATABOX GATA Regulation by light (Teakle et al. 2002) 
HSE AGAACATTCT Regulation by heat (Hubel et al. 1995) 
IBOX GATAAG Regulation by light (Giuliano et al. 1988) 

MYB1AT WAACCA Induction by ABA (Abe et al. 2003) 
MYBATRD22 CTAACCA Induction by ABA and 

drought 
(Abe et al. 1997) 

MYBPLANT MACCWAMC Regulation of 
phenylpropanoid and lignin 
biosynthesis 

(Tamagnone et al. 
1998) 

MYCATERD1 CATGTG Induction by dehydration (Simpson et al. 2003) 
MYCATRD22 CACATG Induction by ABA and 

drought 
(Abe et al. 1997) 

RAV1A CAACA Induction by cold (Kagaya et al. 1999)) 
SORLIP1 GCCAC Regulation by light (Hudson et al. 2003) 
SV40CORE GTGGWWHG Enhancer, Regulation by 

light 
(Green et al. 1987) 

TATABOX TATAAA Transcription start (Shirsat et al. 1989) 

TBOX ACTTTG Regulation by light (Chan et al. 2001)) 
WBOX TTTGACY Pathogen defence (Eulgem et al. 2000) 

 

In general, many cis-elements found in the putative promoter regions of STIAT isoforms were 

described to be regulated either by phytohormones like absicic acid (ABA), auxin and 

brassinosteroids or by (a)biotic factors like cold, drought and pathogens. This indicates a 

multiple regulation of all STIAT genes, with similar features. One difference was found 

concerning the cis-element RAV1 (Related to ABI3/VP1), which is bound by cold responsive 

transcription factor RAV1 (Fowler and Thomashow 2002, Yamasaki et al. 2004). Only 

STIAT2 promoter contained bipartite RAV1A and B binding site (Table 5), whereas among 

STIAT1 and STIAT3 promoters only the RAV1A motif was detected (Table 4, Table 6). 

However, T-DNA insertion lines for RAV1 were analysed under cold stress and did not show 

differences in STIAT isoform expression (not shown). 
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4.4. Isolation and characterisation of STIAT/STINT interaction partners 

Investigations of the interacting proteins of STINT/STIAT are important for the functional 

categorisation. Despite the knowledge of the homology to the co-chaperones HOP from 

human and STI1 from yeast, both acting as linker between Hsp90 and Hsp70 in these 

organisms, the knowledge of interaction partners of HOP/STI1 proteins in plants was 

restricted to HOP/STI1 in rice (Chen et al. 2010). 

Several chromatographic and gel based separation methods as well as mass spectrometry 

analysis were combined to isolate STIAT/STINT with their interacting proteins from leaf 

material and cell culture in Arabidopsis and tobacco. 

 

4.4.1. In silico prediction of STIAT isoform interaction partners 

To obtain first indications for the putative interaction partner of the three STIAT isoforms, in 

silico analysis was performed using Arabidopsis interaction viewer (Geisler-Lee et al. 2007). 

The program predicts the interaction of Arabidopsis proteins based on interacting orthologs in 

yeast, nematode worm, fruit fly and human. Partial interactions have been experimentally 

examined for these four species (Gandhi et al. 2006, Giot et al. 2003, Li et al. 2004, Rual et 

al. 2005). An interaction in Arabidopsis could be predicted when orthologs existed for both 

interacting proteins in one of these four established interactomes. A confidence value (CV) for 

each interaction is displayed, which was generated on the amount of supporting evidence for 

each interaction being a product of amount in different datasets, different kinds of 

experiments and number of species. A medium confidence interaction is displayed by CV of 2 

to 10, while lower and higher CV describe lower and higher confidence interactions, 

respectively. 

All three STIAT isoforms were analysed for their putative interaction partner (Table 7 to 

Table 9). The highest numbers of interactions predicted were found for STIAT1 and STIAT2. 

The list of predicted interactions for STIAT3 was rather limited. Hsp90 and Hsp70 isoforms 

were suggested to interact with the three STIAT isoforms. Interactions of STIAT isoforms 

were predicted to three cytosolic Hsp90 isoforms, which differed in the isoform and the 

confidence levels of interaction predicted. STIAT1 and STIAT2 were predicted to have a high 

confidence interaction to Hsp90-1, whereas STIAT3 does not. Instead, a medium interaction 

of STIAT3 to Hsp90-4 was predicted. Four cytosolic Hsp70 isoforms were suggested to 

interact with STIAT1 and STIAT2, while no interaction to Hsp70 proteins was found for 
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STIAT3, indicating a special function of that compared to the other two isoforms. Table 10 

shows the comparison of putative interacting proteins of STIAT isoforms regarding members 

of Hsp90 and Hsp70 protein families. 

 

Table 7: STIAT1 interaction partners using in silico prediction tool Arabidopsis interaction viewer 

(Geisler-Lee et al. 2007). 

Confidence interactions (CV) are shown for each interaction. High: CV >10. Medium: CV: 2 – 10. Low: 

CV = 1.  

Interaction protein of STIAT1  Interolog Confidence  

Locus Annotation  Value   Level 

At5g52640 Hsp90-1  504  High 

At3g12580 Hsp70-4  20  High 

At5g56030 Hsp90-2   12  High 
At1g74310 HOT1 (HSP101)  6  Medium 
At5g41370 ATP-dependent helicase  6  Medium 

At4g16970 ATP binding / protein serine/threonine kinase  4  Medium 
At1g04980 PDI10 protein disulfide isomerase  2  Medium 
At1g79930 Hsp70-14  2  Medium 
At1g79990 coatomer protein complex, subunit beta 2 (beta 

prime) 
 2  Medium 

At2g30110 ATUBA1 ubiquitin activating enzyme  2  Medium 

At2g41500 LIS nucleotide binding  2  Medium 
At3g58560 endonuclease/exonuclease/phosphatase family 

protein 
 2  Medium 

At5g22060 ATJ2 (Hsp40)  2  Medium 
At5g40820 ATRAD3 inositol/ phosphatidylinositol kinase/ 

phosphotransferase 
 2  Medium 

At5g58290 RPT3 ATPase  2  Medium 
At1g16030 Hsp70-5  1  Low 

At1g18040 CDKD1;3 cyclin-dependent kinase D;3  1  Low 
At1g44170 ALDH3H1 aldehyde dehydrogenase 3H1  1  Low 
At1g65040 protein binding / zinc ion binding  1  Low 
At1g77720 protein kinase family protein  1  Low 

At1g79530 GAPCP-1 glyceraldehyde-3-phosphate 
dehydrogenase of plastid 1 

 1  Low 

At3g09920 PIP5K9 phosphatidyl inositol monophosphate 5 
kinase 

 1  Low 

At3g22830 HSFA6B transcription factor  1  Low 

At3g47460 ATSMC2; transporter  1  Low 
At4g02450 glycine-rich protein (p23)  1  Low 
At4g04940 transducin family protein / WD-40 repeat family 

protein 
 1  Low 

At5g05560 ubiquitin-protein ligase  1  Low 

At5g07590 WD-40 repeat protein family  1  Low 
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Table 8: STIAT2 interaction partners using in silico prediction tool Arabidopsis interaction viewer 

(Geisler-Lee et al. 2007). 

Confidence interactions (CV) are shown for each interaction. High: CV >10. Medium: CV: 2 – 10. Low: 

CV = 1. 

Interaction protein of STIAT2  Interolog Confidence  

Locus Annotation  Value   Level 

At5g52640 HSP90-1  30  High 
At1g16030 HSP70-5  20  High 
At1g74310 HOT1 (HSP101)  4  Medium 
At5g41360 ATP-dependent DNA helicase  4  Medium 

At1g11660 HSP70-16  2  Medium 
At3g44110 ATJ3; protein binding  2  Medium 

At1g10900 phosphatidylinositol-4-phosphate 5-kinase family 
protein  

 1  Low 

At1g18040 CDKD1;3 cyclin-dependent kinase D;3  1  Low 
At1g44170 ALDH3H1 aldehyde dehydrogenase 3H1  1  Low 

At1g52360 coatomer protein complex  1  Low 
At1g65040 protein binding / zinc ion binding   1  Low 
At1g77720 protein kinase family protein   1  Low 
At2g30110 ATUBA1 ubiquitin activating enzyme  1  Low 

At2g41500 LIS nucleotide binding  1  Low 
At3g47460 ATSMC2; transproter  1  Low 
At3g58560 endonuclease/exonuclease/phosphatase family 

protein  
 1  Low 

At4g04940 transducin family protein / WD-40 repeat family 
protein  

 1  Low 

At4g18880 HSFA6A transcription factor  1  Low 
At5g40820 ATRAD3 inositol/ phosphatidylinositol kinase/ 

phosphotransferase 
 1  Low 

At5g58290 RPT3 ATPase  1  Low 

 

Table 9: STIAT3 interaction partners using in silico prediction tool Arabidopsis interaction viewer 

(Geisler-Lee et al. 2007). 

Confidence interactions (CV) are shown for each interaction. High: CV >10. Medium: CV: 2 – 10. Low: 

CV = 1. 

Interaction protein of STIAT3  Interolog Confidence  

Locus Annotation  Value   Level 

At5g56000 HSP90-4  8  Medium 
At3g04120 GAPC-1 glyceraldehyde-3-phosphate 

dehydrogenase C subunit 1 
 1  Low 

At4g02450 glycine-rich protein (p23)  1  Low 

At4g36250 ALDH3H1 aldehyde dehydrogenase 3H1  1  Low 
At5g07590 WD-40 repeat protein family   1  Low 

At5g63310 NDPK1A nucleoside diphosphate kinase 2  1  Low 
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Table 10: Selection of STIAT interaction partners belonging to Hsp90 and Hsp70 families using in silico 

prediction tool Arabidopsis interaction viewer (Geisler-Lee et al. 2007). 

Confidence interactions (CV) are shown for each interaction. High: CV >10. Medium: CV: 2 – 10. Low: 

CV = 1. 

Interaction partner STIAT1 STIAT2 STIAT3 

Hsp90-1 High High No 

Hsp90-2 High No No 

Hsp90-4 No No Medium 

Hsp70-4 High No No 

Hsp70-5 Low High No 

  Hsp70-14 Medium No No 

  Hsp70-16 No Medium No 

 

4.4.2. Co-localisation of STIAT1 and STIAT2 isoforms with specific members of the 

Hsp90 and Hsp70 families in cytosol and nucleus 

Putative interacting proteins are often co-expressed or co-localised in the same compartment. 

In order to obtain first indications of STIAT isoform interactions with members of the major 

interaction partners Hsp70 and Hsp90 the co-expression of them with the STIAT isoforms 

was analysed in different compartments. 

Nuclei and cytosol protein fractions of Arabidopsis leaves grown under control conditions 

were separated by SDS-PAGE and subsequent immunoblotting of STIAT isoforms and their 

putative interaction partner were performed using antisera against Hsp90-1 from Arabidopsis, 

an Hsp70 antibody recognizing Arabidopsis Hsp70-1 to Hsp70-5 and antisera against STINT 

(Figure 26). Western blot analysis of the major putative STIAT isoform interaction partners 

revealed detection of specific members of Hsp70 and Hsp90-1 predominantly in the cytosol, 

but also in the nuclei fraction with minor signal intensity for Hsp90-1 in nuclei. For STIAT1 

and STIAT2 the same subcellular localisation was already observed (4.2.2), indicating the co-

localisation of STIAT isoforms with specific members of its putative interaction partners 

Hsp70 and Hsp90 in same compartments. 
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Figure 26: Cellular distribution of STIAT isoforms with the putative interaction partner Hsp70 and 

Hsp90. 

Equal amounts of total (T), cytosolic (C) and nuclear (N) extracts were separated on SDS-PAGE and 

transferred to PVDF membrane. Immunological detection with antisera against AtHsp90-1, an Hsp70 

antibody specific for AtHsp70-1 to AtHsp70-5 and antisera against STINT illustrated similiar subcellular 

localisation of them, predominantly cytoplasmatic with minor accumulation in nucleus. 

 

4.4.3. Size exclusion chromatography revealed participation of STINT in high 

molecular weight fraction and occurrence as a dimer in tobacco 

Evidences for the participation of a protein in protein complexes can be obtained by analysing 

elution profiles of the protein of interest using size exclusion chromatography (SEC). The 

total protein extract from a tobacco cell culture was separated by Superdex 200 column to 

elucidate the participation of STINT in protein complexes. The resulting fractions were 

analysed by subsequent Western blot analysis using antiserum directed against STINT (Figure 

27). Densitometric evaluation of signal intensities revealed elution of STINT across fractions 

of 10 to 15 ml with two maxima at 10 and 14 ml. The comparison of STINT elution profile 

with molecular weight marker proteins illustrated the detection of STINT in fractions ranging 

from 67 to 440 kDa. This result suggests the participation of the STINT protein in protein 

complexes. However, the highest signal intensity was found in the second peak of around 140 

kDa indicating the occurrence of STINT as a dimer, whereas the monomeric form of 67 kDa 

was detected with lower intensity. 
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Figure 27: Size exclusion chromatography of STINT isolated from the tobacco cell culture S2LS3. The 

experiments were performed in triplycate to ensure technical reproducibility. 

A: Separation profile of gel filtration using Superdex 200 column. 

Blue: Absorption at 280 nm. Green: Calibration curve using marker proteins of different molecular 

weight (MW) in kDa. Red: Quantification of STINT protein amount from Western blot analysis of 

fractions in arbitrary units (au). 

B: Western blot analysis of fractions using antiserum against STINT. Signal detection in high (440 kDa) to 

low (67 kDa) molecular weight protein fractions pointed to the presence of STINT in protein complexes. 

High (*) and low (#) molecular weight fractions selected for BN-PAGE in Figure 29. 

 

4.4.4. Blue native PAGE confirmed the occurrence of the STINT protein as a dimer 

After obtaining indications of monomeric and dimeric molecular forms of STINT protein and 

its participation in protein complexes by size exclusion chromatography, all findings were 

verified using Blue native (BN) PAGE. 

First, the recombinant STINT protein was separated either by denaturing SDS-PAGE or 

native BN-PAGE and additionally subsequent Western blot analysis using antiserum directed 

against STINT were performed (Figure 28). The separation of STINT by SDS-PAGE resulted 

in detection of STINT at a size of 72 kDa in both the Coomassie-stained gel and by 
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immunodetection. In comparison, the separation of recombinant STINT by BN-PAGE 

illustrated the detection of STINT at a size of 146 kDa. This result suggests occurrence of 

STINT as a monomer under denatured conditions and as a dimer under native conditions. 

 

kDa

130 –

72 –

55 –

43 –

Coomassie antiSTINT Coomassie antiSTINT

Dimer

Monomer
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SDS-PAGE BN-PAGE A B

Dimer

Monomer

 

Figure 28: Determination of molecular weight of recombinant STINT protein in denatured and native 

PAGE. 

A: Separation of 20 ng recombinant STINT by SDS-PAGE and subsequent visualisation by both 

Coomassie staining and immunodetection with antiserum against STINT resulted in detection of STINT 

of 72 kDa, indicating a Monomer. 

B: Separation of 500 ng recombinant STINT by BN-PAGE with or without immunodetection using 

antiserum against STINT depicted detection of STINT of 146 kDa, illustrating the dimeric form. 

 

The participation of STINT in protein complexes was analysed by BN-PAGE. Therefore, high 

and low molecular weight fractions of size exclusion chromatography from section 4.4.3 and 

recombinant STINT as loading control were subjected to BN-PAGE with subsequent Western 

blot analysis using antiserum directed against STINT (Figure 29). The immunodetection of 

STINT revealed the detection in the low molecular weight fraction at the same size as 

detected for the recombinant STINT, each with 146 kDa. The separation of high molecular 

weight fractions by BN-PAGE and subsequent Western blot analysis showed a signal for the 

STINT protein in the size of an apparent MW of about 720 kDa. In comparison to the largest 

protein signal obtained in the gel filtration experiments using the Superdex 200 column 

(4.4.3) the size of the protein band obtained in BN-PAGE was approximately 300 kDa higher. 
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Figure 29: Confirmation of STINT in high and low molecular weight (MW) fractions of size exclusion 

chromatography (SEC) by BN-PAGE. 

A: 25 µg of high and low MW fractions after SEC from Figure 27 were separated by BN-PAGE, 
illustrating a main protein band of 720 kDa in high MW fractions and nonpoint protein bands of 146 to 

720 kDa in low mw fraction. 

B: Immunodetection with antiserum against STINT resulted in detection of STINT at a size of 720 kDa in 

high mw fraction and 146 kDa in low mw fraction, confirming the presence of STINT as part of a complex 

and behaviour as a dimer under native conditions. 

 

In order to clarify, if the protein band of that size resembles an aggregation of protein 

complexes due to column properties, the tobacco cell culture extract was separated using 

Sephacryl 400 column and a high molecular weight fraction was subsequently subjected to 

BN-PAGE, resulting in the band of the same size at about 720 kDa (Figure 30A). 

Protein lane was excised and incubated with trypsin. Protein identification via LC-ESI-Q-

TOF MS/MS was performed on tryptic peptides by searching against the Viridiplantae index 

of Swissprot and Trembl databases. The identification of the 720 kDa complex band resulted 

in detection of proteasome subunits of different types and species, which were identified with 

at least two peptides (Figure 30B). This finding indicate that the 720 kDa complex is 

potentially an accumulation in injection peak as STINT could not be identified within this 

complex by MS but was detected there by immunoblotting. Therefore, additional biochemical 

methods were necessary to identify interacting proteins of STIAT/STINT proteins. 
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kDa

720 –

480 –

242 –

146 –

66 –

Protein Accession Peptides MW (Da)

Proteasome subunit alpha type 6, N. tabacum Q9XG77 5 27285

Putative beta5 proteasome subunit, N. tabacum Q93X31 4 18598

Proteasome subunit alpha type, P. jackii A9PJ46 4 27277

Proteasome subunit beta type 2 A, A. thaliana O23714 3 22526

Proteasome subunit beta type 1, P. hybrida O82531 2 24602

Proteasome subunit alpha type 1, O. sativa P52428 2 29611

Proteasome subunit alpha type 7 A, O. sativa A2YXU2 2 27279

Proteasome subunit beta type 5, S. oleracea O24361 2 29600

Proteasome subunit alpha type 5 A, A. thaliana O81149 2 25930

Putative beta4 proteasome subunit, N. tabacum Q93X32 2 14533

Proteasome subunit alpha type, N. tabacum Q93X34 2 27180

Proteasome subunit alpha type, V. vinifera A5BYS9 2 25961

Proteasome subunit alpha type, Z. mays A3FMB9 2 27211

BN-PAGE

High MW
after SEC

A B

 

Figure 30: Protein identification of high molecular weight (MW) fraction obtained after size exclusion 

chromatography. 

A: High MW fraction after SEC using Sephacryl 400 column was separated by BN-PAGE, illustrating a 

main protein band at 720 kDa. 

B: Protein identification using LC-ESI-Q-TOF MS. Protein name, accession number, detected peptides, 

and molecular weight of proteins are given. Protein identification was performed by searching against the 
Viridiplantae index of Swissprot and Trembl databases. 

 

4.4.5. Immunoprecipitation of STIAT interaction partners in Arabidopsis 

The interaction partners of the STIAT isoforms were analysed by imunoprecipitation 

experiments under in vivo conditions as shown for the STIAT isoforms in section 4.1.4. Total 

protein extracts from Arabidopsis leaves grown under control conditions were precipitated by 

antibody raised against STINT. The eluate fraction was separated by SDS-PAGE, stained by 

cCBB and resulted in detection of a multitude of 15 protein bands (Figure 31A). The 15 

protein bands were excised manually from the cCBB stained gel and incubated with trypsin to 

verify their identity. Protein identification via MALDI-TOF MS by searching against the 

Viridiplantae index of NCBI database lead to the identification of STIAT, the main putative 

interaction partners Hsp90 and Hsp70 and additional proteins (Figure 31B). 
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A B

Protein Score
Peptides

Total (diagnostic)

Sucrose phosphate synthase 1F 41 2

Embryo defective 2734 127 4

Coatomer beta subunit 116 4

Translation Initiation factor 3B1 54 2

Hitzeschockprotein 90-3 201 8 (1)

Hitzeschockprotein 70-1 232 5 (1)

STIAT1 134 3 (3)

Actin 8 193 4

Rubisco activase 429 12

Glyceraldehyde 3-phosphate 
dehydrogenase

302 11

kDa

100 –

70 –

55 –

40 –

IP
antiSTINT

hc

 

Figure 31: Immunoprecipitation of STIAT isoforms and putative interaction partners from Columbia-0 
leaves grown under control conditions using antiSTINT. The results were obtained only once. 

A: Separation of precipitated STIAT and interaction partners by SDS-PAGE and visualization by cCBB 

staining. Hc: heavy chain of the antibody. 

B: Protein identification using MALDI-TOF-TOF MS. Protein name, score and number of detected 

peptides for proteins co-purifying with STIAT are given. Protein identification via MALDI-TOF-TOF MS 

was performed by searching NCBI database. 

 

The differentiation between the isoforms of the identified protein families was achieved by 

matching all peptides to the complete protein sequences (Figure 32). Thus, protein bands 

revealed specific identification of STIAT1, Hsp90-3 and Hsp70-1. All three peptides leading 

to identification of STIAT1 were diagnostic while at least one specific peptide for the 

chaperones has been detected. This finding indicated Hsp90 and Hsp70 as interacting partners 

of STIAT in Arabidopsis, co-precipitating under certain conditions. 

Among the remaining proteins identified with very high score were embryo defective and 

beta-coat protein as well as proteins with lower score such as sucrose phosphatase synthase or 

translation initiation factor (Figure 31). Since this result was only obtained once, at this point 

it was not clear whether these proteins were true interaction partners or client proteins of 

STIAT-Hsp90-Hsp70 complex or contamination. 
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Hsp90-3   NLKLGIHEDSQNRTKIAELLRYHSTKSGDELTSLKDYVTRMKEGQNDIFYITGESKKAVE 474

Hsp90-4   NLKLGIHEDSQNRTKIAELLRYHSTKSGDELTSLKDYVTRMKEGQNEIFYITGESKKAVE 474

Hsp90-1   NLKLGIHEDSQNRGKIADLLRYHSTKSGDEMTSFKDYVTRMKEGQKDIFYITGESKKAVE 480

Hsp90-2   NLKLGIHEDSQNRGKIADLLRYHSTKSGDEMTSFKDYVTRMKEGQKDIFYITGESKKAVE 480 

Hsp70-1   STITRARFEELNMDLFRKCMEPVEKCLRDAKMDKSTVHDVVLVGGSTRIPKVQQLLQDFF 360

Hsp70-2   SPITRARFEEMNMDLFRKCMEPVEKCLRDAKMDKSTVHEIVLVGGSTRIPKVQQLLQDFF 360

Hsp70_3   APITRARFEELNIDLFRKCMEPVEKCLRDAKMDKNSIDDVVLVGGSTRIPKVQQLLVDFF 360

Hsp70-3   TTITRARFEELNMDLFRKCMEPVEKCLRDAKMDKSSVHDVVLVGGSTRIPKVQQLLQDFF 360                      

STIAT1    RASAPNPFGDAFQGPEMWSKLTADPSTRGLLKQPDFVNMMKEIQRNPSNLNLYLQDQRVM 180

STIAT2    RA-APNPFGDAFQGPEMWTKLTSDPSTRGFLQQPDFVNMMQEIQKNPSSLNLYLKDQRVM 179

STIAT3    KS---NPFVDAFQGKEMWEKLTADPGTRVYLEQDDFVKTMKEIQRNPNNLNLYMKDKRVM 177                

STIAT1    QALGVLLNIQIR-TQQAGDDMEIGEEEMAVPSRKEPEVEKKRKPEPEPEPEP-EFGEEKQ 238

STIAT2    QSLGVLLNVKFRPPPPQGDEAEVPESDMGQSSSNEPEVEKKREPEPEPEPEVTEEKEKKE 239

STIAT3    KALGVLLNVKFG--GSSGEDTEMKEADE----RKEP------EPEMEPMELTEEERQKKE 225               

STIAT1    KRLNEAERAKKELEQQEYYDPNIGDEEREKGNDFFKEQKYPDAVRHYTEAIKRNPKDPRA 418

STIAT2    KRLNDAERAKKEWEQKQYFDPKLGDEEREKGNDFFKEQKYPEAIKHYTEAIKRNPNDHKA 419

STIAT3    KKLNDAEKVKKELEQQEYFDPTIAEEEREKGNGFFKEQKYPEAVKHYSEAIKRNPNDVRA 405                

A

B

C

 

Figure 32: Identification of Hsp90-3, Hsp70-1 and STIAT1 after antiSTINT-IP from Figure 31A MALDI-

TOF MS. 

The extractions of sequence alignments of isoforms of Hsp90 (A), Hsp70 (B) and STIAT (C) from 

Arabidopsis are shown. The diagnostic tryptic peptides for one isoform per alignment are matched (red). 

 

4.4.6. Heterologous expression of STIAT isoforms and their potential interaction 

partners in E. coli 

In contrast to the results of the immunoprecipitation experiments of STIAT isoforms from 

Arabidopsis leaves, in silico prediction of STIAT interaction partners revealed several 

members of Hsp90 and Hsp70 protein families interacting with STIAT isoforms with 

different affinities. Therefore, STIAT isoform interactions with selected isoforms of Hsp90 

and Hsp70 were examined using in vitro interaction studies based on the protocol shown for 

the interaction of STI1 and Hsp70 in yeast (Wegele et al. 2003). For that purpose, cloning and 

production of recombinant STIAT isoforms and selected Hsp90 and Hsp70 proteins in E. coli 

were initiated. The cloning strategy to produce recombinant proteins is depicted in Figure 33. 

Cloning throughput was achieved by using Gateway-compatible vectors. Were available, 

entry clones for some candidate proteins were obtained from NASC (Nottingham Arabidopsis 

Stock Center). Entry clones for the remaining interaction partner were produced and 

fragments were transferred into expression vector pDEST17. 
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Figure 33: Schematic diagram of the cloning strategy to produce His tagged recombinant proteins. Entry 
clones were produced by TOPO cloning reaction of ORFs into pENTR/D-TOPO. Subsequently, fragments 

were assembled into destination vector pDEST17 during a LR reaction to produce the expression clones.  

 

After successful cloning of STIAT isoforms and interaction partners, N-terminally His-tagged 

proteins were expressed under the control of the T7 promoter and purified from E. coli. The 

overview of proteins produced in E. coli is listed in Table 11. In total, nine proteins were 

selected for production in E. coli. Eight of them were successfully cloned into expression 

vector; one could not be amplified from any template under any condition tested. Five of the 

remaining eight proteins showed a high expression whereas three proteins, including STIAT3 

isoform, revealed only low or no expression. 

 

Table 11: Overview of candidate proteins heterologously expressed in E. coli. Protein names, status of 

cloning and purification are given. 

Protein Cloning Purification 

STIAT1 Successful  Successful 

STIAT2 Successful Successful 

STIAT3 Successful Low expression level 

Hsp70-4 Successful No expression 

Hsp70-5 Successful Successful 

Hsp70-14 Successful Low expression level 

Hsp90-1 Successful Successful 

Hsp90-2 Successful Successful  

Hsp90-4 - - 
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As an example, purification of STIAT1 is illustrated in Figure 34. Total protein extract from 

E. coli was separated by affinity chromatography using His-trap column and subsequent SDS-

PAGE of fractions was performed. Western blot analysis of fractions using antiserum directed 

against the His-tag validated the elution of recombinant protein in eluat fraction. 
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Figure 34: Affinity purification of recombinant STIAT1 isoform from E. coli. 

A: Separation profile of affinity chromatography using His-trap column. Blue: Absorption at 280 nm. 

B: Fractions of each purification step from A were separated by SDS-PAGE and visualised by cCBB 
staining. T: Total protein, Ft: Flow through, W: Wash, E: Eluat. 

C: Western blot analysis of fractions with antibody against the His-tag confirmed the purification of 

recombinant STIAT1. 

 

4.4.7. In vitro interaction studies of STIAT2 with Hsp70-5 revealed plenty of 

background and unspecific binding of the Hsp 

After cloning and production of recombinant proteins, in vitro interactions of purified 

recombinant proteins were studied according to the protocol of Wegele et al. (2003) to 
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validate the interactions. At first, Hsp70-5 was selected for the in vitro interaction study to 

STIAT2 as it belongs to the cytosolic Hsp70 and different affinities to the STIAT isoforms 

are suggested as shown in Table 10. The recombinant proteins STIAT2 and/or Hsp70-5 were 

mixed with total protein extracts from Arabidopsis leaves and precipitated by antibodies 

raised against STINT and Hsp70. All fractions were collected, separated by SDS-PAGE and 

transferred to PVDF membrane and probed with antiserum directed against the recombinant 

tobacco protein STINT and Hsp70. The experimental set-up is depicted in Figure 35. 

 

STINT

Hsp70

Hsp70-5
or/and

(1)  In vitro binding study

(2)  Immunoprecipitation

(3) Western blot analysis
to examine the interaction

Leaf extract
or buffer

Sample 
from (1)

Wash steps

Elution

STIAT2

1 h 4 °C Rotation

1 h 4 °C Rotation

STINT
or Hsp70
antibody

 

Figure 35: Schematic presentation of the experimental set-up of in vitro interaction studies and their 

subsequent analysis. 

Recombinant proteins were mixed with Arabidopsis leaf extract and precipitated using one of the 

antibodies. All fractions were analysed using Western blot analysis using antiserum against STINT and 

Hsp70. 
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The result of the interaction study of STIAT2 with Hsp70-5 spiked in Arabidopsis leaf extract 

is shown in Figure 36. Immunoblot analysis of STIAT and Hsp70 resulted in co-elution of the 

STIAT2 with Hsp70-5 when purifying against one of the proteins, but Hsp70 was detected 

with lower intensity compared to STIAT in both cases (Figure 36, 1-2, lanes bound). In 

contrast, when only STIAT2 was incubated in leaf extract and purification with the Hsp70 

antibody was performed, Hsp70 was detected with higher intensity (Figure 36, 3, lanes 

bound). This finding indicates the co-elution with the native Hsp70 isoforms from the leaf 

extract, which was observed for Hsp70 with native STIAT isoforms but with lower intensity 

(Figure 36, 4, lanes bound). 

 

(1) Input: leaf extract + STIAT2
+ Hsp70-5

IP: antiSTINT

(2) Input: leaf extract + STIAT2
+ Hsp70-5

IP: antiHsp70

(3)  Input: leaf extract + STIAT2
IP: antiHsp70

(4) Input: leaf extract + Hsp70-5
IP: antiSTINT

STINT

Hsp70

STINT

Hsp70

STINT

Hsp70

STINT

Hsp70

 
Figure 36: In vitro interaction studies of STIAT2 and Hsp70-5 in Columbia-0 leaf extract using antiSTINT 

and antiHsp70 antibodies for precipitation. 

All fractions obtained during precipitation were separated by SDS-PAGE and probed with antiserum 

against STINT and Hsp70. The precipitations of STIAT2+Hsp70-5 using antibodies against STINT (1) 

and Hsp70 (2) revealed co-elution of STIAT2 and Hsp70-5. Nearly the same co-elution was observed after 

purification of the native Hsp70 (3) and native STIAT isoforms (4). 
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Finally, this experiment could not show clear interaction of STIAT2 and Hsp70-5 due to 

background signals obtained by co-elution of protein with the native interaction partner from 

leaf extract. Therefore, the experimental set-up was modified by using buffer instead of leaf 

extract to exclude the co-elution of proteins with native interacting proteins. 

The result of the interaction study of STIAT2 with Hsp70-5 incubated in Hepes buffer is 

shown in Figure 37. Hsp70-5 was marginal co-eluting with STIAT2 after precipitation with 

the STINT antibody (Figure 37, 1). To exclude unspecific binding of STIAT2 and Hsp70-5 to 

the matrix, control precipitation using antiGoat was performed (Figure 37, 2). The 

precipitation using antiGoat showed the detection of Hsp70-5 in the bound fraction indicating 

unspecifc binding of Hsp70 to the matrix, while unspecific binding of STIAT2 to antiGoat 

was not detected. 

STINT

Hsp70

STINT

Hsp70

(1) Input: buffer + STIAT2
+ Hsp70-5

IP: antiSTINT

(2) Input: buffer + STIAT2
+ Hsp70-5

IP: antiGoat

 
Figure 37: In vitro interaction studies of STIAT2 with Hsp70-5 in buffer using antiSTINT or antiGoat 

antibodies for immunoprecipitation.  

The input and bound fraction were separated by SDS-PAGE and probed with antiserum against STINT 

and Hsp70. Immunodetections revealed a weak co-elution of Hsp70-5 with STIAT2 using STINT antibody 
(1), but unspecific binding of Hsp70-5 to antiGoat bound matrix (2).  

 

In summary, in vitro binding studies of recombinant STIAT2 isoform with its putative 

interaction partner Hsp70-5 revealed either a high background signals in plant extracts or 

unspecific binding of the latter protein to the matrix. Therefore, another method for analysing 

STIAT interaction partners was applied. 
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4.4.8. Tandem affinity purification of heterologous STINT protein in Arabidopsis 

revealed Hsp90 and Hsp70 as interacting proteins 

Tandem affinity purifications (TAP) were performed on C-terminally and N-terminally TAP-

tagged STINT overexpressed under the control of the 35S promoter in Arabidopsis cell 

culture (Figure 38) by the Functional Proteomics Group at VIB/University Gent, Belgium. 

Total protein extracts from Arabidopsis cell culture were fractionated using immunoglobulin 

G (IgG) and calmodulin resins. Eluted proteins were separated by SDS-PAGE and visualized 

by cCBB staining. Protein lanes were excised and digested with trypsin. Protein identification 

via MALDI-TOF-TOF MS was performed on tryptic peptides by searching SNAPS database 

(http://www.ptools.ua.ac.be). Background contaminations are an important issue in TAP 

experiments. In order to assess those, proteins of purifications using wild-type Arabidopsis 

cell culture and two cultures overexpressing the TAP-tagged proteins ß-glucuronidase and 

green fluorescent protein were excluded from the dataset as shown previously (Van Leene et 

al. 2007). 

 

35S ProteinA TEV CBP STINT 35S termattR attR

35S ProteinA TEV CBPSTINT 35S termattR attR

A

B

 
Figure 38: Schematic diagram of STINT TAP expression cassettes used for Arabidopsis cell culture 
transformation. N-terminal (A) or C-terminal (B) fusions of STINT to the TAP tag, consisting of the three 

subunits protein A domain, tobacco etch virus (TEV) cleavage site and calmodulin binding protein (CBP), 

were produced. Expression was controlled by 35S promoter. 

 

The separation and identification of interacting proteins of N-terminally TAP-tagged STINT 

is shown in Figure 39, resulting in detection of the tagged protein in the most prominent band 

on the gel. The chaperones Hsp90 and Hsp70 were identified with very high score in multiple 

isoforms and were present in both experiments and in one purification of C-terminally TAP-

tagged STINT (Table A 3). This indicates that Hsp90 and Hsp70 are true interacting proteins 

of STINT, although chaperones belong to contaminating proteins. In total, four and five 

accessions for Hsp90 and Hsp70 protein families were identified, respectively, all belonging 

to cytosolic isoforms. 
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kDa
188 –

98 –

62 –

49 –

38 –

28 –

Protein Accession Peptides Score MW [Da]
Hsp90-2 At5g56030 21 990 80299
Hsp90-3 At5g56010 21 988 80287
Hsp90-4 At5g56000 16 932 80376
Hsp90-1 At5g52640 15 509 81414
STIAT At1g62740 3 60 64764

Hsp70-1 At5g02500 19 891 71712
Hsp70-4 At3g12580 18 666 71456
Hsp70-3 At3g09440 16 614 71559
Hsp70-2 At5g02490 11 418 71741
Hsp70-18 At1g56410 10 315 68656

STINT-NTAPA B

 
Figure 39: Tandem affinity purification of STINT from Arabidopsis cell culture. The experiments were 

performed twice to ensure technical reproducibility.  

A: Protein complexes isolated by N-terminal TAP-tagged STINT were separated by SDS-PAGE and 

visualized by cCBB staining. 

B: Protein identification using MALDI-TOF-TOF MS. Protein name, accession number, detected 

peptides, score and molecular weight of proteins co-purifying with the bait protein are given. Protein 

identification via MALDI-TOF-TOF MS was performed by searching SNAPS database 

(http://www.ptools.ua.ac.be). 

 

4.4.9. Tandem affinity purification of STI1 protein in yeast revealed Hsp90 and Hsp70 

as interacting proteins 

The tandem affinity purification of STI1 protein with their known interaction partners in yeast 

was performed as a technical control, in order to identify client proteins by using the TAP 

method. Therefore, a transgenic STI1 yeast strain, expressing C-terminally TAP-tagged STI1 

under its native promoter, was used. Total protein extracts from yeast were fractionated using 

IgG and Calmodulin resins and fractions were separated by SDS-PAGE and visualized by 

cCBB staining (Figure 40). The Coomassie stained gel showed four protein bands after first 

purification step using IgG, but only three protein bands after second purification step using 

calmodulin in the range of 70 to 90 kDa. This result indicates a lower binding affinity of this 

band during the second purification step. In order to identify STI1 and all of its interacting 

proteins, the four proteins after first purification step (IgG bound fraction) were excised 

manually from the cCBB stained gel, digested with trypsin and subjected to MS analysis. 

Protein identification by MALDI-TOF MS peptide mass fingerprinting resulted in distinct 

identification of bait protein STI1 in band #3 (Table 12). Hsp90 and Hsp70 isoforms were 

detected in remaining bands, but a differentiation of isoforms was only possible when analysis 

by LC-ESI-Q-TOF MS/MS using the derived de novo sequence of tryptic peptides for 
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homology-based database search was performed. Thus, LC-ESI-Q-TOF MS/MS lead to 

distinct identification of Hsp90 isoforms in bands #1 and #2 (Table 12), while two of the nine 

Hsp70 isoforms were identified in band #4, each with three specific peptides. 
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Figure 40: Tandem affinity purification of STI1 from yeast. The experiments were performed twice to 

ensure technical reproducibility. 

10 µg of total extract (T) and unbound IgG fraction as well as 30 µl of remaining TAP fractions were 
separated by SDS-PAGE and visualized by cCBB staining. The indicated area of the Coomassie-stained 

gel is reproduced with higher magnification on the right side, showing four protein bands after first 

purification step using IgG compared to three protein bands after second purification step using 

calmodulin. 

 

Table 12: Identification of TAP purified STI1 interaction partners from yeast by MALDI-TOF MS and 

LC-ESI-Q-TOF MS/MS. Given are the band as indicated in Figure 40, the protein name and accession 

number, the detected total and isoform-specific peptides revealed by ESI MS/MS. The isoforms with 

maximum of diagnostic peptides are shown in bold. 

Band Protein Accession Total peptides Diagnostic peptides 

1 Hsp82 P02829 16 3 

 Hsc82 P15108 13 0 

2 Hsc82 P15108 16 1 

 Hsp82 P02829 15 0 

3 STI1 P15705 11 11 

4 Hsp71 P10591 26 3 
 Hsp72 P10592 28 3 

 

Figure 41 shows an example for the distinct identification of the constitutive Hsp90 isoform 

(Hsc82) in band #2. The identified peptides were analysed for their diagnostic properties by 
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matching them to the complete protein sequences of the two Hsp90 isoforms (red). One of 16 

peptides was found to be diagnostic for Hsc82 (underlined). 

 

HSC82   MAGETFEFQAEITQLMSLIINTVYSNKEIFLRELISNASDALDKIRYQALSDPKQLETEP 60

HSP82   MASETFEFQAEITQLMSLIINTVYSNKEIFLRELISNASDALDKIRYKSLSDPKQLETEP 60

HSC82   DLFIRITPKPEEKVLEIRDSGIGMTKAELINNLGTIAKSGTKAFMEALSAGADVSMIGQF 120

HSP82   DLFIRITPKPEQKVLEIRDSGIGMTKAELINNLGTIAKSGTKAFMEALSAGADVSMIGQF 120

...

HSC82   KPKLEEVDEEEEEKKPKTKKVKEEVQELEELNKTKPLWTRNPSDITQEEYNAFYKSISND 295

HSP82   KPKLEEVDEEEE-KKPKTKKVKEEVQEIEELNKTKPLWTRNPSDITQEEYNAFYKSISND 299

HSC82   WEDPLYVKHFSVEGQLEFRAILFIPKRAPFDLFESKKKKNNIKLYVRRVFITDEAEDLIP 355

HSP82   WEDPLYVKHFSVEGQLEFRAILFIPKRAPFDLFESKKKKNNIKLYVRRVFITDEAEDLIP 359

HSC82   EWLSFVKGVVDSEDLPLNLSREMLQQNKIMKVIRKNIVKKLIEAFNEIAEDSEQFDKFYS 415

HSP82   EWLSFVKGVVDSEDLPLNLSREMLQQNKIMKVIRKNIVKKLIEAFNEIAEDSEQFEKFYS 419

HSC82   AFAKNIKLGVHEDTQNRAALAKLLRYNSTKSVDELTSLTDYVTRMPEHQKNIYYITGESL 475

HSP82   AFSKNIKLGVHEDTQNRAALAKLLRYNSTKSVDELTSLTDYVTRMPEHQKNIYYITGESL 479

HSC82   KAVEKSPFLDALKAKNFEVLFLTDPIDEYAFTQLKEFEGKTLVDITKDFELEETDEEKAE 535

HSP82   KAVEKSPFLDALKAKNFEVLFLTDPIDEYAFTQLKEFEGKTLVDITKDFELEETDEEKAE 539

HSC82   REKEIKEYEPLTKALKDILGDQVEKVVVSYKLLDAPAAIRTGQFGWSANMERIMKAQALR 595

HSP82   REKEIKEYEPLTKALKEILGDQVEKVVVSYKLLDAPAAIRTGQFGWSANMERIMKAQALR 599

HSC82   DSSMSSYMSSKKTFEISPKSPIIKELKKRVDEGGAQDKTVKDLTNLLFETALLTSGFSLE 655

HSP82   DSSMSSYMSSKKTFEISPKSPIIKELKKRVDEGGAQDKTVKDLTKLLYETALLTSGFSLD 659

HSC82   EPTSFASRINRLISLGLNIDEDEETETAPEASTEAPVEEVPADTEMEEVD 705

HSP82   EPTSFASRINRLISLGLNIDEDEETETAPEASTAAPVEEVPADTEMEEVD 709  

Figure 41: Identification of the second band from Figure 40 as Hsc82 using LC-ESI-Q-TOF MS/MS. The 

second band was excised from the gel of IgG fraction of TAP of yeast STI1. The sequence alignment of the 

two yeast Hsp90 isoforms and matching tryptic peptides sequenced by LC-ESI-Q-TOF MS/MS are shown 

(bold). One diagnostic peptide (red underlined) for Hsc82 was found leading to distinct identification of 

the Hsp90 isoform. 

 

In summary, MS analysis of tandem affinity purification of STI1 protein in yeast confirmed 

Hsp90 and Hsp70 isoforms as interaction partner, but provided information on specific 

isoforms. The identification of client proteins was unsuccessful as shown for STINT. 

However, stabilization experiments of protein complexes by cross-linking using photo-

activateable amino acids supplemented into the media were performed but yeast strains wer 

not growing (not shown). 
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4.5. Are the STIAT isoforms modified by phosphorylation? 

In mammals and yeast, several phosphorylation sites of HOP/STI1 have been described and 

suggested to modulate the nuclear localisation (Daniel et al. 2008) and potentially the 

interaction with Hsp. Phosphorylation of homologues to HOP/STI1 in plants has not yet been 

studied by targeted approaches so far. Experimental evidences of phosphorylated peptides in 

STIAT isoforms were only available from large-scale phosphoproteomic analysis available at 

the PhosPhAt database (Heazlewood et al. 2008). According to this, one phosphopeptide is 

conserved among all three STIAT isoforms and one phosphopeptide is diagnostic for STIAT1 

(Table 13). The phosphorylated peptides of the STIAT isoforms were obtained by using 

different enrichment techniques of phosphopeptides and various MS analysis methods. 

Therefore, this post-translational modification (PTM) was investigated for its appearance in 

STIAT isoforms. 

 

Table 13: Overview of phophorylated peptides among the STIAT isoforms obtained by shotgun MS 

experiments (Heazlewood et al. 2008). Phophorylated peptides, the corresponding isoforms, type of tissue, 

enrichment technique for phosphorylated peptides, MS instrument and references are given. 

Phosphorylated peptide Isoform Tissue Enrichment Instrument Reference 

GDL(pT)PEELKER STIAT1 
STIAT2 
STIAT3 

Seedling 
 

Fe-IMAC Q-TOF (Li et al. 2009) 
 

GDL(pT)PEELK STIAT3 Cell 
culture 

TiO2 LTQ-
Orbitrap 

(Nakagami et al. 
2010, Sugiyama et 

al. 2008) 
NP(pS)NLNLYLQDQR STIAT1 Cell 

culture 
TiO2 
 

LTQ-
Orbitrap 

(Nakagami et al. 
2010, Sugiyama et 

al. 2008) 

 

4.5.1. Analysis of 2-D protein pattern of recombinant STIAT1 and STIAT2 

First, the detection of possible phosphorylation sites in the STIAT1 and STIAT2 isoform was 

investigated for its significance within the recombinant proteins. Recombinant STIAT1 and 

STIAT2 proteins extracted under native conditions were analysed using 2-D gel 

electrophoresis (Figure 42, Figure 43). The Coomassie stained gels showed separation of 

recombinant STIAT1 in a chain comprising of 5 spots, wheras 2-D separation of recombinant 

STIAT2 resulted in a chain of 4 spots. This result indicates a similar 2-D pattern of the two 

STIAT isoforms. 

 



Results 78 

 

1     2    3    4   5

4 pI 7
kDa
130 –
70 –
55 –

35 –
25 –

kDa
100 –

70 –

5.8 pI 6.6

 

Figure 42: Protein pattern of recombinant STIAT1. 

Eight µg of recombinant STIAT1 was separated on 7 cm pH gradients 4-7 and SDS-PAGE and visualized 

by cCBB staining. The indicated area of the Coomassie-stained gel is reproduced with higher 

magnification on the right side, showing a chain of five spots for recombinant STIAT1, indicating multiple 

phosphorylation sites in STIAT1. 
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Figure 43: Protein pattern of recombinant STIAT2. 

Five µg of recombinant STIAT2 was separated on 7 cm pH gradients 4-7 and SDS-PAGE and visualized 
by cCBB staining. The indicated area of the Coomassie-stained gel is reproduced with higher 

magnification on the right side, showing a chain of four spots for recombinant STIAT2, indicating 

multiple phosphorylation sites in STIAT2. 

 

These five detected spots from Figure 42 were excised manually from the cCBB stained gel 

and incubated with trypsin. MS analysis by MALDI-TOF MS peptide mass fingerprinting led 

to identification of a phophorylated peptide in spots 2-5 (Figure 44). Extractions of MALDI-

TOF spectra show the detection of a peptide, which is present in dephosphorylated and 

phosphorylated state. Matching peptide with its putative phosphorylated amino acid is shown 

in STIAT1 protein sequence. Thus, the phophopeptide was identified in four of the five spots. 

This phosphorylation site seems not to be responsible for pI shift suggesting more 

phosphorylation sites in recombinant STIAT1 protein. 
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Figure 44: Identification of the phosphorylated peptides in recombinant STIAT1. 

MALDI-TOF spectra of trypsin digestion from the five spots of recombinant STIAT1 from Figure 42 are 

shown in m/z range of 1950 to 2100. Indicated by colorless and red asterisks are m/z 1988.9 [M+H+] and 

m/z 2068.9 [M+H
+
] peptide ions representing the dephosphorylated and phosphorylated form of the 

peptide indicated in red in the sequence of STIAT1 protein sequence. The putative phosphorylated amino 

acid threonine (T) is underlined. 
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In contrast to the detection of the phosphorylation sites of STIAT1, the phosphorylated 

peptides from recombinant STIAT2 isoform should be enriched using enrichment techniques 

for phosphopeptides. Therefore two enrichment techniques were applied using the standard 

protein casein. 

 

4.5.2. Method development for enrichment of phosphopeptides from casein using 

immobilized metal ion affinity chromatography and Phos-tag agarose 

Phosphopeptides of casein were enriched either by IMAC according to the protocol of Villen 

and Gygi (2008) or by Phos-tag agarose (http://www.phos-tag.com). Casein was digested in 

solution with trypsin. All fractions obtained during procedure were subjected to MS analysis 

by MALDI-TOF MS in order to validate the enrichment technique. Extractions of mass 

spectra of flow-through and eluate fractions show detection of three and four phosphorylated 

peptides (Figure 45A), which are all molecular ion variances of the same peptide sequence 

(Figure 45B). The evaluation of the peak intensity of the high abundant molecular ion m/z 

1951.8 [M+H+] among all fractions resulted in higher abundance in flow-through and wash 

fractions compared to eluate fraction (Figure 45C). This result indicates a low binding 

capacity of the phosphopeptide to the matrix during experimental procedure. 

Therefore, a second enrichment technique for phosphorylated peptides from casein was used. 

Casein was digested in solution with trypsin for the enrichment using Phos-tag agarose 

compared to IMAC. All fractions obtained during Phos-tag agarose enrichment were 

subjected to MS analysis by MALDI-TOF MS. Extractions of mass spectra before and after 

enrichment show detection of two phosphorylated peptides specifically detected in the 

enriched fraction (Figure 46A). The peak intensity of the molecular ion variance m/z 1951.8 

[M+H+] was evaluated in the fractions obtained during enrichment, showing the detection of 

the phosphopeptide specifically in the eluate fraction with and without desalting (Figure 46B). 

The phosphopeptide was not detected in flow-through compared to enrichment by IMAC, 

suggesting a higher binding capacity of the phosphopeptide to the Phos-tag agarose matrix. 
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Figure 45: Identification of phosphorylated peptides in casein sing enrichment by IMAC. The experiments 

were performed twice. 

A: MALDI-TOF spectra of IMAC flow-through (upper panel) and after enrichment of phosphopeptides 

of casein (lower panel) are shown in m/z range of 1600 to 2300. Indicated by red asterisk are m/z 1660.6 

[M+H
+
], m/z 1951.8 [M+H

+
], m/z 2257.0 [M+H

+
] and m/z 2273.0 [M+H

+
] peptide ions representing 

phosphorylated peptides. 

B: List of peptide ions from A representing molecular ion variances of the same peptide sequence. 

C: Peak intensity of phosphorylated m/z 1951.0 [M+H
+
] peptide ion from A during the enrichment 

procedure, resulting in depeletion of the phosphorylated peptide during enrichment procedure. 

Total: total extract, Ft: flow-through, W1+W2: wash fractions 1 and 2. 
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Figure 46: Identification of phosphorylated peptides in casein using Phos-tag agarose enrichment. 

A: MALDI-TOF spectra of total trypsin digest of casein (upper panel) and after enrichment of 
phosphopeptides (lower panel) are shown in m/z range of 800 to 2600. Indicated by red asterisks are m/z 

1660.8 [M+H
+
] and m/z 1952.0 [M+H

+
] peptide ions representing phosphorylated peptides. 

B: Peak intensity of phosphorylated m/z 1952.0 [M+H+] peptide ion from A during the enrichment 

procedure, resulting in detection of the phosphorylated peptide in the eluate fraction. 

Total: total extract, Ft: flow through. 

 

4.5.3. Enrichment of phosphopeptides from STIAT2 using Phos-tag agarose  

After obtaing specific enrichment of phosphorylated peptide of casein, the enrichment 

technique was transferred to the recombinant STIAT2. Total peptide mixture and peptides 

enriched by Phos-tag agarose were subjected to MS analysis by MALDI-TOF. Extractions of 

mass spectra show detection of the peptide, which is present as dephosphorylated and 

phosphorylated form in both total and enriched sample (Figure 47A). The peak intensity of 

the phosphorylated peptide m/z 2176.2 [M+H+] and the corresponding non-phosphorylated 

peptide m/z 2016.2 [M+H+] was evaluated in the samples during enrichment, resulting in the 
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depletion of the non-phosphorylated peptide m/z 2016.2 [M+H+] (Figure 47B). The highest 

intensity of that peptide was detected in the flow through, whereas only a minor intensity of 

was detected in the eluate fraction. In comparison, the intensity of the phosphorylated peptide 

m/z 2176.2 [M+H+] was of higher intensity there. As the phosphorylated peptide was detected 

with higher intensity in the flow-through compared to the eluate the binding of 

phosphopeptides from STIAT have to be improved. 
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Figure 47: Identification of a phosphorylated peptide in recombinant STIAT2 using Phos-tag agarose 

enrichment. 

A: MALDI-TOF spectra of total trypsin digest of recombinant STIAT2 (upper panel) and after 

enrichment of phosphopeptides (lower panel) are shown in m/z range of 2000 to 2400. Indicated by 
colorless and red asterisks are m/z 2016.2 [M+H

+
] and m/z 2176.4 [M+H

+
] peptide ions representing the 

dephosphorylated and phosphorylated state of the peptide, respectively. 

B: Peak intensities of dephosphorylated m/z 2016.2 [M+H+] and phosphorylated m/z 2176.4 [M+H+] 

peptid ions from A through the enrichment procedure, resulting in depletion of the dephosphorylated 

peptide. 

Total: total extract, Ft: flow through. 
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4.5.4. Enrichment of STIAT isoforms from Arabidopsis leaf extract using preparative 

isoelectric focussing 

After the finding of possible phosphorylation sites within the recombinant STIAT proteins, 

the aim was the identification of the possible phosphorylation sites of the STIAT isoforms in 

vivo. As mentioned earlier, the STIAT isoforms had to be enriched from total protein mixtures 

to confirm their identity using MS analysis leading to requirement of this step in this study. 

Since IP studies did not lead to the detection of modifications (4.1.4) additional 

enrichment/fractionation technique for the STIAT isoforms were applied. First, the total 

protein from Arabidopsis leaves grown under control conditions was separated using 

preparative IEF in the first dimension and SDS-PAGE in the second dimension (Figure 48). 

 

*        *

1   2    3     4    5    6    7    8    9   10  11   12Fractions

kDa
130 –

70 –

55 –

40 –

35 –

25 –

4 pH 7

pH range

antiSTINT

Coomassie

* *  

Figure 48: Preparative IEF/SDS-PAGE of STIAT isoforms from Arabidopsis leaves. Experiments were 

performed twice to ensure technical reproducibility. 

One mg of total protein was separated on 12 cm pH gradients 4-7 and soluble proteins were collected in 12 

fractions. Fractions were separated by SDS-PAGE and either visualized by cCBB staining or Western blot 

analysis with antiserum against STINT. The immunodetection revealed the localisation of STIAT isoforms 

in fractions 9 and 10 (*), representing their pI at pH ranges from 6.0 to 6.5. 
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Western blot analysis of the 12 fractions obtained after preparative IEF using antiserum 

directed against STINT revealed detection of STIAT1 and STIAT2 in fractions 9 and 10. This 

result indicates pH ranges of the two STIAT isoforms from 6.0 to 6.5, corresponding to the 

respective fractions. In order to confirm the identity of the STIAT isoforms and to identify 

potential phosphorylation sites, the corresponding protein bands from the cCBB stained gel 

were subjected to MS analysis. The protein bands from the cCBB stained gel were excised 

manually and incubated with trypsin. LC-ESI-Q-TOF MS/MS resulted in identification of 

STIAT1 isoform in fraction 10, but only with one peptide and in one replicate (data not 

shown). Phosphorylation sites were not found within this peptide. This result indicates low 

enrichment of the STIAT isoforms and the complexity of the fraction, leading to the 

requirement of another enrichment/fractionation technique for the STIAT isoforms. 

 

4.5.5. Enrichment of STIAT isoforms from Arabidopsis leaf extract using ion exchange 

chromatography 

In order to separate STIAT isoforms from total protein extracts, ion exchange 

chromatography (IEX) was applied. Total protein extracts of leaves from heat stressed 

Arabidopsis plants were separated by Resource Q column and subsequent Western blot 

analysis of fractions using antiserum directed against STINT revealed the elution of the 

STIAT isoforms in two peaks (Figure 49A). The STIAT isoforms were observed in the first 

peak of 25-32 ml (early eluting proteins) and within the second peak of 35-50 ml (late eluting 

proteins). Phosphatase inhibitor treatment of protein extracts prior IEX and subsequent 

immunoblotting of fractions showed an increase of the STIAT isoforms in the first peak, 

while alkaline phosphatase treatment resulted in a strong reduction (Figure 49B). This result 

suggests that both phosphorylated and dephosphorylated forms of STIAT proteins are present 

in total extracts which can be separated by IEX. The amount of phosphorylated forms during 

IEX can be increased by using phosphatase inhibitor treatment during protein extraction. 

Furthermore, the cCBB stained gel shows separation of the high abundant protein RuBisCO 

from STIAT isoforms, at least partially amoing the late eluting proteins. This result indicates 

higher enrichment of the STIAT isoforms compared to preparative IEF (4.5.4) as the 

complexity of the fraction is reduced. 
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Figure 49: Ion exchange chromatography of STIAT isoforms from heat-stressed Arabidopsis leaves and 

analysis of phosphorylation patterns. This figure was representative of the results obtained from at least 
three independently conducted experiments. 

A: Separation profile of anion exchange chromatography using Resource Q column. Blue: Absorption at 

280 nm. Red: Fractions selected for immunoblotting. 

B: Phosphatase treatment of protein extracts prior anion exchange chromatography and subsequent 

Western blot analysis of fractions with antiserum against STINT illustrated detection of phosphorylated 

and dephosphorylated STIAT isoforms. The Coomassie stained gel is shown as control. T: total protein 

extracts. 
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5. Discussion 

5.1. Summary and outline 

In this study, Arabidopsis STIAT isoform expression was characterized in T-DNA insertion 

lines, after abiotic stress application and in different organs (discussed in section 5.2). The 

phenotypic and biochemical analysis of mutant lines for STIAT1 and STIAT2 isoforms 

indicated redundant functions of both. The analysis of STIAT isoform expression showed a 

co-expression of STIAT1 and STIAT2 in leaves under control, cold and heat conditions with 

higher abundance after stress application. The third isoform STIAT3 was detectable only in 

leaves after heat treatment. In stem and flower of Arabidopsis all three STIAT isoforms were 

present under control conditions in different amounts, while they were not detectable in roots. 

The subcellular localisation of STIAT1 and STIAT2 isoforms under control conditions using 

fractionation techniques is discussed in section 5.3. STIAT1 and STIAT2 were co-localised in 

cytosol and nucleus of leaves with lower abundance in the latter compartment. Furthermore, a 

partial association of these two isoforms to membranes was detected. The subcellular 

localisation of STIAT3 is still unknown as it was not present under these conditions. 

The in silico analysis of the putative promoter sequences of STIAT isoforms revealed to 

possible regulation by diverse abiotic stress factors, phytohormones and light. The multiple, 

but differential regulation of the STIAT promoters is discussed in section 5.4. 

Since STIAT isoforms and its homologous tobacco protein STINT are suggested to be co-

chaperones of Hsp90 and Hsp70, the analysis of these interactions was central of this work 

(discussed in section 5.5). Western blot analysis of STIAT1 and STIAT2, Hsp90 and Hsp70 

revealed co-localisation in cytosol and nucleus. TAP purification resulted in cytosolic 

isoforms of the Hsp’s as interacting proteins of tobacco protein STINT in Arabidopsis, but 

additional components of the protein complex are still unknown. The application of TAP to 

STI1 in yeast showed the same results, the co-purification of Hsp’s with STI1. During the 

investigations of the STINT complex in tobacco native dimeric state of STINT was obtained. 

Last, the modification of STIAT isoforms by phosphorylation is discussed in section 5.6. 

Recombinant STIAT1 and STIAT2 show a chain of four to five spots on 2-D PAGE. One 

phosphorylation site in each isoform was identified. For the analysis of STIAT isoform 

modification in planta, enrichment approaches are essential. Ion exchange chromatography 

separated phosphorylated and dephosphorylated STIAT isoforms. This can be enhanced by 

the addition of phosphatase inhibitor during protein extraction. 
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5.2. Characterisation of STIAT isoform expression during plant 

development 

Since the knowledge of the HOP/STI1 family in Arabidopsis was limited to the fact, that 

Arabidopsis encodes three members, the first and most important question to the STIAT 

isoform characterization addressed in this study concerned their functional diversity. 

Therefore T-DNA insertion lines for two STIAT isoforms, STIAT1 (At1g62740) and STIAT2 

(At1g12270), were phenotypically characterized during abiotic stress conditions and the 

protein expression of all three STIAT isoforms was investigated during these conditions. A T-

DNA insertion line for STIAT3 (At1g12400) showed a functional protein in all plants 

analysed. Additionally to the analysis of T-DNA insertion lines, the STIAT protein expression 

was analysed in different organs of Columbia-0 to determine the functions during 

development. 

 

5.2.1. STIAT1 and STIAT2 share redundant function 

The T-DNA insertion lines for STIAT1 and STIAT2 were characterized during long-term 

cold and heat stress treatment and revealed normal growth response, indicating functional 

redundancy of STIAT1 and STIAT2. This assumption is supported by three aspects. First, 

Western blot analysis using antiserum directed against the homologous protein from tobacco 

revealed highly similar expression patterns of the two isoforms, which was in accordance with 

in silico transcript data (Hruz et al. 2008). Secondly, the expression level of each isoform in 

the mutants was not much influenced by the loss of the other, when compared to Columbia-0 

as control, suggesting that both isoforms are able to compensate and that the remaining 

isoform is sufficient for complete function. Third, the assumed redundancy of STIAT1 and 

STIAT2 was detected under both heat and cold stress whereas STIAT3 was exclusively 

present in leaves after heat application. Therefore, STIAT3 is excluded from presumption of 

compensating STIAT1 and STIAT2 functions. 

To confirm the assumed redundancy of STIAT1 and STIAT2, construction of double knock 

out line for STIAT1 and STIAT2 is highly appreciated. So far, the production of 

STIAT1/STIAT2 double knock out line by crossing STIAT1 knock out line with STIAT2 

knock out line was not successful, as no developed seeds were obtained within the siliques. 

Gene silencing of STIAT1 in the STIAT2 mutant background and vice versa did not lead to 

any viable plant. Also, commercially produced double knock out lines are not yet available. 
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These data indicate the knock down of the two isoforms STIAT1 and STIAT2 causes a lethal 

effect and suggests that the expression of at least one of the two isoforms is essential for 

normal plant development. Contrary to this, gene silencing of STINT in tobacco and knock 

out mutant of STI1 in yeast revealed no lethal effects at control or stress conditions (Chang et 

al. 1997, Hedtmann 2007). Normal developed seeds of tobacco plants containing the RNAi 

construct for STINT were obtained. The STINT protein is expressed there, but later on it is 

not detectable in tissues such as leaves, because of degradation by the RNAi construct. 

 

5.2.2. STIAT3 is differentially expressed, indicating specific functions during abiotic 

stress responses and in developmental processes 

The protein expression of STIAT isoforms was investigated in T-DNA insertion lines for 

STIAT1 and STIAT2 after application of abiotic stresses and in different organs of 

Arabidopsis Columbia-0 plants, indicating specific functions of the STIAT isoforms, which 

are summarized in Figure 50. Western blot analysis using antiserum directed against the 

homologous protein from tobacco led to the detection of two isoforms in leaves compared to 

three isoforms under heat stress conditions, indicating the high homology between HOP/STI1 

proteins in Arabidopsis and between Arabidopsis and tobacco. By the use of 

immunoprecipitation studies the two isoforms expressed under control conditions were 

identified as STIAT1 and STIAT2. The third isoform STIAT3 was only identified in leaves 

under heat stress conditions, implying a specific function of STIAT3 in thermoadaptation of 

leaves. This finding was in accordance with transcriptional data for STIAT3 obtained by 

Genevestigator tool (Hruz et al. 2008) which were published recently by Prasad et al. (2010). 

A discrepancy of the STIAT3 protein induction compared to the STIAT3 transcript abundance 

was observed. A reason for that could be the different temperatures applied between the 

studies. In this study, the analysis of the STIAT3 protein was performed at 30 °C, whereas the 

plants used for transcript studies were subjected to 37 °C. This high temperature was not 

appropriate for the protein expression study as the plants were subjected to heat stress for 14 d 

and not only for 30 min. 

The identification of an additional STIAT isoform, which is uniquely expressed after certain 

stress and absent under control conditions, has not yet been described before in mammals or 

plants. In yeast and human, HOP/STI1 is encoded by a single gene, which is both expressed 

under control conditions and induced by stress (Honore et al. 1992, Nicolet and Craig 1989). 

In soybean, the same expression profiles are found as shown for yeast and human (Zhang et 
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al. 2011), whereas in rice the two HOP/STI1 isoforms were not yet been studied for their 

differential expression (Chen et al. 2010). 

In addition to the specific expression of STIAT3 after heat stress, STIAT1 and STIAT2 were 

induced at the same time but to minor extent than STIAT3, implying additional functions of 

STIAT1 and STIAT2 under heat stress. Furthermore, STIAT1 and STIAT2 function under 

cold stress as they were induced there. A reason for minor induction of STIAT isoforms upon 

cold stress could reflect the lower severity of this stress parameter in Arabidopsis as compared 

to heat stress. Earlier studies revealed a stunted phenotype in transgenic tobacco plants 

containing an STINT-RNAi construct after exposure to cold stress whereas no phenotypic 

differences were observed under heat stress (Hedtmann 2007). This comparison indicates a 

plant/species-specific regulation of HOP/STI1 homologues in plants, probably regulated 

through evolutionary environmental adaptation. 

STIAT1 and STIAT2 were co-expressed in leaves, stem and flower but lacking signals in 

roots and therefore a general role during plant development can be assumed. The comparison 

of transcriptional data for the two isoforms obtained by Genevestigator tool (Hruz et al. 2008) 

did not correlate well as STIAT2 was more abundant than STIAT1 on protein level which was 

reversed on transcriptional level and the isoforms were not detected in roots during 

immunoblottings. A reason for the latter result could be found in the age of the plants and 

culture conditions. Plant roots for microarray analysis were grown under sterile conditions 

and harvested at seedlings stage. In this thesis, the plants were eight weeks old and grown on 

soil. Nevertheless, the expression of STIAT1 and STIAT2 isoforms under control conditions 

was in accordance with earlier studies showing the expression of other plant HOP transcripts, 

e.g. soybean leaves (Zhang et al. 2003).  

Contrary to this, STIAT3 was expressed in stem and flower but not in leaves under control 

conditions indicating specific function of STIAT3 in stem and flower development. This 

expression was also contrary to transcriptional data (Hruz et al. 2008) where STIAT3 was not 

expressed in the respective tissues. Prasad et al. (2010) showed a higher abundance of STIAT3 

transcript in petal and carpel compared to STIAT1 and STIAT2. 

In summary, STIAT3 is involved in specific cellular responses such as flowering while the 

other two isoforms play roles in general developmental processes. 
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Figure 50: STIAT isoform expression during plant development and in heat stress response. The isoforms 
were analysed in different tissues of one developmental stage and in the same tissue during different 

abiotic stresses. Arrow strength indicates the expression intensities. 

 

5.3. Intracellular distribution of STIAT isoforms 

5.3.1. STIAT1 and STIAT2 are localised in cytosol and nucleus 

Further insights into the molecular functions of STIAT isoforms were obtained by the 

subcellular localisation of these proteins. The subcellular localisation of STIAT1 was 

visualised by fusion of STIAT1 to GFP and revealed a nuclear and cytosolic localisation 

(Hedtmann 2005). To validate these findings, a subcellular fractionation of leaf nuclei from 

Arabidopsis grown under control conditions was initiated to detect STIAT isoforms by 

immunoblotting. Analysis of STIAT isoforms using antiserum directed against the 

recombinant tobacco protein STINT revealed detection of STIAT1 and STIAT2 in cytosol 

and nucleus, whereas the STIAT3 isoform was not present under these conditions. The signal 

intensity of Western blot signal from STIAT isoforms was more dominant in cytosol 

compared to the nuclei, indicating a more prominent role of the proteins in cytosol compared 

to nucleus under control conditions. 
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The detection of STIAT1 in both compartments confirmed its localisation using GFP fusion 

protein. The STIAT2 isoform was detected in these compartments for the first time and results 

are in accordance with in silico prediction tools (Emanuelsson et al. 2000, Horton et al. 

2007). 

Further experimental evidences for the detection of STIAT1 and STIAT2 were provided by 

Ito et al. (2011) as the two isoforms were detected among the cytosolic proteome of an 

Arabidopsis cell culture by LC-MS. 

From these data, it can be assumed that the proposed nuclear localisation signal (NLS) of 

these two isoforms is functional in vivo. The subcellular localisation of STIAT3 is still not 

known. The NLS of STIAT3 is similar to the other ones of STIAT1 and STIAT2, indicating a 

nuclear localisation of that isoform (Figure 51). This hypothesis needs to be verified by 

analysing the presence of STIAT3 in nuclei of Arabidopsis leaves grown under heat stress 

conditions. 

 
STIAT1 232 EFGEEK------------QKKLKAQKEKELGNAAYKKKDFETAIQHYSTAMEIDDEDISY 279 

STIAT2 233 EEKEKK------------ERKEKAKKEKELGNAAYKKKDFETAIQHYSTAIEIDDEDISY 280 

STIAT3 215 ELTEEERQK--------KERKEKALKEKGEGNVAYKKKDFGRAVEHYTKAMELDDEDISY 266 

STINT  233 EVGEEEKEI--------KERKAKAQKEKEAGNAAYKKKDFETAIQHYSKAIELDDEDISF 284 

scSTI1 239 APQKEESKESEPMEVDEDDSKIEADKEKAEGNKFYKARQFDEAIEHYNKAWELH-KDITY 297 

hsHOP  213 PMEEDLP-----------ENKKQALKEKELGNDAYKKKDFDTALKHYDKAKELDPTNMTY 261 

Figure 51: Annotation of NLS in alignment of HOP/STI1 of Arabidopsis, tobacco, yeast and human. 

STIAT: A. thaliana, STINT: N. tabacum, scSTI1: S. cervisiae, hsHOP: H. sapiens. NLS is shown in bold. 

 

5.3.2. STIAT1 and STIAT2 are partially associated to membranes 

In addition to the nuclear and cytosolic localisation of HOP (Lassle et al. 1997, Longshaw et 

al. 2004), the presence of HOP in Golgi apparatus (Honore et al. 1992) and its integration into 

the plasma membrane as part of a PrPC complex was proposed, although HOP lacks a signal 

peptide for membrane transport (Zanata et al. 2002). 

Therefore, the detection of STIAT isoforms in endomembrane and plasma membranes from 

Arabidopsis leaves grown under control conditions was investigated. The Western blot 

analysis of STIAT isoforms using antiserum directed against the recombinant tobacco protein 

STINT revealed detection of STIAT1 and STIAT2 in the endomembrane and plasma 

membrane, whereas the STIAT3 isoform was not present under control conditions. The signal 

intensity of Western blot signal from STIAT isoforms was more dominant in cytosol as 

compared to the membrane fractions, confirming the more dominant role of the proteins in 

cytosol, but indicating possible attachment to both membrane types. 
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A detection of STIAT1 and STIAT2 in endomembranes and plasma membranes was shown 

for the first time. From these data, an association can only be assumed. The possible 

attachment of STIAT1 to plasma membrane is supported by the transmembrane domain 

predicted by DAS (Cserzo et al. 1997) and by SUB-cellular location database for Arabidopsis 

proteins (SUBA) (Heazlewood et al. 2008). This in silico database contains experimental 

evidences for the detection of STIAT1 in plasma membranes. Benschop et al. (2007) detected 

STIAT1 among 1186 Arabidopsis proteins from their plasma membranes enriched fraction by 

LC-MS during large-scale proteomics approach. 

The findings for STIAT2 were in contrast to in silico data, where only a transmembrane 

segment was detected and no plasma membrane localisation was predicted. Interestingly, the 

in silico prediction of the rice HOP/STI1 using the tools described in section 3.6.1 revealed a 

localisition in cytosol or mitochondria, but not in membrane structures. Chen et al. (2010) 

showed the localisation of HOP/STI1 in endomembranes and plasma membranes of rice and 

provided further evidence for the localisation in the endoplasmatic reticulum by YFP fusion 

of rice HOP/STI1 and co-localisation with an ER marker. Evidences of a localisation of 

homologous HOP/STI1 in plasma membranes of roots of a salt-tolerant barley cultivar using a 

LC-MS-based approach are also provided (Witzel, Matros and Mock, unpublished data). Due 

to these findings a potential association of STIAT2 to plasma membranes has to be validated. 

This can be done by analysing fusion of STIAT2 to a fluorescent protein. 

The subcellular localisation of STIAT3 is not yet known but a similar transmembrane domain 

was detected in STIAT3 as for STIAT1, suggesting an association to membranes. This 

hypothesis has to be validated by analysing the presence of STIAT3 in Arabidopsis plasma 

membranes grown under heat stress conditions.  

The results of studying the subcellular distribution of STIAT isoforms are summarized in 

Table 14. The presence of STIAT1 in cytosol and nucleus was shown by GFP fusion and 

immunoblottings of cytosolic and nuclear fractions. During the latter study, an evidence for 

co-localisation of STIAT2 with STIAT1 was provided, but needs further confirmation. 

Besides the cytoslic and nuclear localisation of these two isoforms, an association of them to 

membranes is possible. Experimental evidence for STIAT3 localisation has not been obtained 

so far as the isoform is not present under control conditions. The predicted subcellular 

localization of STIAT3 to nucleus, mitochondria and plastids (Claros and Vincens 1996, 

Small et al. 2004) has to be validated by enriching the compartments from heat stressed 

Arabidopsis plant material. Up to date, STIAT isoforms were not described in the proteomes 
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of nuclei (Calikowski et al. 2003), chloroplasts (Kleffmann et al. 2004) or mitochondria 

(Klodmann et al. 2011, Millar et al. 2001). 

 

Table 14: Summary of STIAT protein localisation. 

Localisation STIAT1 STIAT2 STIAT3 

Cytosol (Hedtmann 2005) 

(Conde et al. 2011) 

this study 

(Conde et al. 2011) 

this study 
no evidence 

Nucleus (Hedtmann 2005) 

this study 
this study predicted 

Plasma 
membrane 

(Benschop et al. 2007) 

this study 
 this study no evidence 

Endomembranes this study  this study no evidence 

Mitochondria  no evidence no evidence contrary predictions  

Choroplast no evidence no evidence no evidence 

 

5.4. In silico analysis of regulatory elements of STIAT isoforms 

The activation of genes by transcription factors is an important part in re-establishing the 

cellular homeostasis and to protect or repair damaged proteins and membranes within the 

complex stress response network. Nothing is known about transcriptional regulation of 

HOP/STI1 in plants or even in yeast and mammals, and therefore, the first step to obtain 

information on STIAT isoform regulation was the analysis of their promoter sequences for cis-

acting regulatory DNA elements. The DNA-binding domains of 4-20 nucleotides recognized 

by one or more transcription factors can be detected by in silico programs (Davuluri et al. 

2003, Higo et al. 1999, O'Connor et al. 2005). 

Numerous potential cis-elements were found among the three 3 kb STIAT promoters showing 

a regulation by abiotic factors, phytohormones and light, indicating a multiple regulation of 

them and supporting the role in stress defence. Conserved DNA-binding domains were 

detected among the three STIAT promoter sequences indicating the same transcriptional 

regulation. They all contained the DRE (drought responsive element) which is known to be 

involved in drought and cold responses (Kasuga et al. 1999). Additionally the cis-elements 

DPBF (Dc3 promoter-binding factor), GAREAT, MYB1AT, MYBATRD22 and 

MYCATERD22 were detected and those are regulated by abscisic acid and its antagonist 

giberellic acid (Abe et al. 2003, Abe et al. 1997, Kim et al. 1997, Ogawa et al. 2003, Simpson 
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et al. 2003). Furthermore, STIAT promoters showed conservation of the cis-elements 

GATABOX, SORLIP1, SV40CORE and TBOX which are described to be controlled by light 

(Chan et al. 2001, Green et al. 1987, Hudson et al. 2003, Teakle et al. 2002). 

Interestingly, specific cis-elements for one or two isoforms were found among the promoter 

sequences. ARF (auxin response factor) and ATB2/AtbZIP were only present in promoters of 

STIAT1 and STIAT2 and are known to be induced either by auxin and brassinosteroids or by 

hypoosmolarity (Satoh et al. 2002, Ulmasov et al. 1999). This finding suggests on the one 

hand a transcriptional regulation of the two isoforms apart from STIAT3 and on the other a 

putative co-regulation of the two isoforms under certain conditions which confirms the 

observation on translational level. In contrast, HSE (heat shock element) was detected only in 

the STIAT3 promoter which is described to be regulated by heat transcription factors (Hubel et 

al. 1995). This result supports the specific regulation of STIAT3 apart from STIAT1 and 

STIAT2 and correlates well with the observed protein expression patterns of STIAT3 being 

induced after heat stress.  

The promoters of STIAT1 and STIAT2 contained specific DNA-binding domains assuming 

individual regulation under certain conditions. The cis-elements E2F and E2FAT were 

originally identified as regulators of cell cycle-related genes and were detected in the STIAT1 

promoter (Chaboute et al. 2000). Recent results indicate, that stress defence genes including 

heat shock proteins are regulated by E2F (Ramirez-Parra et al. 2003). 

The STIAT2 promoter contained several specific DNA-binding domains involved in different 

pathways. The GBOX is found in numerous diverse plant genes suggesting a general 

induction by diverse stimulatory pathways (Menkens et al. 1995). This DNA-binding domain 

points to the role of STIAT2 as the isoform with most important function. The UPRMOTIFII 

is a cis-element which plays a role in gene activation related to unfolded protein response and 

was detected in the promoter of Hsp90 (Martinez and Chrispeels 2003). The mechanism 

followes a cellular stress response rising from the endoplasmatic reticulum. Folding of newly 

synthesized proteins and refolding of misfolded proteins are monitored by chaperone network 

within this process. Probably, STIAT2 has a function in that process by interacting with the 

molecular chaperone families, driving the association of STIAT2 to endomembranes. 

Finally, specific DNA-binding domains for STIAT2 induction related to abiotic stresses were 

detected. Besides the cis-element CBF2, which is involved in water stress responses (Pla et al. 

1993), STIAT2 promoter contained LTRE (low temperature responsive element) and RAV1 

which are induced by low temperature or cold stress (Kagaya et al. 1999, Nordin et al. 1993). 
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The latter cis-element RAV1 consists of a bipartite motif, RAV1A and B, being variable 

spaced and oriented (Kagaya et al. 1999). It is recognized by its correspondent cold 

responsive transcription factor RAV1 [Related to ABI3 (ABSCISIC ACID-

INSENSITIVE3)/VP1(VIVIPAROUS1] by binding of the AP2 (APETALA2) and B3-like 

DNA-binding domains to the RAV1A and B motifs. Both binding motifs were exclusively 

found in the STIAT2 promoter, whereas RAV1B motif was absent in the STIAT1 and STIAT3 

promoters indicating a sole regulation of STIAT2 by that transcription factor. 

The regulation of the STIAT promoters by a variety of abiotic stresses was shown. A 

conserved regulation of all three isoforms under drought stress can be assumed as the 

corresponding cis-element was found in all promoters. Specific regulation of STIAT3 under 

heat stress is supposed, whereas STIAT2 is mainly induced by water and cold stress. 

The possible function of STIAT isoform during drought and water stress or the influence of 

phytohormones needs to be validated by analysing Arabidopsis plants under respective stress 

conditions using immunoblottings on protein level or RT-PCR on transcript level. The fusion 

of each STIAT promoter sequence to a reporter protein, e.g. GUS, is highly appreciated to 

detect specific responses of each isoform. The fusion of each STIAT promoter sequence to a 

reporter protein, e.g. GUS, is highly would be more beneficial, in order to detect specific 

responses of each isoform. 

 

5.5. Isolation and characterisation of STINT/ STIAT interaction partners 

As outlined before, the expression and induction of stress-related proteins including 

chaperones is known to be important within the stress response network. The interaction 

between all components is of particular interest in investigating their function. 

The complex formation of the chaperones Hsp90 and Hsp70 with HOP/STI1 in yeast and 

mammals is one of the best studied interaction (Chen et al. 1996, Smith et al. 1993), whereas 

the knowledge in plants is rather limited. The first interaction of HOP/STI1 plant homologues 

with Hsp90 was shown using in vitro studies (Zhang et al. 2003). The HOP/STI1 interaction 

with Hsp90 in rice innate immunity using in vitro studies was porposed very recently (Chen et 

al. 2010), indicating the difficult task to study interaction of HOP/STI1 with chaperones in 

planta. 

Nevertheless, to obtain insights into the function of HOP/STI1 in Arabidopsis and tobacco, 

the identification of interacting proteins was of great interest. In this study, diverse 
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biochemical approaches were applied to study the protein-protein interactions of 

STIAT/STINT. The application of these methods is discussed, since synthetic genetic 

approaches like yeast two hybrid and bimolecular fluorescence complementation were either 

lacking interaction partner for STINT (personal communication HP Mock) or producing false 

positive interacting proteins for STIAT isoforms (Endreß 2010). 

 

5.5.1. Co-expression of putative STIAT interaction partners in Arabidopsis 

Since it is known that putative interaction partners are often co-expressed or co-localised 

within their system, co-expression analysis of the homologous STIAT isoforms with specific 

isoforms of Hsp90 and Hsp70 by immunoblottings was performed. 

In particular, this co-expression analysis of STIAT isoforms with Hsp90-1 and Hsp70-1 to 

Hsp70-5 was investigated in cytosol and nuclear fractions of leaves grown under control 

conditions. The Western blot signals for Hsp90-1 and the Hsp70 isoforms revealed detection 

of them in cytosol and nuclei with a more dominant signal in cytosol. This result is consistent 

with the subcellular localisation of the STIAT isoforms in these compartments and with the 

description for the abundant chaperone families. (Krishna and Gloor 2001, Lin et al. 2001). 

 

5.5.2. STINT participates in protein complexes and is present as a native dimer 

Experimental evidences for the the participation of the homologous tobacco protein STINT in 

protein complexes were obtained by size exclusion chromatography. This fractionation 

technique revealed the involvement in protein complexes, occurring in sizes up to 440 kDa. 

Additionally, these studies indicated the presence of STINT protein as a dimer under native 

conditions, which was validated by separation using BN-PAGE. These findings are in 

accordance with the molecular state of human HOP, described as dimeric (Prodromou et al. 

1999) or monomeric (Yi et al. 2010). However, when analysing the complex fraction from 

two different size exclusion chromatography columns containing STINT using BN-PAGE, 

the size of the complex was about 720 kDa. The proteins in this complex were identified as 

proteasome subunits. STINT or chaperones were not among the proteins identified by MS, 

although a signal for STINT in the protein complex was obtained by immunoblotting. This 

result indicated the requirement of other methods to isolate STINT/STIAT protein complexes, 

e.g. based on affinities. 
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5.5.3. Identification of STIAT interaction partners in Arabidopsis 

First experimental indications for Hsp90 and Hsp70 being interaction partners of STIAT 

isoforms were gathered in immunoprecipitation and in vitro binding studies. The analysis of 

interacting protein by immunoprecipitation was selected as this method reflects the closest 

physiological conditions in the tissue. The method is very fast as the purified antibody of the 

recombinant tobacco protein was available and no other cloning steps were necessary. 

STIAT isoforms were precipitated from total leaf extracts under control and heat stress 

conditions using a purified STINT antibody resulting in the specific enrichment of the STIAT 

isoforms. Immunoprecipitation validated their expression as discussed in section 5.2 and 

yielded in co-purification of putative interaction partners in only one experiment. STIAT1 

was detected among the identified proteins together with Hsp90-3, Hsp70-1 and some more 

proteins, probably client proteins. Whereas the co-elution of Hsp seemed reliable, the co-

elutions of the additional proteins remain questionable. Nevertheless, an interesting candidate 

among these identified proteins was a coatomer beta subunit, which belongs to the cytosolic 

COPI (coat protein I) complex composed of seven proteins (Waters et al. 1991). The COPI 

complex is part of the vesicular protein transport system functioning in retrograde transport 

from the Golgi to endoplasmic reticulum (Kreis et al. 1995). Besides its cytosolic localization 

evidences for the binding of a COPI subcomplex to membranes are known (Lowe and Kreis 

1995). Interestingly, the interaction of STIAT1 to the coatomer beta prime subunit was 

predicted using the in silico database Arabidopsis interaction viewer, which was built from 

orthologous interactions in yeast, nematode worm, fruit fly and human (Geisler-Lee et al. 

2007). This specific interaction was obtained by affinity capture-MS in yeast as STI1, Hsp90, 

Hsp70 and further coatomer subunits were identified with SEC27 (coatomer beta prime 

subunit) (Ho et al. 2002). Since the general function of Hsp90 in protein trafficking is known, 

specific roles of Hsp90 were described for the endoplasmic reticulum to Golgi protein 

trafficking in yeast by COPII complex (Chen and Balch 2006) and more recently in 

intracellular vesicle transport in human (Lotz et al. 2008). Therefore, a possible function of 

Hsp90 in the third vesicle transport pathway via COPI is assumed, whereas HOP/STI1 have a 

function by indirect or direct binding to COPI. In order to verfify the possible interaction of 

STIAT to COPI, the Arabidopsis COPI complex has to be isolated according to Waters et al. 

(1991) 

A second interesting candidate among the putative client proteins is GAPDH (Glyceraldehyde 

3-phosphate dehydrogenase), which has a general function in plant metabolism. Tisdale and 
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Artalejo (2007) provided evidences of the involvement of GAPDH in the COPI vesicle 

transport by influencing the formation of COPI vesicles via Rab2 (Ras-related in brain) 

binding. 

Besides the putative function of Hsp90-STIAT-Hsp70 complex in vesicle transport, the 

identification of RuBisCO activase leads to the assumption of possible contamination during 

purification procedure or a putative role in that complex. A possible stabilisation of RuBisCO 

activase at higher temperatures (Salvucci et al. 2001) or the degradation of the aggregated 

enzyme can be assumed. 

However, the co-purification of chaperones with STIAT and especially the client proteins by 

immunoprecipitation is very difficult due to the transient nature of interactions. Presumably, 

the Hsp90-STIAT-Hsp70 complexes are best studied by using cross-linked plant material or 

antibodies against the chaperones. 

Recombinant proteins of STIAT and Hsp70 were investigated in in vitro binding studies since 

the requirement of large amounts in comparisons to the physiological concentrations in 

planta. The interaction of STIAT2 with Hsp70-5 was studied as it was predicted with high 

level in in silico database Arabidopsis interaction viewer. First, the interaction study was 

performed by purification of the recombinant proteins supplemented to an Arabidopsis leaf 

extract using one of the antibodies against one of the proteins. The STIAT isoform was co-

eluting with the Hsp70 isoform and vice versa. Quantitative statements of these interactions 

were not possible as the endogenous proteins from the Arabidopsis leaf extract competed for 

the interaction of the recombinant proteins. The attempts to purify the proteins without the 

Arabidopsis leaf extracts were not successful as the Hsp70 isoform was binding to the control 

antibody although it was co-eluting with the STIAT isoform. In yeast the interactions of the 

recombinant STI1 and Hsp70 were shown (Wegele et al. 2003), but authors used a different 

matrix for antibody coupling. A reason for the weak co-elution of Hsp70-5 and STIAT 

isoform could be found in the incorrect annotated interaction from the orthologous system in 

yeast as the Arabidopsis Hsp70-4 and Hsp70-5 isoforms show the same homology to the 

Hsp70 (SSA proteins) in yeast. Therefore, the interaction of Hsp70-4 with STIAT isoforms 

could be investigated. 

In future the usage of a different matrix instead of magnetic beads, a tag-specific antibody or 

even a protein fusion tag is suggested to study the interaction of recombinant STIAT isoforms 

with their binding partners. To obtain quantitative data of protein-protein interactions the 
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interaction of STIAT isoforms should be analysed by surface plasmon resonance 

spectroscopy. 

 

5.5.4. Heterologous STINT interacts with cytosolic Hsp90 and Hsp70 members in 

Arabidopsis 

Tandem affinity purification of heterologous STINT in Arabidopsis was performed to isolate 

the STINT complex partner in Arabidopsis cell culture. TAP is a innovative method to purify 

protein complexes, which was first demonstrated in yeast by Rigaut et al. (1999) and later 

adapted to plants by Rohila et al. (2004). This technique has the advantages of higher 

specificity compared to one step purification procedures and resembles more the 

physiological conditions as the fusion protein is expressed under almost physiological 

conditions. For example in yeast, TAP fusion tag was introduced by homologous 

recombination to the endogenous gene. 

In the study present here, TAP of STINT was followed according to Van Leene et al. (2007), 

containing the classical TAP tag of two IgG-binding domains from Staphylococcus aureus 

Protein A, the TEV protease cleavage site and the calmodulin-binding peptide. The tagged 

STINT protein was overexpressed under the control of 35S promoter in the presence of the 

endogenous protein, which was necessary for competing of the tagged STINT with the 

endogenous STIAT isoforms for the interaction partners in the Arabidopsis cell culture with 

high ploidy level. This is common for TAP in higher eukaryotes, since the level of tagged 

protein is an important issue for protein complex isolation. 

TAP of STINT resulted in the detection of chaperones Hsp90 and Hsp70 as interaction 

partners, identified with very high score in multiple isoforms and present in two experiments 

of N-terminally TAP-tagged STINT and in one of C-terminal TAP fusion of STINT. These 

findings indicate that Hsp90 and Hsp70 are real interacting proteins of STINT in Arabidopsis, 

although chaperones are found often as contaminating proteins because of their high 

abundance (Van Leene et al. 2007). These background contaminations are an important issue 

in TAP experiments and were assessed by control purifications using wild-type Arabidopsis 

cell culture and two cultures overexpressing the TAP-tagged proteins ß-glucuronidase and 

GFP. Usually, proteins identified in these control purifications are excluded from the dataset 

derived from the tagged protein purifications. However, the chaperones Hsp90 and Hsp70 

with their very high score were not excluded from identification lists of STINT-TAP 

experiments (personal communication J. v. Leene & G. De Jaeger). 
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The chaperones Hsp90 and Hsp70 were identified in multiple isoforms all having the same 

subcellular localisation. The Hsp90 isoforms are described to the cytosolic and nuclear 

compartments (Krishna and Gloor 2001). The Hsp70 isoforms are only cytosolic (Lin et al. 

2001), but a nuclear localisation of Hsp70-1 has been shown (Sung and Guy 2003). This 

finding is in good accordance with the subcellular localisation of STIAT1 and STIAT2 in 

these compartments as interacting proteins should be co-expressed for a possible interaction. 

The detection of the Hsp in multiple isoforms leads to the assumption that many diverse 

Hsp90-STINT-Hsp70 complexes can be formed in planta indicating a more diverse 

interaction network compared to yeast and human. 

No further interacting proteins of STINT could be identified besides Hsp chaperones using 

this method, indicating that interactions are transient or lost during purification. 

In conclusion, the TAP of STINT showed for the first time the interaction of a plant HOP to 

both Hsp90 and Hsp70 in planta using a biochemical approach. Earlier studies provided 

evidences only for the interaction of HOP/STI1 with the chaperones by in vitro approach in 

presence of wheat germ lyaste (Fellerer et al. 2011, Krishna and Kanelakis 2003, Zhang et al. 

2003) or with Hsp90 using yeast-2-hybrid method and heterologous expression in yeast (Chen 

et al. 2010). 

Thus, the interaction of HOP/STI1, Hsp90 and Hsp70 represents a general complex in 

eukaryotes including plants. However, as long as the client proteins of the STINT-chaperone 

complex are not identified, specificity and function of plant complex remain unknown. 

Recently, known chloroplast preproteins being client proteins of Hsp90 during their synthesis 

were tested in wheat germ lysate and revealed in the identification of HOP as part of the 

complex (Fellerer et al. 2011). Following the targeted in vitro approach, the client proteins of 

STINT-chaperone complex could be purified by TAP using alternative tags (reviewed by Li 

2011) like the His-biotin tag which is more useful for transient interaction and compatible 

with in vivo cross-linking (Tagwerker et al. 2006) but not yet used in planta. 

 

5.5.5. Comparison of the interaction partners of STINT in Arabidopsis and STI1 in 

yeast  

The possible isolation of client proteins of the Hsp90-HOP/STI1-Hsp70 complex by the TAP 

technique was verified by TAP of yeast STI1. Therefore, STI1 protein contained the identical 

TAP-tag as used for STINT. For the first time, the STI1 interaction partner were purified 
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under physiological conditions in yeast using this technique and resulted in the detection of 

the two major interaction partners Hsp90 and Hsp70 as obtained for TAP of STINT. All 

earlier studies showing the interaction of STI1 to Hsp90 and Hsp70 in yeast were obtained 

indirectly by co-immunoprecipitation with high abundant Hsp90 (Chang and Lindquist 1994) 

or under non-physiological conditions by overexpression of His-tagged STI1 with subsequent 

purification using His antibody (Flom et al. 2007, Reidy and Masison 2010). Only one study 

showed the co-immunoprecipitation of Hsp90 and Hsp70 with STI1 under physiological 

conditions (Chang et al. 1997). The co-purification of client proteins like Ydj1/Hsp40 and 

Cpr6, a prolylisomerase highly abundant in Hsp90 complexes, was not successful when using 

the STI1 antibody for immunoprecipitation of Hsp90-STI1-Hsp70 complex in yeast (Chang et 

al. 1997). TAP performed here provided evidence for STI1 interaction partners by MS 

analysis for the first time and confirmed the immunoprecipititation studies by Chang et al. 

(1997). 

MS analysis resulted in detection of the two Hsp90 isoforms, the heat-shock inducible 

isoform Hsp82 and the constitutive isoform Hsc82, and Hsp70-1 and Hsp70-2 as interaction 

partners of STI1. Although the Hsp90 isoforms share 97 % identity, their distinct 

identification was possible due to the electrophoretic separation, which was reached by using 

7.5 % SDS gels and increased running time of electrophoresis. All of the identified Hsp are 

known to be localised in the cytosol (Werner-Washburne et al. 1987) 

(www.yeastgenome.org), corresponding to the findings in Arabidopsis. The interaction of 

STI1 to both Hsp90 and Hsp70 was detected only after first purification step using IgG and 

not after second purification using calmodulin. This result indicates a stronger interaction of 

STI1 to Hsp90 compared to Hsp70 and confirmed the immunoprecipitation results by Chang 

et al. (1997), a study lacking the differentiation between the Hsp90 isoforms. Evidences for 

the low affinity binding of STI1 to Hsp70-1 were provided studying the purified proteins in 

surface plasmon resonance spectroscopy (Wegele et al. 2003). 

The client proteins of Hsp90-STI1-Hsp70 complex under physiological conditions could not 

be purified using the TAP method as shown for TAP of STINT indicating the transient 

interaction. This is supported by a very recent study by Reidy & Masison (2010), where even 

the interaction of His-tagged versions of STI1 and Hsp70 by immunoprecipitation against one 

of the proteins failed. Here, STI1-Hsp70 interactions in the yeast strains were not efficient 

enough to overcome the purification conditions (Reidy & Masison 2010). In future, 

stabilization of protein complexes by cross-linking should be considered.  
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5.6. Are the STIAT isoforms modified by phosphorylation? 

Several phosphorylation sites of HOP/STI1 have been described in mammals and yeast, 

which influence the cellular localisation (Daniel et al. 2008) and potentially the interaction 

with Hsp. The phosphorylation of HOP/STI1 homologues has not yet been studied by targeted 

approaches in planta. One conserved phosphopeptide in all three STIAT isoforms and one 

diagnostic phosphopeptide for STIAT1 were detected in the PhosPhAt database (Heazlewood 

et al. 2008). The data were obtained from large-scale phosphoproteomics experiments (Li et 

al. 2009, Nakagami et al. 2010, Sugiyama et al. 2008). Based on those findings, this post-

translational modification was investigated for its appearance in STIAT isoforms by two 

targeted approaches: the enrichment of phosphopeptides from a recombinant STIAT isoform 

and the enrichment of phosphorylated isoforms from Arabidopsis leaf extracts. 

 

5.6.1. Phosphorylated peptides in recombinant STIAT1 and STIAT2 

At first, the recombinant proteins STIAT1 and STIAT2 were analysed for their protein 

patterns on 2-D PAGE. The separation of both recombinant STIAT1 and STIAT2 resulted in 

chains of multiple spots with similar molecular weight but different isoelectric point, 

indicating multiple phosphorylations of the recombinant proteins. This finding was in 

agreement with in vivo phosphorylation of murine STI1 and human HOP having the same 

patterns of multiple spots in Western blot analysis (Daniel et al. 2008, Lassle et al. 1997). 

MS analysis of the protein spots of STIAT1 was attempted and lead to the detection of one 

and the same phosphopeptide in more than one spot suggesting other phosphopeptides 

responsible for the pI shift than the detected ones. 

The enrichment of phosphopeptides within recombinant STIAT isoforms was initiated as 

further phosphopeptides besides the already detected ones were assumed to be present. 

Phosphopeptide enrichment was first established for the standard protein casein by comparing 

two different enrichment techniques, IMAC and Phos-tag agarose. Phosphopeptide 

enrichment by IMAC according to Villen and Gygi (2008) lead to an insufficient enrichment 

of the phosphopeptides of the standard protein casein although the authors could characterize 

5,500 and 13,000 phosphorylation events from mouse liver and Drosophila embryos. The 

phosphopeptide detected in this study was either lost by a lack of phosphopeptide binding to 

the matrix and by the washing steps during purification procedure, indicating the high demand 

of studying phosphopeptide analysis using targeted approaches. 
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The phosphopeptide enrichment of casein using Phos-tag agarose (Kinoshita et al. 2005) was 

more promising compared to IMAC, as the phosphopeptide detected was observed 

specifically in the eluted fraction. Therefore the phosphopeptide enrichment using Phos-tag 

agarose was transferred to STIAT2, resulting in the detection of a phosphorylated peptide 

which were already present in the total digest. This result suggests that the enrichment 

illustrates more a depletion of dephosphorylated peptides and has to be optimised for the 

STIAT isoforms.  

 

5.6.2. Ion exchange chromatography separates phosphorylated STIAT isoforms 

After the detection of possible phosphorylation sites within the recombinant STIAT proteins, 

the aim was the identification of the possible phosphorylation sites of the STIAT isoforms in 

planta. Therefore the STIAT isoforms need to be enriched from total protein mixtures since 

they are low abundant. Enrichment by immunprecipitation did not lead to the detection of 

modifications and additional fractionation techniques for the STIAT isoforms were applied 

such as preparative IEF and ionexchange chromatography. Preparative IEF of proteins from 

Arabidopsis leaves revealed enrichment of the STIAT isoforms in specific fractions, but 

resulted in weak identification of the isoforms there due to sample complexity. The high 

abundant RuBisCO was present in the fractions containing STIAT isoforms and in most of the 

fractions, probably due to the wide range of pI or its abundance. 

In contrast, ion exchange chromatography of STIAT isoforms resulted in the separation of the 

STIAT isoforms from RuBisCO. Furthermore and more meaningful, the analysis of 

phosphorylation patterns resulted in separation of phosphorylated and dephosphorylated 

isoforms indicating that a subpopulation of STIAT isoforms is modified by phophorylation in 

vivo. This finding is in agreement with in vivo phosphorylation of murine STI1 and HOP 

(Daniel et al. 2008, Lassle et al. 1997) but was shown for the first time for a plant HOP. Out 

of these data it can be assumed, that phosphorylation of HOP/STI1 proteins is a general 

modification process across all kingdoms. 

Downstream analysis of a fraction containing the phosphorylated STIAT isoforms using MS 

analysis revealed the detection of phosphorylated proteins among 300-400 proteins but failed 

to detect the STIAT isoforms. This finding leads to the assumption that the fraction obtained 

after IEX was still complex and the STIAT isoforms were low abundant. 
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Although the detection of the specific phosphorylation sites in planta, especially in 

Arabidopsis, has not yet been shown, the phosphorylated subpopulation of STIAT isoforms 

can be stabilized by phosphatase inhibitor treatment before IEX. Additional purification steps 

of the phosphorylated subpopulation of STIAT isoforms before MS analysis are 

recommended in order to reduce the complexity of the sample. Immunoprecipitation of the 

phosphorylated STIAT isoforms would be a key tool to link both methods (Figure 52) and to 

identify the phosphorylation sites in vivo. 

 

Early eluting

fraction of IEX

Immunoprecipitation

of STIAT isofoms
LC-MS

 

Figure 52: Strategy to investigate the STIAT phosphorylation sites in planta. 

IEX separates STIAT isoforms according to their phosphorylation state. The early eluting fraction of IEX 

containing the phosphorylated subpopulation of STIAT isoforms is purified by immunoprecipitation as 

the IEX fraction is too complex for direct analysis by LC-MS. The phosphorylation sites are identified by 
LC-MS. 

 

5.7. Summary: What are the possible functions of STIAT isoforms? 

Molecular chaperones, such as Hsp70 and Hsp90, interact with a wide range of co-chaperones 

that regulate their activity or aid in the folding of specific substrate proteins (Buchner et al. 

1998, Hartl 1996). The Hsp70/Hsp90 organising protein is a co-chaperone which reversibly 

couples Hsp70 and Hsp90 (Chen and Smith 1998). Plant heterologs of HOP/STI1 were 

described in numerous studies (Chen et al. 2010, Krishna and Gloor 2001, Krishna and 

Kanelakis 2003, Torres et al. 1995, Zhang et al. 2003) varying in the number of HOP genes 

per plant species. All three different STIAT isoforms in Arabidopsis were analysed to 

different extents using functional proteomics in order to clarify their expression and possible 

functions. 

STIAT isoform expression is regulated during plant development and to some extent by stress 

defence mechanisms for STIAT1 and STIAT2, while STIAT3 has a specific function in 

thermoadaptation of leaves (Figure 50). 

In addition to the characterisation of the STIAT isoform expression, the STIAT isoforms were 

analyzed for their intracellular distribution, interaction partners and their regulation by the 

post translational modification by phosphorylation, summarized in a current model (Figure 
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53). STIAT1 is the best characterized isoform as its subcellular localisation in cytosol and 

nucleus has been validated. It was shown that this isoform is interacting with Hsp90 and 

Hsp70 using TAP of the homologous protein STINT. A function in vesicle transport from ER 

to Golgi is supposed which is in agreement with its possible association to endomembranes. 

STIAT2 is co-localised with STIAT1 in numerous studies and the same functions can be 

assumed. The role of STIAT3 is less characterized, but is specifically expressed after heat 

assuming a function in thermoadaptation. All three STIAT isoforms are modified by 

phosphorylation, as phosphorylated and dephosphorylated subpopulations of them can be 

fractioned by ion exchange chromatography. 
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Figure 53: Current model of the intracellular distribution, the interaction partners and the modification 

of the STIAT isoforms by phosphorylation in Arabidopsis. 

STIAT1 and STIAT2 are present in cytosol and nucleus and associate to membranes, e.g. endomembrans 

from vacuole, Golgi and endoplasmatic reticulum and plasma membrane. No experimental evidence has 

been gathered for STIAT3 so far, since this isoform is present under non-control conditions like heat. 

STIAT1 has been shown to be interacting with cytosolic isoforms of Hsp90 and Hsp70 by TAP of 

homologous STINT protein. In this regard, a function in vesicle transport from Golgi to ER is 
hypothesized which needs further confirmation. 

STIAT isoforms are modified by phosphorylation, as phosphorylated and dephosphorylated 

subpopulations can be fractioned by ion exchange chromatography. Phosphorylation sites are still only 

partly known. 
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7. Abbreviations 

ABA   abscisic acid 

ABC   ammonium bicarbonate 

ABI3   abscisic acid-insensitvive3 

ACN   acetonitril 

ANOVA  analysis of variance 

au   arbitrary units 

BCIP   5-bromo-4-chloro-3-indolyl phosphate 

bp   base pair 

BN-PAGE  blue native polyacrylamide gel electrophoresis 

BSA   bovine serum albumin 

CaMV 35S  Cauliflower mosaic virus 35S promoter 

CBP   calmodulin binding protein 

cCBB   colloidal Coomassie Brilliant Blue 

CHAPS  3-[(3-Cholamidopropyl)dimethylammonio]-1-propansulfonat 

CP   client protein 

CV   confidence interaction value 

Da   Dalton 

DNA   desoxyribonucleid acid 

DP   aspartate-proline 

DTE/ DTT  dithioerythritol/ dithiothreitol 

EDTA   Ethylenediaminetetraacetic acid 

ESI   electronspray ionisation 

FA   formic acid 

Ft   flow through 

Fw   fresh weight 

GFP   green fluorescent protein 

GUS    ß-glucuronidase 

HAcO   acetic acid 

HCCA   a-cyano-4-hydroxycinnamic-acid 

Hepes   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HOP   Hsp70/Hsp90 organising protein 

Hsp   heat shock protein 

IEF   isoelectric focussing 

IEX   ion exchange chromatography 

IgG   Immunoglobulin G 

IMAC   Immobilized metal ion affinity chromatorgraphy 

IP   immunoprecipitation 

IPG   immobilised pH gradient 

LC liquid chromatography 

M mol 
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MALDI matrix-assisted laser desorption ionisation  

MDAR  monodehydroascorbate reductase 

MOPS   3-(N-morpholino)propanesulfonic acid 

MS   mass spectrometry 

Mw   Molecular weight 

m/z   mass-to-charge 

NBT   nitroblue tetrazolium chloride 

NLS   nuclear localisation signal 

PBS(T)  phosphate buffered saline (supplemented with Tween-20) 

PCR   polymerase chain reaction 

pI   isoelectric point 

PM   plasma membrane 

PTM   post-translational modification 

PVDF   polyvinylidene fluoride  

Q-TOF   quadrupole time-of-flight 

RAV   Related to ABI3/VP1 

RNAi   RNA interference 

RT   room temperature 

SEC   size exclusion chromatography 

SDS-PAGE  sodium dodecyl polyacrylamide gel electrophoresis 

STI1   stress-inducible protein in Saccharomyces cerivisiae 

STIAT   stress-inducible protein in Arabidopsis thaliana, name of the protein 

STIAT    name of the gene, mRNA, or cDNA 

stiat    mutant allele 

STINT   stress-inducible protein in Nicotiana tabacum 

TAP   tandem affinity purification 

TCA   trichloroacidic acid 

TEV   tobacco etch virus 

TFA   trifluoroacidic acid 

TOF time-of-flight 

TPR   tetratricopepitde repeat 

Vol   volume 

VP1   viviparous1 

v/v   volume-to-volume ratio 

w/w   weight-to-weight ratio 

w/v   weight-to-volume ratio 

x g   gravitation force 
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11. Appendix 
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Figure A 1: Analysis of T-DNA insertion lines of STIAT3 in Columbia-0 ecotype. 

A: Relative positions of T-DNA insertions in STIAT3 gene, indicated by red triangle. 

B: Immunodetection of STIAT isoforms in T-DNA insertion line stiat3-1 and Col-0 under control 

conditions and heat stress treatment. Five µg of total leaf protein extracts were separated on SDS-PAGE 

and probed with antiserum against STINT. Knock-out line for STIAT3 presence of all three STIAT 

isoforms even under control conditions, indicating no functional T-DNA insertion for STIAT3. The cCBB 

staining of ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) was used as loading control. 
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Figure A 2: Distribution of STINT in nuclei separated fractions of tobacco leaves. 

Equal amounts of total (T), cytosolic (C) and nuclear (N) extracts were separated on SDS-PAGE and 

transferred to PVDF membrane. Immunological detection with antiserum against STINT and marker for 

nuclei (Histon3), cytosol (monodehydroascorbate reductase MDAR) and chloroplasts (cytochrome F) 

revealed a predominantly cytoplasmatic localisation of STINT compared to its amount in the nucleus. 
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Figure A 3: Subcellular distribution of HOP/STI1 in membrane fractions of barley root (A) and tobacco 

leaf (B). 

Five µg of protein of microsomal (M), cytosolic (C), endomembrane (EM) and plasma membrane (PM) 

fractions were separated by SDS-PAGE and visualized by cCBB staining. The specific band patterns 

indicate the fractionation using aqueous two-phase partitioning. The quality of membrane preparations 

was assessed using immunoblotting with antibodies against the subcellular marker proteins H
+
-ATPase, 

MDAR and V-ATPase. Western blot analysis with antiserum against STINT revealed a predominantly 

cytoplasmatic localisation of STI1 but also its association to membranes. 

 

Table A 1: In silico prediction of STIAT isoform localisation using TargetP (Emanuelsson et al. 2000). 

Ranking of likelihood scores revealed another localisation than in chloroplasts, mitochondria or 

endoplasmatic reticulum. 

Isoform chloTP mitoTP SecrPathw other 

STIAT1 0.394 0.127 0.099  0.544 
STIAT2 0.201 0.143 0.108  0.631 
STIAT3 0.193 0.125 0.078 0.722 
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Table A 2: In silico prediction of STIAT isoform targeting to mitochondria using Mitoprot (Claros and 

Vincens 1996) and Predotar (Small et al. 2004). 

Ranking of likelihood scores revealed a very low probability of export to mitochondria using both online 

tools. Cleavage site of mitochondrial targeting was not detectable using Mitoprot.  

Isoform 
Probability of export to mitochondria  Mitoprot 

Predotar Mitoprot Cleavage site  

STIAT1 0.01 0.0090 not predictable 
STIAT2 0.01 0.0285 not predictable 
STIAT3 0.01 0.0184 not predictable 

 

Table A 3: Protein identification of TAP tagged STINT complexes from Arabidopsis cell culture using 

MALDI-TOF-TOF MS. 

The experiments were performed twice to ensure technical reproducibility. Protein name, accession 

number, detected peptides, score and molecular weight of proteins co-purifying with the bait protein are 
given. Protein identification via MALDI-TOF-TOF MS was performed by searching SNAPS database 

(http://www.ptools.ua.ac.be). 

Protein Accession 
C-TAP1 C-TAP2 N-TAP-1 N-TAP-2 

Peptides Score Peptides Score Peptides Score Peptides Score 

Hsp90-1 At5g52640 7 233 6 215 17 458 15 509 

Hsp90-2 At5g56030 17 567 7 214 19 909 21 990 

Hsp90-3 At5g56010 17 566 7 213 19 908 21 988 

Hsp90-4 At5g56000 15 545 6 208 16 870 16 932 

STIAT1 At1g62740 3 70 6 48 2 57 3 60 

Hsp70-1 At5g02500 - - 3 111 10 208 19 891 

Hsp70-2 At5g02490 - - 7 83 4 155 11 418 

Hsp70-3 At3g09440 - - 3 111 10 139 16 614 

Hsp70-4 At3g12580 - - 8 87 6 166 18 666 

Hsp70-18 At1g56410 - - 7 83 5 159 10 315 

 

 

 

 

 

 

 

 

 


