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ABSTRACT 

DJ-1 and Mcl-1 are two anti-apoptotic proteins involved in distinct severe diseases 

such as Parkinson disease (PD) and Cancer. Even though they belong to different protein 

families, both genes take part in the apoptotic process; also, DJ-1 lies upstream in a 

pathway that affects cell death through members of the Mcl-1 protein family. 

  The first part of this thesis regards the effects of the conjugation of dopamine-

derived quinones on DJ-1. Various functions have been ascribed to DJ-1 and many of 

these are linked with PD, such as a protective role against oxidative stress, either as a 

redox sensor or as an antioxidant protein. Oxidative stress is considered the major cause 

in neuronal death in PD and, in detail, the cause seems to involve the excessive oxidative 

stress generated by auto- and enzymatic oxidation of dopamine, which leads to the 

formation of highly reactive quinones (DAQs). The reactivity of DAQs toward DJ-1 in cells 

is reported in the literature, but the molecular basis and the related structural effects are 

not yet studied. DAQ are reactive toward nucleophilic atoms such as the thiolic sulfur 

atom in cysteine. The three cysteine residues seem to have very different roles in DJ-1: 

Cys106 is implicated in the oxidative activation of chaperone activity. The other two 

cysteines, Cys53 and Cys46, are located at the homodimer interface. The main objective 

of the thesis is the understanding of the structural modifications induced by the 

conjugation of DA onto the  cysteine residues of DJ-1 using Molecular Dynamics, NMR, 

and Circular Dichroism (CD). The presence of different amounts of protein modified by 

one (+150 Da) or two (+300 Da) DAQs was confirmed by SDS-PAGE, radioactivity assay 

and mass spectroscopy. Interestingly, the same sample also showed the presence of a 

seemingly covalent dimer. To clarify which cysteine was involved in the dimerization, the 

same reaction was performed on two mutants, C106A and C53A. Covalent dimer 

formation was not detected in the C53A mutant.  To characterize the structural 

modifications, we acquired several 1H-15N heteronuclear single quantum coherence 

(HSQC) spectra on the wt, C53A and C106A samples before and after DAQs treatment. 

Numerous modifications in the spectrum caused by the conjugation with DAQs were 

observed. Specifically, a notable number of peaks show a decrease in intensity, indicating 

a dynamic perturbation induced by DAQ conjugation.  A molecular dynamics simulation 

study was used to explore the molecular basis of the covalent modification. We observed 

a different residue-fluctuation profile caused by the conjugation on Cys106, in agreement 

with NMR studies. We also provided a possible explanation of the molecular basis leading 

to dimerization. To clarify if covalent modification by dopamine may carry implications on 

the stability of DJ-1, we performed a thermal stability assay monitored by CD, analyzing 

wt DJ-1 and its C53A and C106A mutants, before and after the reaction with DAQs. For 

each pair, we observed different profiles, observing a lower thermal stability when 

Cys106 is involved.   

The second part of this thesis regards the myeloid cell leukemia-1 (Mcl-1) protein 

and its role in apoptosis. One of the major anti-apoptotic mechanisms involves the 

alteration in the expression of B-cell lymphoma-2 (Bcl-2) family members, which consists 



of 25 genes divided in pro- and anti-apoptotic members. The balance between the levels 

of pro- and anti-apoptotic proteins is the key aspect, leading the cell to death or survival. 

Mcl-1 is a member of the anti-apoptotic family, and is a highly expressed pro-survival 

protein in several cancer cell lines. Even though the mechanism is still under discussion, 

Mcl-1 plays its anti-apoptotic role interacting with BAK and BAX, pro-apoptotic members 

of the Bcl-2 family, and the inhibition of this interaction promotes cell death in cancer 

cells. To identify new small peptides able to bind the BH3 cleft of Mcl-1 and to displace 

the pro-apoptotic binder, we performed a screening of a 109 different 12-mer peptides 

using the phage display technique. NMR was used as the technique of choice to validate 

the binding while Isothermal Titration Calorimetry (ITC) and fluorescence polarization 

assays (FPA) were used to measure the affinity. Three peptides with affinity in the low 

micromolar range were identified. The binding mode of these peptides was investigated 

in silico mixing the information harvested during the NMR studies. BLAST analysis of the 

identified sequences against the human genome identifies this characteristic pattern in a 

selection of interesting proteins including glucokinase, hexokinase, and a number of 

tumor suppressors among others. A short peptide sequence derived from glucokinase 

exhibits binding to Mcl-1 comparable to that seen for a 12-residue endogenous peptide. 

The sequence likely binds in a reverse orientation to that of the canonical BH3 helix, 

thereby placing the conserved glutamic acid residue in the location of the conserved 

aspartic acid residue of the BH3 sequence. These peptides are the shortest sequences 

ever observed to bind Mcl-1 and they may warrant development into improved Mcl-1 

specific small molecules and peptide-based therapeutics.  Further, their identification 

may provide the basis for increased understanding of possible cross-talk taking place 

between a number of divergent cellular signaling and homeostatic processes and the 

regulation of apoptosis. 
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INTRODUCTION 

1.1.1 DJ-1 identification  

In 1997, Hagakubo et al. isolated DJ-1, defining it as mitogen-dependent oncogene 

product (Nagakubo et al. 1997). Only in 2001, a study on genetic factors related to early-

onset parkinsonism has underlined its strong correlation with Parkinson disease (C.M. van 

Duijn et al. 2001a) naming the gene Parkinson disease (autosomal recessive, early onset) 

7 (PARK7). This gene is located on the short (p) arm of chromosome 1 at position 36.23 

from base pair 8,021,713 to base pair 8,045,341. It encodes a 189 amino acid 

homodimeric protein (Fig. 1). DJ-1 is ubiquitously expressed in both brain and peripheral 

tissue (Li Zhang et al. 2005). It is a predominantly cytosolic protein, but, in different cell 

types, it is also present in the nucleus (Yoshida et al. 2003) (François Le Naour et al. 2001); 

a pool of wild-type DJ-1 has been also shown to localize to the mitochondria (Li Zhang et 

al. 2005). DJ-1 belongs to the ThiJ/PfpI family (pfam01965), which includes ThiJ, PfpI and 

other bacterial proteases (Vincenzo Bonifati et al. 2003). All the homologues in this family 

have a conserved Cysteine (Cys106 in human DJ-1).   

 

Figure 1. Sequence of human DJ-1 and relative secondary structure based on pdb 2OR3 according to the dssp 
definition. 

 

1.1.2 Structural data 

To obtain structural information on DJ-1 was a crucial point to understand his 

physio-pathological role.  The stability of the protein is high, and as a consequence several 

crystal structures were released (Table 1). The crystal structures of DJ-1 show a single 

folded domain comprising a six-stranded parallel β-sheet (β1, β2, β5, β6, β7, and β11) 

sandwiched by eight α-helices (α1-8) and with a β-hairpin (β3 and β4) on one end and a 

three-stranded (β8, β9, and β10) antiparallel β-sheet on the opposite end (Wilson et al. 

2003)(Tao e Tong 2003)(Honbou et al. 2003)(Huai et al. 2003) (Fig.2). Wild-type (wt) DJ-1 

is a homodimer and the dimer interface is formed by α1, α7, α8 and β4. These α-helices 

interact mainly through hydrophobic contacts, but a hydrogen bond and ionic interactions 
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also contribute to this interaction. The region formed by the β11-α7 loop interacts with 

residues near the C-terminus of α8 in the opposite subunit. This interaction is assisted by 

a hydrogen bond between the Nε atom of His-126 and the backbone carbonyl oxygen 

atom of Pro-184 in the opposite subunit. Met-17 and Phe-162 form the core of 

hydrophobic interactions 

 and are critical for dimer formation (Honbou et al. 2003)(Peter C Anderson e 

Daggett 2008). Dimer formation is also mediated by the interaction of Met-17 with Asp-24′ 

and Arg-28′ (Fig. 2). 

 

Figure 2. Monomeric form of DJ-1. Each segment is labeled according the nomenclature of Anderson and Daggett, 

2008. The -helices (ribbon colored in red) are numbered from α1 to α8 while -strands (colored in yellow) are 
numbered from β1 to β11. 

   

The cleft around Cys106 contains a cysteine, a histidine, and a glutamate residue, 

highly conserved in different organisms, as weel as in the ThiJ/PfpI family, where they are 

arranged as in the canonical “catalytic triads”. Nevertheless, DJ-1 does not show any 

protease activity in its native form; in addition, all three residues come from the same 

subunit in DJ-1 and their arrangement is permuted relative to that required for the proton 

transfers that must occur in the cysteine or serine protease mechanism (Wilson et al. 

2003). Recently, it has been proposed that the C-terminal cleavage of the last 15 residues 

may enable His126 to form a catalytic diad with Cys106 to carry out the proteolytic 

function in an activated DJ-1 form (Jue Chen, Lian Li, e Chin 2010).  
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Figure 3. DJ-1 Dimer (PDB code: 2OR3). The three key cysteines (Cys46, Cys53, Cys106) are depicted in a full atom 
representation. 

  

In addition, Wilson reported that Isocyanide hydratase (ICH), a DJ-1 superfamily 

member having enzymatic activity, is structurally similar to human DJ-1.  Its active site 

region (around the conserved Cys) exhibits a surprising conformational plasticity, 

demonstrating that the DJ-1 core fold can evolve diverse functions by subtle modulation 

of the environment of a conserved, reactive cysteine residue (Bandyopadhyay e Cookson 

2004). A different C-terminal cleavage was also reported between Gly157 and Pro158 by 

treatment of DJ-1 with H2O2 in vitro and on endogenous DJ-1 in cultured SH-SY5Y cells 

(Ooe et al. 2006). Each monomer presents other two cysteines, Cys46 and Cys53, located 

in the β3-β4 portion (Fig. 3).   
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PDB ID Reference Note Res.(Å) Method Rel. Date 

1PDV  

Tao et al 
J.Biol.Chem. 

Human DJ-1 1.80 X-RAY 2003-06-24 

1PDW  

Tao et al 
J.Biol.Chem. 

Human DJ-1 2.20 X-RAY 2003-06-24 

1PE0  

Tao et al 
J.Biol.Chem. 

Structure of K130R DJ-1 1.70 X-RAY 2003-06-24 

1P5F  

Wilson et al 
PNAS 

Human DJ-1 1.10 X-RAY 2003-08-12 

1UCF  

Honbou et al 
J.Biol.Chem. 

Human DJ-1 1.95 X-RAY 2003-08-19 

1Q2U  

Huai et al 
Febs Lett. 

Human DJ-1 1.60 X-RAY 2003-10-07 

1J42  

Lee et al 
J.Biol.Chem. 

Human DJ-1 2.50 X-RAY 2004-02-03 

1SOA  

Wilson et al 
PNAS 

Human DJ-1 with sulfinic acid 1.20 X-RAY 2004-06-22 

2OR3  

Witt et al 
Biochemistry 

Pre-oxidation Complex of Human 
DJ-1 

1.20 X-RAY 2007-02-13 

2RK3  

Lakshminarasimhan et al 
Biochemistry 

Structure of A104T DJ-1 1.05 X-RAY 2008-01-15 

2RK4  

Lakshminarasimhan et al 
Biochemistry 

Structure of M26I DJ-1 1.15 X-RAY 2008-01-15 

2RK6  

Lakshminarasimhan et al 
Biochemistry 

Structure of E163K DJ-1 1.15 X-RAY 2008-01-15 

3B36  

Lakshminarasimhan et al 
Biochemistry 

Structure of M26L DJ-1 1.50 X-RAY 2008-01-15 

3B38  

Lakshminarasimhan et al 
Biochemistry 

Structure of A104V DJ-1 1.85 X-RAY 2008-01-15 

3B3A  

Lakshminarasimhan et al 
Biochemistry 

Structure of E163K/R145E DJ-1 1.50 X-RAY 2008-01-15 

3CY6  

Witt et al 
Biochemistry 

E18Q DJ-1 1.35 X-RAY 2008-07-01 

3CYF  

Witt et al 
Biochemistry 

E18N DJ-1 1.60 X-RAY 2008-07-01 

3CZ9  

Witt et al 
Biochemistry 

E18L DJ-1 1.15 X-RAY 2008-07-01 

3CZA 

Witt et al 
Biochemistry 

E18D DJ-1 1.20 X-RAY 2008-07-01 

2R1T  

Zhongtao et al 
Never Published 

dopamine quinone conjugation to 
DJ-1 

1.70 X-RAY 2008-08-26 

2R1V  

Zhongtao et al 
Never Published 

Norepinephrine quinone 
conjugation to DJ-1 

1.70 X-RAY 2008-08-26 

3BWE  

Cha et al 
J.Biol.Chem. 

aggregated form of DJ1 2.40 X-RAY 2008-10-14 

3EZG  

Blackinton et al 
J.Biol.Chem. 

E18Q DJ-1 with oxidized C106 1.15 X-RAY 2008-12-30 

3F71  

Blackinton et al 
J.Biol.Chem. 

E18D DJ-1 with oxidized C106 1.20 X-RAY 2008-12-30 

Table 1. DJ-1 Structure deposited in protein data bank (PDB) 

http://www.rcsb.org/pdb/explore.do?structureId=1PDV
http://www.rcsb.org/pdb/explore.do?structureId=1PDW
http://www.rcsb.org/pdb/explore.do?structureId=1PE0
http://www.rcsb.org/pdb/explore.do?structureId=1P5F
http://www.rcsb.org/pdb/explore.do?structureId=1UCF
http://www.rcsb.org/pdb/explore.do?structureId=1Q2U
http://www.rcsb.org/pdb/explore.do?structureId=1J42
http://www.rcsb.org/pdb/explore.do?structureId=1SOA
http://www.rcsb.org/pdb/explore.do?structureId=2OR3
http://www.rcsb.org/pdb/explore.do?structureId=2RK3
http://www.rcsb.org/pdb/explore.do?structureId=2RK4
http://www.rcsb.org/pdb/explore.do?structureId=2RK6
http://www.rcsb.org/pdb/explore.do?structureId=3B36
http://www.rcsb.org/pdb/explore.do?structureId=3B38
http://www.rcsb.org/pdb/explore.do?structureId=3B3A
http://www.rcsb.org/pdb/explore.do?structureId=3CY6
http://www.rcsb.org/pdb/explore.do?structureId=3CYF
http://www.rcsb.org/pdb/explore.do?structureId=3CZ9
http://www.rcsb.org/pdb/explore.do?structureId=3CZA
http://www.rcsb.org/pdb/explore.do?structureId=2R1T
http://www.rcsb.org/pdb/explore.do?structureId=2R1V
http://www.rcsb.org/pdb/explore.do?structureId=3BWE
http://www.rcsb.org/pdb/explore.do?structureId=3EZG
http://www.rcsb.org/pdb/explore.do?structureId=3F71
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1.1.3 Physio-pathological role of DJ-1 

Even though the structure of DJ-1 is known since 2003, its physiological and 

pathological role is still controversial. Several functions have been ascribed to this 

protein, among which: positive regulator of androgen receptor-dependent transcription 

(Taira, Iguchi-Ariga, e Ariga 2004), regulator of stroke-induced damage (Hossein Aleyasin et 

al. 2007), chaperone function in inhibiting -synuclein aggregation (Shendelman et al. 

2004), protector against dopamine toxicity (Nirit Lev, Ickowicz, Barhum, et al. 2008), key 

player in the oxidative stress response either serving as an antioxidant scavenger or a 

redox sensor (Raymond H. Kim et al. 2005) (Jeehye Park et al. 2005), and regulator of 

apoptotic pathway by Daxx interaction (Junn et al. 2005a). Elevated expression levels of 

DJ-1 have been reported in many cancer cells and tissues (F. Le Naour et al. 2001)(Miura 

et al. 2002)  

One of the first observations, as mentioned earlier, is related to Parkinson disease 

(PD). Specific mutations of DJ-1 are responsible for a familial, autosomal recessive early 

onset form of PD (Vincenzo Bonifati et al. 2003). It has also been suggested that DJ-1 has a 

pathogenic role not only in inherited cases, but also in the more common sporadic form 

of the disease, as elevated levels of DJ-1 have been observed in the cerebrospinal fluid of 

sporadic PD patients (Waragai et al. 2006). The disease is named after Dr. James 

Parkinson, who first described “the shaking palsy” in 1817. Symptoms include trembling 

in the limbs, jaw, and face, muscle rigidity, slowness of movement (bradykinesia), and 

impaired balance and coordination (Parkinson 1817). PD is an age-related progressive 

neurological movement disorder characterized by nigrostriatal dopaminergic 

degeneration and by development of cytoplasmic intraneuronal inclusions known as Lewy 

bodies (Olanow e Tatton 1999). The disease is named after Dr. James Parkinson, who first 

described “the shaking palsy” in 1817. Symptoms include trembling in the limbs, jaw, and 

face, muscle rigidity, slowness of movement (bradykinesia), and impaired balance and 

coordination (Parkinson 1817). PD is the most common neurodegenerative disorder after 

Alzheimer's disease (de Lau e Breteler 2006). Mean age of onset is around 60 years, 

although 5-10% of cases show early onset, between the age of 20 and 50 (Samii, Nutt, e 

Ransom 2004). An estimated seven to 10 million people worldwide suffer from this 

condition. 

 

1.1.4 Mutations affecting DJ-1 

The molecular basis of the etiopathogenesis of PD is not well understood. 

Sporadic cases probably originate from a complex interaction of multiple environmental 

and genetic factors. Mitochondrial dysfunction and oxidative stress have been initially 

included among the first contributors to PD pathogenesis because exposure to 

environmental toxins, that inhibit mitochondrial respiration and promote production of 

reactive oxygen species (ROS), cause loss of dopaminergic neurons in humans and animal 

models (Greenamyre e Teresa G. Hastings 2004). Although PD has been traditionally 
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considered a non-genetic, sporadic disorder, in the last decade, several causative genes 

and susceptibility factors leading to familial PD have been identified. Monogenic forms of  

Feature key Position Mutation Notes 

Natural variant 
 

P158del Ex1–5dup 

Deletion 
 

14 kb 
deletion 

loss  of protein 

Natural variant 
 

Ex1–5dup Ex1–5dup 

Natural variant 26 M → I 
found in patients with early onset parkinsonism 

(homozygous state) 

Experimental 
Mutagenesis 

46 C → A reduces protein stability 

Experimental 
Mutagenesis 

51 V → C 
disulfide bridge formation with C53 of opposite 

monomer, stabilizes dimmer 

Experimental 
Mutagenesis 

53 C → A reduces chaperone activity 

Natural variant 64 E → D 
found in patients with early onset parkinsonism 

(homozygous state) 

Natural variant 98 R → Q rare polymorphic variant 

Natural variant 104 A → T 
found in patients with early onset parkinsonism 

(heterozygous state) 

Experimental 
Mutagenesis 

106 C → A or D 
abolishes localization toward the mitochondria and 

neuroprotective function 

Experimental 
Mutagenesis 

130 K → R 
partially compensates for loss of stability when 

associated with P166 

Natural variant 149 D → A 
found in patients with early onset parkinsonism 

(heterozygous state) 

Natural variant 150 G → S polymorphic variant 

Natural variant 163 E → K polymorphic variant 

Natural variant 166 L → P 
found in patients with early onset parkinsonism 

(homozygous state) 

Natural variant 171 A → S rare polymorphic variant 

Natural variant 179 A → T 
found in patients with early onset parkinsonism 

(homozygous state) 
Table 2. Polymorphism and experimental mutagenesis data reported for DJ-1. 

the disease are now reported for 5-10% of PD patients (Lesage e A. Brice 2009). At least 

13 loci and 9 genes are associated with both autosomal dominant or recessive PD.  

Since the discovery of the PARK7 gene, the mutations affecting DJ-1 were 

correlated with PD patients.  Several mutations and polymorphisms have been reported 

for DJ-1 (Table 2) (C.M. van Duijn et al. 2001b)(Vincenzo Bonifati et al. 2003)(Hedrich et 

al. 2004)(Hering et al. 2004)(Moore et al. 2003)(David W. Miller et al. 2003)(Abou-Sleiman 

et al. 2003)(Canet-Avilés et al. 2004)(Blackinton et al. 2005)(Grazia Annesi et al. 

2005)(Maria G. Macedo et al. 2009).  The most important mutation is a deletion of the 

first five exons (14kb), which presumably causes a loss of gene function via the deletion of 

the protein. Another well-studied point mutation is L166P; initially identified in an Italian 

patients population, this variation leads to structural perturbation affecting the dimer 

stability. This observation was characterized from a molecular point of view in two 

different molecular dynamics simulation studies (Peter C Anderson e Daggett 
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2008)(Herrera et al. 2007); in addition, this mutation may assemble in HMW oligomers. 

Other variants were also correlated with early onset of PD: M26I, E64D, A104T, D149A. In 

particular, the M26I mutation does not affect protein stability and degradation and does 

not interfere with homodimerization, while for E64D no apparent effect on protein 

stability was observed.  

Nowadays, the most corroborated and investigated function of DJ-1 is its putative 

neuronal protective role against oxidative stress (Dodson e Guo 2007)(Abou-Sleiman et al. 

2003) although how exactly this function is exerted is still not clear (Fitzgerald e Plun-

Favreau 2008). Over-expression of wild-type DJ-1 has a neuronal cytoprotective effect 

against oxidative stress (Canet-Avilés et al. 2004)(Junn et al. 2005b)(Yokota et al. 2003) 

while DJ-1 deficiency, both in culture cells and in animal models, leads to increased 

vulnerability to oxidative stress-induced cell death (Raymond H. Kim et al. 2005)(Martinat 

et al. 2004)(Meulener et al. 2005). Further support to this latter idea has been provided 

by the observation that the pathogenic L166P mutation impairs the neuronal 

cytoprotective function of the protein by compromising dimer formation and protein 

stability (M. G. Macedo 2003) (David W. Miller et al. 2003)(Moore et al. 2003) (Olzmann 

et al. 2004).  

The most speculated role of DJ-1 strictly linked with an oxidative environment is 

the chaperonic activity against α-synuclein.  Shendelman reported the ability of DJ-1 to 

inhibit α-synuclein aggregation in vivo and reproduced this feature also in vitro. The most 

peculiar observation is that such ability is mediated by the oxidation of Cys106 to sulfinic 

acid, defining DJ-1 as a redox-dependent chaperone (Shendelman et al. 2004).  In PD, the 

aggregation of α-synuclein is considered a crucial event in the etiopathogenesis: α-

synuclein is an unstructured soluble protein that in pathological condition forms fibrils 

that are the primary structural component of Lewy bodies, inclusions evident in histologic 

studies of PD patient brains.  The chaperonic activity was also reported by several authors 

(Deeg et al. 2010)(Logan, Clark, e Ray 2010)(Wenbo Zhou et al. 2006)(Hong Mei Li et al. 

2005) even though the effectiveness is still unclear and no interaction between DJ-1 and 

α-synuclein has been directly observed. 

 Although the chaperonic activity is still unclear, solid observations correlate 

oxidative stress and the key residue Cys106. The oxidation of the highly conserved Cys106 

to cysteine-sulfinic acid has been proposed as a signalling mechanism to activate DJ-1’s 

protective action against oxidative stress. The formation of this acidic species would also 

justify the pI shift from 6.2 to 5.8 observed upon exposure of DJ-1 to oxidative insults. The 

mutation of Cys106 (C106A) is the only cysteine mutation able to prevent formation of 

oxidized DJ-1 isoforms in intact cells and, as a consequence, to impair the protein’s 

neuroprotective function (Canet-Avilés et al. 2004)(Choi 2006)(Nirit Lev, Ickowicz, Eldad 

Melamed, et al. 2008). Strong support to such mechanism is provided by an unusual 

abundance of acidic DJ-1 forms in post-mortem brain samples of sporadic PD patients 

(Bandyopadhyay e Cookson 2004)(Choi 2006). 
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In addition, a further role has been assigned to the key residue Cys106, which 

seems able to regulate protein translocation to mitochondria in the oxidized form 

(Blackinton et al. 2009)(Canet-Avilés et al. 2004). The existence of a tight correlation 

between DJ-1 and mitochondrial dysfunction was initially derived from the fact that 

Drosophila lacking DJ-1 exhibit increased sensitivity to environmental mitochondrial 

toxins (Meulener et al. 2005)(Yufeng Yang et al. 2005). More recently, aberrant 

mitochondrial morphology has been observed in DJ-1 deficient cell lines, cultured 

neurons and lymphoblast cells derived from PD patients. Recently, it has also been 

demonstrated that DJ-1-dependent mitochondrial defects contribute to oxidative stress-

induced sensitivity to cell death (Irrcher et al. 2010). 

The involvement of Cys106 both in neuronal oxidative stress protection and in 

mitochondrial translocation has led to the investigation of the possible functions exerted 

by the other two cysteine residues present in the sequence (Cys46 and Cys53). Single 

mutations did not reveal, up to now, any specific role, which could be ascribed to these 

residues (Canet-Avilés et al. 2004). Cys46 and Cys53 are located on two consecutive β-

strands β3-β4 that form part of the dimer interface. The two Cys53 residues belonging to 

the same dimer are symmetric and located at 3.2 Å from each other in the dimer 

interface. 

 

1.1.5 DJ-1 and Dopamine 

It has been recently reported that, in both rat brain mitochondrial preparations 

and neuroblastoma cells, DJ-1 is covalently modified by dopamine (DA) (Van Laar et al. 

2009). DJ-1 as a target of dopamine covalent modifications may suggest a more direct 

correlation between DJ-1 and the specific vulnerability of dopaminergic neurons in PD 

pathogenesis. 

After synthesis, DA is stored in synaptic vesicles. Disruption of DA vesicular storage 

may lead to the elevated cytosolic dopamine levels described as an underlying 

contributor to PD pathogenesis (Ari Barzilai et al. 2003)(Ted M. Dawson e Valina L. 

Dawson 2003). Excessive accumulation of DA can result in autoxidation of the catechol 

ring to form ROS and the electron-deficient DA quinone (DAQ)(Teresa G. Hastings 2002)(T 

G Hastings, Lewis, e M J Zigmond 1996). The highly reactive DAQs, produced under 

oxidative conditions, can react with cellular nucleophiles, such as the reduced sulfhydryl 

group on protein cysteinyl residues (GRAHAM et al. 1978) (T.G. Hastings e M.J. Zigmond 

1994)(T G Hastings, Lewis, e M J Zigmond 1996), leading to inactivation of protein 

function (Fig. 4). The pathway for the initial reaction of DA quinone with cysteine has 

been proposed to be the addition of L-cysteine preferentially to C(5) of DA quinone. 

Other nucleophilic additions also occur, including addition to C(2) of DA quinone and 

formation of the C(2), C(5) diaddition adduct (Xu et al. 1996)(X M Shen et al. 1996)(Xin 

Huang et al. 1998). The mechanism of this regioselective reaction at C(5) may be 

explained through an atypical Michael 1-6 addition instead of a 1-4 Michael addition 
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(leading to C(6) conjugation), where the DAQ carbonyl moiety plays as nucleophile for the 

thiolic proton while the sulfur can attack the C(5) (Fig. 5).  This mechanism can also justify 

the second mayor product of the reaction, the 2,5 diadduct, where the carbonyl group in 

position 3 catalyzes the addition. 

In PD, dopamine neurons of the substantia nigra pars compacta have been shown 

to degenerate to a greater extent than other neurons suggesting the possibility that DA 

itself may be contributing to the neurodegenerative process.  

 

 

Figure 5. Mechanism of regioselective addition of Cysteine thiol to carbon C(5) of DAQs (Huang et al. 1998). 

The observed susceptibility of DJ-1 to covalent modifications by DA (Van Laar et al. 

2009), together with its established role in oxidative stress and mitochondrial 

dysfunction, suggests that the investigation of the structural perturbations induced on DJ-

1 by DAQs may provide valuable insights for the comprehension of the molecular 

mechanism of PD. 

 

1.1.6 The role of DJ-1 in apoptosis and in cancer 

Several lines of evidence link DJ-1 to oncogenesis and cancer. As previously 

described, DJ-1 was initially identified as a putative oncogene correlating it with role with 

Ras pathway, a well-studied family of oncogenes (Nagakubo et al. 1997). DJ-1 is expressed 

at high levels in primary lung and prostate cancer biopsies, it can act as a cell protector 

against chemotherapeutic agents and modulates a number of critical aspects of cancer 

cell biology as leukocyte migration and inflammation (MacKeigan et al. 2003)(Clements et 

al. 2006)(Yokota et al. 2003).  

Figure 4. Dopamine oxidation pathway leading to cysteine conjugation. In the first step, the oxidation of DA leads to the 
electron-deficient DA quinone (DAQ). This species is able to react with a nucleophile group. This conjugation in vivo 
commonly affects the cysteine thiol group.    
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The detoxification function is partially mediated by DJ-1’s ability to inhibit p53 and 

PTEN, an inhibitor of the PI3K cell survival pathway, and to positively regulate the Nrf2 

detoxification pathway.  In addition, the interaction of DJ-1 with the tumor suppressor 

Cezanne has been recently identified. Through inhibition of DJ-1 or activation of Cezanne, 

McNally et al observed an increase in the activity of IL-8 signaling that is crucial to confer 

chemotherapeutic resistance in several tumors. This protein-protein interaction 

emphasizes the importance of the role of DJ-1 in cancer biology in vivo (McNally et al. 

2010). 

The role of DJ-1 in apoptosis is a crucial step both for PD and cancer. Sever 

protein-protein interaction were reported for DJ-1 (Table 3) and among them a wide 

number of interactors are involved in apoptosis. DJ-1 is a potent inhibitor of the 

Daxx/ASK1 cell-death signaling pathway. DJ-1 interacts with Daxx, sequestering it in the 

nucleus and preventing it from gaining access to the cytoplasm, from interacting with its 

effectors kinase ASK1 leading to cell death (Junn et al. 2005a).   

The direct interaction in vitro and in vivo with the tumor suppressor p53 protein, 

well-known to regulate the cell cycle and to be implicated in several cancers, was 

reported since 2005 (Shinbo et al. 2005).  In addition, Douglas et al. reported that DJ-1 

affects neuronal cell death through members of the Bcl-2 family (Ethell e Fei 2009). Bcl-2 

is a key family in apoptosis regulation (see Chapter 2) and closely associated with p53 

protein.  In the same context, Mortalin, another protein related to cancer and cell cycle in 

the p53 pathway, was recently found to directly bind DJ-1 (Burbulla et al. 2010). All these 

findings suggest an important role of DJ-1 in cancer and in apoptosis processes even 

though the relationship between all these different interactions is not clear. 
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Table 3. Summary of known protein-protein interactions involving DJ-1. 

Interactor Organism Experimental evidence Reference 
BAG H. sapiens co-immunoprecipitation Deeg (2010) 

C19orf62 H. sapiens Affinity Capture-MS Sowa ME (2009) 

Cezanne H. sapiens co-immunoprecipitation McNally RS (2010) 

DAXX Yeast Two-hybrid Junn E (2005) 

EFCAB6 H. sapiens Affinity Capture-Western Niki T (2003) 

EFCAB6 H. sapiens Reconstituted Complex Niki T (2003) 

EFCAB6 H. sapiens Two-hybrid Niki T (2003) 

H1PK1 H. sapiens  Sekeido A (2006) 

HSPA4 H. sapiens Affinity Capture-Western Moore DJ (2005) 

HSPA9(mortalin) H. sapiens  Burbulla (2010) 

HSP70 H. sapiens  Li (2005) 

P53 H. sapiens  Shimbo Y (2005) 

PARK2 H. sapiens Affinity Capture-Western Moore DJ (2005) 

PARK2 H. sapiens Affinity Capture-Western Moore DJ (2005) 

PARK7 H. sapiens Affinity Capture-Western Moore DJ (2005) 

PIAS2 H. sapiens Affinity Capture-Western Takahashi K 
(2001) 

PIAS2 H. sapiens Reconstituted Complex Takahashi K 
(2001) 

PIAS2 H. sapiens Two-hybrid Takahashi K 
(2001) 

Topors/p53BP3 H. sapiens  Shinbo Y (2005) 

SOD1 H. sapiens PCA Xu XM (2010) 

STUB1 H. sapiens Affinity Capture-Western Moore DJ (2005) 

USP19 H. sapiens Affinity Capture-MS Sowa ME (2009) 
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Figure 6. Protein-protein interaction network display using String8.3 software. In the net, DJ-1 (PARK7) and proteins reported 
in table 3 that bind DJ-1 and act in the p53 (TP53) pathway are represented.  
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AIM OF THE PROJECT 

 

The reactivity of DAQ species in particular toward DJ-1 in cells is reported in the 

literature, but the molecular basis and the related structural effects are not yet studied. 

Understanding the molecular basis of the stress damage mediated by DAQ may represent 

the foundations of an efficient treatment development for PD, which affects 

approximately 1 in every 100 people over the age of 65. At present, the treatment of PD 

is based mainly on drugs that relief the symptoms and none of them cures the disease or 

reverses the effects. A key role in PD is played by dopamine (DA) that is notably reduced 

in dopaminergic neurons due to neuronal cell death in the whole ventral pars compacta 

region. DA itself represents also the widely used treatment, in the form of its precursor, 

Levodopa. More interestingly, the current major hypothesis is that neuronal death in PD 

is due to excessive oxidative stress generated by auto- and enzymatic oxidation of the 

endogenous neurotransmitter DA (A Barzilai, E Melamed, e A Shirvan 2001). 

In this setting, the importance of understanding this peculiar pathological process 

involving DA is evident. The aim of this project is to investigate the modifications induced 

on DJ-1 by DAQs, using different biochemical, biophysical and computational techniques 

to gain structural information to be correlated to protein functional perturbation.  We 

investigated the reactivity of each cysteine residue towards DAQ and we further analyzed 

the specific effects induced by the modification of each cysteine residue using NMR as the 

elective technique and molecular dynamics simulation to evaluate the perturbations at an 

atomic level.  

The results reported in this chapter are part of a larger project regarding the investigation 

of the molecular basis of PD induced by oxidative stress. This project is based on a 

multidisciplinary approach conducted through a collaboration between the laboratories 

of Prof. Mammi and Prof. L. Bubacco, with the specific involvement of Dr. Stefania 

Girotto, Dr. Massimo Bellanda and Dr. Marco Bisaglia.  
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RESULTS 

 

1.2.1 DJ-1 sulfhydryl groups react with DA. 

To document the presence of a DA-cysteine adduct within DJ-1, the protein was 

treated with DA in the presence of tyrosinase and the reaction products were successively 

loaded and run on a SDS polyacrylamide gel. The membrane was first stained with 

Ponceau S (0.1% in 5% acetic acid) resulting in a red stain of each protein present. Then, 

the membrane was developed using the redox-cycling staining technique, which exploits 

the ability of quinine species to catalyze redox cycling at an alkaline pH in the presence of 

excess glycine as a reductant. The released superoxide concomitantly reduces nitroblue 

tetrazolium to form a colored dye (blue-purple color), which allows the detection of 

proteins containing quino-compounds.  

DJ-1 was initially exposed to the oxidation products of dopamine in a 1:1 molar ratio, i.e., 

a sub-stoichiometric ratio with respect to the cysteine residues, considering that each DJ-

1 monomer comprises three cysteines. The reactivity of wild type (wt) DJ-1 towards the 

oxidation products of DA was confirmed by showing the formation of both DJ-1 

monomeric and dimeric species covalently bound to quinoid compounds (Fig. 7).  

 

Figure 7. A: Coomassie stained SDS-PAGE of wt and treated DJ-1 samples; B: Nitrocellulose membrane, Ponceau 
stained for protein detection; C: the same membrane washed and then stained for specific quino-protein detection. 
Only DJ-1 treated with DA in the presence of Ty is stained purple and also shows the presence of protein dimers. Each 
sample, before preparation for the gel, was incubated for 30 minutes in the presence of 5 mM DTT.  

 

1.2.2 Characterization of DJ-1-DA adducts by Mass Spectrometry. 

The modifications occurred on DJ-1 after incubation with DA were further 

characterized by electrospray ionization mass spectrometry (MS). A mixture of DJ-1 and 

DA (1:1 molar ratio), reacted for 30 minutes in the presence of tyrosinase, was eluted 

from a Reversed Phase C4 column and analysed. As controls, two analogous DJ-1 samples 

were incubated only with DA or only with tyrosinase. The HPLC analysis of the reaction 
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mixture showed the presence of an additional peak with different retention time 

compared to the wt protein and the control samples (Fig. 2). MS analysis revealed the 

presence of different amounts of protein modified by one (+150 Da) or two (+300 Da) 

DAQs (Fig. 8, inset), underling that the simultaneous conjugation on three cysteine 

residues is an infrequent event. 

 

1.2.3 Identification of reactive cysteine residues. 

To identify the specific residues modified, and also to seek a possible correlation 

between individual DAQ-adducts and structural perturbation induced, we decided to 

systematically mutate each cysteine residue. Mutant proteins [C53A]DJ-1 and [C106A]DJ-

1 were cloned and purified, as well as the double mutant [C53A, C106A]DJ-1, which was 

prepared to indirectly obtain information on Cys46, since the single mutation of this 

residue ([C46A]DJ-1) induces the production of an unstable protein, which is prone to 

degradation. Nevertheless, the difficulty in expressing the single C46A mutant is strongly 

suggesting that the latter cysteine residue has a more relevant role in structure 

preservation (structural role) compared to the other two. 

A radioactivity assay was initially performed on wt DJ-1 as well as on all mutant 

proteins available to easily detect and quantify the amount of quino-protein formed. 

Proteins were exposed to 14C-DA, in the presence of tyrosinase, in a 3:1 cysteine to DA 

ratio. The reaction products were then loaded and run on a SDS-PAGE, which was then 

transferred to a film and detected by autoradiography (Fig. 9). Distinct spots of 

radioactivity indicated protein targets covalently modified by 14C-DAQ. The 

Figure 8. . RP-HPLC separation of wt DJ-1 (black line) and of DJ-1 incubated with DA (1:1) in the presence of Ty (red line). In 
the main panel, the molecular mass of wt DJ-1 is indicated (the recombinant protein lacks the first Met residue) next to the 
protein elution peak. For each peak obtained in the treated sample, the deconvoluted mass spectrum is shown: this picture 
can provide an approximate indication of the relative amounts of the various species present in the sample. 
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autoradiograms were then aligned with the SDS-PAGE gel for DAQ-modified protein 

identification. 

We did not observe any significant band corresponding to DAQ-conjugates for the 

double mutant protein, suggesting that cysteine 46, which is the least solvent exposed 

residue, is hardly reactive towards dopamine oxidation products. On the contrary, both 

the other two cysteine residues are reactive towards quinones, but the covalent 

modification on the two sites (Cys106 and Cys53) leads to different end products. Cys53, 

being the most solvent exposed residue located close to the dimer interface, seems to be 

the most susceptible to the modification, which mainly results in the formation of 

covalent dimeric DAQ-modified species. The sulfur atom in Cys53 presents an accessible-

solvent area of 7.72 Å2 while, in Cys106, it is only 4.68 Å2. The sulfur atom in Cys46 is 

completely buried. Cys106 is reactive and it generates DAQ-modified high molecular 

weight species (Fig. 9). The radioactivity assay on wt DJ-1 shows a pattern that 

simultaneously represents the effects exerted by quinone modifications on each single 

residue, i.e., the parallel formation of both DAQ-modified dimers and high molecular 

weight species. 

 

Figure 9. . . SDS-PAGE gel and the autoradiogram obtained in the radioactivity assay. 

1.2.4 NMR Studies on (DJ-1)-DA adducts. 

A more detailed structural analysis of the effects induced on DJ-1 by DAQs 

modifications was performed by NMR spectroscopy. Two-dimensional proton-nitrogen 

correlation spectra were initially recorded on both wt DJ-1 and the protein treated with 

DA oxidation products in a 3:2 molar ratio. The variation in protein/DA molar ratio with 

respect to the previous experiments was introduced to improve the quality of the NMR 

spectra.  
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1.2.5 Chemical shift perturbation analysis 

A preliminary analysis of modification induced by DA-conjugation on wt DJ-1 was 

performed to investigate the structural consequences.  A significant decrease of signal 

intensity in the 1H-15N HSQC spectrum of the modified protein was detected for almost all 

the residues assigned. In spite of the modification, the HSQC spectrum of the DA-adduct 

is as well-dispersed as the wt spectrum, confirming a folded protein structure, and 

presents crowded areas typical for α-helix and β–sheet structures. A significant shift of 

some peaks, the disappearance of others and the appearance of new ones reveals a 

modification of the chemical environment throughout the protein sequence (Fig. 10). 

These data suggest that the perturbation induced by DAQs binding is extended to most of 

the protein structure. 

 

In particular, the perturbation affects the peaks of the three cysteine residues that lay in 

the same spectrum region. As shown in the enlargement (Fig.11) of this area, the signals 

of the three cysteine C46, C53 and C106 are notably lower indicating a perturbation 

induced by DAQ conjugation. New peaks are present in the spectrum of DAQ-modified DJ-

1 close to the original position of the original Cysteine peaks, but it is not completely clear 

if the shifts are due to the direct involvement in the nucleophilic reaction with DAQ or to 

the spatial proximity between the cysteines (i.e., C46 and C53) .  

Figure 10. HSQC spectra of wt DJ-1 before and after the DAQ conjugation. The wt DJ-1 spectrum is reported in black while 
the DAQ-modified wt DJ-1 spectrum is colored in red.  
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Figure 11. Enlargement of the Cysteine region.  The wt DJ-1 spectrum is reported in black while the DAQ-modified wt 
DJ-1 spectrum is colored in red. 

 The chemical shift deviations are plotted for each residue in order to resume the entity 

of the shift in the spectrum (Fig. 13). The residues presenting largest shifts are 

concentrated in the proximity of the Cysteines, suggesting a conjugation as indicated by 

the chemical shift perturbation map (Fig. 12). 

 

Figure 12. Chemical shift perturbation map consequent to DAQ-conjugation to DJ-1. Backbone representation of DJ-1. 
In red, the AA with ΔδHN >1.0 ppm. In orange, the AA with  0.6 <ΔδHN <1.0 ppm 
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1.2.6 Intensity ratio studies of the HSQC peaks before and after DAQ 

modification. 

The decrease of signal intensity in the 1H-15N HSQC spectrum of the modified 

protein was detected for a large number of residues. Specifically, we observed that the 

decrease was peculiar in the case of the C53A and C46A mutants and was symptomatic of 

a certain mobility consequent to DAQ conjugation. The simple analysis of chemical shift 

deviations fails to account for this effect. To observe a more complete behavior, we 

studied the variation in intensity ratio of the HSQC peaks. The NMR proton-nitrogen 

correlation spectra of C53A and C106A mutants showed similar signal dispersion 

compared to the wt protein, and the peaks were substantially in similar positions. A few 

exceptions are resonances arising from sites immediately adjacent to the mutation site, 

which experience larger changes in chemical shifts. Because chemical shifts are sensitive 

to changes in local environment, these data are a strong  indication that the polypeptide 

chain adopts a very similar, well-folded structure in both wild-type and mutant proteins; 

mutation of any of the two cysteine residues does not lead to significant modifications of 

the protein secondary folding. Since no quino-protein formation was observed in the 

Figure 13. Chemical shift deviations for the amide groups of DJ-1. 
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radioactivity assay for the double mutant, no further analysis was performed on this 

protein.  

 

Figure 14. HSQC spectra of [C53A]DJ-1 before and after the DAQ conjugation. The [C53A]DJ-1 spectrum is reported in 
black while the DAQ-modified [C53A]DJ-1 spectrum is colored in red. The dotted circle indicates the original position 
of C53. 

Quinone modifications on the C53A mutant resulted in significant structural perturbations 

compared to the non-reacted protein as evidenced by the overlap of the HSQC spectra 

reported in Fig. 14. In the HSQC spectrum of the modified protein, many of the newly 

formed peaks display a significant reduction of signal dispersion, indicating that adduct 

formation on Cys106 induces also a partial loss of the structural conformation, which 

characterizes the non-modified protein(Fig. 15). In figure 16, the normalized intensity 

ratio of the HSQC peaks before and after DAQ modification are reported for each DJ-1 

residue both for the wt and the two mutant proteins. The pattern of signal intensity loss 

for the C53A mutant is very similar to the one observed for wt DJ-1 (Fig. 16). These data 

may suggest that the quinone modification induces similar effects on both wt and C53A 

proteins in terms of perturbation of the overall structure, but the absence of Cys53 seems 

to favor also a partial unfolding of the mutant protein compared to DAQ-modified wt DJ-

1.  

The C106A mutant appears to be much less affected by exposure to quinones. The few 

detected significant chemical shift variations and signal intensity reductions can be 

ascribed to residues located near Cys53, which is the cysteine modified by DAQs (Fig. 16).  
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Figure 15. HSQC spectra of [C106A]DJ-1 before and after the DAQ conjugation. The [C106A]DJ-1 spectrum is reported 
in black while the DAQ-modified [C106A]DJ-1 spectrum is colored in red. The dotted circle indicates the original 
position of C106. 

The intensity ratios of the 1H-15N HSQC peaks before and after DAQ modifications were 

mapped, both for the wt and the two mutant proteins, on the published crystal structure 

(PDB code: 1P5F) of the wt protein to visually display the effects induced by quinone 

modification on each specific cysteine residue (Fig. 17). The threshold values reported in 

Figure 17 were chosen with the intent of displaying the effects of DAQ-covalent 

modification on DJ-1 and interpret them in terms of local structural perturbation. The 

DAQ modification on the wt protein causes a significant alteration of the overall protein, 

which is not relieved by mutation of cysteine 53. On the contrary, mutation of residue 

106 leads to a surprisingly localized protein perturbation, suggesting that the adduct 

formed on Cys106 is the one responsible for most of the structural changes observed for 

the wt protein. The limited structural perturbations observed for mutant C106A upon 

exposure to DAQs could be initially ascribed to a reaction with either Cys53 or Cys46 as 

well as to a concomitant modification of both residues. Conversely, poor reactivity of the 

buried Cys46 inferred from the radioactivity assays on the double mutant [C53A, C106A] 

protein points at Cys53 as the only responsible for the effects observed in the spectra of 

the C106A mutant. Moreover, NMR data analysis on DAQ-modified wt and C53A mutant 

proteins, which shows extremely similar structural perturbations in terms of intensity 

signal loss, rules out a possible reactive response of Cys46 manifested only in the 

presence of the Cys53 residue. 
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Figure 16. Intensity ratio of HSQC peaks before and after DAQ modification. wt DJ-1, C53ADJ-1 and C106ADJ-1 are 
indicated in black, green and blue, respectively. 

 

Figure 17. Structural Map of the Intensity ratio observed in HSQC spectra before and after DAQ modification. DJ-1 is 
represented by backbone colored according the threshold reported in the figure. The Cysteine residues are indicated 
by full atom representation colored in yellow. 
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1.2.7 Diffusion Ordered Spectroscopy studies. 

A preliminary study on the diffusion coefficient on DJ-1 after treatment with DAQ 

was conducted to investigate the aggregation state of the DAQ-DJ-1 adducts. The 

diffusion coefficient of DJ-1 treated with DAQ was calculated from the decay of 4 clear 

non-exchangeable signals (fig. 18), averaged and fitted using the equation: 

     
              

 
 
 
 
 
     

 

 

The experimental diffusion coefficient obtained is 8.81·10-11 m2/s. Mono- and multi-

component analysis was considered, to investigate if different aggregation forms 

coexisted. The results suggested the presence of a single component in solution. The 

value obtained was then compared with the predicted value using HYDRONMR software 

(Ortega e García de la Torre 2005), a well-validated computational approach to accurately 

estimate the diffusion coefficient. The crystallographic structures for monomer and 

dimeric form of DJ-1 (PDB code: 1P5F and 2RO3, respectively) were used in the 

calculation. The experimental value is in good agreement with the predicted value for the 

dimeric form (Dthr= 8.77·10-11 m2/s).  These observations suggested that the protein after 

DAQ treatment maintains a predominantly dimeric form. (see also DOSY plot Fig.19) 

 

Figure 18. Curve fitting. The triangles represent the averaged signal decays. 
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Figure 19. DOSY plot of DJ-1 treated with DAQ. The transformation revealed the presence of un-reacted DAQ species 
and a predominance of DJ-1 in the dimeric state.  

 

1.2.8 Circular Dichroism 

The effects induced on the structure of wild type DJ-1 by DAQs covalent 

modifications were also investigated using circular dichroism spectroscopy. First, a wt DJ-

1 far-UV CD spectrum was acquired at pH 7.4 and 25 °C, characteristic of a well-folded 

polypeptide with maximal negative ellipticity at 208 and 222 nm, indicating a substantial 

amount of helical content in the solution structure of DJ-1, as already reported by 

Olzmann. wt DJ-1 was then reacted with DA oxidation products in a 3:2 molar ratio, i.e., a 

substoichiometric 9:2 ratio with respect to free cysteines. The CD spectrum of the DAQ-

modified wt protein was virtually indistinguishable from that of the non reacted protein, 

suggesting that the DAQs induce no modifications on the overall DJ-1 secondary 

structure. 

To further assess whether the perturbations, already observed in the NMR spectra, affect 

the structural stability of DJ-1, we performed thermal denaturation experiments by 

monitoring the ellipticity at 222 nm while the temperature was increased (1 °C/min) from 

25 °C to 75 °C (Fig. 20). The wt protein underwent unfolding with a Tm of 60 °C (transition 

midpoint melting temperature). Even though the midpoint melting temperature for the 

DAQ-modified protein is only slightly lower (Tm =  59 °C) than for the wt, a significant loss 

in cooperativity is demonstrated by the thermal unfolding curve of modified DJ-1.  

Further experiments were then undertaken to investigate the modifications induced by 

DAQs on each mutant protein. We monitored the temperature melting curves of 

[C53A]DJ-1 and [C106A]DJ-1 using the far-UV CD signal at 222 nm, as for the wt protein 

(Fig. 20). Both mutant proteins exhibit sigmoidal unfolding transitions, as observed for the 

wt, although the observed midpoint temperatures suggested a decreased stability of the 

C53A mutant (Tm = 57 °C) at variance with an increased stability of the C106A mutant (Tm 

= 64 °C) (Olzmann et al. 2004). The unusual stability gain caused by the C106A mutation 
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may support the inability of this mutated protein to move into mitochondria at variance 

with the wt protein (Blackinton et al. 2009) (Canet-Avilés et al. 2004). Proteins are unfolded 

in order to be translocated across the inner mitochondrial membrane; therefore, the 

higher stability of the C106A mutant may be responsible for its prevented/failed 

localization to mitochondria. 

Similar to the wt DJ-1 protein, a decrease in thermal stability was observed for both 

mutants treated with quinones. While mutant C106A is only slightly affected by DAQ 

modification (Tm = 1 °C), a significant thermal destabilization is observed for the DAQ-

modified C53A mutant (Tm = 5 °C) (Fig. 20). The unfolding transition curve of the latter 

DAQ-modified mutant exhibits a more significant loss of cooperativity compared to the 

modified wt protein, even though the final generated unfolded state, at variance with the 

wt protein, is the same as for the non modified mutant.  

Thermal stability data support NMR structural information suggesting that mutant C106A, 

which is only slightly perturbed by DAQ modification, is also extremely resistant to 

thermal unfolding, mostly preserving the cooperative behaviour of the non-modified 

protein.  

On the contrary, the C53A mutant, which is significantly affected by DAQ modification, 

shows a remarkable thermal instability attributable both to the modification of the key 

residue Cys106, which is by itself responsible of structural perturbations, and to the lack 

of Cys53. These perturbations lead to the structural effects observed in the DAQ-modified 

C53A HSQC spectra and to the corresponding sizable loss in cooperativity reported by the 

thermal stability CD data, without necessarily affecting the overall protein secondary 

structure as previously observed. 

 

Figure 20. CD melting profiles. a: melting profile for wt DJ-1 (black), [C53A]DJ-1 (green), [C106A]DJ-1 (blue). b: The 
melting profiles reported in a are compared with the profiles of the same species after DAQ treatment (dotted 
profiles). wt DJ-1 (black) [C53A]DJ-1 (green) and [C106A]DJ-1 (blue) profiles after the treatment are reported in grey, 
light green, and cyan, respectively. 
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1.2.9 Molecular Dynamics 

Several MD simulation studies were performed to evaluate the possible structural 

effects induced by DAQ conjugation.  The molecular structures were obtained using the 

pre-oxidation complex of human DJ-1 (PDB code: 2OR3) alone and in the presence of DAQ 

covalently bound to the cysteines Cys53 and Cys106. A separate simulation was carried 

out on each species, containing one molecule of DAQ bound to a specific cysteine on each 

monomer, forming the native dimeric complex. Finally, the DAQ-modified covalent dimer 

was also analyzed. 

 

1.2.9.1 Molecular Docking study on DAQ geometries.  

To reduce ambiguous molecular contacts in the Cys-DAQ adduct, the initial 

position of DAQ was selected through a molecular docking study, performed with the 

GOLD suite package 4.0. This protocol allows a conformational search of the docked 

molecules with a covalent bond as the main constraint, simultaneously preserving 

molecule flexibility during the run. The position of the DAQ around Cys53 showed 

different iso-energetic conformations, simply due to its significant exposure to the 

solvent. The conformation selected for MD is similar to that in the crystal structure 

PDB:2R1T, released in 2008 in the protein data bank with no associated reference, in 

which a singular DAQ is conjugated to DJ-1 on Cys53.  In the case of Cys106, it is located in 

the core of a pocket (formed by Glu15, Glu18, Ser47, Arg48, Gly74, Gly75, Asn76, Leu77, 

Cys106, Ala107, His126, Leu128, Ala129, Arg156, Gly157, Pro158, and Arg28’ located on 

the opposite monomer). The docking returns one energetically favorable conformation 

where the pose is stabilized by two H-bonds between Dopamine 3,4-dihydroxy group and 

the backbone of Gly75 and Asn76 respectively; in addition, the side chain of Asn76 is 

involved in a H-bond with the DAQ amine group.  

 

1.2.9.2 MD of wt DJ-1.  

A 30 ns-long molecular dynamics simulation was used to elucidate the behavior of 

the DJ-1 dimeric state. The backbone root mean square deviation (RMSD) of each step, in 

comparison with the starting geometry, does not show any significant change after 10 ns 

(Fig. 21). The global folding of the dimer shows the same elements of secondary structure 

during the entire simulation. The β-sheet forming the core of each monomer is strictly 

conserved as well as the α-helix (α1) located at the dimer interface. Specifically, the 

accessible surface area of the three cysteines is unvaried during the time. The most 

relevant root main square fluctuations (RMSF) were observed in specific regions, i.e., 37-

42(β2), 58-65(β3), 127-139(α6) (Fig. 22). These regions are directly exposed to the solvent 

and the degree of mobility they show does not affect the remarkable stability of the 

complex. Interestingly, these backbone mobilities are in agreement with other in silico 

studies, although the published MD simulations on DJ-1 mainly focus on disease-linked 
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mutations (Peter C Anderson e Daggett 2008) (Herrera et al. 2007)(Logan, Clark, e Ray 

2010). Our results are also confirmed by NMR measurements and B-factor values from X-

ray crystallography (Malgieri e Eliezer 2008) (Wilson et al. 2003). 

 

1.2.9.3 MD of DJ-1 with Cys53 covalently bound to DAQ.  

Cysteine 53 is located in a long loop involved in protein dimerization, 

characterized by the presence of short β-sheet regions. The conformational perturbation 

induced by modification of both cysteines in position 53 belonging to the same dimer was 

followed through the root mean square distance of the trajectory compared to the 

starting geometry. As show in figure 21, after 22 ns the complex lies in an equilibrium 

state.  The fluctuation profile of each residue during the simulation (RMSF) is similar to 

that of the wt protein, with only few residues showing an increased mobility (Fig. 22). 

Specifically, the (β2) region shows wider perturbations, compatible with the flexible 

nature of this region, as already underlined in the simulation of the wt protein. The major 

effect is evident on Cys53, which is directly involved, with an RMSF of 3.2 Å. The essential 

dynamics (ED) analysis shows a notable agreement with HSQC experiment results. The 

filtered trajectory projected along the first eigenvectors shows a residue-based RMSF 

profile compatible with the decrease of the signal intensity observed by NMR (Fig. 23). 

The decrease of HSQC signal intensity can be related to the mobility of the H-N nuclei in 

the backbone, the same mobility that we observed in the ED for the region 37-68. The 

superimposition, based on the Rossman fold portion, of the final complex with the wt 

protein shows that the perturbation is strictly localized to the 37-68 region, but it does 

not affect the protein folding.  

Interestingly, the distance between the CA of the two Cys53 residues varies during the 

simulation between 8 Å and 12 Å as a consequence of the steric hindrance between DAQs 

and of the intrinsic mobility of the loop where the cysteines are located. A similar effect is 

observed when only one of the two Cys53 is bound. We have focused our attention on 

the relative position of the free cysteine with respect to the position of the DAQ 

conjugated to the opposite free Cys53 to explain the covalent-dimer formation. We 

suggest that the mobility of region 37-68 plays a key role in the DAQ-mediated covalent 

dimer formation. In fact, when bound to the first residue, the DAQ is still exposed and 

available to further oxidation. The second cysteine is located in the proximity of the novel 

DAQ species justifying the reaction between the thiol group and the carbon in para (C2). 

Several studies have reported the different reactivity of the carbon ring, the double 

conjugation at C2,C5 is the second major product after the single conjugation on C5 (Witt 

et al. 2008) (X M Shen et al. 1996).  
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1.2.9.4 MD of the DJ-1  covalent dimer mediated by DAQ. 

A 20 ns-long simulation was performed and compared with that of the wt DJ-1 

protein.  Interestingly, we observed lower RMSD values of the structure along the 

trajectory (fig. 21), which reaches a plateau after 5 ns. In particular, a lower mobility is 

evident in the flexible regions β2, β3 and α6 (38-70,126-136) as shown by the RMSF plot 

(Fig. 22). The superposition of 40-60 segments of each monomer in comparison with DJ-1 

wt, reported in Fig. 25, shows the conformation adopted by the DAQ in the covalent 

bridge and the position of the relative cysteine in DJ-1 wt. The covalent bond improves 

the stability on the dimeric form with no perturbations on the secondary structure and on 

the protein topology.  

 

1.2.9.5 MD of DJ-1 with Cys106 covalently bound to DAQ. 

The structural effect of DAQ conjugation on Cys106 was evaluated by a 30 ns-long 

MD simulation. The global folding is stable during the time simulation; the total amount 

of secondary structure is unchanged. The backbone RMSD during the simulation time 

mainly shows changes in the first 12 ns, after which only the flexible segments of the 

protein show fluctuations (Fig. 21). The fluctuations of the filtered trajectory along the 

first eigenvector highlights a major effect in comparison with Cys53CDA, involving several 

segments of the protein: 36-68, 80-95, 115-148, 155-187 (Fig. 23). A generalized mobility 

is also evident by the decrease in the NMR signal intensity (Fig. 16). The structural 

perturbations are also revealed by the superposition of the Cys106 modified protein and 

the wt DJ-1 (Fig. 24). Specifically, the β-strand forming the core of DJ-1 and that 

represents the most stable portion of each monomer is unchanged. The main differences 

affect residues located around Cys106. 

In these results, the Cys106-DAQ adduct displays a local re-organization while the 

secondary structure is preserved. This is partially expected, since the region around 

Cys106 shares a strong homology with the cysteine proteases family, with Cys106 

supposedly at the center of the catalytic diad; therefore, the presence of another 

chemical entity should be well accepted.  
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Figure 21. Comparison of the different RMSD profile from the respective initial structure of backbone over the 
simulation time.  DJ-1 wt (wt) is represented in black, DJ-1 with Cys53 covalently bound to DAQ (C53CDA) in red, DJ-1 
with Cys106 covalently bound to DAQ (C106CDA) in green, the covalent dimer mediated by DAQ on Cys53 (Covalent 
Dimer) in blue.  

 

 

Figure 22. RMS residue-based  fluctuations during the simulation. The profiles are colored and labeled according to 
Fig.15. 
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Figure 23 A: RMSF per residue along 1 st eigenvector relative to the trajectory of DJ-1 DAQ-conjugated on Cys53 (red) 
and on Cys106 (green). B: map of the residue showing widest fluctuations in 9a (blue) on the structure of DJ-1 (grey). 
In each map the DAQ are highlighted (fully atoms and violet surface). 

 

 

Figure 24. Superposition of DJ-1 wt (grey) with DJ-1 covalently bound to Cys53 (red), with DJ-1 covalently bound to 
Cys106 (green)  and the covalent dimer (blue). The RMSD is 2.14 Å, 3.40 Å, 1.87 Å, respectively. 
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Figure 25. Structure detail of the 40-60 region of each monomer of wt DJ-1 (lime) and of each monomer of the 
covalent dimer mediated by DAQ (silver).  The Cys53 and DAQ carbon atoms are colored according to the ribbon. 
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DISCUSSION 

PD is characterized by the specific death of dopaminergic neurons and oxidative 

stress is unquestionably a factor involved in the disease ethiopathogenesis. In this setting, 

it has been established that DJ-1 has a role in oxidative stress response pathways, even 

though the exact mechanism for this function is not clear. Moreover, through the study of 

several DJ-1 pathologic mutants, it has been shown that, although its role is unknown, DJ-

1 is implicated in PD through a loss of function mechanism. Nevertheless, this protein can 

also be a target of oxidative stress as it has already been shown for other proteins. DJ-1 

covalently modified by dopamine has already been found both in brain mitochondrial 

preparations and SH-SY5Y cells. Moreover, the structural perturbations induced by 

dopamine oxidation products could provide the rational to unravel the selective death of 

dopaminergic neurons observed in PD. 

The work presented in this thesis is based on a multidisciplinary approach that includes 

CD, NMR, and MD, to elucidate the perturbations induced by dopamine-quinones 

interacting with DJ-1. The reactivity of wt DJ-1 towards dopamine derivatives has been 

confirmed, in vitro, showing that the reaction products are DAQ-conjugated DJ-1 as well 

as DAQ-modified covalent DJ-1 dimers and high molecular weight species. 

Two of the three cysteine residues of DJ-1 (Cys53, Cys106) are reactive towards DAQs 

even though they are differently exposed to the solvent. Cys53 is completely accessible to 

the solvent while Cys106 presents an electronic environment favourable to react with 

electrophilic species, even though it is less solvent exposed. The third cysteine, Cys46, 

does not seem to be involved in the reaction with DAQs.  

The Dopamino-quinone covalent modification of Cys53 is well tolerated from a structural 

point of view and the protein thermal stability is not significantly affected as observed in 

the DAQ-modified C106A mutant. The DAQ binding on Cys53 actually affects a limited 

number of residues, almost exclusively those in close proximity to Cys53 (37-68 region), 

leading to a substantial preservation of the protein native fold (CD, NMR and MD 

simulation). Interestingly, as we inferred from MD simulations, when the dopamino-

quinone molecule is bound to Cys53, it is still susceptible to further oxidation and can 

lead to the formation of a covalent dimer, reacting with the free Cys53 of the opposite 

monomer. The radioactivity assay on the C106A mutant, performed in Prof. Bubacco’s 

Lab, shows that a significant portion of the protein is forming a covalent dimeric species 

after DAQ-modification, while CD and NMR spectra recorded on the reacted protein 

confirm an overall significant protein stability and stiffness of the modified species. 

Interestingly, Logan et al. have recently reported the ability of a disulfide bond, linking the 

two monomers, to restore the chaperonic activity in the pathologic mutants of DJ-1. 

(Logan, Clark, e Ray 2010). They introduced the covalent bond through the mutation of 

residue 51 with a cysteine able to bind Cys53 belonging to the second half of the 

homodimer. The latter bond improves the stability of the complex against thermal 

denaturation. The region involved in the double disulfide bond (Cys51-Cys53 on the two 
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monomers of the same dimer) is the same involved in the covalent dimer mediated by a 

single DAQ molecule.   

Two distinct works have reported different isoforms of an SDS-resistant DJ-1 oligomer 

that migrate on the two-dimensional SDS-PAGE gels (Choi 2006)(Neumann et al. 2004) 

with a weight close to that of a dimeric molecular species. The authors do not investigate 

the nature of this peculiar dimeric form that they found in samples of protein extracts 

prepared from human frontal cortex tissues obtained from post-mortem PD brain. In SDS-

PAGE, the presence of SDS abolishes the presence of hydrophobic dimers while the 

mercaptoethanol treatment disrupts the disulfide bond; this means that the observed 

species are characterized by covalent bond formation as the species we observed in vitro. 

The extreme structural and thermal stability that we have recorded also for the mutated 

protein before DAQ binding, may be tightly correlated to the resulting protein inability to 

carry out its functions. The DAQ nucleophilic attack is only able to slightly affect the 

stability of the C106A mutant. DAQ conjugation to Cys106, observed in the C53A DJ-1 

mutant, leads to the most significant structural destabilization resulting, as observed in 

the radioactivity assay, in a partial conversion of the protein into DAQ-modified high 

molecular weight species. A partial structural and thermal destabilization characterizes 

the DAQ-modified C53A mutant compared to the non conjugated protein as indicated by 

NMR and CD (thermal unfolding) spectra. Furthermore, the structural perturbation 

induced by DAQs on the C53A mutant is quite similar to the modification induced on the 

wt protein as detected through HSQC signal intensity loss. Comparable effects induced on 

the two proteins suggest that adduct formation through residue 106 is the one inducing 

the most extensive and putatively significant structural destabilization. Nevertheless, as 

predicted by MD simulations, and observed in CD spectra, the overall protein fold is 

preserved when DAQ is conjugated to Cys106; specifically, the core of the Rossman fold 

of DJ-1 is unchanged by the modification, while the most affected region comprises the 

residues close to Cys106. 

It has already been suggested that abnormal aggregation of DJ-1 may be involved in the 

pathogenesis of multiple neurodegenerative diseases, including PD. Insoluble aggregates 

of DJ-1 have been observed in brains of patients with neurodegenerative diseases, and a 

dramatic increase of insoluble DJ-1 has been observed in brains of sporadic PD patients. 

The formation of the high molecular weight DAQ-modified oligomers, which we observed 

upon reaction of DJ-1, and specifically Cys106, with dopamine quinones, might be the 

precursors of the aggregates observed in vivo in PD patients. The formation of high 

molecular weight oligomers, which eventually become insoluble and precipitate, 

subtracts the protein from the solution. This event would explain the loss of DJ-1 function 

implicated in PD and the further failure in oxidative stress controlled by the key residue 

Cys106. 
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A DJ-1 aggregation hypothesis has been already proposed through X-ray crystallography 

(PDB code: 3BWE). In the latter structure, DJ-1 dimers are linearly stacked through 

hydrophobic interaction to form protofilaments, which are then bundled into a 

filamentous assembly. The overall secondary structure of DJ-1 dimer is quite preserved in 

these oligomers, as we have observed for the Cys106-DAQ adduct by MD simulations and 

in vitro in the C53A DJ-1 mutant. In addition, in the crystal structure, the distance 

between the sulfur atoms of two Cys53 in one of the three dimers presented is 2.06 Å, 

that is typical for disulfide bridges. The disulfide formation is a not still clear event but 

may be involved in the oligomerization process. In the same way, the reported DAQ-

mediated covalent dimer may be implicated in same process, sharing a similar constraint 

between the two monomers. 

Cys106 has proven to be tightly implicated in oxidative stress control and mitochondria 

association (PNAS, 2004, 101(24), 9103–9108). The oxidation of the highly conserved 

Cys106 to cysteine-sulfinic acid has been indeed proposed as a signalling mechanism to 

activate DJ-1’s protective action against oxidative stress. The formation of this acidic 

species would also justify the pI shift from 6.2 to 5.8 observed upon exposure of DJ-1 to 

oxidative insults. The mutation of Cys106 (C106A) is the only DJ-1 cysteine mutation able 

to prevent formation of oxidized DJ-1 isoforms in intact cells and, as a consequence, to 

impair the protein’s neuroprotective function (Canet-Avilés et al. 2004)(Choi 2006)(Nirit 

Lev, Ickowicz, Eldad Melamed, et al. 2008). Strong support to such mechanism is provided 

by an unusual abundance of acidic DJ-1 forms in post-mortem brain samples of sporadic 

PD.  

Another key function associated to residue Cys106 is its ability of controlling DJ-1 

mitochondria localization as response to oxidation. Specifically, there is a correlation 

between the ability of DJ-1 mutants to oxidize, translocate to mitochondria in response to 

oxidation, and protect against toxicity (Blackinton et al. 2009).  

The cytoprotective function and oxidation-induced mitochondrial relocalization ability 

observed for the wt protein is preserved in the C53A mutant, at variance with the C106A 

mutant. Nevertheless, upon DAQ reaction on the C53A mutant, we showed the formation 

of a covalent adduct with residue Cys106, which inhibits the redox activity of Cys106 and 

affects the protein structure; formation of this adduct most likely compromises also DJ-1 

function. Oxidative stress-induced covalent modification of Cys106 would anyhow inhibit 

any function carried out by this protein that depends on this key residue. 

Another DJ-1 function that may suffer from covalent DAQs binding on residue Cys106 is 

the cytoprotective activity preventing physical interaction with Apoptosis signal-

regulating kinase 1 (ASK1). ASK1 is a member of the MAP kinase-kinase family involved in 

stress response. The binding between ASK1 with DJ-1 is dependent on Cys106. It is 

interesting to note that while the engineered oxidation-mimicking mutant [C106S]DJ-1 

[C106D] [C106E]DJ-1 did not bind to ASK1 on the contrary, the [C106DD]DJ-1 and 
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[C106EE]DJ-1 mutants(where D and E are further oxidated), with the insertion of more 

oxygen atoms, mediate binding to ASK1 resulting in at least partial cytoprotection.  

A further function described for Cys106 is its role as center of the putative catalytic diad 

following the suggestion that DJ-1 is a protease zymogen activated when a 15-amino acid 

peptide is cleaved at its C-terminus. This activation seems to increase DJ-1’s 

cytoprotective function against oxidative stress-induced apoptosis in cells. DAQ-

modification on Cys106, which together with His126 constitutes the active site diad 

assigned to carry out the putative protease function (Jue Chen, Lian Li, e Chin 2010), may 

severely compromise DJ-1 activity.. In fact, it has already been reported that the mutation 

C106A abolishes the cytoprotective ability of the C-terminally cleaved DJ-1 as well as of 

the full-length DJ-1.  

One of the initially most accredited functions of DJ-1 was its ability to act as a chaperone 

by preventing the aggregation of some proteins including α-synuclein. The key role of 

Cys106 is that oxidation to sulfinic acid is critical for preventing α-synuclein aggregation 

(Wenbo Zhou et al. 2006)(Logan, Clark, e Ray 2010)(Shendelman et al. 2004). The sulfinic 

Cys106 form seems to be the only one able to trigger DJ-1 chaperone activity, since 

further oxidation leads to partial loss of protein structure and consequent inactivation of 

its chaperone activity (Wenbo Zhou et al. 2006). If the simple oxidation to sulfenic acid 

abolishes this function, the DAQ-conjugation will almost certainly affect this function. 
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CONCLUSIONS 

The results presented here highlight the delicate role played by cysteine residues in DJ-1 

under oxidative stress conditions induced by DAQ. A multidisciplinary approach that 

includes CD, NMR, and MD, was used to elucidate the perturbations induced by 

dopamine-quinones interacting with cysteine residues of DJ-1. Cys53 is very reactive, 

being completely exposed to the solvent; its conjugation affects only few residues located 

in its close proximity and does not affect the secondary structure of the protein. In 

addition, Cys53 belongs to a flexible segment characterized by intrinsic mobility and the 

presence of DAQ only leads to a minor increase in the fluctuations.  

Conjugation on Cys106 induces much more important structural perturbations with 

respect to the Cys53-adduct, involving the side chain exposed in the whole binding site. In 

the time scale simulated, we do not observe severe effects on folding despite an 

increased intensity of the fluctuations of residues exposed to the solvent. The 

consequences of the conjugation of this cysteine extend to any and all of the Cys106-

dependent functions that have been ascribed to this residue. Certainly, the conjugation 

causes the suppression of the chemical reactivity typical of the thiolic group that is 

reported to be dramatically important for DJ-1 function (i.e., sensor function).  

In addition, we have observed the formation of a covalent dimer. A single DAQ molecule 

binding on Cys53 is able, through further oxidation, to react with the Cys53 located in the 

opposite monomer leading to the covalent linkage of the two subunits. This species was 

investigated in silico by MD simulations, revealing a well-conserved structure with respect 

to the native protein. These observations may explain the uncharacterized covalent 

dimeric adduct previously observed in vivo in PD cases.  
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INTRODUCTION 

2.1.1 Discovery of Mcl-1  

Induced myeloid leukemia cell differentiation protein (Mcl-1) is a protein that, in 

humans, is encoded by the MCL1 gene that was isolated in 1993 from the ML-1 human 

myeloid leukemia cell line during phorbol ester-induced differentiation along the 

monocyte/macrophage pathway (K M Kozopas et al. 1993). The MCL1 gene is located on 

the chromosome 1q21 and encodes a 350 amino-acid residue-long protein (Fig.26). Since 

its discovery, Mcl-1 was already correlated with cancer and immediately identified as a 

member of the Bcl-2 family.  

The homology with Bcl-2 is guaranteed by the presence of Bcl-2 Homologue (BH) domains 

that are typical for the entire family. The BH domains are required for protein-protein 

interactions between the members of the family. 

 

2.1.2 Bcl-2 family and its role in apoptosis 

As previously mentioned, Mcl-1 is a member. Since the discovery of the Bcl-2 family more 

than 2 decades ago, 25 genes belonging to it have been identified and are known to date. 

This family is based on the structural homology of the members and more specifically on 

the presence of particular domains named BH domains. Four BH domains were identified 

and they are commonly distinguished with numbers from 1 to 4 (BH1; BH2; BH3; BH4). A 

primary classification of the members can be proposed according the presence of this 

domain. In fact, there is a group of members having only one BH domain, i.e. BH3; as a 

consequence, this group is named BH3-only proteins. Normally, at least three different 

domains are present in each gene. A second and more reported classification is based on 

the ability to induce or to prevent apoptosis: “pro-apoptotic” and “anti-apoptotic” 

subfamilies. The most relevant Bcl-2 family members and their classification in the pro-

apoptotic or anti-apoptotic subfamily is reported in figure 27. Since the discovery of Bcl-2, 

the first protein of this family, discovered in the Croce Lab (Tsujimoto et al. 1985), the 

role of this protein was associated with apoptosis. Nowadays, it is known that Bcl-2 family 

Figure 26. Human sequence of Mcl-1 protein. 
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proteins regulate all major types of cell death, including apoptosis, necrosis, and 

autophagy (John C. Reed 2008). Apoptosis is the process that leads to physiologic cell 

death through activation of intracellular proteases known as caspases. It is estimated that 

the average adult human produces and in parallel eradicates approximately 60 billion cells 

daily, with new cells formed by cell division and old cells eliminated by apoptosis, thus 

striking a balance under normal circumstances (John C. Reed 2008). 

The mechanisms that regulate tissue homeostasis are governed significantly, but not 

exclusively, by Bcl-2–family proteins. The central pathway involved in daily programmed 

cell death in most tissues involves mitochondria, energy-producing organelles that play 

Figure 27. Classification in pro-apoptotic and anti-apoptotic 
subfamily of the most relevant bcl-2 family members. The BH 
domain composition is represented with different colors according 
to the legend. 
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critical roles in both cell life and death (Green 2004). Pro-apoptotic Bcl-2 proteins, such as 

Bax and Bak, induce mitochondrial outer membrane permeabilization (MOMP), causing 

the release of caspase-activating proteins and other cell death mediators, whereas anti-

apoptotic proteins such as Bcl-2, Mcl-1, Bcl-Xl serve as guardians of the outer membrane 

and preserve its integrity by opposing Bax and Bak. Other non-mitochondrial pathways for 

apoptotic cell death also exist, including those governed by the p53-upregulated mediator 

of apoptosis(i.e., PUMA).  Several theories have been reported about the molecular 

mechanism leading to the apoptotic event, but the exact molecular process is not 

completely clear. The key point is known to be interaction between different members of 

the family to promote and inhibit apoptosis, underlining one of the most peculiar feature 

of this family: the ability to establish specific protein-protein interactions. This aspect is 

reviewed more in depth in the section about the physio-pathological role of Mcl-1.  

 

2.1.3 Mcl-1 Structure 

Figure 28 A: Human sequence of Mcl-1 and relative secondary structure defined according DSSP algoritm from 
X-ray structure (PDB id 2NL9).  B: mouse sequence of Mcl-1 and relative secondary structure defined according 
DSSP algoritm from PDB id 1WSX. 
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Mcl-1 is a 350 residues long protein, and it is longer than any other anti-apoptotic 

proteins; for example, Bcl-2 contains 239 residues and Bcl-2 like protein X (Bcl-XL) 233 

residues. Residues 170–300 of Mcl-1 show a strong structural homology to both Bcl-2 and 

Bcl-XL. On the other hand, Mcl-1 contains only 3 BH domains (BH 1–3), and lacks the BH4 

domain typical of the anti-apoptotic proteins. Like many other Bcl-2 family proteins, Mcl-

1 also contains a C-terminal transmembrane (TM) domain that serves to localize Mcl-1 to 

various intracellular membranes, most notably the outer mitochondrial membrane (T. 

Yang, K.M. Kozopas, e R.W. Craig 1995). This localization is crucial to prevent pro-

apoptotic protein BAX and BAK from causing MOMP. The N-terminal parts of Mcl-1 

contain two PEST domains, rich in proline, glutamic acid, serine and threonine. PEST 

domains are often found in rapidly turned-over proteins and Mcl-1 has a short half-life in 

cells (typically in the range of one to a few hours)(R.W. Craig 2002).  

The first high resolution structure of Mcl-1 was achieved in 2004 thought solution 

NMR spectroscopy using an N-terminal and a C-terminal truncated construct, which 

encompassed the 152-308 region (pdb ID 1WSX)(Day et al. 2005).  To obtain soluble 

recombinant proteins from E. coli, it is necessary to delete both the N- and the C-terminal 

sequences. In table 4, the 15 structures currently available are reported.  Most of them 

are in complex with the BH3 domain from a pro-apoptotic protein. Both X-ray 

crystallography and NMR spectroscopy were successfully employed, even though all the 

structures focus their attention on the same stable region (in vitro) of Mcl-1 identified 

earlier by Day et al. In particular, NMR structures are based on the mouse protein while 

the X-ray structures are based on the human protein (Fig. 28).  The two sequences show 

93.7% identity and the superpositon of their structures (PDB: 2ROD and 2NLA, both in 

complex con NoxaA), based on the Cα, scores an RMSD of 1.4 Å.  

Figure 29. Mcl-1 Structure (PDB ID 2ROD).  Mcl-1 is represented in Ice Blue while 
the BH3 domain from NOXA is colored in Orange. The alpha helices forming the 
interface are indicated following the common numbering. 
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As previously mentioned, the Mcl-1 structure has a well-defined topology in the 

region 170–300, similar to the others Bcl-2 proteins (Cα RMSD lower than 2.0 Å for Blc-2, 

Bcl-xl, and Bcl-w), it is composed by 8 helical segments: α1 (residues 155–172), α2 

(residues 185–205), α3 (residues 206–214), α4 (residues 224–233), α5 (residues 242–

261), α6 (residues 265–282), α7 (residues 284–289) and α8 (residues 293–299). The 

central core is the hydrophobic helix α5, surrounded by a set of amphipathic helices 

packed against this helix. The binding site for the BH3 domain is formed by α2, α3 and α4, 

with α5 and α8 forming the base of the cleft (Day et al. 2005).  

Table 4. Summary of deposited Mcl-1 structures. 

PDB ID Exp. Method Rel. Date Author 
Peptide 
Chain 

Length  
Note 

1WSX  SOLUTION NMR 2004-11-23 Day et al. 162 
Apo myeloid cell 

leukemia sequence 1 

2JM6  SOLUTION NMR 2007-03-20 Czabotar P.E. et al. 27 In complex with Noxa B 

2KBW  SOLUTION NMR 2009-12-15 Liu Q et al. 35 In complex with Bid 

2NL9  

X-RAY 
DIFFRACTION 

2007-03-27 Czabotar  P.E et al. 26 In complex with Bim 

2NLA  

X-RAY 
DIFFRACTION 

2007-03-27 Czabotar P.E. et al. 26 
In complex with mNoxa 

BH3 

2PQK  

X-RAY 
DIFFRACTION 

2007-06-19 Bare E. et al. 29 In complex with Bim 

2ROC  SOLUTION NMR 2008-07-08 Day C.L. et al. 27 In complex with Puma 

2ROD  SOLUTION NMR 2008-07-08 Day C.L. et al. 27 In complex with Noxa A 

3D7V  

X-RAY 
DIFFRACTION 

2008-06-24 Lee E.F. et al. 26 
In complex with Bcl-2-

like protein 11 

3IO9  

X-RAY 
DIFFRACTION 

2009-09-01 Czabotar P.E. et al. 26 
In complex with 

BimL12Y 

3KJ0  

X-RAY 
DIFFRACTION 

2010-02-16 Fire E. et al. 27 
In complex with Bim 

BH3 mutant I2dY 

3KJ1  

X-RAY 
DIFFRACTION 

2010-02-16 Fire E. et al. 22 
In complex with Bim 

BH3 mutant I2dA 

3KJ2  

X-RAY 
DIFFRACTION 

2010-02-16 Fire E. et al. 22 
In complex with Bim 

BH3 mutant F4aE 

3KZ0  

X-RAY 
DIFFRACTION 

2010-05-05 Dutta S. et al. 23 
In complex with Mcl-1 
specific peptide MB7 

3MK8  

X-RAY 
DIFFRACTION 

2010-06-23 Stewart M. et al. 21 
In complex with Mcl-1 

BH3 domain 

 

http://www.rcsb.org/pdb/explore.do?structureId=1WSX
http://www.rcsb.org/pdb/explore.do?structureId=2JM6
http://www.rcsb.org/pdb/explore.do?structureId=2KBW
http://www.rcsb.org/pdb/explore.do?structureId=2NL9
http://www.rcsb.org/pdb/explore.do?structureId=2NLA
http://www.rcsb.org/pdb/explore.do?structureId=2PQK
http://www.rcsb.org/pdb/explore.do?structureId=2ROC
http://www.rcsb.org/pdb/explore.do?structureId=2ROD
http://www.rcsb.org/pdb/explore.do?structureId=3D7V
http://www.rcsb.org/pdb/explore.do?structureId=3IO9
http://www.rcsb.org/pdb/explore.do?structureId=3KJ0
http://www.rcsb.org/pdb/explore.do?structureId=3KJ1
http://www.rcsb.org/pdb/explore.do?structureId=3KJ2
http://www.rcsb.org/pdb/explore.do?structureId=3KZ0
http://www.rcsb.org/pdb/explore.do?structureId=3MK8
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2.1.4 Protein-protein interaction: binding mode. 

The hydrophobic groove on Mcl-1 is able to bind the BH3 domain when it adopts 

an α-helix. The binding interface of the canonical BH3 peptides is based on four conserved 

hydrophobic residues on the BH3 ligand that lean into four hydrophobic pockets within 

the Mcl-1 groove. Additionally, an Asp residue, conserved in all BH3 peptides, establishes 

a salt bridge with an Arg present in α5. In all the structures available, this pattern of 

interaction is well conserved, underling the specificity of this interaction.  On the surface 

of Mcl-1, two hydrophobic pockets are well defined and are crucial for binding of the 

hydrophobic side chains of the BH3 domain. The first one, named h1, is defined by 

Phe209, Met212, Val230, Val234, Thr247, Leu248, Phe251 while the second one is 

defined by Val197, Val201, Gly243, Val246, Phe300. 

The BH3-binding grooves of Mcl-1 and Bcl-xL share many features and the selectivity of 

some BH3 peptides as PUMA, is due to minor differences.(Czabotar et al. 2007) 

Ligand-free Bcl-2 and Bcl-xL have α3 and α4 more tightly packed and aligned in parallel 

relative to Mcl-1 due to a missing hydrogen bond between α3 and α4 Mcl-1. In Bcl-w also, 

α3 and α4 are in an open conformation. These differences in the binding groove likely 

contribute to the specific binding properties of Mcl-1. The surface of Mcl-1 is more 

crowded around the h1 pocket.  

 

 

Figure 30. Superposition of three different BH3 domains from BIM, PUMA, and NOXA, co-
crystallized with Mcl-1. Mcl-1 is represented rendering the water accessible surface colored 
according to the features of the surface (green: Polar; violet: positively charged; blue: negatively 
charged). The backbone of the BH3 peptide is represented by the ribbon colored in red and the 
heavy atoms of the most important side-chains in the interaction are colored in violet, blue and 
green (BIM, PUMA, and NOXA, respectively) and highlighted in yellow. The red arrows indicate the 
position of three key interactions: from left to right, hydrophobic site h1, hydrophobic site h2, and 
salt bridge. 
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2.1.5 Physiological role of Mcl-1 

During last decade, several roles have been suggested for Mcl-1. Among others, Mcl-1 is 

crucial for embryogenesis (Rinkenberger et al. 2000) and for functionality of both B and T 

lymphocytes in animals (Opferman et al. 2003). It binds proliferating cell nuclear antigen 

(PCNA) causing cell cycle arrest while the transcription factor E2F1, a key cell cycle 

regulator, directly represses Mcl-1 expression, suggesting a role for Mcl-1 in cell 

differentiation and cell cycle control.  

The most relevant role of Mcl-1 is related to its ability to promote survival in several cell 

lines acting in the apoptosis process. Specifically, Mcl-1 shows a quick biosynthesis and 

degradation rate that suggests it plays an important role in apoptotic control in response 

to rapidly changing environmental cues (R.W. Craig 2002). A growing list of trophic factors 

have been shown to induce transcriptional upregulation of Mcl-1, including cytokines 

such as interleukin (IL)-3 , IL-5, IL-6, and granulocyte–macrophage colony-stimulating 

factor (GM-CSF), as well as growth factors such as epidermal growth factor (EGF) and 

vascular endothelial growth factor (VEGF)(Luke W. Thomas, Lam, e Steven W. Edwards 

2010). The intracellular regulation is mediated, among the others, by signal transducers 

and activators of transcription (STAT) family(C Akgul et al. 2000). Conversely, Mcl-1 can be 

downregulated by a variety of treatments, typically leading to apoptosis.  

The exact molecular mechanism by which Mcl-1 promotes cell survival is not completely 

understood, but is thought to involve suppression of Cytochrome c release from 

mitochondria, possibly via heterodimerization with and neutralization of pro-apoptotic 

Bcl-2 family proteins (Opferman et al. 2003) (Cuconati et al. 2003)(Michels, Peter W. M. 

Johnson, e Packham 2005). Interestingly, Mcl-1 may be an apical player in apoptosis 

control. This is congruent with the observation that rapid downregulation of Mcl-1 

expression may be required for initiation of the apoptosis cascade. In addition to its 

survival promoting functions, Mcl-1 may also play a positive role in apoptosis. The cell 

death promoting protein that results from caspase cleavage of Mcl-1 may participate in a 

positive feedback loop leading to further caspase activation. 

The main competing model to explain the regulation of apoptosis by Mcl-1 is the 

displacement model (or indirect activation): the salient feature is that the multi-BH pro-

apoptotic proteins Bax and Bak are constitutively active and must be continuously bound 

and inhibited by Mcl-1 for cells to survive. When apoptotic signals are received, BH3-only 

proteins (Bim, tBid, Bik, PUMA, and NOXA) competitively bind to the hydrophobic groove 

of Mcl-1 and displace Bax and Bak. Bax and Bak can then form pores leading to 

mitochondrial outer membrane permeabilization. At this point, Cytochrome c, which 

associates with Apaf-1, activates a caspase cascade leading to cleavage of specific cellular 

proteins and thereby execution of cell death (C. Akgul 2009).  
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In this model, it is clear that Mcl-1 may function as an anti-apoptotic factor by 

sequestering the pro-apoptotic proteins on the outer mitochondrial membrane, 

preventing Bak/Bax oligomerization. 

Regarding the localization in the cell, Mcl-1 is mainly located in the outer mitochondrial 

membrain even though it was found also in other cellular membranes. In addition, the 

cytosolic localization is significant and it was reported in complex with Bax (Luke W. 

Thomas, Lam, e Steven W. Edwards 2010) (Leuenroth et al. 2000). Efficient targeting of 

Mcl-1 to the mitochondria has been shown to be dependent on both the first 79 residues 

of Mcl-1 and an internal EELD sequence (at residues 124–127)(Germain e Duronio 2007). 

The C-terminal region is also crucial for several protein functions. A PEST region has been 

identified in Mcl-1 that is rich in putative phosphorylation sites; they are reported in table 

5 with their putative role when known. 

  

Table 5. Phosphorylation sites in the PEST region with the phosphorylating enzyme and physiological role. 

Site Enzyme Note Ref. 

Ser64 
CDK1-2; 

JNK 
Cell cycle-dependency 

(Kobayashi et al. 
2007) 

Thr92 ERK-1 Putative stabilization through association with Pin-1 (Ding et al. 2008) 

Ser121 ERK-1 
Impairs Mcl-1 anti-apoptotic function in response to 
H2O2 treatment 

(Inoshita 2002) 

Ser155 GSK3 Unclear (Ding et al. 2007a) 

Ser159 GSK-3 
Destabilizes the structure and inhibits the 
interaction of Mcl-1 with the pro-apoptotic protein 
Bim 

(Ding et al. 2007b) 

Thr163 JNK 
Impairs Mcl-1 anti-apoptotic function in response to 
H2O2 treatment 

(Inoshita 2002) 

 

 

2.1.6 Pathologies linked to Mcl-1 

In physiological conditions, apoptosis guarantees tissue homeostasis keeping the cell 

number constant.  On the other hand, dysregulation of apoptosis has wide-ranging effects 

in a number of pathophysiologies. Excessive apoptosis is implicated in a number of 

neurodegenerative diseases such as Alzheimer’s and multiple sclerosis while evasion of 

apoptosis is a cardinal step in oncogenesis and many inflammatory conditions (Luke W. 

Thomas, Lam, e Steven W. Edwards 2010). 

Mcl-1 overexpression is correlated to several human diseases including malignancies. 

Mcl-1 overexpression has been reported in several hematological cancers (Aichberger et 

al. 2005)(Le Gouill et al. 2004)(Breitenbuecher et al. 2009) and in particular also solid 

tumors (Fleischer et al. 2006)(Henson, Hu, e Gibson 2006)(Song et al. 2005). This aspect is 

particularly interesting because the other anti-apoptotic members (Bcl-2, Bcl-Xl, etc) are 
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specifically only overexpressed in hematological cancer. In these works, it has been 

demonstrated that the inhibiting or silencing Mcl-1 in solid tumors induces apoptosis in 

these cancers.  

In addition, Mcl-1 has also been implicated in the chemoresistance of certain 

malignancies (Thallinger et al. 2004) (Fu et al. 2005).  

Mcl-1 inhibition or neutralization of its anti-apoptotic function will rapidly make Mcl-1-

dependent cells more susceptible to apoptosis and provide an opportunity to combat 

several types of cancers (C. Akgul 2009). 

 

2.1.7 Peptides targeting Bcl-2 family proteins. 

Several groups are working in the BH3 peptide field to obtain inhibitors of Mcl-1. 

Consequently, a number of peptide sequences have been identified with the capacity to 

target either individual pro-survivals or subsets of the family. This not only demonstrates 

the potential for the development of therapeutics designed to neutralize the activity of 

individual, or a subset of, rogue pro-survival proteins in cancer cells, it also demonstrates 

that peptides, or derivatized versions, could be useful as therapeutics(Czabotar e Lessene 

2010).  

In table 6, the affinities of the different BH3 peptides are reported. ITC measurements 

reveal affinities in the nM range that are of therapeutic interest. 

There are of course two main problems restricting the use of peptides as therapeutics, 

i.e., cellular permeability and protease degradation. In the case of BH3 peptides, attempts 

to overcome the first of these obstacles includes the use of peptide sequences that 

facilitate transport across membranes, for example that of the antennapedia 

homeoprotein domain internalization domain(Holinger, Chittenden, e R J Lutz 1999). 

Unnatural peptide oligomers, such as those composed of -amino acids, hold a promise 

as therapeutics as they are typically resistant to degradation by cellular proteases 

(Czabotar e Lessene 2010). Recently, peptides composed of combinations of - and -

amino acids have been developed that block interactions between Bcl-2 family members 

(J L Wang et al. 2000). These peptides essentially mimic the binding interactions of 

endogenous BH3 domains through conservation of the typical hydrophobic and salt-

bridge interactions described previously in the BH3 binding mode. A second strategy to 

impart protease resistance on a peptide has been to constrain natural peptides into an -

helix as proteases are unable to recognize peptide sequences within regions of secondary 

structure. Constraints are achieved by covalently linking two residues predicted to be on 

the same helical face that should not involve the binding interface. Recently, BH3 

peptides constrained by a hydrocarbon “staple” have been reported to directly activate 

Bax in biophysical assays and to kill some cancer cell lines (Walensky et al. 2004). These 
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peptides are based on the sequence of BH3 peptides. There is a drawback in staple 

peptides, in that these agents would likely demonstrate some degree of general toxicity 

to normal cells and thus clinical applicability will depend on the demonstration of a 

therapeutic window for administering these agents (Czabotar e Lessene 2010).  

 

Table 6. Summary of affinity of the known BH3 peptides binding Mcl-1 
measured by ITC.   
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AIM OF THE PROJECT 

Targeting apoptosis is a promising strategy for cancer drug discovery (Fesik 2005). 

Specifically, the proteins of the Bcl-2 family constitute some of the most studied targets 

for the development of anti-cancer therapeutics because of their key role in the apoptosis 

pathway. Success in binding the BH3 groove of anti-apoptotic Bcl-2 proteins represents a 

difficult goal (Oltersdorf et al. 2005); despite a wide investigation on these proteins, only 

a few inhibitors have been proposed. The most successful compound is ABT-737, but it is 

not suitable as drug for human treatment. In addition, ABT-737 does not show binding to 

Mcl-1 and recent studies have shown that Mcl-1 overexpression allows cancers to resist 

treatment with ABT-737 (the most relevant Blc-2 family inhibitor) as well as with other 

chemotherapeutic drug (i.e., Taxol).  All these facts result in a growing interest for 

targeting Mcl-1. Mcl-1, rather than Bcl-2 or Bcl-xL, is an essential survival protein of 

human myeloma cells (Derenne et al. 2002) and a recent study of the mRNA expression of 

all six anti-apoptotic Bcl-2 subfamily proteins in 68 human cancer-derived cell lines has 

identified Mcl-1 as the most highly expressed anti-apoptotic Bcl-2 family member.  

This background highlights the necessity to develop Mcl-1-specific or pan-active Bcl-2 

inhibitors.  We used the phage display technique to screen around 3·109 different 

peptides. The aim of this project was to identify a shorter peptide able to bind Mcl-1 and 

consequently to inhibit the protein-protein interaction with Bcl-2 pro-apoptotic proteins. 

The identification of different peptides may represent a big step in the development of 

small molecules or small peptidomimetics. The peptides known to bind Mcl-1 are BH3 

domains of other proteins, but to maintain the binding they must be at least 18-20 

residues long. Successful, protease stable and cell permeable peptide mimetics were 

developed from such BH3 domain. In this category, side chain-to-side chain cyclization 

(Bin Yang, Dongxiang Liu, e Ziwei Huang 2004) and hydrocarbon stapling of native 

peptides (Walensky et al. 2004) were applied resulting in stabilized -helical, protease-

resistant, and cell-permeable molecules. In this set, a small and active sequence may 

simplify the synthesis, reduce the cost and improve the cell permeability.  
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RESULTS 

2.2.1 Identification of novel Mcl-1 specific rBH3 peptides  

Phage display is a widely use technique in the peptide discovery field. We 

screened randomized 7-mer and 12-mer phage display libraries (New England Biolabs) 

associated to the N-terminus of the minor coat protein (pIII) of M13 phage to identify 

peptide sequences capable of binding to the BH3 cleft of recombinant mouse Mcl-1 

(mMcl-1). These libraries were enriched for mMcl-1 binding sequences during three 

sequential pan and amplification steps using either a 26 amino-acid BIM peptide (BIM 

peptide) or the pan-active Bcl-2 inhibitor sabutoclax as competitive agents. To avoid 

hydrophobic interference, we expressed and purified N-terminally His-tagged 

recombinant mMcl-1 and chelated the protein to nickel-coated 96-well plates (Sigma). 

The 12-mer library screened with the BIM peptide yielded a population of sequences (see 

Methods) that was 40% enriched with a novel Mcl-1 specific BH3-like peptide D2 

(DFSVLQTIGDSL). However, the use of the pan-active anti-apoptotic Bcl-2 inhibitor, 

sabutoclax, as a displacer resulted in a sequence population that was 20% enriched with 

D2, 20% enriched with the non-BH3 peptide sequence D3 (NETVNTMLTYYY) and 40% 

enriched with the non-BH3 peptide sequence D4 (NETVELMQAYLH) (table 7).   

Alignment of the non-BH3 sequences D3 and D4 (Fig. 31) with other BH3 sequences 

showed no direct similarity, but reverse alignment of the D3 and D4 sequences 

successfully positions the E2 residue with the conserved aspartic acid residue seen in BH3 

sequences. In addition, reverse alignment identically positions hydrophobic residues of 

D3 and D4 with the hydrophobic residues which compose the binding surface between 

BH3 helices and BH3 binding grooves (Fig. 32). Because of this reverse alignment of D3 

and D4 with other BH3 sequences we refer to them as having a reverse-BH3 (rBH3) motif. 

Helical wheel plotting of the rBH3 peptides as well as the BH3-like peptide D2 and other 

known BH3 peptides shows that they position a selection of hydrophobic residues 

opposite of the conserved acidic residue (Fig. 32). In addition, positioning the conserved 

acidic residue at the bottom of the wheel shows that the rBH3 peptide sequences have an 

inverted orientation to that seen in BH3 peptides. The similarity of the D3 and D4 

sequences, their inverted orientation to other BH3 peptides and their overenrichment 

compared to the BH3-like sequence of D2 in the Mcl-1 phage display, led us to study their 

binding affinities for mMcl-1 and Bcl-xL further. 
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Table 7. Peptide binding constants to Mcl-1 and Bcl-xL 

  FPA (Ki) NMR ITC 

  
Mcl-1 
(µM) 

Bcl-xL 
(µM) 

Mcl-1  Bcl-xL  
Mcl-1 
(µM) 

Noxa A  
(22-mer) 

 ELPPEFAAQLRKIGDKVYCTWS 0.25 ± 0.1 >75 + + 0.2 ± 0.1 

Noxa A  
(12-mer) 

     EFAAQLRKIGDK 49.7 ± 10 >75 - - ND 

BAK     GQVGRQLAIIGDDINR 0.64 ± 0.1 0.23 ± 0.1 + + 0.7 ± 0.2 

D2       DFSVLQTIGDSL 3.9 ± 0.3 >75 + Weak 1.8 ± 0.6 

D3      NETVNTMLTYYY 13.5 ± 1.7 >75 + - 0.2 ± 0.1 

D4      NETVELMQAYLH 8.0 ± 1.1 >75 + - 1.2 ± 0.6 

 

 

 

 

Figure 31. D2 is a canonical BH3 peptide. CLUSTALW alignment of identified sequence with known BH3 peptides. In 
the column on the left: the alignment of D2 with known BH3 peptides highlights the conservation of the key residues 

for binding. L5 and I8 mediate hydrophobic interactions with the hydrophobic pocket in the Mcl-1 cleft while the 
conserved aspartic residue mediates an H-bond.  In the column on the right: D3 and D4 are aligned to highlight the 

conservation of N-terminus and C-terminus and the presence of a methionine in position 7.   
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Figure 32. Helical wheel plots of BH3 and rBH3 peptide sequences. The helical wheel plots of the BH3 helical peptide 
sequences from BH3-only proteins, i.e., the BH3 like peptide SB-01, the rBH3 peptide SB-03 and SB-04 and a selection 
of rBH3 peptides from native proteins, highlight the similarities between the BH3 helix composition and that 
observed for the rBH3 sequences. Of significance, the location of the conserved acidic residue, shown in a box, and 
the cluster of hydrophobic side-chains, depicted by the yellow line, for the rBH3 peptides is oriented in a inverted 
position to that seen in the rBH3 sequences. 

 

2.2.2 Analysis of D2 and D4 binding to mMcl-1  

To confirm that the new sequences, D2 and D4, interact with the BH3 binding 

groove of mMcl-1, we mapped the chemical shift perturbations of 2D [1H,15N]-HSQC 

spectra of mMcl-1 after addition of either the BH3-like peptide D2 or the rBH3 peptides 

D4 and D3. The interaction of the peptides with mMcl-1 was observed to take place on an 

intermediate or slow exchange timescale for D3/D4 and D2, respectively. Therefore, 

accurate perturbation analysis required the re-assignment of the backbone 1HN and 15N 

resonances for mMcl-1 in the presence of each peptide based on a prior backbone 

assignment published by Day (Day et al. 2005). Considerable chemical shift perturbation 

was observed and the changes were saturated at a 1:1 ratio with 100 µM mMcl-1 and 100 

µM peptide (Fig. 33a-35a). D2 causes perturbations typical for BH3 peptides: several 

peaks are shifted and the slow exchange rate does not allow us to measure the Kd. D3 and 

D4 also show wide spectrum perturbations, and several peaks disappear. This behavior is 

typical of an intermediate exchange rate and also in this case, the determination of Kd 

was impossible. Of note, residual peaks corresponding to the region having the largest 

magnitude change after addition of D2 disappeared after addition of D3/D4. In addition, 

while the same peaks were affected upon addition of either peptide, the magnitude and 

direction of those changes were significantly different. 
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Similar tests were conducted on Bcl-xL (200 µM protein, 2 mM D2/D4, 1 mM D3). The 

analysis of peak shifts indicated very weak binding for D2 and no binding at all for D3 and 

D4 (Fig. 33b-35b).   

The analysis of the chemical shift perturbations (CSP) shows nearly identical 

regions with significant changes when comparing the chemical shift differences (Δδav(NH)) 

for D2 and D4 (Fig. 36).  The chemical shift difference is calculated according to the 

equation: 

         

    
   

   
 
  

 

 
 

 

In particular, two regions can be defined: the first, from 230 to 250 and the second, from 

195 to 205.  In figure 6, the regions undergoing important chemical shift perturbations 

are mapped onto the structure of mMcl-1. The residues undergoing the greatest chemical 

shift changes or loss of peak intensity define the classical BH3 domain binding site. These 

data support the idea that both D2 and D4 bind to the same groove, but D4 shows a 

different interaction binding mode that of D2 or other BH3 peptides (the perturbations 

are in different directions) and a different exchange rate (several peaks disappear). 
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Figure 33. D2 binding.
 
a: superposition of the 2D [

15
N,

1
H]-HSQC spectra of 100 µM APO Mcl-1 (red contours) with 100 

µM Mcl-1 + D2 (1:1) (blue contours) . 
 
b: superposition of the 2D [

15
N,

1
H]-HSQC spectra of 200 µM  APO Bcl-xL (red 

contours) with 2 mM Bcl-Xl + D2 (1:1) (blue contours) .  
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Figure 34. D3 binding.
 
a: superposition of the 2D [

15
N,

1
H]-HSQC spectra of 100 µM  APO Mcl-1 (red contours) with 100 

µM Mcl-1 + D3 (1:1) (blue contours) . 
 
b: superposition of the 2D [

15
N,

1
H]-HSQC spectra of  200 µM  APO Bcl-xL (red 

contours) with 1 mM Bcl-Xl + D3 (1:1) (blue contours) . 
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Figure 35. D4 binding.
 
a: superposition of the 2D [

15
N,

1
H]-HSQC spectra of 100 µM  APO Mcl-1 (red contours) with 100 

µM Mcl-1 + D4 (1:1) (blue contours) . 
 
b: superposition of the 2D [

15
N,

1
H]-HSQC spectra of 200 µM  APO Bcl-xL (red 

contours) with 2 mM Bcl-Xl + D4 (1:1) (blue contours) . 
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Figure 36. a and b: chemical shift deviations in ppm observed upon addition of D2 or D4. c and d: cartoon of the Mcl-1 
polypeptide backbone; residues that exhibit a combined chemical shift difference greater than 0.2 and 0.4 ppm are 
highlighted in orange and red, respectively. Residues that disappear are colored in blue. 

 

2.2.3 Hydrogen-deuterium exchange NMR experiments 

 To confirm the binding site, a series of hydrogen-deuterium exchange experiments 

were conducted. Three distinct 15N-labeled protein samples containing mMcl-1, mMcl-1 

with D2 (1:1) and mMcl-1 with D4 (1:1), were lyophilized and subsequently suspended in 

D2O. A series of HSQC spectra were acquired every 7.5 minutes for 24 hours after 

dissolution in D2O.  The aim of these experiments is to measure the peak intensities over 

time and to highlight the different behavior of the samples. From the comparison of 

different samples, we observed a longer lifetime of peaks corresponding to residues 

defining the contact surface. A clear example, the intensity profile over time for two 

residues located in the BH3 cleft of mMcl-1, is reported in figure 37. In the case of the 

free mMcl-1, we observed a fast decrease of the intensity of the signals, which 

disappeared after 90 min. On the contrary, in the complex with D2, the signals are 

present for at least 12 hours. 

As reported in figure 38, the complex between mMcl-1 and D2 is more stable than that 

between mMcl-1 and D4, probably because of their different exchange rates.  In the case 

of D4, several peaks are not observable limiting the number of residues suitable for 

comparison. Despite the lower number of residues measured, the complex formed by D4 

seems to involve the same mMcl-1 region.  
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Figure 37. Peak intensity profiles for V197 and G198 in free mMcl-1 and in mMcl-1 in complex with D2.  

 

Figure 38. Hydrogen-deuterium exchange results.  In the table, the peak intensity lifetimes are reported for the 
residues showing a different behavior in the three different samples: mMcl-1; mMcl-1 + D2; mMcl-1 + D4. The 
residues marked by asterisk* are directly involved in the binding for a canonical BH3 peptide (distance < 4 Å between 
peptide and protein atoms in Noxa A/Mcl-1 complex; PDB code: 2ROD). In the figure, based on PDB code 2ROD, 
mMcl-1 backbone is shown as a green cartoon. The BH3 peptide Noxa A is colored in red while mMcl-1 residues 
showing longer intensity lifetimes are colored in white and their heavy-atoms are displayed.         
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2.2.4 NMR Structural investigation 

 The complex between BH3 peptide and Mcl-1 has been widely studied and its 

structure was resolved both by NMR and X-Ray (see 2.1.3). As previously mentioned, D3 

and D4 represent a new class of peptides binding Mcl-1 while D2 can be considered a 

short BH3 peptide because of the sequence similarity. In this setting, we focused our 

efforts to shed light on the structure of the D4 peptide in complex with Mcl-1. 

Unfortunately, the intermediate exchange rate characterizing D4 and D3 binding is an 

impasse in NMR structure determination. A peptide in fast exchange can be studied using 

an excess of peptide relative to the protein, usually in a 10:1 molar ratio. In this situation, 

the peptide will remain in the bound conformation for a sufficient time resulting in an 

observable population. In this case, a traditional approach based on COSY, TOCSY and 

NOESY experiments may lead to assignment and structure determination (maintaining 

the protein at a nondetectable concentration). In the opposite case, when the peptide 

binding is in slow exchange, the structure of the peptide can be obtaining labeling 

selectively the peptide or the protein and acquiring double isotope-edited/filtered NMR 

experiments. In our case, both strategies were unsuccessful. 

The re-assignment of the backbone 1HN and 15N resonances for mMcl-1 in the presence of 

either peptide was based on a prior backbone assignment and was achieved acquiring 

solely an HNCA experiment on a [13C,15N]-doubly labeled sample. The consequent 

assignment of each alpha carbon on the protein allowed us to investigate the effect of the 

binding on the secondary structure of the protein. This preliminary analysis was based on 

the 13Cα chemical deviation and its correlation with secondary structure. The plots 

reported in figure 39 clearly show that the binding does not affect the secondary 

structure despite the wide perturbation of the 15N HSQC spectrum caused by the peptide. 

All the helical segments present in the free form are notably conserved except for α4, the 

signal of which disappears upon D4 binding. 
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Figure 39. C chemical shift deviations for Apo mMcl-1 (green), mMcl-1 + D2 (violet) and mMcl-1 + D4 (orange). 

 

2.2.5 Fluorescent polarization displacement assay (FPA) 

To confirm the selectivity of the D2 and D4 peptides for Mcl-1 versus Bcl-xL, we 

used a fluorescent polarization displacement assay (FPA) to determine the respective 
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inhibition constants for BAK (GQVGRQLAIIGDDINR), D2, D3 and D4. FPA analysis of BAK 

binding to GST-Mcl-1 or GST-Bcl-xL showed strong binding in the high nanomolar range 

(Table 7). Each of the three peptides isolated from the phage display screen showed 

weaker, but specific binding to Mcl-1 with Ki values of 3.9, 8.0 and 13.5 µM compared to 

values greater than 75 µM for Bcl-xL (Table 7). To show that the weaker Ki values still 

represent relevant association, we also tested two versions of the Noxa A peptide, a BH3 

motif that is known to have specificity for Mcl-1 versus Bcl-xL. A full length, 22 residue 

peptide that was previously identified as a representative species for the Noxa A BH3 

motif exhibited strong Mcl-1 affinity (Ki = 0.248 µM) (6). On the other hand, a 12 residue 

truncated peptide similar to D2 showed a significant decrease in Mcl-1 affinity (Ki = 49.7 

µM) (Table 7). 

To further study the interaction of the rBH3 peptides with Mcl-1 we also used 

isothermal calorimetric titration (ITC) experiments to better calculate their Kd values 

without the necessity to displace the longer BAK-derived peptide probe that is used for 

FPA tests.  We tested each of the identified peptides as well as the full length Noxa A 

peptide and the BAK peptide for their binding to Mcl-1.  The results for D2, D4, Noxa A 

and BAK were very comparable to the Ki values calculated by FPA (Table 7).  Interestingly, 

the rBH3 peptide D3 showed significantly stronger binding by ITC (Kd = 225 ± 100 nM) 

compared to FPA (Ki = 13 µM).   

 

2.2.6 Positional scanning analysis of D4  

To determine which residues of the rBH3 peptide affect its stability or the peptide’s ability 

to interact with Mcl-1, we sequentially scanned the rBH3 peptide D4 with alanine. The 

resulting peptides were screened for binding to mMcl-1 using 2D [15N,1H]-HSQC chemical 

shift perturbation and FPA analysis (Table 8)(Fig. 40). The results showed that 

replacement of T3, E5, Q8 or H12 had no effect on binding while replacement of N1, E2, 

V4, M7, Y10 and L11 had large effects on the Ki values. These results were mirrored in the 

NMR analysis as each of the latter group of replacements either required a higher ratio of 

peptide to protein in order to observe chemical shift changes (weak binding) or caused no 

change in the 2D [15N,1H]-HSQC spectra of mMcl-1 at 10:1 peptide to protein ratios (no 

binding). 

  



Cap.2 Results 

77 
 

Table 8. Results of D4 Alanine Scan 

ID Mutation FPA (IC50 µM) NMR 

D4-1 N1A NB NB 

D4-2 E2A 41 ± 8 Weak 

D4-3 T3A 20 ± 1.9 Bound 

D4-4 V4A NB NB 

D4-5 E5A 15.0 ± 1.6 NB 

D4-6 L6A 30 ± 6 Weak 

D4-7 M7A NB NB 

D4-8 Q8A 13.7 ± 1.5 Weak 

D4-9 A9 (wt) 8.0 ± 1.1 Bound 

D4-10 Y10A NB Weak 

D4-11 L11A NB NB 

D4-12 H12A 8.0 ± 1.1 Not Soluble 

 
Figure 40. FPA profiles for D4 alanine scan derivatives. 

 

2.2.7 Identification of native proteins containing rBH3 sequences  

With the determination that the rBH3 peptides are able to selectively bind to 

mMcl-1 versus Bcl-xL in its BH3 binding groove with physiological binding constants, 

especially given their relatively small size, we next sought to identify native proteins 

which may contain rBH3 sequences. For this analysis we utilized the alanine scanning data 

to focus on peptides which contained an acidic residue at position 2, and hydrophobic 

residues at positions 4, 7, 10 and 11, numbered according to the identified 12-residue 

rBH3 peptides. We did not restrain position 1 as we anticipated that the asparagine 

serves as a N-terminal helical cap in the free peptide, but that this would not necessarily 

be retained in native protein helices. A BLAST screen of human gene databases revealed a 

wide number of genes using D3 or D4 as reference. In table 9, the sequences with higher 

sequence identity are reported. The strictly conserved features are an acidic residue at 

position 2 and methionine at position 7. Most interestingly, when structural data is 

available, these sequences are located within an α-helix segment (Fig. 41). 
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Table 9. A selection of BLAST results (in black). 

Name Sequence Notes 

D3 NETVNTMLTYYY 
Original sequence identified by 
phage display 

D4 NETVELMQAYLH 
Original sequence identified by 
phage display 

Glucokinase (P35557) NDTVATMISCYY 
Glucokinase resides in a protein 
complex with Bad and Mcl-1 
(Danial 2003) 

Hexokinase I (P19367) & II 
(P52789) 

NDTVGTMMTCGY 

Increased glucose metabolism 
protects cells and attenuates 
degradation of Mcl-1 (Zhao 
2007) 

Tumor protein p63 
(Q9H3D4) 

KESLELMQYLPQ 
p53 signaling shows significant 
crosstalk with Bcl-2 (Leu 2004) 

Tumor protein p73 (O15350) KESLELMELVPQ 
p53 signaling shows significant 
crosstalk with Bcl-2 (Leu 2004) 

Polypyrimidine tract binding 
protein 1 (P26599) 

TEAANTMVNYYT  

MAP kinase kinase; MEK5 
(Q13163) 

DEEMKAMLSYYY  

Ras GTPase-activating-like 
protein IQGAP2 (Q13576) 

NEHLSSMNNYLS  

CDK4 inhibitor 2c (P42773) NEVVSLMQANGA 

Expression levels of p18 alter 
sensitivity to CDK inhibitors 
through regulation of Mcl-1 
expression (Eguchi 2009) 

GREB1-like protein (Q9C091) RETVSIMLTKYA 
GREB-1 is a regulator of 
hormone-dependent breast 
cancer (Rae 2005) 

 

 

Figure 41. Conformation of identified sequenced when structural data is available. The protein structure is reported 
by cartoon representation and colored in black while the rBH3 sequence identified with BLAST is colored in red (gene 
nomenclature according to Table 9).  
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To test the binding of these sequences to mMcl-1, we synthesized a selection of the 

identified rBH3 peptides. Of the synthesized peptides, only the glucokinase rBH3 peptide 

exhibited sufficient solubility in phosphate buffer to allow complete analysis. We 

performed both NMR and FPA tests (Fig. 42) on the glucokinase rBH3 peptide and found 

it to have a weak (50.1 µM) interaction with Mcl-1, similar to levels seen with the 12-

residue peptide derived from Noxa A. The NMR analysis showed similar chemical shift 

changes as seen with the D3 and D4 rBH3 peptides, but complete spectral transformation 

required a 5:1 peptide to protein ratio, consistent with the weaker FPA Ki value. 

 

 

Figure 42. Superposition of the 
15

N-HSQC spectra of mMcl-1(red) and mMcl-1 + Glucokinase rBH3 peptide (blue).  

 

 

2.2.8 Protein-protein docking and MD 

To investigate how D2 and D4 may position in the Mcl-1 cleft, we applied a 

protein-protein docking protocol to the peptides in a helical conformation with MCl-1 

either treated as a rigid body and introducing the chemical shift perturbation data as 

restraint to define the binding site. The most energetically favorable complex structure, 

belonging to the most populated cluster of the docking solution, was then relaxed for 20 

ns of molecular dynamics simulation. The D2 peptide shows nearly identical interactions 

as seen for the Noxa A peptide in the initial NMR structure (Figure 43). On the other hand, 

the reverse orientation of the D4 helix positions the acidic residue into a similar location 

and retains the hydrophobic interactions with the binding groove that are commonly seen 

in BH3 peptide – Mcl-1 interactions. In addition, D4 positions the conserved methionine 
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residue into a hydrophobic cleft at the bottom of the Mcl-1 binding groove that has been 

previously recognized as an area that is occluded in Bcl-xL and may allow Mcl-1 specificity 

to be elicited. 

 

Figure 43. Binding mode of D4 and D2 to mMcl-1. Model of the peptide (a) D4 and (b) D2 bound to the previously 
determined mouse Mcl-1 structure using protein-protein docking based on NMR chemical shift perturbation data and 
followed by molecular dynamics simulations. The residues that exhibit a combined chemical shift difference greater 
than 0.2 and 0.4 ppm are highlighted in orange and red, respectively, on the surface of Mcl-1. Residues that 
disappear are colored in blue.  

 

 

Figure 44. Binding mode of D4. D4 backbone is colored in violet. The heavy atoms of the key residues, Asp1(163), 
Glu2, Val4, Leu6, Met7(169), and Tyr10(172) are displayed. The water-accessible surface of mMcl-1 is colored 
according to the code reported in the figure.  
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DISCUSSION AND CONCLUSIONS 

Since its discovery as a determining factor in allowing leukemia and lymphoma 

cancers to escape Bcl-2-targeted therapeutics, Mcl-1 involvement has been identified 

with cellular glucose regulation, p53 signaling and chemotherapeutic resistance in 

addition to apoptosis regulation (Czabotar e Lessene 2010)(Harley et al. 2010)(Yuxing 

Zhao et al. 2007)(Shinichi Kitada e John C Reed 2004)(Warr e Shore 2008). Further, the 

identification of Mcl-1 as the primary anti-apoptotic protein of the Bcl-2 family, expressed 

in nearly all non-melanoma-derived solid tumor cell lines, begins to highlight the 

necessity of identifying methods to specifically target specific members of the Bcl-2 family 

to better understand their function as regulators of apoptosis (W J Placzek et al. 2010). A 

number of prior studies have outlined the peptide characteristics that lead toward Mcl-1 

or Bcl-xL specificity (Dutta et al. 2010)(Erinna F Lee et al. 2009), yet each of these has 

focused on optimizing long (>15 residue) native BH3 like sequences. In this setting, I have 

conducted a different approach to identify shorter peptides which could target Mcl-1 

using sabutoclax, an Mcl-1 inhibitor, during phage display and using a specific resin to 

immobilize Mcl-1. Such a difference may be the reason that previous phage display 

screens have only identified BH3-like peptides (Kvansakul et al. 2007)(Erinna F Lee et al. 

2009)(Sidhu et al. 2000). 

The phage display screen of mouse Mcl-1 using the small molecule sabutoclax as a 

competing agent had two significant results. First, the identification of the peptide D2, 

which is the shortest BH3-like sequence able to bind specifically to the BH3 groove of Mcl-

1. This sequence should aid in the development of stapled BH3 peptides that target the 

Mcl-1 BH3 binding groove.  

Secondly, our screen identified the two rBH3 peptides, D3 and D4, which have low 

micromolar affinities to Mcl-1 and display unique chemical shift perturbations consistent 

with their interaction with the BH3 binding groove residues of Mcl-1. Because of the 

disappearance of the residues at the top of this binding groove in the D4 – mMcl-1 

sample, we were unable to obtain NMR structural information to better define this 

interaction, but we believe that forthcoming structural studies may find interesting 

differences between BH3 and rBH3 binding modes. The obtainment of high resolution 

geometries of this complex may also improve the development of pharmacophoric 

models to appliy the binding mode knowledge to the synthesis of small molecule. 

Nonetheless, these models can provide insights in the design of stapled rBH3 peptides or 

sidechain-sidechain linked peptides restrained in the -helical conformation.     

With the identification of the rBH3 peptides, we sought to find native proteins which may 

contain similar sequences that therefore may be identified as potential Mcl-1 binding 

partners. A BLAST analysis of the human genome identified a large group of rBH3-

containing proteins with highly divergent sequences. Similar to the BH3 motif, we 

identified that a conserved acidic residue, most often a glutamic acid, and a conserved 

methionine residue constitute a signature for rBH3-containing proteins (Table 9). 
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Available structural data for several rBH3 containing proteins, e.g., glucokinase, 

hexokinase 1, hexokinase 2, polypyrimidine tract binding protein 1, MEK5 and CDK4 

inhibitor 2C, show that the rBH3 motif is present in helical regions on the surface of each 

of these proteins.   

Interestingly, a number of the rBH3 containing proteins have been previously identified as 

having significant interactions with Mcl-1 or Mcl-1-containing complexes (Table 9). Using 

the String8.3 software, we linked these different genes to obtain an interaction map, 

which highlights the known protein-protein interactions (Fig. 45).  Specifically, members 

of the p53 family have been shown to bind to both pro- and anti-apoptotic proteins of the 

Bcl-2 family and can cause the disruption of the BAK – Mcl-1 complex (Leu et al. 

2004)(Sheikh e Fornace 2000)(Sot, Freund, e Fersht 2007). In addition, recent evidence 

was found that Mcl-1 levels can be significantly affected by glucose metabolism through 

an unknown mechanism (Yuxing Zhao et al. 2007)(Danial et al. 2003). Thus, our discovery 

of a new Mcl-1-interacting motif that is present in p63 and p73 as well as in the glucose 

metabolism-associated proteins glucokinase and hexokinase may stimulate more focused 

studies on these and other, as yet unanticipated, physical interactions between well-

known cell signaling pathways and the apoptosis regulator, Mcl-1.   

The rBH3 sequence, as well as identifying a novel peptide interaction with Mcl-1, may also 

represent a motif present in native proteins that allows them to attain significant 

physiological interactions with Mcl-1. This finding is the basis for the identification of a 

new class of Mcl-1-binding proteins and further develops our understanding of how other 

systems, including glucose metabolism, the p53 tumor suppressor cascade and other 

prominent cell signaling pathways communicate with the regulation of apoptosis in 

mammalian cellular systems.    
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Table 10. Putative family of rBH3-containing proteins 

 

Figure 45. Protein-protein interaction network between Mcl-1 and the putative family of rBH3-containing proteins 
(Table 10). The  network is based on experimental data collected in the String8.3 server and predicted interactions by 

text data mining.   

 

 



The anti-apoptotic proteins DJ-1 and Mcl-1: molecular basis of different protein-ligand interactions 
leading to apoptosis 

  



Cap.3 Methodology Survey 

85 
 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

 

Methodology Survey 

 

 

 

 

 

 

 

  



The anti-apoptotic proteins DJ-1 and Mcl-1: molecular basis of different protein-ligand interactions 
leading to apoptosis 

  



Cap.3 Methodology Survey 

87 
 

MOLECULAR BIOLOGY  

3.1.1 Protein expression and purification 

The experimental parts of this thesis, in particular NMR, needed sizeable amounts 

of highly purified proteins. The common strategy to achieve these amounts is the 

production of proteins through biotechnological techniques. Both Mcl-1 and DJ-1 were 

obtained using E. coli as expression host. DJ-1 was kindly expressed and purified by Dr. 

Marco Bisaglia and Dr. Stefania Girotto. 

3.1.2 DJ-1 expression and purification. 

Human wild-type DJ-1 cDNA was amplified by PCR using the pcDNA3.1/GS-DJ-1 

vector, containing the full length DJ-1 coding region as template (a generous gift of Dr. 

M.R. Cookson) and synthetic oligonucleotides (Sigma-Genosys) containing the  NcoI and 

XhoI restriction sites. After digestion with the appropriate restriction enzymes, the PCR 

product was subcloned into the NcoI-XhoI linearized pET28 expression plasmid (Novagen) 

and introduced into Escherichia coli BL21(DE3) strain. The C53A, C106A and C53A/C106A 

single and double mutants were generated by site-directed mutagenesis using specific 

oligonucleotides. Overexpression of the proteins was achieved in E. coli BL21(DE3) strain, 

by growing cells in LB medium at 37 °C to an OD600 of 0.6 followed by induction with 

0.6 mM isopropyl β-D-thiogalactopyranoside for 4-5 hours. 15N-labeled proteins were 

expressed by growing cells in M9 minimal medium, supplemented with 1 g/L [15N]-

ammonium chloride. After sonication and centrifugation, the soluble fraction, containing 

DJ-1, was subjected to a two step (70% and 90%) ammonium sulfate precipitation. The 

pellet was then resuspended, dialyzed against 20 mM Tris-HCl, pH 8.0, 3 mM 

dithiothreitol, and purified through a 6 mL Resource Q column (Amersham Biosciences). 

After purification, wild-type DJ-1 and its mutants were stored at 4 °C in 20 mM Tris-HCl, 

pH 8.0, 10 mM dithiothreitol for no longer than 2 weeks. Protein concentration was 

estimated using the extinction coefficient of the monomeric DJ-1 form ε = 4200 M−1 cm−1. 

 

3.1.3 MCL-1 expression and purification 

Mouse Mcl-1 (accession number AA31790) with 151 N-terminal residues and 23 C-

terminal residues truncated, Mcl-1ΔNC23, was expressed as His-tagged fusion protein in 

Escherichia coli BL21(DE3). Escherichia coli strain BL21(DE3) containing the corresponding 

plasmid was grown in LB medium at 37 °C to an optical density of 0.8 at 600 nm, and then 

induced by 1 mM isopropyl β-D-thiogalactopyranoside at 30 °C for 4 h.  

After dissolving the pellet in 50 mM PBS, pH 6.7, cells were harvested by sonication. The 

protein was purified on a nickel affinity column (His-trap TM FF, 5 mL, Amersham) by 

using an AKTA prime plus FPLC system; the elution buffer contained 0.5 mM dithiothreitol 

(DTT) in PBS with increasing percentages of imidazole.  Protein concentration was 

estimated by a nanodrop ND-1000 spectrometer. 
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For NMR samples, cells were grown in M9 media supplemented with [15N]ammonium 

chloride and/or [13C]glucose to produce uniformly 15N- or 15N-,13C-labeled proteins. NMR 

samples contained from 20 µM to 500 µM protein in PBS buffer, pH 6.7, 0.5 mM DTT and 

0.04% sodium azide in H2O:D2O (9:1). 

 

3.1.4 Phage Display 

Phage display (PD) is a technique of peptide selection that is an exponentially 

growing research area.  The invention of this technique was a consequence of the 

observation that foreign DNA fragments can be inserted into filamentous phage gene III 

to create a fusion protein with the foreign sequence in the middle. The fusion protein is 

incorporated into the virion, which retains infectivity and displays the foreign amino acids 

in immunologically accessible form (GP Smith 1985).  In a nutshell, we can insert genetic 

material to create a fusion protein that will be displayed on the surface of the virion. As a 

consequence, the exposed protein may interact with other targets. The idea behind 

Phage display is to exploit two key characteristics of evolving organisms: the replicability 

(i.e., the ability to make copies of themselves) and mutability (i.e., the ability to undergo 

changes that are passed on to their progeny) (George P. Smith e Petrenko 1997) to screen 

peptides.   

This technology was further improved designing a library of phages encoding different 

peptides and, exploiting the replicability and mutability, the library complexities may 

reach the order of 109 independent clones.  Considering the cost, Phage display is an 

attractive high-throughput screening of protein interactions. 

PD as strategy for the identification of peptides binding to a target protein (peptide in 

vitro selection) in called bio-panning. Selection consists of culling an initial population of 

phages to give a subpopulation with increased affinity for the target. In most cases, the 

input to the first round of selection is a very large initial library that will be reduced to few 

independent clones. This population can be “amplified” by infecting fresh bacterial host 

cells, so that each individual phage in the subpopulation is represented by millions of 

copies in the amplified stock. 

The bio-panning consists in four main step (Fig. 46): In the first the step, the target 

protein is immobilized onto a support, and the PD library is added to the target. In this 

way, the different peptides encoded on the surface of the phages can interact with the 

target according to their affinity. Then, the un-bound peptide can be easily washed away 

while the peptides showing affinity will remain bound to the target and later eluted either 

with an excess of a known binder or with a detergent buffer to disrupt the peptide-target 

interaction. In the fourth step, the selected phage will be replicated in a bacterial host 

(typically, E. coli) and purified. Repeating this step more times, the phage population 

should converge to a small independent clone population. The amino acid sequences of 
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the peptides responsible for binding the target receptor are determined simply by 

ascertaining the corresponding coding sequence in the viral DNA. 

 

3.1.5 Fluorescence Polarization Assays (FPAs) 

The Fluorescence Polarization technique, when applied to the study molecular 

interactions, provides a direct measure of the binding affinity. FPA was conducted by B. 

Wu in Prof. Pellecchia’s Lab.  A Bak BH3 peptide (F-BakBH3) (GQVGRQLAIIGDDINR) was 

labeled at the N-terminus with fluorescein isothiocyanate (FITC) (Molecular Probes) and 

purified by HPLC. For competitive binding assays, 100 nM mMcl-1 protein was 

preincubated with the tested peptide at varying concentrations in 47.5 μL PBS pH 7.4 in 

96-well black plates at room temperature for 10 min, and then 2.5 μL of 100 nM FITC-

labeled Bak BH3 peptide were added to produce a final volume of 50 μL. The wild-type 

and mutant Bak BH3 peptides were included in each assay plate as positive and negative 

controls, respectively. After 30 min incubation at room temperature, the polarization 

values in millipolarization units were measured at excitation/emission wavelengths of 

480/535 nm with a multilabel plate reader (PerkinElmer). IC50 was determined by fitting 

the experimental data to a sigmoidal dose−response nonlinear regression model 

(SigmaPlot 10.0.1, Systat Software, Inc., San Jose, CA). Data reported are means of three 

independent experiments ± standard error (SE). The same protocol was applied to Bcl-2 

and Bcl-Xl.  

Figure 46. Biopanning scheme (BioLabs). 
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COMPUTATIONAL CHEMISTRY 

3.2.1 Molecular Modeling  

Molecular modeling indicates the general process of describing complex chemical 

systems in terms of a realistic atomic model, with the aim to understand and predict 

macroscopic properties based on detailed knowledge on an atomic scale. Often, 

molecular modeling is used to design new materials, for which the accurate prediction of 

physical properties of realistic systems is required. A wide number of molecular 

properties can in principle be calculated using molecular modeling methods, and the 

choice of the specific technique depends on the question asked and on the feasibility of 

the method to yield reliable results at the present state of the art. 

Ideally, the (relativistic) time—dependent Schrödinger equation describes the properties 

of molecular systems with high accuracy, but anything more complex than the 

equilibrium state of a few atoms cannot be handled at this ab initio level. Thus, 

approximations are mandatory; the higher the complexity of a system and the longer the 

time span of the processes of interest, the more severe approximations are required. At a 

certain point, the ab initio approach must be complemented or replaced by empirical 

parameterization of the model used. Where simulations based on physical principles of 

atomic interactions still fail because of the complexity of the system (as is unfortunately 

still the case for the prediction of protein dynamics in the nanosecond-to-microsecond 

time scale), molecular modeling is based entirely on a similarity analysis of known 

structural and chemical data. 

Many of the systems treated in molecular modeling are unfortunately too large to be 

considered by quantum mechanical methods. Quantum mechanics deals with the 

electrons in a system, so that even if some of the electrons are ignored (as in the semi-

empirical schemes) a large number of particles must still be considered and the 

calculations are time-consuming. Force field methods (also known as molecular 

mechanics, MM) ignore the electronic motions and calculate the energy of a system as a 

function of the nuclear positions only. Molecular mechanics is thus invariably used to 

perform calculations on systems containing significant numbers of atoms. In some cases, 

force fields can provide answers that are as accurate as even the highest level quantum 

mechanical calculations, in a fraction of the computer time. Molecular mechanics cannot 

of course provide properties that depend upon the electronic distribution in a molecule. 

Molecular mechanics is based on several approximations. The first of these is the Born-

Oppenheimer approximation, without which it would be impossible to write the energy of 

a system as a function of the nuclear coordinates only. Molecular mechanics rest on a 

rather simple model of the interactions within a system with contributions from 

processes such as the stretching of bonds, the opening and closing of angles and the 

rotations about single bonds. Even when simple functions (e.g., Hooke’s law) are used to 

describe these contributions, the force field can perform quite acceptably. Transferability 
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is another very important feature of molecular mechanics force fields, for it enables a set 

of parameters developed and tested on a relatively small number of cases to be applied 

to a much wider range of problems. Moreover, parameters developed from data on small 

molecules can be used to study much larger molecules such as polymers. 

Many of the molecular modeling force fields in use today can be interpreted in terms of a 

relatively simple three component picture of the intra- and intermolecular forces within 

the system. Energetic penalties are associated with the deviation of bond lengths and 

angles away from their “reference"  or "equilibrium" values, a function describes how the 

energy changes as bonds are rotated, and finally the force field contains terms that 

describe the interaction between non—bonded parts of the system. More sophisticated 

force fields may have additional terms, but they invariably contain these three 

components. An attractive feature of this representation is that the various terms can be 

attributed to changes in specific internal coordinates such as bond lengths, angles, and 

the rotation of bonds or movements of atoms relative to each other. This makes it easier 

to understand how changes in the force field parameters affect its performance, and also 

helps in the parameterization process. 

 

3.2.2 Protein-Protein Molecular Docking 

The aim of protein-protein docking is the prediction of the three dimensional 

structure of the macromolecular complex from the separately determined coordinates of 

its component proteins.  

Protein docking methods have improved substantially over the past few years. 

This can be seen from results of the Critical Assessment of Predicted Interactions 

(CAPRI)(Janin et al. 2003) - the first community-wide experiment devoted to protein 

docking(Sandor Vajda e Camacho 2004). Candidate structures produced must be ranked 

using methods such as scoring functions to identify structures that are most likely to 

occur in nature.  

A good protein-protein docking protocol fulfils two requirement:  

 It must generate a large number of docked conformations with favorable surface 

complementarity, good electrostatics and (sometime) desolvation properties.  

 It must reliably distinguish the nearly correct configurations from the others. 

The methods initially consist in rigid-body docking. The most frequently used method is 

the fast Fourier transform (FFT) correlation approach originally introduced in 1992. It 

discretises the two molecules onto orthogonal grids and performs a global scan of 

translational and rotational space. In order to scan rotational space it is necessary to 

rediscretise one of the molecules (the smaller, for speed) for each rotation. The scoring 

method is primarily a surface complementarity score between the two grids. To speed up 
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the surface complementarity calculations, which are convolutions of two grids, Fourier 

Transforms are used. This means that the convolutions are replaced with multiplications 

in Fourier space, and despite having to perform the forward and reverse Fourier 

Transforms, this decreases the overall computation required (Katchalski-Katzir et al. 

1992).   

This technique can be also used with experimental data obtained through a certain 

number of molecular biology techniques, fluorescence spectroscopy and in particular 

nuclear magnetic resonance. NMR may provide different experimental restraints that can 

be introduced: chemical shift perturbation studies can provide useful information on the 

binding interface reducing the possible binding poses. Residual dipolar couplings can also 

be used to impose the orientation of the complex members. Of course, the most useful 

restraint is distance information between two nuclei, which can be achieved through 

experiments based on the Nuclear Overhauser effect; in this case, the reliability of the 

NOE-driven docking results may be very close to the natural complex. 

 

3.2.3 Molecular Dynamics Simulations 

Molecular Dynamics Simulations (MD) is a widely used virtual technique to 

investigate the behavior of molecular systems over time. The charming idea to simulate 

molecular interactions in silico was born in the 1970’s with the development of the first 

computational resources. Nowadays, the progress of MD is still going hand in hand with 

new informatics horizons. The time step suitable for MD simulations is increased from 

picoseconds to microsecond (in particular situations) during the last two decades. In this 

time scale, several molecular events may occur and are suitable for MD investigation, 

such as molecular tumbling, internal motion (involving protein folding), etc. MD has been 

widely validated using NMR measurements, being NMR a technique of choice to 

investigate dynamics. Nowadays, it is also possible to combine MD and experimental 

NMR data to obtain very accurate molecular trajectories (Fig. 47). 

MD is based on the assumption that molecular systems, where non-bonded 

interactions between atoms are present, possess intrinsic movements due to the 

changing distribution of their internal energy. Theoretical and empirical studies of 

proteins should take into account their dynamical behaviors. Movements of proteins are 

understood in terms of a variety of different atomic dispositions, which are specific for 

each protein system and are ruled by physical-chemical properties such as steric 

hindrance of side chains or attractive and repulsive charges. In general, these molecular 

conformational changes can be either small, with simple structure fluctuations due to the 

energy associated with the system at a given temperature or large as a consequence of 

major modifications, such as phosphorylation of residues or binding of ligands. 
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Molecules can be described by mathematical models where the atomic positions, 

radii, masses and charges as well as the covalent bonds (length, angles) of their 

topologies are considered. In molecular dynamics, successive configurations of the 

system are generated by integrating Newton’s laws of motion. The result is a trajectory 

that specifies how the position and velocities of the particles in the system vary with time. 

The trajectory is obtained by solving the differential equations embodied in Newton’s 

second law: 

    
   

 
   
  

 

This equation describes the motion of a particle with mass mi along one coordinate (xi) 

with the force Fxi acting on the particle in that direction. Initial atomic velocities are used 

to start the calculation of the kinetic component. The continuous nature of the molecular 

mechanics potentials requires the equations of motion to be integrated by breaking the 

calculation into a series of very short time steps (typically between 1 fs and 10 fs). At each 

step, the forces acting on the atoms are computed and combined with the current 

positions and velocities to generate new positions and velocities a short time ahead. The 

force acting on each atom is assumed to be constant during the time interval. The atoms 

are then moved to the new positions; an updated set of forces is computed and so on. In 

this way, a molecular dynamics simulation generates a trajectory that describes how the 

dynamic variables change with time. 

The well-known limitation of this method is how atoms are described. Using MM 

models, MD shares its approximation. The omission of all electrons speeds up the 

RDC 

Figure 47. Protein time scale. In the figure, the dynamics of molecular events (from picoseconds to 
seconds) is correlated with their time scale. In addition, for each time scale a suitable NMR experiments 
is indicated. 
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calculation, permitting longer time scale simulations, but decreases the accuracy of the 

system evolution and preclude the achievement of information about chemical reactivity. 

 

Figure 48. Total energy profile in MD simulations. The progression of the total energy of the system is plotted against 
time. Different MD phases are identified and labeled in green. A) Initialization phase, B) equilibration phase and C) 
production phase. 

 

Another issue in MD simulations regards the starting geometry of the target.  The 

evolution of molecular coordinates is deterministically calculated, but it is in any case 

dependent from the previous steps. As a consequence, the choice of accurate starting 

geometries is absolutely crucial. This should be done with some care, as the initial 

arrangement can often determine the success or failure of a simulation. For simulations 

of systems at equilibrium (the most common sort) it is wise to choose an initial 

configuration that is close to the state for which the simulation is desired. It is also good 

practice to ensure that the initial configuration does not contain any high energy 

interactions, as these may cause instabilities in the simulation. Such hot spots can often 

be avoided by performing energy minimization before the simulation itself. For 

simulations of inhomogeneous systems comprising a solute molecule or intermolecular 

complex immersed in a solvent, the starting conformation of the solute may be obtained 

from an experimental technique such as X-ray crystallography or NMR, or may be 

generated by theoretical modeling. 

The production of a trajectory usually involves three steps: the initialization of the 

system, its equilibration, and a production phase (Fig. 48). During initialization, velocities 

are given to the atoms to calculate the initial values of forces. When no velocities are 

available from a previous MD simulation, they are assigned randomly according to the 

Maxwell-Boltzmann distribution at given temperature. Thermodynamic and structural 

properties are monitored during the equilibration until stability is achieved. At this point, 

the system can be left to evolve with no external constraints and the trajectory is 

produced.  

In addition, in the case solvent is described explicitly in the trajectory, a certain number of 

water molecules has to be added around the protein. The coordinates of some solvent 

molecules may be known if the structure is obtained from X-ray crystallography, but it is 
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usually necessary to add other solvent molecules to obtain the appropriate solvent 

density. The solute is immersed in the solvent bath and any solvent molecules that are 

too close to the solute are then deleted before the calculation proceeds. The initial part 

of the MD is used to relax the solvent while the protein atoms are constrained in their 

initial positions. The next step consists in warming up the system to the targeted 

temperature, i.e., 300 Kelvin, and to adjust the velocities. This is an important step to 

diminish the influence of the randomly assigned initial velocities in the final trajectory. 

The system is thus equilibrated for pressure and temperature using algorithms that at 

intervals of several steps scale the velocities to match the set pressure and temperature 

within a given period of time. Eventually, the production phase is run and the system 

properties are collected for further analysis. The reproducibility of this technique is an 

important issue because of the chaotic nature of multi-body dynamics. The several 

thousand particles affect the velocity of the single one by multiple interactions resulting 

in random trajectories. The word reproducibility is thus intended for averages of 

properties of the system calculated for relatively long simulations. Computational 

simulations of proteins should investigate a thermodynamic equilibrium of the system. 

The farther from the equilibrium, the less reliable is the final trajectory. 

 

NUCLEAR MAGNETIC RESONANCE 

3.3.1 Introduction 

Nuclear Magnetic Resonance (NMR) is one of most powerful analytic technique in 

chemistry. Together with X-ray crystallography, NMR is the elective technique for protein 

structure determination at high resolution. Among the advantages of NMR, in comparison 

to X-ray crystallography, are the possibility to investigate the macromolecule in solution 

(conditions closer to the physiological ones) and the possibility to investigate the dynamic 

behavior of the protein.   Despite these advantages, NMR can be applied only to proteins 

of a certain number of amino acids; proteins above 40 kDa are difficult to investigate by 

classical strategies due to their relaxation properties. Larger proteins tumble slowly in 

solution and this results in a fast decay of the transverse magnetization, i.e., the one that 

gives rise to the NMR signal. This property causes a dramatic increase of the line width of 

the signal generated by NMR experiment, which results in unacceptable losses both in 

resolution and sensitivity. While NMR in solution may be easily applied to globular 

protein, transmembrane proteins need particular expedients. NMR experiments do not 

yield directly the 3D protein topology as X-ray Crystallography does; NMR provides the 

conformational restraints between atoms with which the final structure is generated.  

Despite these disadvantages, 8700 NMR structures are deposited in the Protein Data 

Bank (PDB).  
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Table 11. The nuclear spin angular momentum quantum number, I, the magnetogyric ratio γ, and the natural isotopic 
abundance for nuclei of particular importance in biological NMR spectroscopy are reported 

 

3.3.2 Homonuclear experiments  

The widest investigated nucleus in NMR is 1H, as a consequence of several factors: 
1H is abundant in nature, hydrogen forms a vast array of compounds with a wide number 

of elements and in particular carbon (important in organic chemistry and in protein 

NMR), 1H is a fermion (non zero spin) and it has a high gyromagnetic ratio (in a nutshell, 

this value is related to signal intensity). Experiments focused on 1H are particularly 

important, and allow the study of small molecules and of short peptides. In this thesis, 

homonuclear experiments based on 1H were used to assign and obtain structural 

information of small peptides. A general strategy for the complete assignment of a 

peptide sequence was introduced by Wüthrich (Kurt Wuthrich 1986) and makes use of a 

combination of COSY/TOCSY and NOESY or ROESY 2D spectra. The aim of this chapter is 

to illustrate to the reader which NMR experiments were performed in this thesis and the 

information that can be obtained from each of them. A comprehensive treatment of the 

matter needs a deeper discussion than a thesis chapter. An exhaustive explanation of the 

pulse sequences used in the protein-NMR field can be found in: Protein NMR 

Spectroscopy: Principles and Practice, John Cavanagh (1996) and Structural biology: 

practical NMR applications, Quincy Teng (2005).  

 

3.3.3 Two dimensional Spectroscopy 

Peptides are characterized by the presence of several protons in their structure 

and it is simple to understand that even short sequences generate a certain number of 

peaks that may lay in the same spectral region (Fig. 50). As the size of the peptide 

increases, more and more resonances become degenerate, and it is impossible to assign 

the signals using one-dimensional techniques. During the 70’s, a general scheme was 

described to record two-dimensional spectra, segmented into the four distinct parts 
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illustrated in Figure 49. 

 

Figure 49. General scheme for Nuclear Magnetic Resonance experiments. 

The evolution period contains a variable time delay that is increased during the course of 

a two-dimensional NMR experiment from an initial value to a final value in m (usually 

equal) increments. 

 

Figure 50. One-dimensional 500-MHz 
1
H NMR spectra of (a) a hexapeptide at 280 K and (b) ubiquitin at 300 K. 

Samples were prepared in 90%/10% H2O/D2O (Cavanagh 1996) 

 

3.3.4 COSY (COrrelation SpectroscopY) 

COSY is the simplest 2D NMR experiment. In the COSY spectrum, both dimensions 

represent the proton chemical shift and the peaks outside the diagonal are generated by 

scalar correlation between two nuclei (Jeener 1971). The basic COSY experiment is 

characterized by two 90° pulses separated by t1, the evolution time. The first pulse 

rotates the equilibrium magnetization onto the transverse plane and generates single-
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quantum coherence. This magnetization can evolve during the t1 under the influence of 

chemical shift and scalar coupling. The second pulse transfers magnetization between 

scalar coupled spins. Finally, the correlated coherence is detected as the FID. Coherence 

selection is  achieved through the use of gradient pulses following each RF pulse. 

                                      

The main information that can be obtained from COSY spectra is the correlation between 

nuclei, allowing the determination of the connectivity in a molecule by determining which 

protons are spin-spin coupled. 

 

3.3.5 TOCSY (TOtal  Correlation SpectroscopY) 

The TOCSY experiment was introduced in the early 80’s (Braunschweiler e Ernst 

1983) (A. Bax e DG Davis 1985) and, like COSY, uses scalar coupling (through bond nuclear 

interaction) to correlate the protons within a spin system. The difference is that in the 

TOCSY experiment, coherence is transferred to other spins by isotropic mixing. The 

chemical shift information of one proton within a spin system is relayed to all the other 

protons within the spin system by the sequential transfer of magnetization through the 

coupled network of spins. During the mixing period, coherence along the z axis is 

transferred throughout the spin system under the interaction of scalar coupling, while 

multi-quantum coherence is dephased by the inhomogeneity of RF pulses in the isotropic 

mixing pulse train. The key aspect in the TOCSY experiment is the isotropic mixing 

sequence (Fig. 52a), commonly called spin-lock. Since the introduction of the first 

isotropic mixing train pulse (Mlev-17), much effort has been spent on the development of 

mixing pulse sequences which use minimal RF power to produce wide isotropic frequency 

ranges. Nowadays, mixing sequences of the DIPSI series are most commonly used. 

Because there is no scalar coupling between protons of consecutive residues, the 

magnetization cannot be transferred across the peptide bond. The result of TOCSY 

experiment is a characteristic pattern of signals for each amino acid, from which the 

amino acid type can be identified. 

 

Figure 51. COSY basic pulse squence. 
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3.3.6 NOESY (Nuclear Overhauser Effect SpectroscopY) and ROESY (Rotating-

frame Overhauser Effect SpectroscopY) 

Since 1950, transfer of spin magnetization via cross relaxation was observed. This 

effect can be utilized efficiently to transfer magnetization between nuclei by particular 

pulse sequences that are based on NOESY experiments (Jenner 1979). The through-space 

nuclear dipolar interaction can be used in multidimensional experiments to obtain 

distance information between spins for structural and dynamic studies of molecules. The 

possibility to obtain distance data between two nuclei makes NOESY the most powerful 

and important technique available for structural investigations of biomolecules by 

solution-state NMR spectroscopy (Cavanagh 1996). The key point in the NOESY pulse 

sequence is the mixing time.   

The intensity of the crosspeaks (I) in the NOESY experiment is proportional to  

   
  

  
, 

in which d is the inter-proton distance, ξ is a constant for a given sample at a specific 

magnetic field strength, τm is the mixing time. Typically, distances of 5 Å or less can be 

detected with this experiment.  

In particular, the intensities of the cross-peaks are not only proportional to the cross-

relaxation rate, but also come from spin diffusion that can be minimized with a short 

mixing time.  In NOESY experiments, the magnitude and sign of the NOE depends strongly 

on molecular dynamics. For big molecules in the slow motional regime, the NOE becomes 

negative whilein the case of intermediate molecular weight compounds (roughly 1000 to 

3000) NOE peaks disappear and ROESY (Bothner-By et al. 1984) should be used. In ROESY 

Figure 52. a: TOCSY pulse sequence. b: NOESY pulse sequence. c: ROESY pulse sequence. 
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experiments, cross-peaks are always positive irrespective of the molecular weight (Fig. 

53). 

 

 

3.3.7 Heteronuclear experiments 

In the same way that it is possible to detect correlations between J-coupled 

homonuclear spins, it is possible to observe correlations between protons and their 

attached atom, such as nitrogen and carbon, using heteronuclear J-correlated 

spectroscopy. Since proteins are mainly composed of C, N, H, and O, the importance of 

techniques able to provide information between nuclei different from 1H is self-evident. 

As reported in table 11, 13C and 15N are fermions and as a consequence they are suitable 

for NMR investigation. 

Nowadays, the expression of isotope-labeled recombinant proteins is a strategy normally 

carried out in many lab. NMR samples require large quantities of isotope-labeled proteins 

to achieve millimolar concentrations in the NMR samples. The easiest and cheapest 

strategy to obtain this is the expression and subsequent purification using bacteria 

vectors, such as E. coli. This approach allows one to produce large amounts of proteins 

and also to express proteins enriched with 13C and 15N isotopes using special media, such 

as 15NH4Cl as unique source of nitrogen or 13C-Glucose as carbon source. Other strategies 

may be used for proteins that require particular post-translational modification or when 

they need a specific set of proteins in the folding process or the protein is toxic for E. coli 

and is not expressed. Other used systems are based on different bacteria (B. subtilis), 

yeast (Saccharomyces cerevisiae), baculovirus/insect, and mammalian cells or cell-free 

systems (in vitro) with no use of a host vector.  

Figure 53. NOE/ROE enhancement factor ηmax as a function of ωτc. NOE 

enhancement (dashed line) is close to zero when ωτc ≈ 1, equals 0.5 for 

ωτc << 1 (extreme narrowing limit), and -1.0 for ωτc >> 1 (spin diffusion 
limit). The ROE enhancement (solid line) is always positive in all regimes, 

and it is 0.38 for ωτc << 1 and 0.68 for ωτc >> 1. (Teng 2005) 
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One of the main problems in heteronuclear NMR is the relative sensitivity of 13C or 15N 

nuclei, such that the direct detection of these nuclei can be problematic. The population 

(at Boltzmann equilibrium) is proportional to the magnetogyric ratio γ. The relative 

sensibility is defined as: 

   
  
   

 
    

      

      
  
  

 
    

 

 

In which Sx and S1H are signal-to-noise ratios of the heteronucleus X and 1H, respectively, 

N is the number of the nucleus, which corresponds to the natural abundance of the 

nucleus, I is the nuclear spin quantum number, and γ is the magnetogyric ratio. For equal 

numbers of spin-1/2 nuclei, the relative sensitivity to 1H is given by:  

    
  

   
 

 

 

 

Regarding 13C or 15N nuclei, the relative sensitivities are 1.6      and 1.0     , 

respectively. 

Nowadays, the most used strategy to solve the sensitivity problem is to introduce the 

INEPT block in the heteronuclear experiments.  

3.3.8 Enhanced Magnetization Transfer: INEPT 

The INEPT (Insensitive Nuclei Enhanced by Polarization Transfer) (Burum and 

Ernst, 1980; Morris and Freeman, 1979) sequence is the basic building block of many 

heteronuclear NMR experiments correlating protons and heteronuclei that are coupled 

by large coupling constants. The idea behind INEPT is to transfer magnetization from a 

sensitive nucleus with a high magnetogyric ratio (as proton) to a less sensitive nucleus 

with a lower magnetogyric ratio (e.g. nitrogen or carbon), by means of the scalar coupling 

interaction. By starting and ending experiments on the nucleus with the highest  value, 

the sensitivity of the experiments can be greatly enhanced. 1H detected experiments are 

most often used in biomolecular NMR. Not only is the sensitivity high, but the recycle 

delay can be kept short because the 1H spin recovers its equilibrium magnetization 

relatively quickly. This results in higher signal to noise ratio per unit time.  

 

3.3.9 HSQC (heteronuclear single-quantum coherence) experiment 

HSQC is the most used 2D experiments in protein-NMR. In 1979, Müller developed 

a pulse sequence for heteronuclear correlation (Mueller 1979) and one year later the first 

HSQC experiment  was perfomed (Bodenhausen 1980). Son after, (Bax, Griffey, e Hawkins 
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1983) this pulse sequence became popular becoming a conventional experiment 

nowadays; it represents the first step in protein-NMR studies, frequently used to 

characterize protein-protein, as well as ligand-protein interactions. 

To obviate the sensitivity issue, the HSQC experiment commonly includes two INEPT 

blocks; the first one creates antiphase heteronuclear coherence and the second one is 

used to transfer it back into proton magnetization. A basic HSQC pulse sequence is 

reported in figure 44 and it is composed of five steps. During τ, the first INEPT step 

establishes a proton (I-spin) antiphase magnetization. In the middle of τ period, a 180° 

pulse is applied on both spins to refocus chemical shift modulation. In the second step, 

the coherence is transferred from proton to the bound heteronucleus (S-spin) though 

simultaneous 90° pulses. Then, The S-spin coherence is frequency-labeled during the t1 

period. A 180° pulse on the I-spin in the middle of t1 refocuses the evolution of 

heteronuclear JIS coupling. In the fourth step, a 90° pulse on both spins transfer the 

magnetization back to proton as antiphase I-spin magnetization. The final spin-echo 

period converts this antiphase term into in-phase proton magnetization. 

  

3.3.10 Isotope-edited NMR experiments  

Isotope-Filtering Spectroscopy (Otting et al. 1989) is a very useful strategy to 

investigate protein-protein or protein-peptide interaction, in which one of the two 

proteins is usually labeled with 13C and/or 15N isotopes. An isotope filter usually selects or 

rejects the magnetization which originated only from one of the two components. Thus, 

the resulting spectrum is extremely simplified by the suppression of unwanted 

component. 

In Isotope-Filtering Spectroscopy, two main strategies are distinguished: Isotope-filtered 

experiments and Isotope-edited (or selected) experiments. The term “X-filtered” means 

that the signals from the protons bound to an X-isotope are suppressed in the 

Figure 54. Pulse sequence for the fundamental HSQC sequence. 
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experiment, whereas  ”X-edited” denotes that the signals from the protons attached to 

an X-isotope are selected in the experiment (Breeze, 2000). 

The double isotope-filter applied in our experiments is a sequential combination of two 

single filters (Gemmecker 1992). The delays in the two filters are selected for different 

couplings. At the end of the first isotope-filter block, the anti-phase component is 

transformed into unobservable magnetization by a 90°y pulse to zero-quantum 

coherence. 

 

3.3.11 Diffusion Ordered SpectroscopY (DOSY) 

The idea to correlate the chemical shift dimension with a dimension describing the 

self-diffusion of molecules is the key concept in Diffusion Ordered SpectroscopY (DOSY). 

DOSY  (Morris e Charles S. Johnson 1992) is based on the pulsed field gradient spin−echo 

nuclear magnetic resonance (PFGSE NMR) sequence of Stejskal and Tanner (Stejskal e 

Tanner 1965),in which the attenuation of the NMR signals during a pulsed field gradient 

experiment is correlated with the strength of the applied gradient. In DOSY experiments, 

the determination of the diffusion coefficient is based on the Stejskal and Tanner 

equation: 

    
       

  with       

In which I is the signal amplitude, g the gradient in the z direction, I0 the signal amplitude 

at zero gradient, δ and Δ are the width of the field gradient pulses and the diffusion delay, 

respectively, γ is the magnetogyric ratio and D the diffusion coefficient. To determine 

diffusion coefficients, a series of experiments is performed in which either g, δ, or Δ is 

varied while keeping τ constant to achieve identical attenuation due to relaxation. 

Typically, a series of 1D pulse field gradient (PFG) stimulated spin-echo (STE) experiment 

is acquired varying the gradient pulse amplitude. The ultimate goal of diffusion ordered 

spectroscopy is the “DOSY transformation” in which the matrix correlating chemical shifts 

with attenuation of the signal in a PFG experiment is transformed into a matrix where the 

chemical shift is correlated to the diffusion constant. In the 2D spectra obtained by DOSY 

transformation, one dimension represents the chemical shift while the second one, the 

diffusion coefficient.  

DOSY has been used for complex and heterogeneous mixtures, such as biological samples, 

to measure protein−ligand interactions, or protein-protein interactions. 

 

3.4.1 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is a widely used technique in protein 

conformation analysis. Chiral chemical entities containing chromophores show different 

behavior in the absorption of left-handed and right-handed circularly polarized light. The 
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difference observed is called circular dichroism.  In CD spectroscopy, this difference is 

measured over a range of wavelengths resulting in a characteristic spectrum. This 

technique is commonly used in bio-physics to investigate the secondary structure because 

each secondary structural element presents a peculiar profile. A protein CD spectrum is 

the result of the secondary structure composition and as a consequence, CD is useful to 

study the variation of the protein folding. In my thesis, CD was used to monitor protein 

stability with respect to temperature, obtaining melting profiles.  
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APPENDIX A – Phage Display Protocol 

Three highly randomized peptide libraries (7-mers, 12-mer and disulfide-

constrained 7-mers by New England BioLabs, Beverly, MA) displayed on the minor coat 

protein (pIII) of M13 phages were selected for the panning. His-tagged mMcl-1 was 

immobilized incubating it overnight at 4 °C in 96-wells plates coated with a high-density 

nickel chelate matrix able to bind specifically fusion proteins with histidine-tags (HIS-

Select HC, Sigma). To avoid nonspecific interactions, a blocking buffer (0.1 M NaHCO3, 5 

mg/mL BSA) was added for 2h at 4 °C and washed 6 times with 0.1% [v/v] Tween-20 in 

Tris buffer (TBST). 150 µL of each selected phage library were added in separated wells 

and were gently agitated for 60 minutes. To remove non-bound phages, the wells were 

washed 5 times with TBST and then 5 times with TBST containing 10 mM imidazole. Two 

different elution buffers were used distinctly:  TBS containing 150 µM BIM peptide 

(26aa,Abgent), TBS containing 150 µM BI97C1(Jun Wei et al. 2010).  150 µL of elution 

buffer were added to separate wells for 45 minutes under agitation. The eluate was 

titered and conserved for the phage amplification and purification steps. To collect 

possible phages still bound to the target, 150 µL of 0.1 M HCl were added and the eluate 

was neutralized and collected like the previous fractions. The contact time for HCl-based 

elution buffer was reduced at 10 minutes. All the eluates were amplified incubating each 

of them with 20 mL of ER2738 culture for 5h at 37 °C under vigorous shaking. Afterwards, 

the amplification cultures were centrifuged twice at 12000 rpm for 15 minutes and the 

supernatant were added to 3.5 mL of a PEG-saline buffer (20% (w/v) polyethylene glycol–

8000, 2.5 M NaCl) for 12h at 4 °C.  The PEG precipitation was again purified with the PEG-

saline buffer for 2h, spun and suspended in 200 µL of TBS. The fractions containing 

phages were used for the further round of panning until the fourth round. Serial dilutions 

(10x, 100x, 1000x) of each phage fraction were grown with 3 mL of Agar containing 200 

µL of fresh ER2738 culture in LB/IPTG/Xgal plates.  Twenty plaques from each phage 

fraction were sequenced according to the manufacturer's recommendations.  The 

obtained sequences were analyzed with Unipro UGENE1.7.2 (Oshchepkov et al. 2004)  

The Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1997) software was used to 

search the resulting peptide sequences in nr database, containing all non-redundant 

GenBank CDS translations, RefSeq Proteins,  PDB, SwissProt, PIR, PRF. Only sequences 

from human organism were selected to be aligned using the BLOSUM62 matrix, using 

default optimized parameter for small sequences.  The Pattern identified from phage 

display peptides was also used to perform a pattern search on human restricted Swiss-

Prot database with MyHits web service (Pagni et al. 2007). Protein-protein interaction 

networks were built. 
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APPENDIX B – Molecular Dynamics Simulation Details 

All modeling studies were carried out on a 20 CPU (Intel CoreTM2 Quad CPU 2.40 

GHz) Linux cluster. The X-ray structure of the pre-oxidation complex of Human DJ-1 with 

the highest resolution was selected for all the calculation. PDB code: 2OR3)(1). MD 

simulations were performed using the software GROMACS 3.3(2-5). The system was 

prepared using pdb2grx, setting GROMOS96 43a1 as Forcefield. The physiological 

protonation state of side-chains was manually set in agreement with the collected 

titration data monitored by HSQC experiments. Interestingly, His138 is protonated at pH 

7.4. The DJ-1 model was introduced into a cubic box (620 nm3) and solvated by explicit 

water molecules, using the spc216 water model. The system was minimized using the 

steepest descent protocol for 1000 steps. A position-restrained MD was carried out to 

relax the solvent for 100 ps at 300 K using V-rescale thermostat and maintaining the 

pressure at 1 atm using the Berendsen barostat. Multiple MD simulations were 

performed from 30 ns, maintaining temperature and pressure at 300 K and 1 atm, 

respectively, as described before. Particle mesh Ewald (PME) method laws were used for 

long-range electrostatic interactions, and a cutoff of 0.9 nm was applied to short-range 

non-bonded interactions.  

The models of the covalent complexes of DJ-1 with DA were obtained using the same 

crystal structure covalently bound to DA according to the geometries obtained by a 

docking study. We selected the lowest potential energy pose proposed by the GOLD suite 

molecular docking program, using the covalent bond constrain tool. The analyses of 

trajectories were performed using GROMACS and the VMD software package and plotted 

with qtiPLOT and GRACE. Essential Dynamics analysis was perfomed using GROMACS 3.3 

discarding the first 5 ns. The projected trajectories were obtained filtering the motion 

along the first eigenvector using the original trajectory and the DJ-wt trajectory as 

references. 
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Configuration file for unrestrained MD simulation for DJ-1 with Gromacs. 

constraints          =  all-bonds 

integrator            =  md 

dt                    =  0.002 ; ps ! 

nsteps               =  15000000 ; total 30000 ps.    30 ns. 

nstcomm              =  1 

nstxout              =  5000 

nstvout             =  0 

nstfout              =  0 

nstlist               =  10 

ns_type             =  grid 

rlist                 =  1.0 

coulombtype          =  PME 

rcoulomb             =  1.0 

vdwtype  =  Cut-off 

rvdw                 =  1.4 

fourierspacing       =  0.12 

fourier_nx      =  0 

fourier_ny         =  0 

fourier_nz      =  0 

pme_order     =  6 

ewald_rtol      =  1e-5 

optimize_fft      =  yes 

Tcoupl                =  V-rescale 

tau_t                 =  0.1      0.1 

tc-grps       =  protein      non-protein 

ref_t                 =  300       300 

Pcoupl              =  Berendsen 

pcoupltype        =  isotropic 

tau_p                =  0.5 

compressibility     =  4.5e-5 
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ref_p                 =  1.0 

gen_vel              =  yes 

gen_temp             =  300.0 

gen_seed             =  173529 
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APPENDIX C - Circular dichroism spectroscopy details. 

CD measurements were carried out on a JASCO J-715 spectropolarimeter. The CD 

spectra were acquired and processed using the J-700 software. The experiments were 

carried out using a HELLMA thermostatable CD quartz cuvette with an optical pathlength 

of 0.1 cm. Thermal stability was assessed following changes at 220 nm (characteristic of 

an α-helical conformation) increasing the temperature from 25 °C to 75 °C with a 

constant increase of 1 °C/min. All spectra were recorded using a bandwidth of 2 nm and 

an integration time of 6 s per point. The profiles were recorded at 220 nm, using a 

bandwidth of 2 nm and a time constant of 4 s at a scan speed of 100 nm/min. The signal-

to-noise ratio was improved by accumulating four scans. Spectra were acquired on 150 

μM solutions of DJ-1 in the presence of 20 mM phosphate buffer at pH 7.4. 
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APPENDIX D – NMR experiments. 

 DJ-1 NMR studies 

All NMR experiments were carried out at 25 °C on a Bruker Avance DMX600 

spectrometer equipped with a gradient triple resonance probe interfaced with Red-Hat 

Linux workstation with TopSpin 1.3. The spectra were processed using the NMRPIPE 

software suite and analyzed using the software CARA. The NMR samples contained 0.5 

mM protein in H2O:D2O [90:10 (v/v)], 20 mM phosphate buffer (pH 7.4), 1 mM DTT.  

Bipolar gradients pulses were used to conduct Diffusion-ordered spectroscopy (DOSY) 

experiments. The gradient strength was increased from 5 to 95% of the maximum 

gradient strength with a length set to 3.8 ms () and diffusion time set to 100 ms (). 

 

 Mcl-1 NMR studies 

NMR spectra were acquired with either a Bruker Avance 600 or an Avance III 

700 MHz spectrometers (Bruker BioSpin Corporation, Billerica, MA, USA) both equipped 

with TCI cryoprobes. NMR spectra were processed with Bruker software (Topspin version 

2.0) and analyzed with CARA (http://www.nmr.ch/). 

For binding studies with Mcl-1, 70–153 μM samples of uniformly 15N-labeled protein were 

used. [1H, 15N] HSQC spectra were acquired for the protein in its apo form and after 

addition of each peptide (concentration ranging from 50 to 1000 μM). To calculate the 

dissociation constant (Kd), the chemical shift variations in the proton dimension for 

several protein residues were plotted as a function of the peptide concentration. 

Chemical shift variations were estimated with the relationship (δfree − δobs/δsat −δfree) 

where δobs is the measured value of the chemical shift at a given peptide concentration, 

δfree the value in the unbound state, and δsat the value at the last point of the titration 

(i.e.: the saturation point). Data were fitted to the equation:  

  
                                  

     

  
, 

where p is a constant equal to the protein concentration and Kd, obtained from the fit, is 

the dissociation constant. 

For all these binding experiments, the peptides were dissolved in deuterated DMSO to 

make concentrated stocks (100 mM concentration) and progressively diluted in the 

protein buffer (PBS, pH 6.8). 

 

 
 

http://www.nmr.ch/
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