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Abstract 

 

In the present Ph.D. thesis it is reported a molecular and functional study of the 

Arabidopsis p23, a key component of the HSP90 complex. Homologues of the p23 co-

chaperone of HSP90 have been found in all eukaryotes, suggesting conserved functions 

for this protein throughout evolution. While p23 has been well studied in animals, little is 

known about its function in plants. Arabidopsis owns two isoforms of p23 and their 

expression pattern was analysed in planta. We characterized the expression profile of the 

two isoforms founding redundant functions in the analysed pathway. In order to 

determine the function of the two p23 paralogue genes, we selected knockout 

homozygous insertional mutant lines and overexpressing transgenic lines for both genes. 

The analysis of the knockout mutant and overexpressing lines showed these proteins as in 

involved in Nitric oxide production both in physiological processes and in stress induced 

conditions. All the lines showed alteration in root growth parameters, suggesting a likely 

involvement of p23 in auxin regulation. So to understand the molecular mechanisms 

underlying the growth alterations observed in p23 knockout mutants, the involvement of 

auxin and Nitric Oxide was investigated. 
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Arabidopsis thaliana: a plant model organism 

 

 

Arabidopsis thaliana is an herbaceous plant belonging to 

Brassicaceae, well studied since the end of the 19
th
 

century, which has become a model organism for plant 

science since the 80s. Arabidopsis is the first plant whose 

genome (125Mbp in five chromosomes) has been 

sequenced (published in 2000), and this acquired 

knowledge has finally corroborated the use of this species 

as model plant. Its life cycle which is only of six weeks, the small size of its genome and 

the easy processing techniques, have also contributed to the emergence of mutant 

collections such as NASC (http://arabidopsis.info/) and databases, such as TAIR 

(www.arabidopsis.org), enabling the integrated management of many data collected 

throughout the world. 

 

 

Arabidopsis p23, a co-chaperone of HSP90 

 

 

P23 is a small acidic protein, identified in animal system as a component of the 

progesterone-receptor HSP90 complex [Johnson J. et al. 1994]. P23 binds to the N-

terminal domain of HSP90 in the ATP-bound state of the HSP90 dimer (Figure I.1.B) and 

stabilizes the active closed-conformation of the complex, by inhibiting the ATPase 

activity [Chadli A. et al., 2000; Ali M.M. et al., 2006]. Arabidopsis genome shows two 

paralogues of p23: the At4g02450 and the At3g03773 loci. These two loci encode for two 

proteins of different length called respectively p23-1 (241 AA 25.47 kDa) and p23-2 (150 

AA 17.4 kDa) that have a medium similarity level (ClustalW2 score: 36, 60% positive 

AA), and show a 38-60% range of identities with other plant-p23 (Fig. I.3).  The 

difference in length between p23-1 and p23-2 is due to a long glycine rich (MG/GA) 

segment of 70 amino acids in the C-terminal region of the protein, whose function is not 

yet understood. Both plant p23 isoforms, and the chimeric protein p23-1-d (deleted of the 

glycine rich tail) are able to bind HSP90 but unlike their animal counterpart, they do not 

slow the ATPase activity rate of the chaperone [Zang Z. et al., 2010].  

 

 

http://arabidopsis.info/
http://www.arabidopsis.org/
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Fig. I.1: A) Figure adapted from [Zhang Z. et al., 2010]. Amino-acid sequence alignment of p23-like proteins 

of plant, yeast and human origins. Bnp23 (AAG41763), Atp23-1 (CAC16575), Atp23-2 (NP_683525), Osp23 

(NP_001061631.1), Lep23 (AAG49030), Dgp23 (ABA60373.1), Sba1p (NP_012805.1), and p23 

(AAA18537) were aligned using DNAMAN software. The numbers on the side indicate the amino acid 

positions in the proteins. Black, gray, and light gray shading indicates 100%, 75%, and 50% conservation of 

amino acids, respectively. 

B) Figure adapted from [Kadota Y. et al., 2009]. A hypothetical model of a full-length HSP90 dimer with 

different co-chaperones, extrapolated from the structures of HSP90–Sba1p (p23) (PDB:2CG9) and 

CS domain–HSP90-ND (PDB:2JKI) complexes. Although the SGT1 CS domain and p23 are structurally 

similar, each protein binds a distinct, non-overlapping site of HSP90. 

 

 

HSP90 co-chaperones 

 

 

Various co-chaperones associate dynamically with HSP90 during the chaperone cycle. In 

eukaryotic cells the complex is regulated by more than 20 co-chaperones (Figure I.2.B).  

These proteins have a pivotal role in the regulation of the complex and in the specificity 

of HSP90 activity and they can be divided in two main groups: the TPR (tetratricopetide) 

and the non-TPR domain co-chaperones. TPR containing co-chaperones include HOP 

(HSP70-HSP90 Organizing Protein), PP5 (Protein Phosphatase 5), and the PPIase (Prolyl 

Isomerase) family, such as FKBP51 and FKBP52 (FK506 Binding Protein), while the 

non-TPR containing co-chaperones include AHA1 (Activator of HSP90 ATPase), p23 

and Cdc37 (Cell Division Cycle protein) [Li J. et al., 2011]. 

HOP binds and stabilizes the open conformation of HSP90 and mediates the interaction 

with HSP70. P23 is a co-chaperone essential for the folding of the steroid receptor that 

binds specifically to the closed conformation of HSP90, mainly with the ND and the MD, 

and that stabilizes the active conformation of the dimer by lowering the ATPase rate of 

HSP90. Cdc37 is a co-chaperone of HSP90 that slows the ATPase rate, like p23, specific 

for the folding of kinases: it interacts with kinases by the N-terminal domain and binds to 

the ND of HSP90 through its C-terminal domain. Cdc37 controls the HSP90 complex 

regulating the folding of signaling kinases, and it competes for the binding site with p23, 

responsible for the regulation of the steroid receptor foldosome.  AHA1 (activator of the 

ATPase activity of HSP90) is a co-chaperone that upon the binding with HSP90, induces 

a domain re-orientation in which the ND reaches the closed conformation and by so doing 

accelerates the progression of the ATPase cycle. PP5 is a protein phosphatase that 

associates with HSP90 by its N-terminal TPR containing domain. The binding with 



Chapter I: Introduction 

 
 

 

8   

 

HSP90 induces the activation of PP5 activity that can specifically dephosphorylate 

HSP90 and Cdc37.  

 

 

The Heat Shock Protein 90 complex 

 

 

Heat shock protein 90 (HSP90)  is an highly abundant protein that represents 2% to 4% of 

total proteins in eukaryotic cells, and controls many fundamental cellular processes 

regulating a plethora of kinases, hormone receptors and transcription factors [Pearl L. H. 

and Prodromou C., 2006; Kadota Y. and Shirasu K., 2012].  

In eukaryotes, HSP90 localizes mainly to the cytosol, but it can be found also in 

organelles and into the nucleus. In animals, there are two main cytosolic isoforms: an 

inducible isoform (HSP90-) and a constitutive one (HSP90-). In plants several 

additional isoforms are present [Krishna P. and Gloor G., 2001]. Organelle-localized 

HSP90 proteins are part of the same family: TRAP1 in mitochondria, HSP90-6 in the 

chloroplast, and GRP94 in the endoplasmic reticulum. Moreover, recent studies show that 

HSP90 is present also at the external cell surface and secreted in the extracellular space 

[Sidera K. and Patsavoudi E., 2008]. 

HSP90 is structured in three main domains: the N-terminal ATPase domain (ND), 

followed by a charged region of variable length, the middle domain (MD), where client 

proteins are accommodated, and the C-terminal dimerization domain (CD) containing the 

MEEVD motif. The MEEVD motif allows HSP90 to interact with a rich cohort of co-

chaperones containing the TPR (Tetratricopeptite) domain, and this domain confers an 

extraordinary plasticity of function to the chaperone. In the apo-state, HSP90 is in an 

open V-shaped conformation and upon the binding of the ATP to the N-terminal domain, 

the lid portion of the HSP90-ND rotates in order to enclose ATP (first intermediate state). 

Then, the ND of the two HSP90 monomers come in contact and associate with the MD, 

by so doing the HSP90 dimer reaches the closed conformation (second intermediate) [Ali 

M.M. et al., 2006; Li J. et al., 2011]. In the closed conformation of the HSP90 dimer, the 

ATP is brought to ATPase active site of the HSP90-MD, where it is hydrolyzed. Once 

ATP is hydrolyzed the lid segment rotates back and the HSP90 dimer returns to the open 

conformation, releasing ADP and phosphate (Figure I.1.A). By this way ATP generates 

an ordered sequence of conformational changes in the chaperone complex that is essential 

for its chaperoning functions and regulates the binding of the co-chaperones and the one 

with its clients [Li J. et al., 2011].  
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As HSP90 is extremely abundant and is able to recognize more than 200 clients, the 

probability of encountering between the chaperone and its substrates is very high so 

HSP90 has to maintain an exceptional specificity. This is due to the ATP conformational 

cycle of the HSP90 complex and the rich cohort of co-chaperones that modulates its 

function. The composition of the complex, in terms of co-chaperones interacting with 

HSP90, is strictly regulated at several levels, including post-translational modifications. 

During the chaperone cycle several complexes are formed which differ in the co-

chaperones associated with HSP90 [Li J. et al., 2011]. So the complex conformation is 

regulated by the ATP cycle, by HSP90-dimer intermediates that allow specific binding of 

the co-chaperones, even in an asymmetrical manner, and by the binding with the clients.  

Altogether, the ATP cycle, the binding with the co-chaperone or the binding with clients 

stabilize the HSP90 complex in many different conformational states and this is the main 

feature that confers an exceptional specificity to this protein [Li J. et al., 2011]. 

 

 



Chapter I: Introduction 

 
 

 

10   

 

 

 

Fig. I.2: Figure adapted from [Li J. et al., 2011] 

A) HSP90 crystal structures of full length HSP90 from E. coli (HtpG) in the open conformation (left, PDB 

2IOQ) and nucleotide-bound yeast HSP90 in the closed conformation (right, PDB 2CG9). The N-domain is 

depicted in blue, the M-domain in green and the C-domain in orange. 

B) Summary of HSP90 co-chaperones 
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HSP90 chaperone cycle 

 

 

The chaperone cycle of HSP90 is a finely orchestrated process, under control of the ATP 

cycle and of many co-chaperones. HSP90 has to exhibit the right conformation in order to 

accept the client protein, to facilitate the folding and to extrude the folded protein. Each 

of these steps is stabilized by specific co-chaperones that allow the encountering between 

the HSP90 dimer and the client protein. In particular, Cdc37 is fundamental for the 

folding of the so-called signaling kinases, while p23 is essential in the maturation of the 

steroid receptor (SHR). 

The assembly of the SHR involves the chronological progression through three 

complexes: while HSP90 is in the V-shaped apo-state, HSP70 and HSP40 binds the 

native receptor and by the adaptor protein HOP they form a quaternary complex. The 

open conformation of the early complex can accommodate ATP and a PPIase co-

chaperone forming an asymmetric complex. Upon the binding of ATP, the complex 

reaches the first intermediate complex that releases and accommodates p23. After the 

release of HOP and so of HSP70 and HSP40, the complex reaches a symmetrical second 

intermediate state in which ATP can be hydrolyzed. The hydrolysis of ATP and the 

release of ADP and phosphate bring the dimer back to the open conformation (Figure 

I.3.A).  

 

 

Plant HSP90 

 

 

Seven members of the HSP90 family were identified in Arabidopsis [Krishna P. and 

Gloor. G., 2001]. The seven members share at least 45% sequence identity, reaching 96% 

between HSP90-2, HSP90-3 and HSP90-4 that, together with HSP90-1, are the isoforms 

localized to the cytosol. All the cytosolic isoforms share the MEEVD C-terminal 

sequence and have a long charged linker region of variable length [Buchner J., 1999] in 

which a CK2 phosphorylation site is present. The other three isoforms HSP90-5, HSP90-

6 and HSP90-7 show specific targeting peptides. HSP90-5 is addressed to the 

mitochondrion by a 48-residue N-terminal pre-sequence, HSP90-6 is targeted to the 

chloroplast by a 60-residue N-terminal transit peptide and HSP90-7 shows the C-terminal 

KDEL retention motif [Krishna P. and Gloor. G., 2001]. Although the cellular 

localization patterns are distinct, the amino acid sequence identities between Arabidopsis  
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Fig. I.3: Figure adapted from [Li J. et al., 2011] 

A) Co-chaperone cycle of the HSP90 machinery HSP70, HSP40 and a client protein form an ‘early complex’. 

The client protein is transferred from HSP70 to HSP90 through the adaptor protein HOP. One HOP bound is 

sufficient to stabilize the open conformation of HSP90. The other TPR-acceptor site is preferentially occupied 

by a PPIase, leading to an asymmetric intermediate complex. HSP90 adopts the ATPase-active (closed) 

conformation after binding of ATP. p23 stabilizes the closed state of HSP90, which weakens the binding of 



Chapter I: Introduction 

 

 

  13 
 

HOP and promotes its exit from the complex. Potentially another PPIase (dashed-line) associates to form the 

‘late complex’ together with HSP90 and p23. After the hydrolysis of ATP, p23 and the folded client are 

released from HSP90. 

B) Figure adapted from [Krishna P. and Gloor. G., 2001]. Molecular phylogeny of the AtHsp90 family of 

genes. This diagram shows the number of amino acid substitutions per amino acid position that is observed 

between a given protein and the inferred ancestral protein sequence represented as the node to which the 

protein is joined. For example, it is estimated that an average of 0.22 amino acid substitution occurred at each 

position in the sequence of the AtHsp90-6 protein since it diverged from the common ancestor, leading to 

both it and the AtHsp90-5 protein. Branches without an associated substitution number have fewer than 0.01 

substitution 

per position. 

 

HSP90 proteins and the other HSP90 are significant, suggesting that the biochemical 

function of all these isoforms could be similar [Kadota Y. and Shirasu K., 2012]. 

In plant cells, HSP90s are developmentally regulated but they can also be modulated by 

external stimuli such as abiotic stresses or hormone treatments [Sangster T.A. and 

Queitsch C., 2005]. HSP90-1 transcript is detected only in roots of Arabidopsis under 

normal physiological conditions while it is strongly induced in all plant tissues under heat 

stress or heavy metals treatment. HSP90-2 and HSP90-3 transcripts are present at basal 

level in all plant organs but abundant only in roots and flowers. Moreover, they increase 

after treatment with IAA (Indole-3-acetic acid, the most abundant auxin) or heavy metals 

[Sangster T.A. and Queitsch C., 2005]. HSP90 is involved in many physiological and 

pathological signaling pathways and mutants of the different isoforms show specific and 

redundant functions. Mutation in the chloroplast specific HSP90-5 causes altered 

response to red light, chlorate resistance and delayed chloroplast development. Mutation 

in the ER-specific HSP90-7 produces floral and shoot meristem phenotypes [Kadota Y. 

and Shirasu K., 2012]. Mutation of both HSP90.1 and HSP90.2 is lethal [Sangster T.A. 

and Queitsch C., 2005]. HSP90 is an essential protein whose interaction with many co-

chaperones is pivotal for its functions. Co-chaperones control the cycle of the HSP90 

dimer by inhibiting or accelerating the cycle at defined position and set the stage for the 

client binding.  HSP90 complex relies on the participation of many co-chaperones such as 

p23, HOP, AHA1, PP5 and the FKBPs (PPIases) [Zhang Z. et al., 2010;  Kadota Y. et al., 

2008; Geisler M. and Bailly A., 2007]. Plant HSP90 and its co-chaperones resemble their 

mammalian counterparts in their structure but they can participate in diverse and unique 

pathways such as defense mechanisms against pathogens, regulation of gene expression, 

transport of pre-proteins into organelles and response to heat stress. Moreover there is 

increasing evidence on the role of HSP90 and its co-chaperone in hormone homeostasis. 

Auxin homeostasis, for example, is controlled by TWD1 as shown by its mutant Twisted 
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dwarf 1 (twd1). TWD1 is a FKBP (PPIase) that interacts with HSP90 and this complex 

regulates the auxin efflux by modulating ABC transporters [Geisler M. et al., 2005; Bailly 

A. et al., 2006 ]. ABC transporters are membrane transporters not specific for auxin that 

can associate with the PIN family transporters and enhance and direct the auxin specific 

efflux [Blakeslee J.J. et al., 2007; Mravec J. et al., 2008]. TWD1 is a perfect example of 

how a co-chaperone of HSP90 can be essential for the regulation of the homeostasis of an 

hormone, and the twd1 knockout line shows severe dwarfism and a strong impairment in 

the auxin transport leading to the characteristic twisted short root (Figure I.4) [Bailly A. 

et al., 2006]. 
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Fig.  I.4: Figure adapted from [Geisler M. and Bailly A., 2007] and [Bailly A. et al., 2006] 

A) Model of TWD1 action. TWD1 forms functional ABC transporter complexes on both the vacuolar and 

plasma membrane. Whereas the positive regulatory role of TWD1 on PGP-mediated auxin transport has been 

demonstrated, the modulation of MRP-mediated vacuolar import was established using mammalian test 

substrates [glutathione conjugates (GS-X)] because the in planta substrates remain unknown. Direct TWD1-

mediated (solid lines) and indirect (dashed lines) signal transduction and hormone crosstalk are indicated by 

arrows. Functional domains and interactor proteins are as follows: blue, FKBD; yellow, TPR domain and 

HSP90; red: CaM(-BD); and gray, membrane anchor. Question marks indicate expected or controversial 

functional connections that await experimental confirmation. 

B) The twisted dwarf1 (twd1) mutant displays a pleiotropic developmental phenotype that correlates with 

reductions in auxin transport. Growth phenotypes of one-month-old soil-grown plants; from left to right: 

wild-type (ecotype Wassilewskija), pgp1, pgp19, pgp1/pgp19 and twd1. Inset: mature pgp1/pgp19 and twd1 

plants. Bars, 5 cm. 

C) Electron micrograph of the twd1 hypocotyl. The “twisted syndrome” of all organs is perceptible at the 

epidermal level. Bar, 100 μm. 

D) Growth phenotypes of light-grown seedlings 5 dag; from left to right: wild-type, pgp1, pgp19, pgp1/pgp19 

and twd1. Bar, 1 cm. 
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Post-translational modifications of the complex 

 

 

The regulation of the HSP90 complex is strongly dependent on the exchange of the many 

chaperones during the cycle. The interaction between HSP90 and its co-chaperones is 

additionally regulated by post-translational modifications both of HSP90 and its co-

chaperones [Miyata Y. 2009]. Transient post-translational modifications such as 

phosphorylation, acetylation and nitrosylation, ensure fast and efficient responses to 

extracellular and intracellular stimuli and further contribute to the extraordinary plasticity 

of the function of HSP90 [Li J. et al., 2011].  

Acetylation is a prominent HSP90 modification and its influence on HSP90 is still under 

investigation. It has been reported by [Yang Y. et al., 2008] that p300 is an 

acetyltransferase responsible for the acetylation of HSP90 and HDAC6 is an HSP90 

deacetylase[Kovacs J. J. et al., 2005; Bali P. et al., 2005]. This modification is important 

for HSP90 function and influences client protein maturation [Scroggings B. T. et al., 

2007]. Furthermore there is a physical interaction between HDAC6 and HSP90 and 

different studies links HSP90 acetylation with cell signaling, nuclear transport and gene 

expression. 

S-nitrosylation of HSP90 C-terminus was shown to affect HSP90 function, negatively 

influencing HSP90 ATPase activity in vitro and reducing association with eNOS in 

endothelial cells [167, 168]. 

 

 

Regulation of HSP90 complex by phosphorylation 

 

 

Phosphorylation is the most frequent post-translational modification of HSP90 being 

phosphorylated at multiple sites, mainly on serines. It has been shown that dynamic 

phosphorylation – dephosphorylation events represent a key regulatory mechanism for 

chaperone function and the phosphorylation of key residues specifically modulates 

conformational rearrangements during the ATPase cycle [Li J. et al., 2011].  

In particular, the protein kinase CK2 can phosphorylate many components of the complex 

and so can regulate the chaperone cycle of HSP90. Both isoforms of animal HSP90 can 

be constitutively phosphorylated by protein kinase CK2 in vitro and in vivo at two serine 

residues in a highly charged region of the molecule [Lees-Miller S. P. and Anderson C. 

W., 1989] and a link between HSP90 phosphorylation and its chaperoning function was 
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shown for different client proteins [Szyszka R.et al., 1989; Mimnaugh E. G. et al., 1995; 

Zhao Y. G. et al., 2001; Miyata Y. et al., 1997; Cox M. B. et al., 2007]. 

The case of the two PPIases: FKBP51 and FKBP52 is of particular interest in order to 

understand the fine regulation of the HSP90 chaperone cycle by CK2. Despite structural 

and biochemical similarities between FKBP51 and FKBP52, they have opposing effects 

on steroid hormone action [Yong W. et al., 2007]. One structural distinction between the 

two FKBPs lies in a linker loop (hinge region) between the first and second FK506-

binding domains, where FKBP52 possesses a well-conserved putative CK2-

phosphorylation site, while FKBP51 does not. FKBP52 is a substrate of CK2 both in vitro 

and in vivo, and an in vitro reconstitution experiments suggest that CK2-phosphorylated 

FKBP52 has lower HSP90-binding activity, indicating that phosphorylation by CK2 

weakens FKBP52 function [Miyata Y. et al., 1997]. Moreover, the activity of FKBP52, to 

potentiate steroid hormone receptors in yeast and in mouse cells, is greatly diminished by 

the phospho-mimicking mutation in the CK2-phosphorylation site [Cox M. B. et al., 

2007].  

Thus, HSP90 phosphorylation is a crucial part of the finely regulated chaperone cycle and 

it plays an important role in the chaperoning function.  

 

 

The protein kinase CK2 

 

 

Protein kinase CK2 (formerly known as Casein Kinase II) is an ubiquitous and 

constitutively active Ser/Thr protein kinase in animal cells, usually organized as a 

tetrameric complex, consisting of two catalytic () and two regulatory () subunits 

(Figure I.5.C) [Pinna L.A., 2002]. Arabidopsis owns four subunit (Figure I.5.A and B) 

and four  subunit genes [Salinas P. et al., 2006]. They are essential for cell viability even 

though the biological roles of CK2 subunits have not been fully characterized yet 

[Mulekar J. J. et al., 2012]. CK2 phosphorylates many proteins: more than 300 substrates 

are known so far, most in mammals, with a strict site specificity requiring a precise 

consensus including acidic residues, in particular at the n + 3 position downstream from 

the target Ser/Thr [Pinna L.A. and Ruzzene M., 1996]. Among the CK2 numerous 

substrates, several chaperone proteins have been identified which deserve special 

attention: in fact, it has been demonstrated that CK2, by phosphorylating this class of 

proteins, can regulate levels and functions of many other proteins, thus controlling 

different cellular processes [Miyata Y., 2009].  
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Expression profile experiments revealed that Arabidopsis CK2 subunits are ubiquitously 

expressed in almost all the tissues. Interestingly, the chloroplastic localized subunit (cp) 

is expressed at higher levels compared to the other nuclear/cytosolic subunits (Figure I.6) 

[Salinas P. et al., 2006]. CK2 is involved in several crucial processes, including cell cycle 

and proliferation, circadian rhythm, auxin signaling pathways, dark/light-dependent 

enzyme regulation, translation, and the salicylic acid (SA)-mediated defense response 

[Moreno-Romero J. et al., 2008; Moreno-Romero J. and Martínez M.C., 2008; Espunya 

M.C. et al., 2005; Zottini M. et al., 2007]. 
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Fig. I.5: A) Figure adapted from [Salinas P. et al., 2006]. Protein sequence analyses of CK2 subunits from 

Arabidopsis. CK2 subunits encoded in the Arabidopsis genome (A.t.A, At5g67380; A.t. B, At3g50000; 

A.t. C, At2g23080; and A.t. cp, At2g23070) were aligned with two CK2 subunits already crystallized 

from other species: CK2A1 from Homo sapiens (H.s A, AAH50036, CSNK2A1 protein) and CK22 from 

Zea mays (Z.m 2.CAA72290 ZMCK2 protein). Invariant residues are indicated by *, similar residues by: 

and semi-conservative changes by  (according to Blosum62-12-2). Functional domains conserved in these 

proteins are underlined: ATP-binding site, the basic stretch (NLS), the catalytic loop and the activation 

segment.  

B) Cladogram showing the evolutionary divergence of CK2 subunits from different species. The cladogram 

was generated using the deduced full-length protein sequence of the genes indicated (the predicted destination 

peptide for A.t.cp was excluded for this analysis). The PAM250 evolutionary matrix was used for the 

alignment and sorting of the sequences. 

C) Figure adapted from [Battistutta R. et al., 2000], Hypothetical model of the naturally occurring mayze 

CK2 tetrameric holoenzyme. The model shown is based on the structure of the complex between two α 

subunits (in the lower part) with two C-terminal β[181–203] peptides (in magenta, in the center of the entire 

complex) presented in this work and the structure of the truncated [1–182] β-dimer (upper part) determined 

by [Chantalat et al., 1999]. The model was assembled in such a way to minimize the distances between the C-

terminal ends of the β-dimer and the N-terminal ends of the β peptides. The location of a the nucleotides 

binding site is indicated by red atoms of residues Arg47 and Lys122. 

 

 

 

 

 

 



Chapter I: Introduction 

 

 

  21 
 

 

Fig. I.6: Figure adapted from [Salinas P. et al., 2006]. A) Subcellular localization of CK2:YFP/GFP fusion 

proteins. Transgenic Arabidopsis plants transformed with XVE inducible constructs coding for CK2:GFP 

fusion proteins (for B, C) were obtained. Before processing leaf and root samples for confocal microscopy, 

transgenic plants were treated for 48 h with 50 mM 17-b estradiol to induce the transgene expression.  

B) Leaves from N. bentamiana plants were transiently transformed by agroinfiltration with constructs coding 

for the fusion proteins A:GFP, cp:GFP and recA:YFP controlled by a constitutive promoter (35S CaMV). 

At 16 h post-agroinfiltration, leaf samples were analyzed by confocal microscopy.  

C) Transgenic Arabidopsis plants transformed with XVE inducible constructs coding for CK2b:YFP fusion 

proteins (1, 2, 3 and 4) were obtained. Plants were treated and analyzed as described in A. 

D) Leaf and root samples from a representative Arabidopsis transgenic plant expressing GFP alone under the 

control of the XVE inducible promoter. Plants were treated and analyzed as described in A).  

Green: GFP or YFP fluorescence. Red: chlorophyll fluorescence. White arrow: discrete structure within the 

nucleus, presumably the nucleolus. Bar20 m. 
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HSP90 and NO signaling 

 

 

NO is a small diatomic molecule exhibiting hydrophobic properties with high diffusive 

abilities (4,8 x 10
-5

 cm
2
 s

-1
 in water). So NO may migrate to the hydrophilic regions of the 

cell and freely diffuse through the plasma membrane [Floryszak-Wieczorek, 2007].  

In animal systems, nitric oxide acts as endothelium-derived relaxing factor of vascular 

tissues. It derives from the oxidation of L-arginine by the endothelial NO synthase 

(eNOS) [Hecker M. et al., 1991]. Endothelium-derived NO is a critical regulator of 

cardiovascular homeostasis through its profound effects on blood pressure, vascular 

remodeling, platelet aggregation, and angiogenesis [Ignarro Lj. et al., 1999]. It has been 

demonstrated that HSP90 can modulate the activity of eNOS, so regulating the NO 

signaling pathway [Sud N. et al., 2007].  

While NO is generated mainly by nitric oxide synthases (NOS) in animals, in plants there 

are many possible sources. Nitrification and de-nitrification cycles provide NO as 

byproduct of N2O oxidation from the atmosphere, NO could be generated also by non-

enzymatic mechanisms such as chemical reduction of NO
2-

, and the major origin of NO 

production in plants is by the action of NAD(P)H-dependent nitrate and nitrite reductases; 

moreover NOS-like activities have been detected in plant tissues, even if no protein or 

gene has been identified so far [Durner J. and Klessig D. F. 1999;  Cooney et al., 1994; 

Crawford, 2006; Yamasaki et al., 1999; Besson-Bard et al., 2008;]. 

NO is a pivotal signaling molecule in plants and it is involved in many physiological and 

pathological processes. It acts as a signaling molecule by modulating protein activity and 

by modulating gene expression. The covalent attachment of NO to the thiol side chain of 

a cysteine (S-nitrosylation) has been considered the most widespread and functionally 

important NO-dependent posttranslational modification. Such reaction is not 

enzymatically catalyzed and depends on the local concentration of NO, so from the 

equilibrium between NO synthesis and scavenging rates [Hess et al., 2005; Crawford 

2006] .  

NO can react rapidly with thiol and transition metal-containing proteins and more than 

100 proteins have been identified as targets for NO in vitro and in vivo, such as catalases, 

ascorbate peroxidases, glyceraldehyde 3-phosphate dehydrogenase, and in particular the 

guanylate cyclase controlling the cGMP-dependent pathway [Stamler et al., 2001; 

Besson-Bard 2008; Durner et al., 1998].  

Moreover NO is able to activate both plasma membrane and intracellular Ca
2+

-permeable 

channels via signaling cascades involving membrane depolarization and protein kinases, 
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and it lead to elevated levels of cytosolic calcium [Lamotte et al., 2004; Garcia-Mata and 

Lamattina, 2003].  

Furthermore NO has a pivotal role in plant defense both in the Salicylic acid acquired 

resistance (SAR) and in the Hyper sensitive response. NO acts at different levels in the 

SAR, as a matter of fact it has been demonstrated that inhibition of NOS-like activity 

reduced the SAR. Moreover NO activate the Salicylic acid-induced protein kinase (SIPK) 

and is fundamental in the induction of the Pathogen related protein 1 (PR1) [Floryszak-

Wieczorek, 2007, DelleDonne M. et al., 2001].  

The interplay between SA and NO was further demonstrated by the discovery that SA 

induce NO production in roots of Arabidopsis seedlings, and this induced NO production 

is dependent on a NOS-like activity [Zottini et al., 2007]. 

Furthermore NO is involved in the action of plant hormones and it is pivotal for Auxin 

and ABA action, while it antagonizes ethylene [Kolbert et al., 2008; Zhu and Zhou, 

2007]. In particular, NO is involved in the auxin-induced adventitious and lateral root 

formation and in auxin-induced cell division [Otvos K. et al., 2005]. Furthermore NO 

influences auxin signaling through nitrosylation of TIR1, an auxin receptor [Terrile M. C. 

et al., 2012 ]. 

 

 

 

Fig. I.7: Possible sources of NO. NO: nitric oxide; N2O: nitrous oxide; NO3-: nitrate; NO2–: nitrogen 

dioxide; NH4+: ammonium;NR: nitrate reductase; NiR: nitrite reductase; NOS: nitric oxide synthase.  
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While p23 has been well studied in animals, little is known about its function in plants 

where the knowledge of this protein is poor and the role far to be understood. 

The aim of the Ph.D. project was to deep the knowledge on Arabidopsis p23, probably 

the most important regulative co-chaperone of HSP90 in plants, being lacking Cdc37, the 

other main regulative co-chaperone present in animals.  

A wide range analysis of p23 protein in Arabidopsis has been performed initially with the 

biochemical characterization of the phosphorylation process, then analysing the 

phenotype of knockout and overexpressing mutant lines. Some hypotheses have been 

tested to understand the molecular mechanisms underlying the physiological behaviour of 

the mutants. Last a quantitative approach for an in vivo NO measurement has been 

addressed. 

Results are structured in three parts: “Biochemical characterization of the two isoforms of 

p23”, “Functional analysis of p23 co-chaperones of Arabidopsis” and “A technical note 

on the use of cPTIO as NO scavenger and EPR probe”.  

In the first part I have analysed the phosphorylation pattern of the two p23 isoforms by a 

biochemical point of view, starting from p23-2, that was the only documented isoforms of 

p23 before this study. Then the phosphorylation pattern of p23-1, recognized as p23 

isoform by [Zhang Z. et al. 2010], is investigated. The analysis of these proteins lead to 

the discovery of interesting aspects of the regulation by phosphorylation of these proteins. 

In the second part, I present a  wide analysis of the expression of the two isoforms of p23 

in Arabidopsis and, for the first time, a role for these proteins in plants is proposed. 

In the last part of the thesis, I present a technical review on the use of cPTIO as NO 

scavenger and EPR probe. 
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Biochemical characterization of the two 

isoforms of p23: 

 

 

 

The p23 co-chaperone is a novel substrate of CK2 in 

Arabidopsis 
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Biochemical characterization of the two 

isoforms of p23: 

 

 

 

p23-1 co-chaperone shows a specific pattern of 

phosphorylation in Arabidopsis  
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p23-1 co-chaperone show a specific pattern of phosphorylation in 

Arabidopsis  

 

 

Arabidopsis shows two paralogues of the p23 co-chaperone encoding for two different 

proteins denoted as p23-1 (At4g02450) and p23-2 (At3g03773.1). We first have shown 

that Arabidopsis Hsp90 co-chaperone p23-2 is a substrate of the protein kinase CK2 and 

then we extended our analysis to Arabidopsis Hsp90 co-chaperone p23-1. Although the 

similarity of the two isoforms, p23-1 shows a peculiar pattern of phosphorylation.  

 

 

Identification of p23-1 as a CK2 substrate in Arabidopsis 

 

We analyzed the two protein sequences for CK2 consensus sites [Tosoni K. et al., 2011; 

Pinna L. A. et al. 1996] and we identified S222 as the more likely phosphorylation site by 

NetPhosK analysis of the kinase-specific phosphosites (Fig. II.1.A). 

In order to verify whether CK2 actually phosphorylates p23-1, we cloned the coding 

sequence of the At4g02450 locus into a prokaryotic expression vector to produce pET28-

T7::6xHis-p23-1 and then the recombinant protein was purified by affinity (NI-NTA) and 

size exclusion chromatography (see Methods). Using 0.g of purified recombinant 

protein, we performed an in vitro phosphorylation assay with 15 ng of the human CK2 

or of the maize CK2using p23-2 as comparison (as described in Tosoni K. et al., 

2011). Samples were then resolved by SDS-PAGE and the dried gel was analyzed by 

Cyclone Plus Storage Phosphor System (PerkinElmer). As it can be seen in Fig. II.1.B, 

showing the autoradiography of the phosphorylation assay, both the higher band, 

representing p23-1, and the lower band, representing p23-2, are efficiently 

phosphorylated by recombinant maize and human CK2. Furthermore, by densitometric 

analysis of the bands, we showed that p23-1 was phosphorylated at a lower level respect 

to p23-2 by both recombinant kinases. 

So we demonstrated that p23-1 is phosphorylated in vitro by recombinant human CK2 

and by maize recombinant CK2 that is much more similar to the Arabidopsis enzyme.  

Since most of the CK2 substrates are better phosphorylated by the tetrameric form of the 

kinase (CK222), while there are only few examples in which monomeric CK2 is 

preferred [Pinna L.A. et al. 2002], we decided to investigate which form of the kinase can 

phosphorylate at higher efficiency p23-1. We have previously shown that p23-2 is 
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preferentially phosphorylated by the monomeric catalytic subunit but, as monomeric 

human and maize CK2 phosphorylate at a lower rate p23-1 compared to p23-2, we 

investigated if the tetrameric form of the human CK2 could  increase phosphorylation.  

We performed an in vitro phosphorylation assay using the two recombinant p23s as 

substrates and the monomeric or the tetrameric recombinant form of the human 

recombinant CK2. As human tetrameric form of CK2 has a higher phosphorylation 

activity, we used -Casein to normalize the activity and to have a similar phosphorylation 

level by CK2and 22. 

We found that an amount of the tetrameric human CK2 (22), sufficient to produce a 

phosphorylation degree similar to CK2 on -Casein, was less efficient on p23-1 (Fig. 

II.1.C).  

So the result shows that the monomeric catalytic subunit of CK2 is sufficient to 

completely phosphorylate the recombinant p23-1.  

 

 

P23-1 phosphorylation by an Arabidopsis CK2 like activity 

 

Next we tested the phosphorylation activity of endogenous kinases on p23-1. To do so we 

used the Arabidopsis protein extract as source of endogenous kinases.  

To this purpose we performed an in vitro radioactive phosphorylation assay using the 

soluble fraction of 10-day-old Arabidopsis seedlings protein extract, as source of kinases,  

and recombinant p23-1 as substrate.   

As shown in Fig. II.2.A, p23-1 is phosphorylated by endogenous kinases, showing a 

different behavior in comparison with assays performed with recombinant human and 

maize CK2. Kinases present in the total protein extract of Arabidopsis seedlings 

phosphorylate p23-1 at a higher level compared to p23-2.  As the human CK2 is more 

processive on p23-2, this result could indicate either a different affinity between p23-1 

and the Arabidopsis monomeric isoforms of CK2, or it could suggest that p23-1 is 

phosphorylated by kinases other than CK2. 

In order to elucidate this point we performed a screening of the phosphorylation of p23-1 

either using inhibitors specific of CK2 (TBB and CX4945) or the general inhibitor of 

protein kinases staurosporine, not active on CK2. 

The analysis of the phosphorylation pattern of p23-1, using different inhibitors, (Fig. 

II.2.B) showed that p23-1 phosphorylation is mainly due to a CK2 like activity of the 

Arabidopsis seedlings protein extract. As shown in the densitometric analysis of the 

autoradiography, the use of CX4945, a specific inhibitor of CK2, abolished the 
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phosphorylation of p23-1, while using staurosporine the phosphorylation of p23-1 was 

weakly affected.  
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Fig. II.1: A) Sequence of the two p23 isoforms of Arabidopsis. ClustalW2 alignment 

(http://www.ebi.ac.uk/Tools/msa/clustalw2). The output was labeled with symbols indicating the degree of 

similarity (* for exact matches, : for strong similarity, . for weak similarity) 

(http://www.yeastgenome.org/help/SeqSimQuery.html). Putative CK2 consensus sites, identified on the basis 

of CK2 specificity as in [Pinna et al. 1996], are bold underlined.  

B) In vitro phosphorylation of p23-1 and p23-2 by human or maize recombinant CK2. Arabidopsis 

recombinant p23-1 or p23-2 (0.1 g) were incubated 10 minutes at 28 °C with recombinant maize (20 ng) or 

human (40 ng)  CK2 as indicated, in a radioactive phosphorylation mixture (total volume 20 l). Pixel 

analysis of the autoradiography in which phosphorylation levels are shown as percentage of the p23-2 

phosphorylation. 

C) In vitro phosphorylation of p23-1 and -Casein by human recombinant CK2. Arabidopsis recombinant 

p23-1 (0.1 g) was incubated 10 minutes at 28 °C with recombinant human CK2 in the monomeric form (40 

ng) or in the tetrameric form (15 ng) as indicated, in a radioactive phosphorylation mixture (total volume 20 

l). Pixel analysis of the autoradiography in which phosphorylation levels are shown as percentage of the -

Casein phosphorylation. 

 

 

Serine 222 is the only site of phosphorylation 

 

As shown in Figure II.1.A, the principle CK2 putative site of phosphorylation of p23-1 is 

Serine 222. We mutated the serine 222 of p23-1 to an alanine and the recombinant 

protein, lacking the Serine 222, was purified. We used 0.1 g of the recombinant mutated 

p23-1-S222A in an in vitro phosphorylation assay, using Arabidopsis seedling extract as 

source of endogenous kinases. As shown in Figure II.2.C, the recombinant phospho-

defective mutant shows no phosphorylation, obtaining an even stronger inhibition of the 

phosphorylation compared to the use of CX4945. This result not only demonstrates that 

serine 222 is the site of phosphorylation by CK2 but further demonstrates that CK2 is the 

only kinase able to phosphorylate p23-1.  

 

 

CK2 isoforms show specificity of phosphorylation 

 

 

We found that p23-1 is a specific substrate of Arabidopsis CK2s and the high level of 

phosphorylation, detected in presence of Arabidopsis protein extract, cannot be due to the 

activity of other kinases. Then, we decided to better investigate CK2 isoforms involved in 

the phosphorylation, as Arabidopsis owns 3 nuclear subunits of CK2. We observed that  

http://www.ebi.ac.uk/Tools/msa/clustalw2
http://www.yeastgenome.org/help/SeqSimQuery.html
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Fig. II.2: A) In vitro phosphorylation of recombinant p23-1 and p23-2 by 10-day-old Arabidopsis seedlings 

protein extract. Recombinant p23-1 and p23-2 (0.1 g) were incubated with Arabidopsis protein extract 

(10g) 20 minutes at 28°C, in a radioactive phosphorylation mixture (total volume 20 l). Densitometric 

analysis of the autoradiography in which phosphorylation levels are shown as percentage of the p23-2 

phosphorylation. 

B) In vitro phosphorylation of recombinant p23-1 by 10-day-old Arabidopsis seedlings protein extract. 

Recombinant p23-1 (0.1 g) was incubated with Arabidopsis protein extract (10 g) 20 minutes at 28°C, in a 

radioactive phosphorylation mixture (total volume 20 l). Specific inhibitors of CK2: TBB (30M), CX 4945 

( 1 M) or general inhibitors of protein kinases not active on CK2. Pixel analysis of the autoradiography in 

which phosphorylation levels are shown as percentage of the p23-1 phosphorylation in control conditions. 

C) In vitro phosphorylation of recombinant p23-1, p23-1-S222A and p23-1-d by 10-day-old Arabidopsis 

seedlings total extract.  Recombinant proteins (0.1 g) were incubated with Arabidopsis protein extract (10 

g) 20 minutes at 28°C, in a radioactive phosphorylation mixture (total volume 20 l). The specific inhibitor 

CX 4945 (1 m) was used. Densitometric analysis of the autoradiography in which phosphorylation levels are 

shown as percentage of the p23-1 phosphorylation. 

 

 

although p23-1 shows less affinity for recombinant human and maize CK2 compared to 

p23-2, it is phosphorylated at a higher level by Arabidopsis CK2s. We have already 

shown that p23-2 is a specific substrate of the CK2C of Arabidopsis and we investigated 

which are the isoforms of CK2 that actually phosphorylate p23-1. To assess if the kinases 

that actually phosphorylate p23-1 display a size consistent with Arabidopsis CK2 

isoforms, we performed a set of in gel kinase assays, including either -Casein, p23-1 or 

p23-2 in the gel. 

We show in Figure II.3.B that there is only one band in the in gel kinase assay of p23-1, 

and this band has a molecular weight of about 50 kDa. This band could correspond to the 

high mass weight band of the -Casein, reflecting the contribution of other casein 

kinases. Arabidopsis genome encodes for three nuclear isoforms of CK2 and this band 

could represent CK2A or CK2B respectively of 47.6 kDa and 47.2 kDa. 

Unfortunately, we cannot understand, directly from the in gel kinase assay, which is the 

CK2 isoform that actually phosphorylates p23-1 or if both isoforms are able to 

phosphorylate it. 

In any case it is really interesting that Arabidopsis CK2 isoforms show specificity 

between p23-1 and p23-2, and we wonder if this behavior could have effects on the 

regulation of the HSP90 complex. 

 

 

 



Chapter II: Results & Discussion 

 

 
  49 

 

CK2 isoforms expression levels 

 

 

We have shown that Arabidopsis seedlings extract phosphorylates p23-1 at higher levels 

compared to p23-2. To assess if this behavior is due to the specificity of CK2 isoforms, 

we investigated, by qRT-PCR, the transcript level of the three isoforms of CK2 on the 

whole plant, during the plant lifecycle. 

As shown in Figure II.3.A the three isoforms have different transcription levels during the 

life cycle of the plant and CK2A is the most expressed isoform. We observe that 

CK2A transcript level is about three time higher than CK2C and this difference could 

explain why we found that p23-1 is phosphorylated at higher level respect to p23-2 by the 

Arabidopsis seedlings extract. 
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Fig. II.3: A) qRT-PCR of CK2 isoforms during the life of Arabidopsis, performed on whole plant. Data are 

normalized on Actin2 (At3g18780)  and displayed as percentage of Actin2 transcript signal.  

B) In gel Kinase assay. -Casein (100ug), p23-1 and p23-2 (10g) were included in the gel as indicated. By 

SDS-PAGE Arabidopsis seedlings protein extract were resolved by molecular mass. The whole gel was then 

incubated in the radioactive phosphorylation mixture for 1h at Room Temperature. Image of p23-1 in gel 

kinase assay is adapted on the p23-2 in gel kinase assay from Tosoni K. et al. 2011, by the use of coomassie 

staining. 

 

 

Phosphorylation of p23-1-d 

 

 

So the two isoforms of p23 show a distinct pattern of phosphorylation by CK2 isoforms. 

The main difference between p23-1 and p23-2 is the C-terminal glycine rich (GM/MA) 

segment. Zang et al. have tested the binding affinity for HSP90 of the recombinant 

deleted protein p23-1-d (deleted of the glycine rich segment), and they have found that it 

has similar binding capabilities compared to full-length p23-1. We generated the deletion 

mutant p23-1-d as described by [Asada M. et al. 2000] and analyzed the phosphorylation 

pattern of the recombinant deleted p23-1-d in an in vitro phosphorylation assay, using the 

Arabidopsis seedlings protein extract as source of endogenous kinases. As shown in 

Figure II.2.C, the deleted recombinant protein shows no phosphorylation. As the 

recombinant deleted protein still owns the phosphorylation site, we can suggest that the 

glycine rich tail is essential for the correct phosphorylation of p23-1. 
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Ongoing experiments 

 

 

Specificity of p23-1 for CK2A and CK2B 

 

In order to confirm that p23-1 and p23-2 are phosphorylated by different CK2 isoforms 

we are selecting homozygous insertional knockout lines for CK2A, CK2B, the double 

knockout lines CK2A x CK2B and the triple knockout mutant [Mulekar J. J. et al., 

2012]. Using the protein extract of these mutant lines as source of kinases in an in vitro 

phosphorylation assay, we should be able to understand which is the isoform that actually 

phosphorylate p23-1 or if both isoforms are able to phosphorylate p23-1.  

 

 

Testing the binding of p23-1 with CK2A and CK2B 

 

Having shown that p23-2 can interact with the human CK2 and with Arabidopsis 

CK2C [Tosoni K. et al., 2011] we would like to understand if p23-1 can interact with 

CK2A and CK2B. For this reason we have generated plasmids, based on the 

bimolecular fluorescent complementation [Waadt et al. 2008], in which p23-1 is upstream 

of the C-terminal part of the CFP while CK2aA, CK2aB and CK2aA truncated of the N-

terminal part, downstream of the N-terminal part of the CFP. By agroinfiltration of 

Nicotiana Tabacum leaves or transformation of Arabidopsis mesophyll protoplast,  we 

would be able to test the interaction between these proteins.  

 

 

Effect of the phosphorylation on the binding between p23-1 and HSP90 

 

In the introduction I have reported the considerations of Miyata Y. on the role of CK2 in 

the regulation of the HSP90 machine. Having shown the phosphorylation of both p23-1 

and p23-2, we would test which is the impact of phosphorylation on the binding to 

HSP90. We have already developed different tools in order to test the binding of p23-1 to 

HSP90 such as recombinant Arabidopsis lines expressing p23-1 or p23-2 with the HA 

tag, under the control of the constitutive viral promoter CaMV 35S. With these tools it 

would be possible to perform Co-Immuno precipitation assays and to test the binding 

abilities of p23-1, in presence of CK2 or inhibiting it.  
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Effect of the phosphorylation on p23 function 

 

 

We have identified the only phosphorylated residue of p23-1 and we generated the 

phospho-defective mutant p23-1-S222A. We are now generating also the phospho-

mimicking mutant p23-1-S222E and we are planning to study the phenotype of p23 dKO 

mutant lines complemented with the phospho-mutants of p23-1. 
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Functional analysis of p23 co-chaperones of 

Arabidopsis 
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Functional analysis of p23 co-chaperones of Arabidopsis 

 

 

As described previously p23-1 and p23-2 are encoded by loci At4g02450 and At3g03773. 

From bioinformatics analyses of Arabidopsis database (TAIR) the locus AT3g03773 can 

encode two putative isoforms of p23-2: p23-2.1 and p23-2.2. The two isoforms are 

strongly different owning p23-2.2  a long exon 1 and a short exon 2 both absent in p23-

2.1. We have tested whether the latter predicted isoform was translated by Arabidopsis 

seedlings and we found that neither exon 1 or exon 2 were translated. We concluded that 

the putative p23-2.2 was not present in our analysis and so we have carried out the study 

on p23-1 and p23-2.1. 

 

 

Expression profile of p23-1 and p23-2  

 

We have analyzed the transcript levels of p23-1 and p23-2 by quantitative Real Time 

PCR from seedling stages (1-2 weeks) to senescence phases (6-8 weeks). We isolated 

mRNA from plants grown in soil from 1 to 8 weeks after germination. Doing this analysis 

a general picture of the levels of expression of these genes during all the life span  of 

Arabidopsis was obtained.  

As reported in Figure II.4.A, p23-1 is the most expressed isoform, and its expression is 

modulated in the different developmental stages. On the other hand, p23-2 has a much 

lower expression compared to p23-1, and it is stable during all the plant life cycle. Both 

isoforms are expressed at low levels, ranging from 0.2 to 3 % of the housekeeping Actin2 

gene expression (At3g18780).  

Then, we analyzed the expression of the transcripts of the two isoforms in different 

organs of the plant. In this analysis we isolated from 8 week-old plants flowers (flowers, 

silique, apical meristem), rosettes (leaves and stalks) and roots. The results of these 

experiments, shown in Figure II.4.B, show that the two isoforms of p23 are differently 

expressed in the organs. Both isoforms are ubiquitously expressed with stronger 

expression level in flowers and in roots compared to lower levels of expression in the 

rosette samples. 
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Fig. II.4: A) qRT-PCR of p23 isoforms during the life of Arabidopsis (1-8 weeks). Data are normalized on 

Actin2 (At3g18780) and displayed as percentage of Actin2 transcript signal. 

B) qRT-PCR of p23 isoforms in different portions of the plants at 9 weeks. Data are normalized on Actin2 

and displayed as percentage of Actin2 transcript signal. 
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Promoter analysis of the two p23 isoforms 

 

Due to qRT-PCR analyses, we obtained an overview of p23 isoforms expression. Then, in 

order to better define the spatio-temporal expression of the two isoforms of p23, we 

generated stable transformed Arabidopsis plants expressing the -glucoronidase gene 

(uid-a) under the control of putative endogenous promoters of p23-1 and p23-2. The 

reporter gene -glucoronidase allowed to detect the promoter activity of the two genes, 

by histochemical assay.  

We obtained several homozygous Arabidopsis transgenic lines and we performed 

histochemical assays on seedlings and plants at different developmental stages and under 

different stimuli. 

These analyses showed the two promoters active from early stages of development (3-5 

days after germination “dag”) in the vascular tissue of the leaves and hypocotyl, while 

poor activity is detected in roots until 7 dag.  After this time the promoter activity is 

localized in the vascular tissue of all analyzed plant organs.  

We repeated these analyses applying different abiotic or biotic stress to the transgenic 

lines. We applied cold stress (4°C) and heat stress (37°C or 45°C), to seedlings. In 

addition seedlings were treated with Salicylic acid (1mM), in order to mimic a pathogen 

attack, or with cadmium chloride (50, 100 and 150 M) to identify a possible 

involvement of these proteins in response to heavy metals. In none of these treatments a 

change in the expression pattern of the two isoforms was found. So the expression profile 

of the two isoforms resulted time and tissue specific but not inducible by the selected 

stimuli. 

 

Tissue localization 

 

As shown in Figure.II.5, the blue staining in 8 day-old seedlings in the vascular cylinder, 

from root meristem to leaves was analyzed. The staining detection in the root meristem 

structure allowed us to suggest a phloematic localization for the activity of both 

promoters. Further, analyses on 8 week-old adult plants showed the activity of the 

promoters also in pollen and immature seeds. The promoter activity of the two isoforms is 

mainly redundant, except for few morphological structures such as: hydathode, a site of 

expression specific for p23-1, pollen and immature seeds that show different expression 

between the two isoforms. These organs, in which the two promoters are differently 

active, could be useful for studying specific functions of the two isoforms. The expression 

pattern of both isoforms seemed to be limited to the phloem in roots, hypocotyl and 
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leaves. To better define the pattern of expression of the two isoforms, we performed 

transversal sections of 8-day-old seedlings for a more accurate analysis.  

In Figure II.5.D, cross-sections of the hypocotyl, embedded in Historesin, show in a clear 

way the promoters activity in the two phloematic poles, confirming the tissue specificity 

of the expression pattern of these two genes. 
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Fig. II.5: Histochemical assay of 10 day old seedlings: root (A, B), hypocotyls (D)  and leaves (C); adults 

plants: silique (E, F) and anthers (G). The activity of the p23-1 or p23-2 promoter results in a blue staining of 

the specific tissues.  D) Cross section of 10 days old seedlings embedded in resin after histochemical analysis 
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Subcellular localization of the two p23 isoforms 

 

In order to analyze the subcellular localization of the two isoforms, we generated stable 

transformed plants expressing the two proteins of interest under control of the constitutive 

viral promoter CaMV 35S. In these plants, p23-1 and p23-2 are overexpressed in all 

tissues and tagged at the C terminus with the yellow fluorescent protein (YFP). Analyzing 

different plant tissues by Confocal laser microscopy, it was possible to define the 

subcellular localization of the chimeric proteins. 

As shown in figure II.6. A and B, the signal of the YFP is detectable in leaves and in 

roots of  10 day-old seedlings. In these tissues, both chimeric proteins p23-1-YFP and 

p23-2-YFP show cytosolic and nuclear localization. 

As chimeric proteins have a molecular mass of about 50KDa, we cannot assess, directly 

with these experiments, if the proteins are actively transported into the nucleus or if they 

can passively diffuse into it. 
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Fig. II.6: p23-1-YFP and p23-2-YFP. Confocal microscopy images of the epidermal layer cells of the leaf 

and of root meristematic zone. YFP: Excitation: 488nm, Emission: 535nm, PI: Excitation: 488nm, Emission: 

635nm; Chl: Excitation: 488nm, Emission: 700 nm 
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Phenotype characterization of knockout p23 mutants and overexpressing lines 

 

In order to characterize the phenotype of knockout mutant lines of the two isoforms of 

p23, we analyzed the main physiological features of plants. We analyzed single knockout 

mutant lines of the two isoforms (Δp23-2.1, Δp23-2.2, Δp23-2.3, Δp23-1.1), and the 

double knockout line, obtained by crossing Δp23-2.1 and Δp23-1.1 (dKO). Furthermore 

we generated lines overexpressing p23-1 or p23-2 (OE1HA and OE2HA).  

Through this analysis we observed normal features of the aerial part of the plant instead 

the root growth was strongly impaired in the dKO, feature detectable only from 8 days 

after germination (dag). In order to better characterize this behavior, we performed a 

more detailed analysis of the root growth on knockout and overexpressing lines (dKO and 

OE2HA). 

In Figure II.7.A we show dKO, wild type and OE2HA lines 10 days after germination 

and in the lower panel the length of the primary root at 5 and 8 dag is plotted. Analyzing 

the root length we can observe that dKO shows shorter roots compared to the wild type, 

while the overexpressing line of p23-2 shows longer roots (dKO 3.88 ± 0.33 cm, wt 5.07 

± 0.42 cm, OE2HA 6.09 ± 0.45 cm). Furthermore it is interesting to underline that the 

“short root phenotype” of dKO is not detectable during the first 5 days of growth while 

OE2HA roots are always longer than wild type. As described above the two p23 

promoters are not active in the meristematic zone of the root before 7 days of growth, and 

the expression pattern could explain why the short root phenotype is not detectable in 

dKO before 8 days, strengthening the hypothesis of a role of p23 proteins in root 

development. 

Under our experimental conditions, we could not observe secondary roots during the first 

10 days of growth. In order to evaluate if the short root phenotype of dKO is affecting 

also secondary roots, we have grown dKO and wild type lines under long day and high 

light conditions (20h light – 4 h dark, 110 E). In these conditions plants are growing 

faster and secondary roots could be detected already at 10 dag. 

As shown in figure II.7.B, the short root phenotype of the dKO line is more evident under 

high light conditions, and the impairment in the root growth affects also secondary root.  

In order to characterize dKO phenotype in more details we analyzed the structure of the 

primary root of different lines at 8 dag by using confocal microscopy.  

In Figure II.8.A is shown the analysis of the root structure using propidium iodide 

staining, a die specific for cell wall. We acquired high definition images (1024x1024 64X 

water immersion objective) and merged 14 to 17 images by Fiji-stitching bundle.  
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Fig.II.7: A) Analysis of the root lenght of the double knockout line (dKO), of the p23-2 overexpressing 

trangenic line (35S::p23-2 and oe2HA) and of the wild type. Root length is measured 5 days after 

germination or 8 days after germination. Bars represent 0.99 confidence interval. 25 seedlings per line. 

Experiment were independently repeated more than 10 times. 

B) Comparison between dKO mutant line and the wild type. In high light (110 E 20h light/4h dark) 

conditions. The short root phenotype of the dKO is strongly enhanced and affecting also secondary roots.  
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We measured the root width and counted the cells between the quiescent center and the 

first elongating cells (marked in yellow) observing that roots of the different genotypes 

have a comparable width while the length of the meristematic zone was different. 

dKO line shows a reduced number of cells compared to the wild type in the area under 

analysis,while the OE2HA line shows an increased number. These results are in 

agreement with the data on root length and strongly suggest that the main reason of the 

short-root phenotype of the dKO line could be due to a slower rate of division of the cells 

in the meristematic zone.  

Root development is a process under control of a complex network signaling molecules 

and hormones and, among them, auxin and cytokinin play a pivotal role [Dello Ioio R. et 

al., 2008; Overoorde P. et al., 2010; Moubayidin L. et al., 2010; Sankar M. et al., 2011; 

Depuydt S. and Hardtke C. 2011; Santuari L. et al., 2012]. Furthermore nitric oxide is one 

of the most important signaling molecules in plants involved in many physiological and 

pathological processes (see introduction), and among these processes also root growth 

requires a normal level of NO. So, we wonder if NO could be involved in the short root 

phenotype of the dKO mutant. 
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Fig. II.8: A) Confocal microscope analysis of Propidium iodide stained seedlings of dKO, wild type and 

35S::p23-2 (OE2HA) background. First elongating cells are marked in yellow. Merge of 14-17 1024x1024 

images acquired with 64X water immersion objective. 

B) Cell number of the meristem. In particular we counted cells from the quiescent center to the first 

elongating cell (example in yellow in A). Bars represent 0.99 confidence interval. 8 seedlings per line. 
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dKO mutant line shows an impairment in basal NO production 

 

In order to test the involvement of p23 in NO production we analyzed nitric oxide levels 

in knockout and overexpressing lines of p23. 

NO was measured in Arabidopsis lines by the fluorescent probe DAF-FM and by the EPR 

probe cPTIO. We have incubated 8 day-old seedlings in liquid culture medium in 

presence of the fluorescent probe (15M). After two hours of incubation the fluorescence 

of the DAF-FM has been detected in roots by confocal analysis. 

In Figure II.9 we report the analysis of the NO production of the dKO and of wild type 

lines. After two hours of incubation with the fluorescent probe we observed that the dKO 

shows a faint signal compared to wild type, especially in the upper end of the 

meristematic zone.  These results indicate that the dKO line is strongly impaired in NO 

homeostasis so p23 is essential for NO production. 

 

 

dKO mutant line shows an impairment in NO production under stress 

 

We found that p23 is involved in the basal NO production in root cells then we asked 

whether dKO is also impaired in NO production induced by a well know NO inducer 

molecule. Salicylic acid is a phytohormone essential for the plant defense response to 

pathogens, and it induces a strong NO production in root and guard cells, after 60 minute 

of treatment [Zottini M. et al., 2007]. Furthermore, NO production induced by SA is 

dependent on a NOS-like activity and on the phosphorylation due to CK2 [Zottini M. et 

al., 2007]. In this experiment I have also included the single knockout mutant of HSP90 

(hsp90.1), the inducible and most expressed cytosolic isoform of Arabidopsis HSP90, to 

test the involvement of the HSP90 chaperone, other than p23, in the production of NO. 

8 day-old seedlings of hsp90.1, dKO, OE2HA and wild type genotype were incubated 

with 1mM SA in presence of the specific NO fluorescent probe DAF-FM-DA. After two 

hours incubation, the fluorescence of the samples was analyzed by CLSM (confocal laser 

scanning microscopy). In Figure II.9.B,  we report the analysis of the NO production 

carried out in the different mutant lines. Under this treatment dKO line shows a strong 

impairment in the SA induced NO production. The same result was obtained in hsp90.1 

mutant line, suggesting the involvement of both p23 and HSP90 in NO production. On 

the other hand OE2HA shows no differences compared to the wild type. In particular, in 

the chart the DAF-FM fluorescence of the SA treated samples normalized to the basal 

level of fluorescence detected in control conditions is shown. 
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Fig. II.9: A) Confocal Analysis of seedling roots. DAF-FM fluorescence Ex: 488 Em: 515-530. dKO and 

wild type primary root meristem. Image pixel analysis of the DAF fluorescence of the different Arabidopsis 

mutant and transgenic lines. Error bars are 99% confidence intervals. 

B) Confocal Analysis of seedlings roots. DAF-FM fluorescence. Ex: 488 Em: 515-530. dKO and wild type 

primary root meristem. Image pixel analysis of the DAF fluorescence of the different Arabidopsis mutant and 

transgenic lines. Error bars are 99% confidence intervals. 

 

 

By this normalization, we can first of all confirm that SA induces a strong NO production 

in the root of 8 day-old seedlings as previously reported [Zottini M. et al., 2007]. Then, 

we can say that dKO and hsp90.1 lines are impaired in NO production in presence of a 

hormone involved in pathogen attacks as well in physiological events as leaf senescence. 

Thus, this experiment confirms that p23 is essential for NO production both in 

physiological and pathological conditions. In addition, we can say that, not only p23 but 

also hsp90.1 is involved in this pathway maybe in a similar molecular mechanism to 

animal system. Being four the cytosolic HSP90 isoforms present in Arabidopsis, and 

hsp90.1 the one impaired in the SA-induced NO production, we suggest that HSP90.1 

could be the specific isoform involved in this process. 

 

 

NO production impairment and root growth in dKO 

 

 

In order to understand if the lacking of the NO production could be the main cause of the 

short root phenotype of dKO mutant we treated 5 day-old seedlings of the different 

Arabidopsis lines with different NO donors: SNP, SNAP and GSNO. We chose to treat 5 

day-old seedlings because we have observed that before that time the two proteins are not 

expressed in the meristematic zone of the root and that the short root phenotype of the 

dKO is appreciable only since 8 dag. 

We show in figure II.10 that the application of 5 M SNP 5 days after germination 

partially rescued the short root phenotype of dKO mutant. Interestingly, dKO was the 

only genotype positively affected by this concentration of NO. A basal concentration of 

NO is essential for the root growth and auxin action [Otvos et al., 2005] while a higher 

concentration of NO strongly inhibits root growth [Fernandez-Marcos M. et al., 2011]. 

Thus this experiment confirms that wild type and the overexpressing line of p23-2 have a 

normal basal production of NO, and so the application of NO could be responsible of the 

inhibition of root growth. While dKO, having an impaired basal NO production, 

positively reacts to NO treatment, slightly increasing primary root length. We have so 
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confirmed that endogenous or low concentrations of NO are involved in the dKO short 

root phenotype but it is not the main actor playing in this pathway.  

 

 

 
Fig. II.10: primary root length of wild type, dKO and oe2HA 8 day-old seedlings in control conditions (red) 

and treated with 5  SNP at 5 day after germination (blue).  Error bars are 99% confidence intervals. 
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Ongoing experiments 

 

 

Role of p23 in the auxin transport 

 

HSP90 is involved in auxin transport out of the cells through ABC transporters [Geisler 

M. and Bailly A. 2007]. Being p23 a likely co-chaperone of HSP90 also in plants, we 

wonder whether the mechanism responsible for the root growth phenotype of dKO and of 

overexpressing lines, could be explained through this auxin transport process. First of all 

we would like to test if p23 is involved in the complex regulating TWD1, the specific 

HSP90 co-chaperone, involved in the regulation of auxin efflux, by coimmuno 

precipitation of p23 in OE1HA or OE2HA plants. Furthermore, in order to verify the 

homeostasis of auxin in p23 mutant we have crossed dKO and OE2HA lines with many 

well-known auxin reporter lines (DR5:GUS, DII-venus). Furthermore we have also 

crossed dKO and OE2HA with SHY2::GFP. SHY2 is a central player in the auxin-

cytokinin signaling and this crossing will permit us to analyze the interplay between these 

two hormones in our mutants. Moreover, we have stable transformed the SHY2.2 

dominant mutant line and the SHY2.31 mutant line, in order to constitutively express 

p23-1 or p23-2 in these genotypes. In addition we are performing immune localization 

experiments of auxin in dKO and wt lines and, in particular, we are beginning the 

characterizion of PIN7, the specific auxin transporter active in phloematic tissue. The 

analysis of these lines would allow us to know whether p23 isoforms are indeed involved 

in auxin homeostasis.  

 

Characterization of the oe1HA root growth 

 

We have already generated OE1HA lines, overexpressing p23-1 fused with the HA tag. 

We have started the analysis of the root length of these lines, but homozygous lines are 

not yet selected so far. By performing initial experiments on heterozygous lines it is 

possible to appreciate that the OE1HA lines show longer roots compared to the wild type 

as OE2HA, even in presence of the high standard deviation values reported. This result 

confirms that the two isoforms of p23 play a redundant role in the root growth pathway as 

thought. 
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Fig.II.11: Primary root length of the different Arabidopsis mutant and transgenic lines. Error bars are 99% 

confidence intervals. 

 

 

Plant defense response in the dKO mutant line 

 

We found that dKO and hsp90.1 mutant lines are impaired in NO production under SA 

treatment. We would like to verify if the SA-dependent defense response pathway is 

altered in these mutants. Salicylic acid signaling cascade strongly depends on NO, 

because it involves the nitrosylation of NPR1, that induces the monomerization of NPR1, 

condition required to move into the nucleus. Once in the nucleus, NPR1 can act as 

transcription factor and enhance the transcription of PR1. So we plan to perform a 

quantitative real time analysis to estabilish the transcription level of PR1, after SA 

treatment. 

 

Role of p23 phosphorylation in planta 

 

We identified one of the roles of p23 in planta, having shown that it is essential for a 

correct root growth. The protein is also required for NO production, under physiological 

and stress conditions. A biochemical characterization of the phosphorylation pattern of 

p23 by CK2 was also performed. We would like to complete this work by understanding  

the role of the phosphorylation of p23 and the impact of the phosphorylation on the 

physiological role of p23. So we plan to obtain stable transformed plants of the dKO 

genotype, transformed with the phospho-defective mutant p23-1-S222A-HA or with the 

phosphor-mimicking mutant p23-1-S222E-HA. The analyses of these mutants should 

allow us to shed light on the role of the phosphorylation on p23 action. 
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A technical note on the use of cPTIO as NO scavenger and EPR probe 

 

 

The importance of nitric oxide in plant signaling has emerged in the last decades. Despite 

this recognized biological role, the sensitivity and the effectiveness of the methods used 

for measuring nitric oxide (NO) concentration in plants are still under investigation. 

Among the different methods, 4-amino-5-methylamino-2',7'-difluorofluorescein (DAF) 

fluorescent dyes have been widely used in combination with fluorescence microscopy and 

with NO scavengers, such as 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-

3-oxide (cPTIO). However the dependence of the results on the concentrations of  DAF, 

cPTIO and NO has not been fully investigated and may be responsible for the different 

results in the experiments reported from different laboratories. 

cPTIO belongs to the nitronyl nitroxides (NNO) compounds which have been used also 

as spin traps for NO in biological samples. The reaction with NO converts the NNO in 

imino nitroxides (INO), allowing detection by electron paramagnetic resonance (EPR) 

(Figure II.12.A). Iron dithiocarbamates have been much more widely used as spin traps, 

due to their high affinity for NO. However, since the use of iron dithiocarbamates, either 

in planta or in cultured cells, shows interferences in the quantitative NO determination 

due to the presence of nitrites and nitrates, we have started a systematic study to evaluate 

the suitableness of cPTIO for detecting NO by EPR in these systems. 

 

 

cPTIO is degraded by Arabidopsis cells 

 

 

In order to perform real time in vivo analysis of NO production in plant cells using room 

temperature EPR spectroscopy, we set up a whole-system capillary analysis. In this 

experiment, cultured Arabidopsis cells are loaded in a 80 l capillary in their own 

medium and the whole capillary is analyzed by EPR spectroscopy. Using cPTIO as NO 

specific spin trap we can follow the real-time production of NO by the cells. Using 

different concentrations of cPTIO, ranging from  to 1mM, we found that the EPR 

signal of cPTIO (NNO) disappears (Figure II.12.C) while the signal of the (INO) 

compound is not detectable. This is likely due to the very low amount of NO present in 

the cell, meaning that the quantitative disappearance of cPTIO is not due only to the 

reaction with NO, but also to other reactions. 
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Fig. II.12: A) Figure adapted from [Goldstein S. et al., 2003]. PTIO and its derivative (NNO) were shown to 

react with NO to form the corresponding imino nitroxides (INO)  and NO2.  

B) Figure adapted from [Joseph J. et al., 1993]. Electron Spin Resonance (ESR) spectra of nytronyl and imino 

nitroxides. cPTIO (NNO) shows a five peak ESR spectrum while cPTIO (INO) shows the specific seven peak 

spectrum. 

C) cPTIO degradation in the capillary system. cPTIO (NNO) and (INO) signals were quantified and data, 

normalized to the first acquisition, have been reported as percentage of the first point (2 minutes). 

D) cPTIO degradation analysis on flask cultured cells. cPTIO (NNO) and (INO) signals were quantified, data 

have been normalized on  cPTIO in water and reported as concentration of cPTIO (M). EPR spectra 

of the cPTIO (NNO) and (INO) signals in the different time points. In figure are shown only the third line of 

the cPTIO (NNO) spectrum and the first line of the cPTIO (INO) spectrum. 

 

 

The capillary system allowed us to follow in vivo the degradation of cPTIO by the cells in 

their growth medium, but cells are much concentrated in the capillary compared to the 

normal flask culture. For this reason, we analyzed the behavior of the cPTIO incubated 

with suspension cell cultures, testing only the growth medium. In these conditions we 

found that the EPR signal of cPTIO (NNO) suffers a strong reduction if the first minute 

of incubation and then disappears, at a slower rate, during the incubation with 

Arabidopsis cells. As shown in Figure II.12.D, cPTIO disappearance is observed also 

limiting the analyses to the growth medium. The disappearance of cPTIO shows a slower 

rate compared to the capillary system, and this could be due to the different concentration 

of cells in the medium. So we have confirmed that also in normal cell growth conditions, 

cPTIO was fast degraded by Arabidopsis cells. 

 

 

cPTIO (NNO) is stable in the absence of cells 

 

 

We tested the stability of cPTIO (NNO), in order to understand if the EPR signal is 

disappearing due to cell reactions. We analyzed the signal of cPTIO incubated in water, 

in exhausted growth medium and in presence of dead cells at room temperature for three 

hours. As shown in Figure II.13.A, the EPR signal of cPTIO (NNO) is stable in water and 

only weakly affected by the incubation in the exhausted medium or with boiled cells. This 

experiment demonstrated that cPTIO is stable in the media analyzed and suggests that 

cPTIO is degraded by a cell-linked activity.   
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cPTIO is not stored in the cells 

 

 

We analyzed cPTIO degradation by Arabidopsis cells both in the capillary system and 

analyzing only the medium of the cell culture. The capillary allowed us to measure the 

signal of cPTIO (NNO) in the whole system while the analyses on the growth medium, 

permit us to measure only the medium outside the cells. In order to confirm that, also in 

normal cell culture conditions, cPTIO is actually degraded and not stored inside the cells, 

we extracted the total soluble content from cells incubated with cPTIO. Analyzing, by 

EPR spectroscopy, the cell extract we found only a small signal of cPTIO (NNO) (Figure 

II.13.B), and this result demonstrates that cPTIO is not stored inside cells. Moreover we 

confirmed that cPTIO can actually enter in the cells. 

 

 

cPTIO is degraded by Arabidopsis cell extract 

 

 

We powdered a sample from Arabidopsis Landsberg cell culture, and obtained the soluble 

fraction of the extract. cPTIO was incubated in the total extract and samples were 

analyzed at different times by EPR spectroscopy. We found that cPTIO is strongly 

degraded by Arabidopsis cell total extract suggesting that an enzymatic activity is 

responsible for the degradation (data not shown). 

 

 

cPTIO (INO) is degraded by Arabidopsis cells 

 

 

During our analyses we observed that cPTIO (NNO) is fast degraded by Arabidopsis cells 

while the signal of cPTIO (INO) is not detectable. This could be due to the presence of 

only low amounts of NO in the cells, otherwise cPTIO (INO) could show a degradation 

similar to cPTIO (NNO). In order to understand if cPTIO (INO) is degraded by cells, we 

saturated cPTIO (NNO) with NO in vitro, by the NO donor MAHMA NONOate, and we 

analyzed the characteristic signal of cPTIO (INO) incubated with cell cultures. As shown 

in Figure II.12.C and Figure II.12.D, we found that cPTIO (INO) disappears at a faster 

rate compared to cPTIO (NNO) signal both in the capillary system and in the growth 

medium of the cell culture. This experiment explained why we never observed the signal 
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of the cPTIO (INO) even at low starting concentration of cPTIO (NNO). Furthermore the 

degradation of cPTIO (INO) by cells, at a faster rate compared to cPTIO (NNO), implies 

that the use of cPTIO for a quantitative in vivo measurement of NO is not feasible 

because signal of cPTIO (INO) is not stable and then does not accumulate.  

 

 

Measuring NO production by treated cells 

 

 

Then we tested the use of cPTIO for measuring NO production in treated cells. We 

treated cell culture with H2O2, Salicylic acid or Cadmium chloride, three stimuli able to 

induce NO production [Malinouski M. et al., 2011; Zottini M. et al., 2007; De Michele et 

al., 2009], with different kinetics, in particular hydrogen peroxide induces a fast 

production of NO, SA induces the production of NO with a peak at 60 minutes while 

Cadmium chloride induces a slow increase in the production of NO by the cells with a 

peak at 48 hours. We treated cultured cell and took aliquots of the culture medium at 

different time (30s – 1m – 5m  for the H2O2, 45m – 60m- 120m for the SA and 12h – 

24h and 48h for the CdCl2). We analyzed the samples by EPR spectroscopy but we never 

observed the signal of cPTIO (INO) (Data not shown). This experiment further confirmed 

that the kinetics of degradation of the cPTIO (NNO) and (INO) impedes the quantitative 

measurement of NO. 

 

 

cPTIO is degraded by Arabidopsis seedlings 

 

 

We demonstrated that cPTIO is degraded by Arabidopsis cultured cells. As cells are a 

simplified system compared to the whole plant we investigated the behavior of cPTIO 

incubated with Arabidopsis seedlings. We collected 5 grams of 10 day-old seedlings and 

put them in 30 ml of liquid growth medium, and we incubated cPTIO in this system. As 

shown in Figure II.13.C we found that both cPTIO (NNO) and (INO) are degraded by 

whole plants at a slower rate compared to cell cultures. A possible explanation to the 

slower rate of degradation could be ascribed to the much complex processes of uptake of 

cPTIO by the whole plant compared to the cell culture, but further experiments are 

needed. 
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Fig. II.13: A) cPTIO (NNO) was incubated in water, exhaust medium or with boiled cells for 3 hours. The 

EPR signal was quantified and data were normalized to the signal of cPTIO incubated in water. EPR signal of 

cPTIO (NNO)in the different media. In figure are shown only the third line of the cPTIO (NNO) spectrum. 
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B) cPTIO (NNO) was incubated with flask cultured cells. At 10 minutes a sample from the growth medium 

was taken and cells were immediately frozen in liquid Nitrogen. The EPR signal of cPTIO was quantified and 

normalized to the signal of 100 M cPTIO in water. The lacking of cPTIO signal from the growth medium is 

not explainable by the uptake of cPTIO from cells. In figure is shown only the third line of the cPTIO (NNO) 

spectrum. 

C) cPTIO degradation by Arabidopsis 8 day old seedlings. cPTIO (NNO) and (INO) signals were quantified, 

data have been normalized to the signal of 100 M cPTIO in water and reported as concentration of cPTIO 

(M). EPR spectra of the cPTIO (NNO) and (INO) signals at the different time points. In figure are shown 

only the third line of the cPTIO (NNO) spectrum and the first line of the cPTIO (INO) spectrum. 

 

 

cPTIO is degraded by human cells 

 

 

In order to understand if the degradation of these molecules is a plant specific metabolic 

activity or if it is common in different realms, we have tested the behavior of cPTIO 

(NNO) and (INO) incubated with human cell cultures (293T). 

We observed that cPTIO (NNO) is degraded also by human cell cultures and that cPTIO 

(INO) suffers a bursting reaction that completely remove the EPR signal in few seconds 

(Figure II.14). Due to this really fast reaction it resulted impossible, also in human cell 

cultures, to measure the NO production by this system. 

 

 

 

Fig. II.14: cPTIO degradation by 293T human cell cultures. cPTIO (NNO) and (INO) signals were 

quantified, data have been normalized to the signal of 100 M cPTIO in water and reported as concentration 

of cPTIO (M). EPR spectrum of the cPTIO (NNO) signals at the different time points. In figure is shown 

only the third line of the cPTIO (NNO) spectrum. 
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Our EPR analysis on Arabidopsis Landsberg cell cultures shows that cPTIO is degraded 

by cells in tens of minutes while the INO compound, produced by cPTIO and NO 

reaction, has not be detected by EPR either in the control or in the stressed cells. This is 

likely due to the very low amount present in the cell, meaning that the quantitative 

disappearance of cPTIO is not due only to the reaction with NO, but also to other cell 

reactions.  Since in the cells the rate of INO degradation results to be even faster than that 

of cPTIO, its direct measurement by EPR is impaired. Thus these results show that this 

spin trap is not suitable for a quantitative measure of NO in living cells. Whole plants 

showed a similar behavior but with a slower rate of degradation of both cPTIO (NNO) 

and (INO). 

In this work we also will demonstrate that the products deriving from the cell 

transformation of cPTIO, are not able to bind NO, and to act as scavengers. In fact, the 

ability of cPTIO to decrease DAF fluorescence by scavenging NO, in samples stimulated 

to produce NO (i.e. by hydrogen peroxide (100 M) or Salicylic acid (1 mM) treatment), 

is progressively reduced for three increasing incubation times of cPTIO, meaning that the 

depletion of cPTIO in the cell is not compensated by the presence of its products. 

The results of this systematic work are discussed in terms of reliability of the use of 

nytronil nitroxides in the scavenging of NO in plant cells. 

 

 

The product of cPTIO degradation is not able to scavenge NO 

 

 

We demonstrated that cPTIO is unsuitable for quantitative NO measurement in all system 

analyzed, but as the principle use of this molecule in literature is as NO scavenger, we 

analyzed if the products of the degradation of the cPTIO still possess scavenging abilities.  

As we have not identified yet the molecular species deriving from the cell metabolism of 

the cPTIO, we incubated the cPTIO with Arabidopsis cell culture for different incubation 

time and then we measured NO production after different stimuli measuring the 

fluorescence of the DAF. So we incubated for 10, 30, 60 or 120 minutes cPTIO in the cell 

culture in presence of 15M DAF-FM-DA or DAF2 and then we treated the culture with 

H2O2 or Salicylic acid. 

Experiments done in presence of the DAF-FM-DA were analyzed by confocal 

microscopy and image densitometric analysis while assays done in presence of DAF2 

were analyzed by measuring the fluorescence at 515 nm.  
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We show in Figure II.15.A the quantification of the fluorescence of the DAF-FM by 

image pixel analysis. We have tested two different stimuli that induce the production of 

NO: hydrogen peroxide (100 M) and Salicylic acid (1 mM). H2O2 induces an increase in 

the fluorescence of the DAF, as expected, in about one minute. So we incubated the NO 

scavenger cPTIO in the cell culture for 1, 30 or 120 minutes, then we treated the cell 

culture with H2O2 and analyzed the sample by confocal microscopy. We can see from the 

data analysis that the ability of cPTIO to reduce DAF fluorescence, scavenging NO, is 

progressively reduced for the three incubation times. This result suggests that the non-

paramagnetic molecules deriving from the transformation of cPTIO, are not able to bind 

NO, or at least they have a kinetic of scavenging much slower than the kinetic of reaction 

of DAF to NO. We repeated the same experiment with Salicylic acid, in order to confirm 

our results and we show that also with this treatment we see the same behavior. As 

Salicylic acid induces the production of nitric oxide much slower compared to H2O2 (the 

peak of production is after 60 minutes), we have tested cPTIO incubated for 1 or 60 

minutes in the cell culture. In figure II.15.C we report the ability of cPTIO to reduce DAF 

fluorescence, in which data were normalized on the effect of the cPTIO incubated for 1 

minute. From this plot we can see that the incubation of the cPTIO in the cell culture, 

drastically reduces its ability to scavenge NO.  

cPTIO is usually used as a scavenger for NO in concentration ranging from 100 M to 

1mM, and for the experiment with DAF-FM-DA we used 100 M cPTIO and 15 M 

DAF-FM-DA, and we repeated the experiment using the external fluorescent probe DAF-

2 (15M). The experiment, using DAF-2, was performed as described before, incubating 

cPTIO in the cell culture for 10, 30 or 120 minutes before treating the cells with Salicylic 

acid. We show in figure II.15.D the fluorescence of the DAF-2 normalized on the 

fluorescence of the non-treated sample. From the plot it is possible to appreciate that 

external DAF reports a much lower production of NO in the treated samples (2-fold of the 

control signal while internal DAF measured 4-fold). This was expected because NO is a 

high reactive species and external DAF can measure only the NO that actually exits the 

cells, without reacting with other molecules and permeating the membrane. In these 

conditions, in which cPTIO can enter the cells while DAF cannot, we can appreciate an 

almost complete depletion of the DAF2 signal using cPTIO incubated 10 minutes in the 

cell culture. As seen with the use of the internal DAF probe, also in these conditions, the 

incubation of the cPTIO with the cell culture causes a strong impairment in the 

scavenging ability of this molecule, arguing the hypothesis that cell can actually degrade 

cPTIO and that the deriving molecules are not able to scavenge NO. 
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Fig. II.15: A) Image densitometric analysis of Arabidopsis cell culture treated with SA (1mM) or H2O2 

(100M). cPTIO was incubated with cells for different periods and then the stimulus was somministrated. 

Both stimuli efficiently induced NO in cell culture and it is possible to appreciate how the incubation of 

cPTIO with cell culture modifies its ability to scavenge NO and reduce DAF-FM fluorescence.  

B) CLSM images of the sample from A. Cell fluorescence was quantified by densitometric analysis of the 

pixel intensity and at least 20 cell per sample were singularly analyzed. 

C) Effect of cPTIO on DAF fluorescence. the difference of fluorescence between the treated sample and the 

sample incubated with cPTIO was normalized on the sample at 1 minute of incubation. This chart enhance 

the effect of the incubation of cPTIO with cell culture. 

D) Image densitometric analysis of Arabidopsis cell culture treated with SA (1mM). cPTIO was incubated 

with cells for different periods and then the stimulus was somministrated. Both stimuli efficiently induced 

NO in cell culture and it is possible to appreciate how the incubation of cPTIO with cell culture modifies its 

ability to scavenge NO and reduce DAF-2 fluorescence.  
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Future perspectives 

 

 

Analysis of the PTIO uptake 

 

In order to achieve a better comprehension of the reactions that transform cPTIO in a 

non-paramagnetic molecule, we want to use the tma-PTIO, a non-cell-permeable form of 

the PTIO. This molecule will permit us to understand if the degradation of the cPTIO take 

place inside or outside the cell. 

 

 

Analysis of the product of the cPTIO degradation 

 

We want to analyze by gas chromatography the products of the reactions occurring on the 

cPTIO incubated with living cells. Finding the products will permit us to hypothesize the 

mechanism of action of the reaction.  
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Conclusions 

 

 

In this Ph.D. work I presented the result on the characterization of Arabidopsis p23, a key 

component of HSP90 complex in plant. In particular, by performing both biochemical 

and physiological studies, a possible role o p23 in rot development can be proposed along 

with the explanation on how the pathway leading to NO production could be regulated. 

In animal system, p23 is an essential protein, so the knockout mutation in mice leads to 

perinatal death. Although this protein has been well studied in animal system, literature is 

poor on the function played in plants. I analyzed the phenotype of the mutants on the 

model plant Arabidopsis thaliana, that is an excellent system for the study of protein 

function and, in parallel, I have carried out a biochemical characterization of Arabidopsis 

p23 phosphorylation, in vitro. 

In Arabidopsis two isoforms of p23 are present: p23-1(At4g02450) and p23-2 

(At3g03773.1). They show a similar pattern of expression being mainly expressed in the 

phloematic tissue of flowers and roots although p23-1 is expressed at higher levels 

compared to p23-2. The specific expression in the phloematic tissue is in agreement with 

the tissue expression of HSP90.1, but while HSP90.1 is responsive to different stress 

stimuli, we found that the two isoforms are constitutively expressed and that their 

expression pattern does not change after different treatments. 

In agreement with the similar expression pattern we found also a strong redundancy in 

function, as the single knockout mutants do not show phenotypical differences compared 

to the wild type line. Thus, we generated the double knockout mutant line by crossing 

each other  the two single knockout mutant lines of p23 isoforms.  

From the phenotype analysis of the double knockout mutant line we observed  shorter 

roots compared to the wild type ones. This impairment in root development is not 

observed before of 8 days after germination (dag), likely due to the absence of p23 

expression in the root meristematic zone in the first 5 dag. 

On the other hand both the overexpressing line of p23-1 and of p23-2 show longer roots 

compared to the wild type ones, from the early stages of growing. 

We also observed that the root growth impairment of dKO line affects also secondary 

roots. 

We suggest that the alterations in the root growth is due to an impairment in the cell 

division at the level of the meristematic zone, in fact we observed that dKO line shows a 

reduced number of dividing cells in the root meristem while the overexpressing line of 

p23-2 shows an increased number of dividing cells. 
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The process of cell division in the meristematic zone is finely regulated by an equilibrium 

between different hormones and signaling molecules. In particular the equilibrium 

between auxin and other hormones play a pivotal role in root growth. Furthermore it has 

been demonstrated that HSP90 is involved in the extracellular transport of auxin, and the 

impairment of this transport caused a strong short root phenotype [Geisler M. and Bailly 

A., 2007]. In particular TWD1 is the co-chaperone responsible for the regulation of auxin 

export in the HSP90 complex, and we wonder if p23 was involved in the stability of this 

complex. To answer this question we are planning to test if p23 is actually involved in the 

complex regulating auxin export. 

To do so we have crossed  dKO and OE2HA lines with different auxin specific plant 

reporters, such as DR5::GUS, DII-Venus and SHY2::YFP. The analysis of these reporter 

lines will allow us to study the homeostasis of auxin in the mutant lines and understand if 

the root growth phenotype is linked to an alteration of the auxin homeostasis. In order to 

test if there were differences in the auxin levels or distribution we are also performing 

immune localization of auxin in the dKO and wt lines. 

Nitric oxide is an important signaling molecule in plants, involved in many physiological 

and pathological processes and among them the auxin controlled root growth. A 

physiological role for NO in regulation of root growth has been described where NO 

diminishes primary root growth and plays a central role in determining later root 

development.  

In our experiments, we analyzed the basal NO production in dKO, wt and OE2HA lines, 

by using the NO specific probe DAF-FM. We found that in dKO line the basal level of 

NO is lower than in wt and OE2HA lines. In order to figure out whether the difference in 

NO production is also observed in an esperiment in which NO is induced, we tested NO 

production upon Salicylic acid treatment. It has been already demonstrated that SA 

induces NO production in Arabidopsis roots and this production depends on a NOS like 

activity and on phosphorylation by CK2. We performed the analysis of SA induced NO 

production on the dKO, wt, OE2HA and hsp90.1 lines. Analyzing the fluorescence of the 

DAF-FM probe by confocal microscopy we found that dKO is impaired also in the SA-

induced NO production sharing this impairment with the single knockout mutant hsp90.1. 

From these analyses we concluded that p23 is essential for NO production both in 

physiological and stress conditions and that HSP90.1 is also involved in this pathway. An 

impairment in NO production is a severe phenotype as NO is necessary for many 

physiological and pathological pathways, and, in particular, we wonder what will be the 

effect on the SA signaling cascade that strictly requires NO. So we are planning to test if 

PR1, that is a fundamental player in the SA signaling cascade, is correctly regulated in 
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our mutant or if the impairment in the NO production after SA treatment affects the SA 

controlled plant defense responses. As mentioned before the two isoforms of p23 have a 

pattern of expression consistent with the one of HSP90.1 and between the seven isoforms 

of HSP90, HSP90.1 is the one required for NO production. We wonder if the complex of 

HSP90.1 and p23 is the one regulating SA-induced NO production and for this reason we 

would like to further deep this analysis.  

As basal NO production is impaired in the dKO line, we would like to verify if this is the 

molecular reason underlying the root growth defect. So we provided 5 M SNP, a NO 

donor, to 5 day old seedlings of dKO, wt and OE2HA genotype, and we have analyzed 

the root growth. While the wt and OE2HA lines suffered a root growth inhibition, after 

the treatment with NO, the dKO line showed a small rescue of the root growth phenotype. 

This result first of all confirms that the dKO line is impaired in the basal NO production, 

but also suggest that NO is not the main player in this pathway. We have to perform a 

more accurate analysis of the NO treatment using different NO donors such as SNAP and 

GSNO, in order to confirm this data, but we think that the problem might be upstream of 

NO.  

From our data we can conclude that p23 isoforms of Arabidopsis have a pivotal role in 

NO production and in root development. These pathways are of great interest in plant 

biology where NOS-like NO production is still controversial. In addition we have 

demonstrated that p23 and HSP90.1 are upstream of NO production. It is also worth to 

underline that root growth and root structure development are of great interest in 

biotechnological studies on drought stress resistance.  

As reported above the phosphorylation is the main posttranslational modification 

regulating HSP90. In order to acquire a wide knowledge on the role of p23, we have 

characterized the phosphorylation profile of these proteins. 

We found that both isoforms are phosphorylated by recombinant human and maize CK2 

and also phosphorylated by a CK2-like activity present in a protein extract obtained from  

Arabidopsis. By the analysis of the effect of different CK2-specific or general inhibitors 

on the phosphorylation of p23, we demonstrated CK2 is the main kinase responsible of 

the phosphorylation of both isoforms.  

We further demonstrated that p23 isoforms are phosphorylated by the monomeric 

catalytic isoform of CK2 and this result allowed us to demonstrate that CK2 isoforms 

show specificity between p23 isoforms. In particular, p23-2 is a specific substrate for 

CK2C while p23-1 is a specific substrate for CK2A or CK2B. This is an interesting 

results because we found that the two p23 isoforms are mainly redundant in function and 
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also CK2 isoforms show redundant pathways. On the other hand, the specificity of CK2 

isoforms suggests a possible distinct function for the isoforms of p23.  

We performed preliminary experiments on the role of the phosphorylation of p23 on the 

binding with HSP90 in vitro, and there are evidences on the negative influence of the 

phosphorylation on this binding. 

We have further deepened the characterization of p23-1 phosphorylation and in particular 

we generated the phospho-defective mutant p23-1-S222A and the p23-1-d deleted of the 

glycine rich tail. Serine 222 is the main putative site of phosphorylation of CK2, 

predicted by bioinformatics analyses and we demonstrated  that S222 is the actual site of 

phosphorylation by CK2 and further confirmed that p23-1 is a specific client of CK2. 

We are now generating the phospho-mimicking mutant p23-1-S222E in order to 

transform the p23 dKO line with both phospho-mimicking and phospho-defective 

mutants and to observe the phenotype of these complemented lines. The results of these 

experiments together with the information deriving from the in-vitro analysis will allow 

us to delineate the role of the phosphorylation of p23 in planta. 

We analyzed the phosphorylation of the recombinant p23-1-d and we found that the 

glycine rich tail is essential for the phosphorylation of p23-1. This result demonstrates 

that the specificity of phosphorylation by the different isoforms of CK2 is not dependent 

on the glycine rich tail and suggests specificity for the phospho-site. 

During the Ph.D. project NO resulted an essential component in pathways where p23 was 

involved. Despite the recognized biological role, the sensitivity and the effectiveness of 

the methods used for measuring nitric oxide (NO) concentration in plants are still under 

discussion. For this reason, we tested the use of EPR spectrometry and NO specific spin 

trap for in vivo NO measurements. We found that Iron dithiocarbamates, that have been 

widely used as spin traps, due to their high affinity for NO, show interferences in the 

quantitative NO determination due to the presence of nitrites and nitrates in planta. So we 

started a systematic study to evaluate the suitableness of cPTIO for detecting NO by EPR 

in these systems. Literature already presents attempts to measure NO production in vivo 

by the use of this probe, but the quantification of a clear NO signal is still controversial. 

For the first time we report that cPTIO is degraded by different species, including human 

and Arabidopsis cell culture and Arabidopsis seedlings, and that cPTIO (INO) is 

degraded faster than the cPTIO (NNO) in all system analyzes. For these reasons we 

strongly argue that cPTIO cannot be used as probe for the quantification of NO in vivo.  

As cPTIO is a well-known NO specific scavenger molecule, and it is largely used in 

biological and medical literature, we have analyzed the effect of  the degradation of this 
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molecule on the scavenging abilities and we show that the scavenging abilities of cPTIO 

are impaired due to the cellular reactions. 

The analysis we report here is not only a drawback on the use of the CPTIO as EPR probe 

for in vivo measurements of NO, but it is useful for calibrating the use of cPTIO as 

scavenger of NO. The analysis, we have performed, elucidated that in order to have a real 

depletion of NO, at least in the tissues analyzed, it has to be taken in count that cPTIO is 

degraded by living cells. So the behavior of these molecules could finally explain why 

cPTIO is not always able to completely scavenge NO especially for treatments that 

induce a gradual and continuous production of NO.  
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Plant material 

 

Arabidopsis thaliana lines 

 

All Arabidopsis thaliana plants used in this work belong to the ecotype Columbia 0, 

except Shy2.2 and Shy 2.31 mutant line. 

 

Insertional mutant lines: 

Locus NASC Name 

At3g03773.1 SALK_003076 Δp23-2.1 

At3g03773.1 SALK_126538C Δp23-2.2 

At3g03773.1 SAIL CS817617 Δp23-2.3 

At4g02450.1 SAIL 245_H06 Δp23-1.1 

At5g67380 SALK_N521073 ΔCK2A 

At3g50000 SALK_126662 ΔCK2B 

At2g23080 SALK_151200 ΔCK2C 

 

Δp23-2.1 was crossed with Δp23-1.1 to obtain the double mutant Insertional line dKO. 

Homozygous lines of all Insertional lines were obtained. 

 

Transgenic lines: 

Plasmid Name Generation 

pGreen (0029)-35Sx2::p23L1-YFP OE1-YFP T3 

pGreen (0029)-35Sx2::p23L2-YFP OE2-YFP T3 

pGreen (0029)-prom.p23L1::GUS GUSp23-1 T3 

pBI121-prom.p23L2::GUS GUSp23-2 T3 

pGreen (0179)-35S::p23L1-HA OE1-HA T2 

pGreen (0179)-35S::p23L2-HA OE2-HA T3 

pGreen (0029)- prom.p23L1::p23L1-YFP in dKO L1YFP T1 

pGreen (0029)- prom.p23L2::p23L2-YFP in dKO L2YFP T1 

pGreen (0179)-35S::p23L1-HA in Shy 2.2  T1 

pGreen (0179)-35S::p23L2-HA in Shy 2.2  T1 

pGreen (0179)-35S::p23L1-HA in Shy 2.31  T1 

pGreen (0179)-35S::p23L2-HA in Shy 2.31  T1 
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Transgenic lines were obtained by floral dip transformation [Clough S. J. and Bent A. F., 

1998]. 

 

Crossed lines: 

Parental lines Generation 

dKO x 35S::DII-Venus F1 

OE2-HA x 35S::DII-Venus F1 

dKO x DR5:GUS F1 

OE2-HA x DR5:GUS F1 

dKO x 35S::modified DII-Venus F1 

OE2-HA x 35S::modified DII-Venus F1 

dKO x prom. SHY2::YFP F1 

OE2-HA x prom. SHY2::YFP F1 

dKO x prom. BRX::GUS F1 

OE2-HA x prom. BRX::GUS F1 

dKO x Hsp18.2::GUS F2 

OE2-HA x Hsp18.2::GUS F1 

 

Growth conditions: 

 

Flask culture: 

Suspension cell culture was generated from hypocotyls dissected from young plantlets of 

Arabidopsis (ecotype Landsberg erecta) and subcultured in AT3 medium [Desikan et al., 

1996]. For subculture cycles, 2 mL of packed cell volume was placed in 100-mL 

Erlenmeyer flasks containing 50 mL of liquid medium. Cells were subcultured in fresh 

medium at 7-d intervals and maintained in a climate chamber on a horizontal rotary 

shaker (80 rpm) at 25°C with a 16-/8-h photoperiod and a light intensity 

of 70 mmol m
-2

 s
-1

. Treatments with filter-sterilized solutions of CdCl2, Salicylic acid or 

H2O2 were carried out with 5-d-old cultures.  

 

Plates: 

Seeds of Arabidopsis were surface sterilized by vapor-phase Chloride or by washing with 

EtOH 70% Triton X 100 0.05%. After the sterilization they were grown on MS – ½ 

medium supplemented with 0.5 g/l MES-KOH pH 5.7, 0.8% Plant Agar, and 1% Sucrose. 

After 48h of vernalization at 4 °C in the dark, plates were put in a growing chamber at 24 
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°C and long day light period (16h light/ 8h dark). The plates were kept vertically. 

Seedlings of 5, 8 or 10 days were used for the experiments. 

 

Soil: 

Plants were grown in plastic trays with steamed-sterilized Jiffy Pot 

(http://jiffypot.com/jiffy/catalogue/jiffypot). Arabidopsis seeds were sowed on the top of 

the jiffy and after 48h of vernalization at 4 °C in the dark, the trays were transferred to the 

growth room at 22°C, 70mol m
-2

 s
-1

 white light, 70% relative humidity, and long day 

period (16h light/ 8h dark). Trays were regularly rotated and watered. Plants 5-week old 

were used for the experiments. 

 

 

Medium Compositions: 

 

 

MS - ½: half concentrations of the Murashige & Skoog medium in double distilled 

purified water  

AT3: MS medium, 30 g/L sucrose, 0.5 mg/L NAA, 0.05 mg/L Kinetin, pH 5,5 

LB: Luria Bertani medium (10 g/l triptone, 5 g/l yeast extract, 10 g/l NaCl) 

SOC: 20 g/l triptone, 5 g/l yeast extract, 0.5 g/l NaCl, MgCl2, MgSO4, Glucose 

YEP: 10 g/l yeast extract, 10g/l peptone, 5 g/l NaCl 

DMEM: Dulbecco's Modified Eagle Medium (DMEM), commercial composition 

 

 

Plasmids: 

 

 

pGreen (0029) – promoter p23-1::GUS 

The putative promoter region of the At4g02450.1 locus (-300 to -1 bases from the start 

codon ATG) was cloned upstream of the uid-a gene in the pGreen (0029) – GUS vector. 

The putative promoter was PCR-amplified from the genomic DNA using Phusion DNA 

polymerase in GC buffer. We used the primers:  

5’-CATGGAATTCCTCAAATTTTGGCTAAAAAAAGAAAAAGA-3’  

5’-CATGGAATTCGTTTACTGGAAAACTGTTGAAGGAGAACC-3’ 

 

http://jiffypot.com/jiffy/catalogue/jiffypot
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pBI121-promoter p23-2::GUS 

The putative promoter region of the At3g03773.1 locus (-1800 to -1 bases from the start 

codon ATG) was cloned upstream of the uid-a gene in the pBI121 vector. The putative 

promoter was PCR-amplified from the genomic DNA using Phusion DNA polymerase in 

GC buffer. We used the primers:  

5’-CATGAAGCTTTCGCACGAAGGCATCTCCATCAG-3’  

5’-CATGGGATCCGTTTTCAGCCAAGTGTAGATTTTGGATA-3’ 

 

pGreen (0029) – CaMV 35Sx2::p23-1–YFP 

The coding sequences of the At4g02450.1 locus was cloned in the pGreen (0029) – 

35Sx2::YFP, upstream of the fluorescent reporter gene YFP. The coding sequence was 

PCR-amplified from the cDNA using Phusion DNA polymerase. We used the primers:   

 

5’-CATGCCATGGCCATGAGTCGTCATCCTGAAGTGAAGT-3’ 

5’-CATGCCATGGCTGCCTTGTCTTCCTTAACAGATGTTGT-3’ 

 

pGreen (0029) – CaMV 35Sx2::p23-2–YFP 

The coding sequences of the At3g03773.1 locus was cloned in the pGreen (0029) – 

35Sx2::YFP, upstream of the fluorescent reporter gene YFP. The coding sequence was 

PCR-amplified from the cDNA using Phusion DNA polymerase. We used the primers:   

 

5’- CATGCCATGGCCATGAGTCGTAATCCGGAGGTTCTT-3’ 

5’- CATGCCATGGCCGCCTTGTTTCTTGCCTTTTCCA-3’ 

 

pGreen (0029) – promoter p23-1::p23-1-YFP 

The putative promoter region of the locus At4g02450.1 was cloned upstream of the 

p23L1-YFP coding sequence in the pGreen (0029) vector. The putative promoter was 

subcloned from pGreen (0029) – pp23L1::GUS by digestion with EcoRI. The plasmid 

was transformed in dKO lines by floral dip and only phenotype-complemented lines were 

selected. 

 

pGreen (0029) – promoter p23-2::p23-2-YFP 

The putative promoter region of the locus At3g03773.1 was cloned upstream of the 

p23L2-YFP coding sequence in the pGreen (0029). The putative promoter was subcloned 

from pBI121-pp23L2::GUS  by digestion with KpnI & BamHI. The plasmid was 
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transformed in dKO lines by floral dip and only phenotype-complemented lines were 

selected. 

 

pGreen (0179) – CaMV 35S::p23-1-HA 

The coding sequence of the At4g02450.1 locus was PCR-amplified from pGreen (0029) – 

35Sx2::p23L1–YFP using Phusion DNA polymerase, and cloned downstream of the 

CaMV 35S constitutive promoter in the pGreen (0029)-35Scassette. The reverse primer 

was designed in order to add the HA tag to the C terminus of the coding sequence. We 

used the primers:   

 

5’-CATGGAATTCATGAGTCGTCATCCTGA-3’ 

5’-CATGGAATTCCTATGCGTAGTCGGGGACGTCGTAGGGGTACTTGTCTT 

CCTTAACAGATG-3’ 

 

The whole 35S-Cassette was then amplified by PCR using Phusion DNA polymerase and 

cloned in the pGreen(0179) vector. We used the primers:   

 

5’-CATGGGTACCGATATCGTACCCCTACTCCAAAAAT-3’ 

5’-CATGGGATCCGATATCGATCTGGATTTTAGTA-3’ 

 

pGreen (0179) – CaMV 35S::p23-2-HA 

The coding sequence of the At3g03773.1 locus was PCR-amplified from pGreen (0029) – 

35Sx2::p23L2–YFP using Phusion DNA polymerase, and cloned downstream of the 

CaMV 35S constitutive promoter in the pGreen (0029)-35Scassette. The reverse primer 

was designed in order to add the HA tag to the C terminus of the coding sequence. We 

used the primers:   

 

5’-CATGGGATCCATGAGTCGTAATCCGGAGGTTCTT-3’ 

5’- CATGGAGCTCCTATGCGTAGTCGGGGACGTCGTAGGGGTACTTGT 

TTCTTGCCTTTTC-3’ 

 

The whole 35S-Cassette was then amplified by PCR using Phusion DNA polymerase and 

cloned in the pGreen(0179) vector. We used the primers:   

 

5’-CATGGGTACCGATATCGTACCCCTACTCCAAAAAT 

5’-CATGGGATCCGATATCGATCTGGATTTTAGTA 
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pET28 – T7::6xHIS-p23-1  

In order to purify the recombinant protein p23L1 the coding sequence of the At4g02450.1 

locus was PCR-amplified from pGreen (0029) – 35Sx2::p23L1–YFP using Phusion DNA 

polymerase, and cloned in the pET28 vector downstream of the 6xHIS tag. 

 

5’-CATGCATATGATGAGTCGTCATCCTGA-3’ 

5’-CATGCTCGAGTCACTTGTCTTCCTTAAC-3’ 

 

pET28 – T7::6xHIS-p23-2  

In order to purify the recombinant protein p23L2 the coding sequence of the At3g03773.1 

locus was PCR-amplified from pGreen (0029) – 35Sx2::p23L2–YFP using Phusion DNA 

polymerase, and cloned in the pET28 vector downstream of the 6xHIS tag. 

 

5’-CATGCATATGAGTCGTAATCCGGAGGTTCTT-3’ 

5’-CATGCATATGCTACTTGTTTCTTGCCTTTTCCA-3’ 

 

pScyce-MAS::p23-1-cCFP 

The coding sequences of the At4g02450.1 locus was cloned in the pScyce-MAS::cCFP 

vector upstream of the C terminal part of the CFP. The coding sequence was PCR-

amplified from the pGreen (0029) – 35Sx2::p23-1–YFP using Phusion DNA polymerase. 

We used the primers: 

 

5’-CATGTCTAGAATGAGTCGTCATCCTGAAGTGAAG-3’ 

5’-CATGGGTACCCTTGTCTTCCTTAACAGATGTTGT-3’ 

 

pScyne- CaMV 35S::CK2A-nCFP 

The coding sequences of the At5g67380 locus was cloned in the pScyne-35S::nCFP 

vector upstream of the N terminal part of the CFP. The coding sequence was PCR-

amplified from the cDNA using Phusion DNA polymerase. We used the primers: 

 

5’-CATGGGATCCATGATAGATACGCTTTTCTTC-3’ 

5’-CATGGAGCTCTCATTGACTTCTCATTCTGCT-3’ 
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pScyne- CaMV 35S::CK2AN-nCFP 

The coding sequences of the At5g67380 locus was cloned in the pScyne-35S::nCFP 

vector upstream of the N terminal part of the CFP. The coding sequence was PCR-

amplified from the cDNA using Phusion DNA polymerase. We used the primers: 

 

5’-CATGGGATCCATGTCGAAAGCTCGTGT-3’ 

5’-CATGGAGCTCTCATTGACTTCTCATTCTGCT-3’ 

 

pScyne- CaMV 35S::CK2B-nCFP 

The coding sequences of the At3g50000 locus was cloned in the pScyne-35S::nCFP 

vector upstream of the N terminal part of the CFP. The coding sequence was PCR-

amplified from the cDNA using Phusion DNA polymerase. We used the primers: 

 

5’-CATGGGATCCATGCACCTAATCTTCTTCTTC-3’ 

5’-CATGGAGCTCCTATTGAGTCCTCATTCTGCT-3’ 
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Sum table of primers: 

Primer  

AC40     GCGAACTGATCGTTAAAACTGC  

AC43     TGGTTCACGTAGTGGGCCATCG  

AC49     CATGGGTACCGATATCGTACCCCTACTCCAAAAAT 

AC50     CATGGGATCCGATATCGATCTGGATTTTAGTA 

KpnI 

BamHI 

AC59     GCAAAGACGCTCCAATGTTTGTTG 

AC60     GAAGCACCTTTCCGACAGCCTTG 

 

 

AC 61    GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC  

AC 72    TTCTTCCGATATTCCTGCATC 

AC 73    TAAAACTATTGGGGCCCAATG 

 

 

AC74     TCAAGTGGAAAGTAACCATTGC 

AC75     AACCGGAAGAGATAGGTGGTC 

 

 

AC84     TGCATTTTGTTGAGGAACAAAG 

AC85     GGAGTCTTTGATTTCTCTGCG 

 

 

AC95     CATGccatggcCATGAGTCGTCATCCTGAAGTGAAGT 

AC96     CATGccatggcTGCCTTGTCTTCCTTAACAGATGTTGT 

NcoI 

NcoI 

AC97     CATGccatggcCATGAGTCGTAATCCGGAGGTTCTT 

AC98     CATGccatggcCGCCTTGTTTCTTGCCTTTTCCA 

NcoI 

NcoI 

AC114   CATGgaattcCTCAAATTTTGGCTAAAAAAAGAAAAAGA 

AC115   CATGgaattcGTTTACTGGAAAACTGTTGAAGGAGAACC 

EcoRI 

EcoRI 

AC117   CATGcatatgAGTCGTAATCCGGAGGTTCTT 

AC118   CATGcatatgCTACTTGTTTCTTGCCTTTTCCA 

NdeI 

NdeI 

AC128   CATGaagcttTCGCACGAAGGCATCTCCATCAG 

AC129   CATGggatccGTTTTCAGCCAAGTGTAGATTTTGGATA 

HindIII 

BamHI 

AC 130  ATCTGTTGGTTGCATGTCTCAA 

AC 131  GCCAGTCGATCAATTTTCACTA 

 

AC132   CATGggatccATGAGTCGTAATCCGGAGGTTCTT  

AC133  CATGgagctcCTATGCGTAGTCGGGGACGTCGTAGGGGTACTTGTTTCTT 

              GCCTTTTC 

BamHI 

SacI 

AC140   CATGgagctcAATGATAGATACGCTTTTCTTCT 

AC141   CATGggatccCTGCTTGACTTCTCATTCTGCT 

SacI 

BamHI 

AC142   CATGgagctcCATGTACAAGGAACGTAGTGGA 

AC143   CATGggatccCTGCTGGTTTGTGTACCTTGAA 

SacI 

BamHI 

AC144   CATGgagctcATGAGTCGTAATCCGGAGGTTCTT 

AC145   CATGggatccCCGCCTTGTTTCTTGCCTTTTCCA 

SacI 

BamHI 

AC148   CATGgagctcAATGCACCTAATCTTCTTCTTCTCCT 

AC149   CATGggatccCTGCTTGAGTCCTCATTCTGCTGCT 

SacI 
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BamHI 

AC150   CATGgagctcAATGTCGAAAGCTAGGGTTTATACAGAT 

AC151   CATGggatccCTGCCTGAGTTCGTAGTCTGCTGCT 

SacI 

BamHI 

AC152   CATGccatggccATGTGTGATAGGTATCGTTTCAAAGGT 

AC153   CATGggatccTCGGCCACAATTAGAGATTTTATTTCACA 

NcoI 

BamHI 

AC213   TTCCTCTCCGCTTTGAATTGTCTCG 

AC214   GCCTTCACCATACCGGTACCATTG 

 

AC237 CATGcatatgATGAGTCGTCATCCTGA 

AC238 CATGctcgagTCACTTGTCTTCCTTAAC 

NdeI 

XhoI 

AC245 CATGctcgagTCGCACGAAGGCATCTCCATCAG 

AC246 CATGctcgagGTTTTCAGCCAAGTGTAGATTTTGGATA 

XhoI 

XhoI 

SD9 CTCGGGTGAAACTAAGTGCTG 

SD10 GTGAACAGCAAGGAGAAGTGC 

 

SD11 TCTTCTATGGCCATGACAACC 

SD12 TGTGTGATTTTTGAACGCTTG 

 

SD13 GCAAGCCTAAGAGGGTCATTC 

SD14 TCTCTGCGGCTTTAACTTGAG 

 

SD17 GAGCGCTTTGAATTCAGCTT 

SD18 GAGGCTGTTTCAGAGTTGACC 

 

SD19 GTCAATGTTGAGGAAAGCAAAATCAAC 

SD20 CGAGAAATCCATTCCTTCCATTCC 

 

SD23 CTTGAAATATCTTGAGGCAACACG 

SD24 CTATGCGGTGGGCCAAAT 

 

SD25 AGCTGTTGAAGGCTTTGGACT 

SD26 TTGATGATCATACCGGAGCA 

 

SD27 AGCTTCTGAAGGCATTGGATT 

SD28 TCATTGGTTCCCAACACCTT 

 

SD29 CATGgaattcATGAGTCGTCATCCTGA 

SD30    CATGgaattcCTATGCGTAGTCGGGGACGTCGTAGGGGTACTTGTCTTCCT 

             TAACAGATG 

EcoRI 

EcoRI 

SD31 CATGtctagaATGAGTCGTCATCCTGAAGTGAAG 

SD32 CATGggtaccCTTGTCTTCCTTAACAGATGTTGT 

 

SD37 CATGggatccATGATAGATACGCTTTTCTTC 

SD38 CATGgagctcTCATTGACTTCTCATTCTGCT 

BamHI 

SacI 

SD39 CATGggatccATGTCGAAAGCTCGTGT BamHI 

SD40 CATGggatccATGCACCTAATCTTCTTCTTC 

SD41 CATGgagctcCTATTGAGTCCTCATTCTGCT 

BamHI 

SacI 

SD49 GGAAGAGTTTGAAGACGCTGATGATGAAGAAG  

SD52 GATATGGATATGGCAGGAATGGCATGGAAGAGTTTGAAG  

SD55    GTAGGTGCTCTTGTTCTTCCC  

SD56   CACATAATTCCCACGAGGATC  
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Methods: 

 

 

Identification and cloning of the promoter region: 

The genes sequences obtained from TAIR (www.arabidopsis.org) were analyzed with 

Softberry TSSP (http://linux1.softberry.com) using a threshold of 0.02. The putative 

promoters were cloned by PCR from genomic DNA of Arabidopsis Columbia 0 

genotype.  

 

Cloning of the coding sequences 

The coding sequence of the proteins of interest were cloned by PCR from cDNA of 

Arabidopsis Columbia 0 ecotype. RNA was extracted by TRIZOL method, treated by 

DNAse, and retrotranscripted by ImProm RT or Superscript II RT using oligo dT primers.  

 

Recombinant proteins expression and purification 

The vector pET28-p23-1, pET28-p23-2, pET28-p23-1-S222A and pET28-p23-1-d, 

described previously, were transformed in BL21(DE3) E. coli cell for expression. The 

6His-tagged proteins were expressed and purified by nickel affinity chromatography 

(HIS-Select® Nickel Affinity Gel, from Sigma-Aldrich) starting from 1 L cultures. His 

tag tag has not been removed from the purified recombinant proteins. The affinity-

purified proteins were subjected to gel filtration (Superdex 200 HR 10/30 or HR 16/60 

column, GE Healthcare, equilibrated in 30 mM Tris-HCl, pH 8, 150 mM NaCl elution 

buffer). For each purification, the eluted fractions were pooled together and concentrated 

by centrifugal filters (Vivaspin® Centrifugal Concentrators, 10,000 MWCO, from 

Sartorius Stedim Biotech) giving rise to a final concentration ranging from 100 μg/ml to 4 

mg/ml. Purified proteins were analyzed by 12% SDS-PAGE, or Bradford protein 

quantification. 

 

In vitro Phosphorylation assays 

Protein substrates (p23-1 or -casein) were incubated at 30°C with recombinant human 

monomeric or tetrameric CK2 or maize CK2, or at 28°C with Arabidopsis seedlings 

protein extract. The reaction take place in a phosphorylation mixture containing 50 mM 

Tris-HCl pH 7.5, 10 mM MgCl2, 20 M ATP, [
33

P] ATP (1000/2000 cpm/pmol) 

according to the Km value for ATP of human CK2 (10M), in a total volume of 20 l. 

Samples were loaded on a SDS-PAGE, which was stained with Coomassie Blue and then 

http://www.arabidopsis.org/
http://linux1.softberry.com/
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analyzed by autoradiography with the Cyclone Plus Storage Phosphor System (Perkin 

Elmer).  

 

In gel Kinase assay 

A protein substrate was included into a 11% SDS-PAGE (500g/ml -Casein or 10 g/ml 

p23-1). Then cytosolic protein extract (5-40 g) from Arabidopsis seedlings were 

resolved by electrophoresis. SDS was removed and protein renatured, as described in 

[Ruzzene M. et al., 2010]. Then the whole gel was incubated in a phosphorylation 

mixture containing 50mM Tris-HCl pH 7.5, 10 mM MgCl2, 20 M ATP, [
33

P] ATP 

(1000/5000 cpm/pmol). After Coomassie blue staining the gel was analyzed by 

autoradiography for the detection of the radioactive bands.  

 

qRT-PCR 

cDNA of the different samples was analyzed by qRT-PCR using following primers: 

 

Actin2 For: 5’-TTCCTCTCCGCTTTGAATTGTCTCG-3’ 

Actin2 Rev: 5’-GCCTTCACCATACCGGTACCATTG-3’ 

 

P23-1 For: 5’-GTCAATGTTGAGGAAAGCAAAATCAAC-3’ 

P23-1 Rev: 5’-CGAGAAATCCATTCCTTCCATTCC-3’ 

 

P23-2 For: 5’- GAGCGCTTTGAATTCAGCTT-3’ 

P23-2 Rev: 5’-GAGGCTGTTTCAGAGTTGACC-3’ 

 

CK2A For: 5’-CTTGAAATATCTTGAGGCAACACG-3’ 

CK2A Rev: 5’-CTATGCGGTGGGCCAAAT-3’ 

 

CK2B For: 5’-AGCTGTTGAAGGCTTTGGACT-3’ 

CK2B Rev: 5’-TTGATGATCATACCGGAGCA-3’ 

 

CK2C For: 5’-AGCTTCTGAAGGCATTGGATT-3’ 

CK2C Rev: 5’-TCATTGGTTCCCAACACCTT-3’ 

 

PR1 For: 5’-GTAGGTGCTCTTGTTCTTCCC-3’ 

PR1 Rev: 5’-CACATAATTCCCACGAGGATC-3’ 
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Cycle adopted for the amplification reaction was:  

 

Denaturing  

  50°C  2 min 

  95°C 10 min 

Amplification 40X: 

  95°C 15 sec 

  60°C 1 min 

Melting: 

 95°C 15 sec 

 60°C 15 sec 

 95°C 15 sec 

 60°C 15 sec 

 

 

Confocal analysis  

The confocal microscope analyses were performed using a Nikon PCM2000 (Bio-Rad, 

Germany) laser scanning confocal imaging system, or with a LEICA SP5 confocal 

imaging system. Excitation and Emission wavelength are reported in the image captions. 

Image pixel analyses were done with Fiji – Imagej bundle software.  

 

-Glucoronidase (GUS) histochemical assay 

Gus histochemical staining was performed at different developmental stages. Samples 

were analyzed for GUS activity following the protocol described by Jefferson (1987). The 

samples were incubated for variable time (1h to O/N) at 37°C in the following medium: 

2mM X-Gluc, 0.05% Triton X-100, 2.5 mM K3Fe(CN)6, 2.5mM K4Fe(CN)6 3xH2O, 10 

mM EDTA and 50 mM sodium phosphate buffer pH 7.0. Experiment were performed at 

least 3 times and each sample consists of 10 seedlings. 

 

Propidium Iodide Staining 

Arabidopsis seedlings of 8-10 days old were mounted in a 2% (20g/ml) Propidium 

iodide solution, on a microscope slide and observed by confocal microscopy. Propidium 

iodide stains cell walls and permits to count cells in the root meristem. 10 to 20 high 

definition images (1024x1024 acquired with 64X water immersion objective) were 

merged using stitching plugins of the Fiji – Imagej bundle software.   
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Experiment were performed at least 3 times and each sample consists of 10 seedlings. 

 

DAF-FM staining 

DAF-FM is the evolution of the DAF2 fluorescent dye for NO. It is more resistant  to pH 

changes and the fluorescence quantum yield upon NO binding has been increased. DAF-

FM DA (diacetate) is cell-permeant and passively diffuses across cellular membranes. 

Once inside cells, it is deacetylated by intracellular esterases to become DAF-FM. The 

fluorescence quantum yield of DAF-FM is ~0.005, but increases about 160-fold, to ~0.81, 

after reacting with nitric oxide with excitation/emission maxima of 495/515 nm. 

Arabidopsis seedlings of 8-10 days old were incubated in liquid MS - ½, 15M DAF-

FM-DA for 20 minutes and then washed with MS - ½, and incubated 2h in MS - ½. 

During the incubation it is possible to treat plants with a stimulus. Sample were observed 

by confocal microscopy using the 488 Argon line for excitation. Experiment were 

performed at least 3 times and each sample consists of 10 seedlings. 

 

Deletion and mutagenesis 

The deletion protein p23-1-d and the site-directed mutated protein p23-1-S222A were 

obtained as described in Asada M. et al 2000. The single primer single step mutagenesis 

were performed with the sequent primers:  

 

P23-1-d: GATATGGATATGGCAGGAATGGCATGGAAGAGTTTGAAG 

P23-1-S222A: GTAGGTGCTCTTGTTCTTCCC 

 

Analysis of the root growth 

Arabidopsis seeds of the different genotypes were sewed on the solid growth medium, 

and put in vertical growth as described previously. Plates were analyzed at different 

development stages by image pixel analysis with Fiji – Imagej bundle software. 

Experiment were performed at least 10 times and each sample consists of 25 seedlings. 

 

Embedding in Leica Historesin and sectioning 

Arabidopsis seedlings were fixed overnight in the fixing solution (1% glutaraldehyde, 4% 

formaldehyde, 50mM Sodium phosphate pH7.2). Then samples were dehydrated by 

ethanol gradient and incubated overnight with solution A (basic resin solution, 1% 

hardener powder, 2% PEG 400) 1:1 in EtOH. Samples were then incubated in 100% 

Solution A for three hours and placed in the holders. Once sample are correctly disposed 

on the holders hardener solution (Solution A 15:1 hardener liquid). Holders can be 
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combined and fused by adding hardener solution. Samples were sectioned with 

semiautomatic Leica microtome.  

 

Electron paramagnetic resonance (EPR) 

Room-temperature continuous-wave EPR spectra were collected using a Bruker Elexsys 

E580-X-band spectrometer equipped with a ER4102ST cavity. Acquisition parameters 

were the following: microwave frequency = 9.38 GHz; modulation = 0.1 mT, microwave 

power = 6.0 mW; time constant = 163.84 ms; conversion time = 81.92 ms; number of 

data points = 4096 (scan range = 700 mT) or 1024 (scan range = 100 mT).  

Analysis of cPTIO degradation 

cPTIO was diluted from a 10mM stock solution directly in the growth medium of flask 

cultured cells, to the final concentration of 100  (depending on the experiment). For 

the capillary analysis a sample from the cell culture was loaded into the capillary and the 

degradation of cPTIO was followed in vivo by EPR spectrometry. For the analysis of the 

growth medium, aliquots of the medium were taken at different incubation time and then 

analyzed by EPR spectrometry. 
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Esposizione riassuntiva 

 

CARATTERIZZAZIONE BIOCHIMICA E FUNZIONALE DI P23:  

UNA CO-CHAPERONE REGOLATORIA DI HSP90 IN ARABIDOPSIS 

 

 

In questo lavoro di tesi è stato eseguita l’ analisi della funziona della co-chaperone p23 di 

HSP90, analizzando diversi aspetti dell’espressione, regolazione e funzione, in modo da 

riuscire ad ottenere una caratterizzazione di ampio raggio della proteina. 

HSP90 e p23 sono proteine fortemente conservate in tutti gli eucarioti, ma gli studi sono 

stati condotti, finora, principalmente in ambito animale. Questo lavoro ha lo scopo di 

individuare il ruolo ricoperto da p23 in pianta, organismo nel quale HSP90 stessa ha 

dimostrato di avere un pattern funzionale solo in parte simile a quello animale, e ricco di 

funzioni caratteristiche per il regno vegetale. 

In Arabidopsis thaliana sono presenti due isoforme di p23 e la caratterizzazione della 

proteina è stata condotta su entrambe le isoforme parallelamente, studiando l’espressione 

in planta e la regolazione tramite fosforilazione. 

Innanzitutto è stato dimostrato che entrambe le proteine sono fosforilate specificamente 

dalla forma monomerica della chinasi CK2, e che le due isoforme di p23 sono fosforilate 

da diverse subunità catalitiche di CK2. Questo comportamento suggerisce nuove ipotesi 

sulla fosforilazione da parte di CK2 in pianta, in quanto finora le diverse isoforme di CK2 

presenti in pianta avevano mostrato solo funzioni ridondanti.  

Sebbene questi studi in vitro, dovranno essere confermati dalla caratterizzazione in vivo 

della fosforilazione, rivelano che p23 possiede una regolazione post-trascrizionale 

specifica, individuano la chinasi responsabile della fosforilazione ed indentificano il 

residuo fosforilato di p23-1 nella Serina 222. 

La regolazione delle proteine è stata studiata anche tramite l’analisi dell’espressione in 

planta, sia analizzando i livelli dei messaggeri, sia identificando i presunti promotori 

delle due proteine ed ottenendo piante reporter stabilmente trasformate. Entrambe le 

analisi sono state effettuate a diversi stadi dello sviluppo e su diversi organi, ed hanno 

permesso di ottenere un quadro completo dell’espressione delle due proteine in pianta. Le 

due proteine sono espresse nei tessuti floematici in tutta la pianta: dal meristema radicale 

alle foglie, ed i due promotori hanno mostrato attività fortemente tessuto specifica. 

L’analisi del livello dei trascritti tramite qRT-PCR ha evidenziato che p23-1 è espressa a 

livelli maggiori di p23-2, e ha confermato che le due proteine hanno lo stesso pattern di 

espressione. I trattamenti effettuati, inoltre, non hanno indotto cambiamenti nel pattern di 



espressione. È stata inoltre studiata la localizzazione subcellulare delle due proteine 

tramite l’utilizzo di piante stabilmente trasformate esprimenti le proteine fuse ad un 

reporter fluorescente, sotto il controllo di un promotore costitutivo. L’analisi tramite 

microscopia confocale delle piante reporter ha rivelato la localizzazione citosolica e 

nucleare di entrambe le proteine.  

Lo studio funzionale di p23 è stato, inoltre, condotto tramite la generazione di diversi 

strumenti genetici come il doppio mutante knockout e i singoli mutanti overesprimenti. 

Per questo tipo di studi sono stati generati mutanti che overesprimono singolarmente le 

due proteine fuse al tag HA. L’analisi di questi mutanti ha portato alla scoperta di un 

ruolo di p23 nella crescita e nello sviluppo sia della radice primaria che delle radici 

secondarie, infatti il doppio mutante knockout mostra radici più corte, rispetto al wild 

type, mentre le linee overesprimenti mostrano radici più lunghe. Inoltre p23 sembra avere 

un ruolo anche nella produzione del monossido d’azoto, un importante molecola segnale 

nel regno vegetale. Sono stati condotti esperimenti preliminari per testare se la crescita 

ridotta del mutante knockout fosse dovuta alla minore produzione di NO, ma i risultati 

suggeriscono che il monossido di azoto sia coinvolto nella crescita delle radici ma non sia 

il fattore principale nel fenotipo mostrato dal mutante di p23. 

È stata inoltre testata la capacità del doppio mutante knockout di produrre NO sotto 

elicitazione con acido salicilico, ed è stato dimostrato che sia la mancanza di p23 sia la 

mancanza dell’isoforma HSP90.1, impediscono la corretta produzione di NO, quindi si 

ipotizza che il signalling del acido salicilico, un ormone vegetale coinvolto nella risposta 

all’attacco di patogeni, sia compromessa nel mutante doppio knockout di p23. 

Durante il lavoro di tesi è stato inoltre condotto un approfondimento tecnico sul 

comportamento di una ben nota molecola scavenger del monossido di azoto, il cPTIO, in 

presenza di cellule o tessuti vivi. È stato quindi dimostrato che questa molecola subisce 

delle reazioni che ne fanno scomparire il segnale EPR, quando incubata in presenza di 

materiale vivo. Questa nota tecnica risulta particolarmente utile, in quanto in base alle 

cinetiche di degradazione mostrate, si potrà decidere quali sono le concentrazioni più 

appropriate in base alla durata degli esperimenti. 

Il progetto ha approfondito la conoscenza della funzione di p23 sia tramite l’analisi 

biochimica della fosforilazione da parte di CK2 di p23, sia analizzando il comportamento 

dei diversi mutanti. È stato individuato un ruolo centrale per p23 nella produzione di NO 

e nello sviluppo della radice. In particolare viene mostrato che la crescita subnormale 

delle radici del mutante knockout di p23 dipende da un alterata crescita del meristema 

radicale. Il meristema radicale è controllato da un fine meccanismo dipendente 



dall’equilibrio fra citochinine ed auxina, è il progetto sta ora evolvendo verso l’analisi 

dell’equilibrio di questi ormoni nei diversi mutanti. 
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EVALUATION REPORT 

TMESIS TITLE: BIOCHEMICAL AND FUNCTIONAL CHARACTERIZATION OF P23 
A REGULATORY CO-CHAPERONE OF HSP90 IN ARABIDOPSIS. 

PhD Student: Stefano D'Alessandro 

In this the thesis work the author addressed many aspects related to the biochemical 
regulation of p23 activity, and he has initiated the study of the putative involvement of 
p23 in the regulation of different biológica! signaling pathways. P23 is a co-chaperone 
of the HSP90 complex, which is found in all eukaryotes. 

Regarding the studies on the regulation of p23 activity, the author presents data about 
p23 gene expression in Arabidopsis, both at different stages of Arabidopsis 
development and in different organs of adult Arabidopsis plants, studies performed by 
measuring the accumulation of transcript levéis by qRT-PCR. In addition, he performed 
prometer analysis, using fusions of p23 prometer with the gene repórter GUS. These 
data reveal similar patterns of expressions for the two p23-encoding genes in 
Arabidopsis, although one of the genes appears to be much highiy expressed than the 
other. 

Moreover, the author aiso demonstrates that p23 is phosphoryiated in vitro by protein 
kinase CK2. The two isoforms of p23 (p23-1 and p23-2) might be phosphoryiated by 
different isoforms of CK2, which raises interesting questions and hypothesis about the 
role of this phosphorylation. Although these studies should be confirmed by studies of 
phosphoryiation in vivo, these experiments reveal a post-transcriptional regulation of 
p23 and they identify the kinase responsible of the phosphorylation, as well as the 
residue of p23 that is phosphoryiated. 

The functional studies have been addressed by generating several genetic tools, such 
as knock-out mutants and overexpressing lines for the two p23-encoding genes, and 
by using mutants of protein kinase CK2. The author has studied the phenotypes of the 
p23 mutants, and has related these data with nitric oxide-signaling and salicylic acid-
signaling pathways. Although still preliminary, the results presented in the thesis work 
point out to a function of p23 in the biosynthesis of nitric oxide, and aiso a role in the 
SA-signaling and auxin-signaling biological pathways. 

The thesis work aiso presents a technical note regarding the quantification of nitric 
oxide in plants, which is of great interest in this field. 

The amount of work performed by Mr. D'Alessandro is impressive. He has used a great 
amount of different techniques in the fields of biochemistry, cellular biology, and 
genetic engineering. He has used the most actual approaches to answer biological 
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questions (use of gene reporters, transgenic plants, mutants, e tc . . ) as well as other, 
more classical techniques, in biochemistry. In this sense. I think he has acquired a very 
good expertise in the laboratory and he will be able in the future to apply them to any 
project. I addition, he got interesting results that contribute to the knowledge in plant 
biology. Thus, the work performed by Mr. D'Alessandro has the standard levéis to get 
his PhD degree. My opinión is that it is an excellent work and that is well presented in 
its written form. 
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