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ABSTRACT 

Glutathione transferases (GSTs) are enzymes able to conjugate GSH 

to a lot of toxic compounds thereby favoring their excretion. Recently, 

other protective roles of these enzymes have been discovered. In 

particular, it has been observed that a peculiar and strong interaction 

exists between some mammalian GSTs and an endogenous carrier of 

nitric oxide, the dinitrosyl-diglutathionyl iron complex (DNDGIC). 

This iron complex is a paramagnetic molecule with a characteristic EPR 

spectrum centered at g = 2.03, that is spontaneously formed when NO 

enters the cell. This complex is a strong irreversible inhibitor of 

glutathione reductase. The present work explores the possible role of 

GSTs like a protection system against DNDGIC.  Actually, mammalian 

GSTs bind DNDGIC with extraordinary affinity (KD = 10-9-10-10 M). When 

rat hepatocytes are incubated in the presence of GSNO, a natural 

source of NO, a rapid formation of 0.1 - 0.2 mM intracellular DNDGIC 

has been observed. This concentration would be lethal for glutathione 

reductase. However the complex does not appear like a free species but 

completely bound to GSTs, that are present at the cytosolic level of    

0.8 mM. In this form the complex is completely harmless for 

glutathione reductase.  

Surprisingly, electron paramagnetic data, reveal that DNGIC-GST is 

partially associated to subcellular fractions and in particular to nuclei. 

Our data indicate that about 10% of the cytosolic pool GST is 

electrostatically associated with the outer nuclear membrane, and a 

similar quantity is compartmentalized inside the nucleus. Mainly 

Alpha class GSTs, in particular GSTA1-1, GSTA2-2 and GSTA3-3, are 

involved in this double modality of interaction. Confocal microscopy 

and immunofluorescence experiments have been used to detail the 

electrostatic association in hepatocytes. A quantitative analysis of the 

membrane-bound Alpha GSTs suggests the existence of a multilayer 
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assembly of these enzymes at the outer nuclear envelope that could 

represent a potent protection shell for the nucleus and an amazing 

novelty in cell physiology.  

A second target of this study is represented by the particular GST 

isoenzyme expressed by the Plasmodium falciparum (PfGST), the 

parasite causative of malaria. This enzyme is characterized by a 

peculiar dimer/tetramer transition that occurs in the absence of GSH 

and that causes a total loss of its enzymatic activity. Moreover PfGST 

binds hemin with high affinity and this interaction is finalized to the 

protection of the parasite against this toxic compound. Binding of 

hemin is regulated by a cooperative mechanism and does not occur in 

the tetrameric enzyme. Side directed mutagenesis, steady-state kinetic 

experiments, fluorescence anisotropy and    X-ray crystallography were 

used to verify the involvement of some protein segment in the 

tetramerization process and in the cooperative phenomenon.  Actually 

the loop 113-118 represents one the most prominent structural 

difference between PfGST and other GSTs. Our results demonstrate 

that truncation, increased rigidity or even a simple point mutation of 

this loop cause a dramatic change of the tetramerization kinetics that 

becomes hundred times slower than that observed in the native 

enzyme. Furthermore all mutants loose the positive cooperativity for 

hemin binding found in the native structure suggesting that the 

integrity of this peculiar loop is essential for intersubunit 

communication. Interestingly, the tetramerization process, that is very 

fast in the absence of GSH in the native enzyme, is prevented not only 

by GSH but even by GSSG. This result indicate that the protection of 

the parasite against free hemin is independent of the redox status of 

the cell. 
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 1.1 Glutathione Transferases (GSTs) 

 Glutathione transferases are a superfamily of multifunctional enzymes that 

catalyze the addition of the nucleophilic thiol GSH (the tripeptide γ-glutamyl-

cysteinyl-glycine) to xenobiotic and endogenous compounds which have  

electrophilic centers. Their substrates include alkyl and aryl halides, carboxylates, 

sulphate and phosphate esters, epoxides, organic nitrates, lactones, quinones, 

ozonides, thiocyanates and hydroperoxides (1-5). GSTs are involved in phase II of 

the mechanism of cellular detoxification. These proteins are found in all eukaryotic 

and prokaryotic systems, in the cytoplasm, in the microsomes and in mitochondria 

(6, 7). In human cells GSTs are present in high concentrations. For example in 

hepathocytes they represent about 3 - 5% of all cytosolic proteins. The GSTs are 

ubiquitous, especially abundant in the liver, lungs, in the placenta and skin (8, 9). 

 

1.2 Classification of Glutathione Transferases 

Over 100 different isoenzymes of GST have been described in species ranging 

from microorganisms to humans. Currently cytosolic GSTs are grouped into 12 

isoenzymatic classes based on amino acid sequences, immunological properties and 

substrate and inhibitor specificity (10, 11).  

A particular class is represented by the microsomal GST (MAPEG). This 

isoenzyme is associated to the microsomal membrane, and displays a peculiar 

trimeric structure (12). The cytosolic and mitochondrial GSTs are involved in the 

metabolism of xenobiotics, as well as in the detoxification against endogenous toxic 

compounds. In contrast, MAPEG is not involved in detoxification processes, but is 

active in the synthesis of prostaglandins and leukotrienes (5, 12). 

In mammals 8 families of cytosolic GSTs are expressed, termed Alpha, Mu, 

Omega, Pi, Sigma, Theta and Zeta. Several other soluble GST classes have been 

reported: Delta and Epsilon in insects (13); Phi, Tau, Lambda in plants (14); Beta 

(15) and Chi in bacteria (16). The first classes discovered in mammals, i.e. Alpha, 

Mu and Pi, (17), are also the most advanced from an evolutionary point of view. 

The Alpha and Mu GST class are particularly abundant in the liver. The Alpha class 

GST plays also an additional detoxification role showing a peroxidase  activity with 

organic peroxides. The GSTA1-1 and GSTA2-2 isoforms are highly           
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substrate-promiscuous with catalytic activity toward many structurally unrelated 

toxins (18-22) and the GSTA3-3 is involved in steroid biosynthesis and the 

metabolism of some xenobiotics (23).  

 

1.3 GST of the malarial parasites 

 GST isoenzymes play a crucial role in parasites as they represent the main 

detoxification system due to the lack of Cytochrome P450 activity. A curious 

exception is represented by some protozoans such as Trypanosoma cruzi, 

Trypanosoma brucei, Plasmodium berghei and Leishmania donovani that replace 

the redox couple GSH/GSH reductase with trypanothione/trypanothione reductase 

(24-26). Furthermore, knockout studies in Plasmodium falciparum support the 

importance of functional cytosolic GSTs in these organisms (27). These findings 

place the parasite GSTs as targets for the development of new antiparasitic drugs 

(28, 29).  

Tropical malaria, which is caused by the protozoan parasite Plasmodium 

falciparum, is responsible for about 515 million clinical cases (30) and one to three 

million deaths annually (31). The emergence and spread of drug resistance to 

commonly used chemotherapeutics are major factors contributing to this increasing 

burden. Thus, the characterization of alternative drug targets is urgently required 

(32-34). GST activity has been reported in all Plasmodium species studied so far as 

well as in all intraerythrocytic stages of the parasite (27).  

The malaria parasite gives rise to disease only during its blood stage. This part 

of the lifecycle occurs largely within the red blood cell of the human host (35), 

where it digests a major proportion of the red cell hemoglobin (36). It has been 

demonstrated that Plasmodium falciparum, the causative agent of almost all fatal 

cases of malaria, detoxifies host hemoglobin-derived ferriprotoporphyrin IX in an 

acidic digestive vacuole mainly by converting it to hemozoin (37). Hemozoin is 

now known to be a crystalline cyclic dimer of ferriprotoporphyrin IX in which the 

propionate group of one porphyrin moiety coordinates to the Fe(III) center of its 

partner and vice-versa, while the second propionic acid group of each 

ferriprotoporphyrin IX hydrogen bonds to a neighboring dimer in the crystal (38). 
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Glutathione transferase of Plasmodium falciparum (PfGST) is the sole GST 

isoenzyme expressed by the parasite and it represents >1% of the total cellular 

protein (39, 40). A role of GST from Plasmodium falciparum in the development of 

drug resistance in malarial parasites has been postulated but is still controversial 

(28, 39). The PfGST differs significantly from human GSTs, and PfGST cannot be 

assigned to any of the previously known GST classes, thus representing a novel 

GST isoform (27, 29, 41-50) that may exert a particular protective role in the 

parasite. In fact, beside the usual activity that promote the conjugation of GSH to 

electrophilic toxic compounds, this protein binds efficiently hemin and thus it could 

protect the parasite (that lives in the erythrocytes) from the oxidative stress caused 

by residual free hemin that did not polymerize into hemozoin. 

 

1.4 GST Enzymatic functions 

 GSTs display multifunctional nature because they are involved in different 

types of processes and have different enzyme activities (51). The main function is 

the transferase activity i.e. the reaction of  conjugation of GSH to a wide variety of 

hydrophobic compounds, endobiotics or xenobiotics (Fig. 1.1), that have an 

electrophilic centre (4, 52, 53). 

These electrophilic substrates include epoxides, alkyl and aryl halides, esters, 

activated alkenes, quinones and -unsaturated carbonyls compounds (3, 41). 

With this conjugation the glutathione transferase plays the function of detoxification 

against of toxic compounds, both of endogenous nature, such as secondary 

metabolites of oxidative stress, both of exogenous nature, such as drugs, 

carcinogens, environmental pollutants, pesticides and herbicides.  In addition to this 

specific activity, some isoforms also show a glutathione peroxidase            

selenium-independent activity, allowing them to catalyze the reduction of lipid 

hydroperoxide in the corresponding alcohols (54). 
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FIGURE 1.1. Reactions catalyzed by GSTs. Examples of conjugation, 

reduction, thiolysis, and isomerization reactions catalyzed by GST. The following 

substrates are shown: (a) chlorodinitrobenzene, (b) 4-nitrophenyl acetate, (c) 

sulforaphane (d) trinitroglycerin, (e) cumene hydroperoxide, (f) 

maleylacetoacetate, (g) prostaglandin PGH2. 
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Thanks to this activity of peroxidation, combined with that of conjugation, the 

GSTs play an important role in the tissue protection process against oxidative 

damage (5). Other isoenzymes show an additional isomerase activity to various 

compounds such as unsaturated 
5
-3-chetosteroid, maleylacetoacetic acid and 

maleylacetone (Fig. 1.1).  GSTs are also able to bind endogenous compounds such 

as leukotrienes and prostaglandins acting both in their catabolism, through the 

classic reaction of conjugation with the GSH (Fig. 1.2), and in their process of 

biosynthesis (55). 

As an example of enzymatic mechanism is reported below the conjugation of 

GSH to the universal co-substrate 1-chloro-2,4-dinitrobenzene (CDNB): 

 

 

                  complex  

 

FIGURE 1.2. The conjugation of GSH to CDNB catalyzed by GSTs. 

 

The catalysis of nucleophilic aromatic substitution reactions can be divided into 

steps involving binding of substrates to the enzyme active site, activation of GSH 

by deprotonation of the thiol to form the nucleophilic thiolate (56), and nucleophilic 

attack by the thiolate at the electrophilic center to form a σ-complex. 

 

1.5 Ligandin properties 

 The panel of GSTs present in nature encompasses enzymes that catalyze 

conjugation, reduction and isomerase reactions, as well as proteins that act         

non-enzymatically as ligandines. Glutathione transferases are able to bind some 

hydrophobic compounds like bilirubin, heme, steroid and thyroid hormones. Some 

of these ligands neither bind to the G site nor to the H site, but to the interface of the 

two subunits, and the binding often inhibits glutathione transferases. This 
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interaction and compartmentalization prevents a possible cytotoxic accumulation in 

tissues of these lipophilic molecules  (17). 

 

1.6 Apoptosis regulation 

 Recently an important protein-protein interaction has been described involving 

GST and Jun N-terminal kinase (JNK), a protein involved in the cellular apoptotic 

process. Apoptosis is programmed cellular dead primed from free JNK and other 

enzymes in cascade reactions. As long as JNK protein remains bound to the GST it 

is not in position to trigger cellular death. This GST-JNK interaction is regulated by 

their cytosolic concentrations. When the cell is in the increasing phase JNK is 

bound to GSTs and is inactive. Interaction with inhibitors, UV irradiation and 

oxidative stress, induce GSTs modification making the GST-JNK complex 

unstable. Therefore JNK becomes active priming the apoptotic process (57). 

 

1.7 GSTs structures  

 

1.7.1 Mammalian cytosolic GSTs 

 Representative tridimensional structures of at least one member from each 

cytosolic GSTs have been solved by X-ray diffraction studies (Fig. 1.3). The 

crystals were obtained in complex with the GSH (or its analogues) or inhibitors. All 

soluble GSTs display  similar dimeric structures assembled mainly in α-helix      

(48-59%) and in minor measure by β-sheets (8-10%), the rest is constituted by 

regions irregularly structured and loops. Each subunit is constituted by two domains 

linked together by one peptide of a few amino acids. The first domain in these 

enzymes is located in the N-terminal portion and is responsible for GSH binding, 

hence the name “G-site”. The domain is conserved for all classes with a 

thioredoxin-like fold comprised of three helixes and four sheets in a βαβαββα run. 

The binding of glutathione is done in an extended conformation at one end of the 

four strands of the G-site and it is anchored to the domain through electrostatic 

interactions.  
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FIGURE 1.3. Three-dimensional structure of the main glutathione transferase 

monomers (58). 
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The second domain  contains the H-site, i.e., the site for binding of the second, 

often hydrophobic, substrate. The amino acid residues that are involved in the 

binding of the electrophilic substrate may also, if correctly positioned, contribute to 

the chemical steps on the reaction pathway. In any case, the structure of the H-site 

governs the substrate specificity of a GST. Interestingly, these enzymes have 

activity only as dimers (Fig. 1.4).  

 

 

 

FIGURE 1.4. The homodimer of GSTP1-1 (59). 

 

 

The argument used to explain this behavior has been the cooperativity (positive 

or negative) between subunits, recently demonstrated in Plasmodium falciparum 

and some subclasses of mammalians isoenzymes in which the subunits showed 

interactions which modulate the binding of different compounds (60-62). In general, 

GSTs monomers have molecular masses of 23–28 kDa with an average of 220 

amino acids in their sequences. The dimer may have identical subunits (homodimer) 

or different subunits (heterodimer) of the same class. 

The three-dimensional structures of members of mammalian GSTs from classes 

Alpha (63, 64), Mu (65-66) and Pi (67-69) and mutational studies have provided 
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important details about amino acid residues putatively involved in the catalytic 

mechanism. Activation of GSH occurs at the G-site by different amino acids 

according to the class. Tyrosine (Mu, Pi, Alpha, and Sigma classes), serine       

(Zeta class) or cysteine (Omega class) allow conjugation or the thiol transfer. The 

first two amino acids, tyrosine and serine, promote the formation and stabilization 

of the thiolate anion of GSH, lowing its pKa from 9.0 to 6.2. This is achieved 

through hydrogen bond donation of their hydroxyl group, which gets GSH ready for 

conjugation. When a Cys residue is used there is a thiol transfer, and it forms mixed 

disulphides with GSH. This kind of reaction is closely related to redox reactions.  

The second domain, called the H-site, binds hydrophobic substrates, is located 

in the C-terminal region and is comprised exclusively of α-helixes. The number of 

the helixes varies from 4 to 7. This fact and residue variations in the H-site have 

been taken as arguments for the wide substrate diversity and preferences for 

detoxification among classes. For example, the Mu class has very efficient catalysis 

with molecules containing oxiranes and unsaturated carbonyl groups whereas class 

Alpha acts on 4-hydroxyalkenals and peroxides (4, 51, 70). However, the subclasses 

might also be distinguished by their substrate specificities. 

 

1.7.2 GST of human malarial parasites (Plasmodium falciparum) 

 Structures for parasite cytosolic GSTs come from the protozoa Plasmodium  

falciparum (PfGST), the nematode Onchocerca volvulus (OvGST2) and trematodes 

Schistosoma haematobium, Schistosoma  japonicum, Schistosoma mansoni and 

Fasciola hepatica. In all cases, the differences with human cytosolic GSTs provide 

opportunities to develop specific inhibitors against these parasites (71-76). The GST 

gene of Plasmodium falciparum (PfGST) was cloned and expressed in Escherichia 

coli, yielding a homodimeric active enzyme. According to primary structure and 

substrate specificity, the protein can be placed into the vicinity of the Mu or Pi 

subclass of GSTs (40). PfGST is the only enzyme of the GST family, which in the 

absence of GSH shows a  tetrameric structure rather than a dimeric structure (77).  

The structure of PfGST at 1.9 and 2.2Å resolution exhibits a shorter C-terminal 

section, with only five residues after the 8 helix, which implicates a more     

solvent-accessible H-site area and an amphiphilic character that is reflected in its 
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substrate spectrum. Amphiphilic compounds, including inhibitors, can access the   

H-site of PfGST but cannot enter the hydrophobic H-site of human isoforms. 

Alignments of the PfGST structures with crystals of human Alpha, Mu and Pi 

classes indicate a significantly high root mean-square (rms; relative position 

between two atoms) deviation of ~ 1.2 Å, compared to members within classes 

which show rms deviations of ~ 0.7 Å, as occurs between S. japonicum and F. 

hepatica, which have an rms deviation of 0.85 Å (27, 72, 75). Again, a broader and 

more solvent-exposed site is found and it is due to amino acid variation in the H-site 

of the parasite cytosolic GST in contrast to mammalian Pi class (74). X-ray study of 

this enzyme, showed by an atypic extra loop connecting helix 4 and helix 5 

(residues 113-118) that could be involved in the dimer/dimer interaction. Actually, 

in the absence of ligands two biological dimers (AA1 and BB1) form a tetramer and 

these homodimers (Fig. 1.5) are interlocked with each other by the loop 113-118 of 

monomer B (B1), which occupies the H-site of monomer A (A1) (50).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1.5. Structure of the PfGST. (A), dimer structure, (B), tetramer 

structure (50). 
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Upon binding of S-hexylglutathione, the H-site loop 113-118 rearranges, 

residues Asn-114, Leu-115, and Phe-116 form an additional coil in helix -4 and 

the side chains of Asn-111, Phe-116, and Tyr-211 flip into the H-site. The changed 

course of the residues 113-120 in the liganded enzyme prevents the interlocking of 

the dimers; as a consequence, the molecules are packed as dimers (78). 

 
1.8 GSTs and Nitric Oxide 

 

1.8.1 Nitric oxide (Nitrogen monoxide) 

 
 Nitric oxide (NO) is a paramagnetic inorganic gas with good solubility in 

water, weakly polar and thermodynamically unstable (79). NO is produced in 

bodies from endogenous and exogenous sources. In the second case, it is 

synthesized by the enzyme nitric oxide synthase (NOS) in which L-arginine is 

converted into NO and L-citrulline (80, 81). There are three NOS isoforms: 

neuronal NOS (nNOS, NOS-1), inducible NOS (iNOS, NOS-2), and endothelial 

NOS (eNOS, NOS-3) (81). All mammalian NOS are hemoproteins, require 

NADPH and O2 for the production of NO, and use FAD, FMN, and 

tetrahydrobiopterin as cofactors (81-83). 

 NO is an important molecule involved in a wide range of physiological 

functions as control of blood pressure, vasodilatation, inhibition of platelet 

aggregation, neurotransmission, memory formation, penile erection. Furthermore 

NO is involved in the operation of the immune system, iron metabolism and 

contributes to the cytotoxicity of activated macrophages against tumor cells and 

intracellular parasites (84-88). Nitric oxide is reported to induce apoptosis and 

initiate differentiation in certain types of cancer cells, suggesting that NO is a 

potential cancer therapeutic agent with novel mechanisms of action (89-91). 

Furthermore endogenously synthesized NO has been implicated as being 

responsible for the development of various diseases (92-94). Although the precise 

mechanisms of biological action of nitric oxide are not completely elucidated, the 

physiological effects of nitric oxide are dependent on its local concentration and 

duration of exposure (95, 96).  
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The most important biological reactions of NO are with oxygen, superoxide and 

metal ions (97). NO is an odd electron species with a half-life of only a few seconds 

in biological systems (98) and it reacts rapidly with superoxide to form the 

cytotoxic peroxynitrite (ONOO
−
) (99). It degrades rapidly to nitrite (NO2

−
) then 

nitrate (NO3
−
) (79, 100, 101). Putative intermediate metabolites include an array of 

low and high molecular weight compounds, including nitrosoglutathione, 

nitrosoalbumin, and S-nitrosohaemoglobin (102-104). The presence of a single 

electron in the NO molecule gives it a radical character and therefore, high 

reactivity. Between its reactions, NO can lose an electron forming nitrosylic 

compounds, of mostly covalent character, or to coordinate with variety of metals 

forming metal-nitrosyl compounds (105).  

 

1.8.2 Dinitrosyl iron complex 

 All biological activities of nitric oxide can be affected not only by NO itself but 

also by relatively stable physiological NO carriers or NO donors among which              

S-nitrosothiol (RSNO) and dinitrosyl iron complexes (DNICs) are included         

(79, 106). DNICs are  stable paramagnetic molecules that exhibits a characteristic 

spectrum of electron paramagnetic resonance (EPR) (107-110). It is generated in 

cells and tissues from various sources following exposure to endogenous or 

exogenous NO and can be detected by EPR spectroscopy (111-119). Mononuclear 

dinitrosyl iron complexes are formed when ferrous iron and NO react with low 

molecular weight thiols (120) amino acids, peptides and various proteins (110). In 

mammalian tissues and cells, the first detection of DNIC derived EPR signals        

(g =2.03), has been reported more than 30 years ago by Vanin et al. (108).  

In vivo, dinitrosyl-diglutathionyl iron complex (DNDGIC) and other low mass 

DNICs could be in equilibrium with several protein-bound forms after replacing 

one or both the free thiol ligands with protein residues like His, Cys and Ser (121). 

Both low mass and high mass DNICs seem to be more stable than NO and may 

possibly act as storage of nitric oxide (122-124) as well as intermediates in the  

iron-catalyzed formation and decomposition of S-nitrosothiols (125). DNICs can 

cross cell membranes to donate Fe to tissues (126) and can transnitrosylate acceptor 

targets in vitro and in vivo (125, 127, 128) demonstrating their bioavailability and 
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potential role as NO carrier molecules. DNICs also inhibit platelet aggregation 

(129), reduce blood pressure (130), relax vascular vessels (131), induce 

accumulation of heat shock protein Hsp70 (132, 133), and modulate ion channel 

activity (134).  

Up to a few years ago no relation had been found between GSTs and the NO 

carriers like DNICs, but in 2001 Ricci and co-workers have described the peculiar 

interaction between of DNDGIC (Fig. 1.6) with GSTP1-1, a representative member 

of the human glutathione transferase superfamily (135). 

 

 

 

FIGURE 1.6. Dinitrosyl-diglutathionyl iron complex (DNDGIC). 

 

 

The study of the interaction of DNDGIC with GSTP1-1 demonstrated that this 

complex is a potent natural competitive inhibitor of this enzyme (135). EPR 

spectroscopy and molecular modeling indicated that DNDGIC is stabilized in the 

G-site through the usual polar and hydrophobic interactions of protein residues with 

one GSH molecule, coordination of the iron ion to the hydroxyl group of Tyr-7, and 

additional van der Waals interactions of NO moieties with Ile-104 and Tyr-108 

(135). This was late confirmed by the crystal structure (136). 

More recently  Ricci and co-workers demonstrated that not only GSTP1-1 but 

representative members of all mammalian GSTs interact with DNDGIC showing 

similar binding mechanism and cooperativity (137). This complex binds with 

extraordinary affinity to the active site of all GSTs (dimeric enzymes); GSTA1-1 

shows the strongest interaction (KD ≈ 10
-10 

M), whereas GSTM2-2 and GSTP1-1 

display similar and slightly lower affinities (KD ≈ 10
-9 

M). Binding of the DNDGIC 

to GSTA1-1 triggers structural intersubunit communication, which lowers the 

affinity for DNDGIC in the vacant subunit and also causes a drastic loss of enzyme 

activity. Negative cooperativity is also found in GSTM2-2 and GSTP1-1, but it does 
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not affect the catalytic competence of the second subunit (137). The EPR spectrum 

of the GST-bound dinitrosyl iron complexes changes appreciably according to the 

GST isoform used (Fig. 1.7). The A1-1 and M2-2 classes of GSTs give essentially 

axial spectra, whereas P1-1 and T2-2 give strongly rhombic spectra, but there are 

minor differences in the spectra that in practice make it possible to identify the type 

of glutathione transferase involved directly from the EPR spectrum. 

 

 

 

 

All these findings suggest a new and important role of GSTs in the metabolism 

of NO in the cell that may disclose interesting scenarios of research. 

The dinitrosyl iron complex is firmly bound to these GST isoforms through the 

glutathione thiolate-iron-tyrosinate ligand arrangement; constant S-Fe-O bond 

angles and bond lengths are essential for the high affinity, whereas the positions of 

the NO groups, which do not seem to contribute much to binding, will be 

determined by the space available in the active site of the enzyme (137). 

FIGURE 1.7. EPR spectra of 

DNDGIC bound to different GST 

isoforms (137). 
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AIM OF THESIS 

 

 

 

Targets of the present study may be summarized as follows: 

 

1. Study on the interaction of rat liver GSTs with DNDGIC in living cells and 

tissues. Investigation on the possible physiological roles of this interaction. 

 

2. Study of the subcellular localization of GST in rat hepatocytes. Role of Alpha 

GSTs as protection enzymes localized near the nuclear envelope. 

 

3. Identification of protein segments in the glutathione transferase from 

Plasmodium falciparum that modulate the peculiar dimer - tetramer transition and 

the cooperative binding of the parasitotoxic hemin. 
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2. STUDY OF THE INTERACTION  

BETWEEN GSTs AND DNDGIC IN 

INTACT CELLS AND TISSUES 
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 2.1 Introduction 

 

 Dinitrosyl iron complexes (DNICs) are paramagnetic compounds observed in 

isolated cells or tissues incubated or perfused with NO or NO-generating systems 

(1-5). Traces are also present in tissues under physiological conditions (4). These 

complexes, in which ferrous ion coordinates two nitric oxide molecules together 

with two other ligands, show  characteristic EPR spectra centered at about g = 2.03 

that made possible their discovery in cells or tissues. Although the occurrence of 

DNICs has been demonstrated unequivocally, their chemical identity in vivo is still 

ambiguous. In fact, they may exist as free low molecular mass complexes of the 

general formula (NO)2(RS)2Fe, e.g. the dinitrosyl-diglutathionyl iron complex 

(DNDGIC) and dinitrosyl-dicysteinyl iron complex but the existence of such free 

complexes in vivo has never been demonstrated; they always appear bound to 

unknown proteins (1). The binding to proteins is possible after replacing one thiol 

ligand of the free complex with a protein serine, tyrosine, or cysteine to complete 

the coordination shell of the iron. All these paramagnetic species show very similar 

EPR spectra centered around g = 2.03, thus this technique is unable to define their 

precise chemical composition (6). Also the physiological role of DNICs is 

controversial;  it has been suggested that they function as more stable natural NO 

carriers, but they are also known to have toxic effects in biological systems (1).     

In particular, DNDGIC at micromolar concentrations is a potent and irreversible 

inhibitor of glutathione reductase (7, 8).  

It has been proposed that glutathione transferases (GSTs) could be involved in 

the DNIC binding, storage, and detoxification in living systems (9-11). In fact,  we 

recently demonstrated that Alpha, Pi, and Mu class GSTs, which represent 90-95% 

of all mammalian GSTs, bind the dinitrosyl-diglutathionyl iron complex with 

extraordinary high affinity, showing KD values of 10
-10

 - 10
-9

 M (9-11). The 

association of DNDGIC to GSTs has been thoroughly investigated, revealing that 

one of the glutathiones in the iron complex binds to the enzyme G-site, whereas the 

other GSH molecule is lost and is replaced by a tyrosine phenolate in the 

coordination of the ferrous ion (11). Thus, the bound complex is a monoglutathionyl 

species (DNGIC). The X-ray crystallographic structure of DNGIC bound to   
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GSTP1-1 has been solved recently, confirming the structure proposed on the basis 

of molecular modeling studies (12). Binding of DNGIC to the first subunit of the 

dimeric Alpha, Pi, and Mu GSTs also triggers a peculiar intersubunit 

communication, which lowers the affinity of the second subunit (11). We suggested 

that in crude liver homogenates one target of DNICs could be the pool of GSTs 

(10), which thus could represent a significant part of the "unknown" proteins that 

apparently bind DNICs. Furthermore, the intracellular iron source for DNIC 

formation has never been determined. This study demonstrates that DNDGIC is 

formed spontaneously in intact rat hepatocytes after exposure to GSNO; this 

complex is never detected as free species but always bound to GSTs. The 

preferential binding proteins in rat hepatocytes are the Alpha class GSTs, which 

stabilize the complex for many hours. Ferritin is the  iron source for DNDGIC, but 

the amount of complex formed never exceeds the buffer capacity of the endogenous 

pool of GSTs. Evidence is also given that this highly specific interaction is essential 

to protect glutathione reductase against irreversible inactivation by DNDGIC. 
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 2.2 Experimental Procedures 

 

Materials - Human GSTA1-1, GSTM2-2, GSTP1-1 were expressed in Escherichia 

coli and purified as described previously (13-15). MGST1, the microsomal GST, 

was a generous gift of Prof. R. Morgenstern. The enzyme concentrations reported in 

the text for all GSTs refer to the single subunit. Horse spleen ferritin (16% iron) was 

a Fluka product (Buchs, Switzerland).  

 

Preparation of GSNO - GSNO was prepared as described previously (9). Briefly, a 

few drops of  HCl were added to a solution containing equimolar amounts of GSH 

and sodium nitrite until pH 1.5 was reached. After standing for 5 min at room 

temperature, the red GSNO was neutralized with NaOH. GSNO displays an 

absorption maximum of 750 M
-1

 cm
-1

 at 332 nm and appears to be stable for a few 

days at room temperature. Appropriate aliquots of freshly synthesized compound 

were stored at 80°C and used when necessary, after checking their absorbance at 

332 nm.  

 

Synthesis of DNDGIC - Dinitrosyl-diglutathionyl-iron complex was synthesized 

according to the following procedure. Suitable amounts of ferrous ions (FeSO4, 

ranging from 10 to 50 µM) were added to a mixture containing 20 mM GSH and    

2 mM GSNO in 0.1 M phosphate buffer, pH 7.4, and 25°C. The synthesis of the 

complex was completed in the first 15-20 min and gives an extinction coefficient of 

3000 M
-1

 cm
-1

 at 403 nm (9). 

 

Preparation of rat liver homogenate - Rat liver homogenate was prepared starting 

from 10 g of Sprague-Dawley male rat liver washed twice with 200 ml of 

phosphate-buffered saline. The tissue was homogenized in 100 ml of 0.25 M 

sucrose and centrifuged at 1000 × g to remove the nuclear fraction. The estimated 

concentration of the GST pool was 18 µM. Alternatively, the rat liver was 

homogenized in 30 ml of 0.25 M sucrose to obtain a more concentrated GST 

medium 56 µM). Hepatocytes were isolated from male Wistar rats (2 months old, 

100-120 g) as reported previously (16). Rats were anesthetized by pentobarbital   
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(50 mg/kg body weight, injected intraperitoneally) before rapid killing by cervical 

dislocation and subsequent liver dissection. Experiments were carried out in 

accordance with the ethical guidelines for animal research (Italian Ministry of 

Health). 

 

Preparation of subcellular fractions - After perfusion with 0.25 M sucrose and 

heparin to remove blood, livers from male rats (about 10 g) were excised, minced, 

and homogenized in a Potter-Elvehjem in 0.25 M sucrose and 10 mM potassium 

phosphate buffer, pH 7.4 (50 ml per 5 g of liver). After a brief centrifugation to 

remove unbroken cells, the homogenate was incubated with 1 mM GSNO for 2 h 

and then centrifuged at 1000 × g for 10 min to isolate the nuclear fraction. The 

nuclear pellet was washed three times with 20 ml of 0.25 M sucrose and 10 mM 

potassium phosphate buffer, pH 7.4. The collected supernatants were centrifuged at 

3,300 × g for 10 min to isolate the mitochondrial fraction. With similar procedures 

the lysosomal fraction (16,300 × g for 20 min) and the microsomal pellet     

(105,000 × g for 30 min) were isolated. Each fraction was washed three times with 

10 volumes of  0.25 M sucrose in 10 mM potassium phosphate buffer, pH 7.4. Each 

fraction was tested for purity through measurement of the activities of several 

marker enzymes, typically located in separate cellular compartments as follows: 

glucose-6-phosphate dehydrogenase for the cytosol, cytochrome oxidase for 

mitochondria, acid lipase for lysosomes, and glucose-6-phosphatase for 

microsomes. In addition, the quality of isolated nuclei was examined using electron 

microscopy (not shown). Cross-contamination in each fraction was below 10%. The 

nuclear fraction showed less than 2% of cytosol contamination; the mitochondrial 

fraction contained less than 1% of nuclei as judged by DNA content. 

 

GST activity - GST activity was assayed in 0.1 M potassium phosphate buffer,     

pH 6.5, in the presence of 10 mM GSH and 1 mM of 1-chloro-2,4-dinitrobenzene at 

25°C. The reaction was followed spectrophotometrically at 340 nm where the   

GSH-2,4-dinitrobenzene adduct absorbs (ɛ =  9,600 M
-1

 cm
-1

).  
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Glutathione reductase activity - Glutathione reductase activity was assayed at 25°C 

using a solution of 1 mM GSSG and 0.1 mM NADPH in 1 ml (final volume) of   

0.1 M potassium phosphate buffer, pH 7.4. The activity was followed 

spectrophotometrically at 340 nm.  

 

EPR analysis - Samples for EPR experiments were usually prepared using 

hepatocytes in phosphate-buffered saline or rat liver homogenate in 0.25 M sucrose 

with DNDGIC added from a freshly made stock solution. EPR measurements were 

carried out at room temperature with a Bruker ESP300 X-band instrument    

(Bruker, Karlsruhe, Germany) equipped with a high sensitivity TM110-mode cavity. 

To optimize instrument sensitivity, spectra were recorded using samples of 80 µl 

contained in flat glass capillaries (inner cross-section 5 × 0.3 mm) (17). Unless 

otherwise stated, spectra were measured over a 200-G range using 20 milliwatts 

power, 2.0 G modulation, and a scan time of 42 s; typically 4-40 single scans were 

accumulated to improve the signal to noise ratio. The EPR signal was quantified by 

comparison with standard samples containing known concentrations of DNDGIC 

and GST, as described previously (11). The limit of detection was ~2 µM, and the 

range was linear up to at least 50 µM DNGIC-GST. 

 

Glutathione reductase activity - Glutathione reductase activity was assayed at 25°C 

using a solution of 1 mM GSSG and 0.1 mM NADPH in 1 ml (final volume) of   

0.1 M potassium phosphate buffer, pH 7.4. The activity was followed 

spectrophotometrically at 340 nm.  

 

Calculation of intracellular DNIC concentrations - DNDGIC and DNGIC-GST 

were determined on the basis of EPR spectra. Calculations of the cytosolic 

concentration of both DNGIC-GST and GSTs in rat hepatocytes and in rat liver 

homogenates were made assuming a hepatocyte volume of 8 × 10
-12

 liters and a 

cytosol volume corresponding to 56% of the cell volume. The volume of the cytosol 

is 0.28 ml per g of fresh liver (18). The concentration of the cytosolic GSTs was  

0.7 mM. 
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Theoretical inhibition of the cytosolic GSTs because of DNDGIC binding - An 

inhibition simulation algorithm has been developed based on the following 

assumptions. (a) In the male rat liver, Alpha and Mu GSTs are 43 and 56%, 

respectively (19, 20). These values were confirmed for our male rat liver 

preparations by means of high pressure liquid chromatography. (b) Specific 

activities of Alpha and Mu GSTs are 16 and 22 units/mg, respectively. These values 

are the weighted average of the specific activities of the three major Alpha 

isoenzymes, i.e. GSTA1-1 (18 units/ mg), GSTA2-2 (18 units/mg), and GSTA3-3 

(14 units/mg), and of the two major Mu isoenzymes, i.e. GSTM1-1 (29 units/mg) 

and GSTM2-2 (15 units/mg) (21). (c) KD values for the high and low affinity 

binding sites of Alpha and Mu GSTs were reported previously (11). (d) Half-site 

inhibition is operative for the Alpha GSTs, i.e. 95% inhibition when the enzyme is 

half-saturated (11). 

 

Statistics - Results are shown as the mean ± S.D. of at least three experiments. 
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2.3 Results 

 

2.3.1 Interaction of GSTs  with DNDGIC in rat liver homogenate  

 Kinetics and EPR experiments were used to verify if in rat liver GST 

represents the prime protein target for DNDGIC among all the cytosolic proteins. 

Incubation of variable amounts of DNDGIC in a liver homogenate                        

(56 µM total GSTs) caused instantaneous and concentration-dependent loss of GST 

activity. By considering the relative levels of Alpha and Mu GSTs, their different 

affinities for the complex (KD = 10
-10

 for Alpha class and 10
-9

 M for Mu class) of 

GSTs (11), and their different specific activities, (see “Experimental Procedures”), 

it is possible to calculate the extent of this inhibition in case DNDGIC binds 

stoichiometrically and exclusively to GSTs, assuming that the isoenzyme with 

higher affinity (Alpha GST) is involved first. As shown in Fig. 2.1, the inhibition 

calculated corresponds well to that found experimentally.  

 

 

 

FIGURE 2.1. Inhibition of rat liver GSTs by substoichiometric DNDGIC. ▲, 

DNDGIC added to a rat liver homogenate (diluted 1:3 in 0.25 M sucrose). Final 

concentration of GSTs is 28 µM; ■, DNDGIC added to the purified pool of rat liver 

GSTs (28 µM final concentration); ●, theoretical inhibition curve for exclusive 

binding of DNDGIC to GSTs, calculated as reported under “Experimental 

Procedures.” 
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The inhibition pattern of the purified pool of liver GSTs is also very similar 

(Fig. 2.1). As expected, the EPR analysis of the homogenate after reaction with 

substoichiometric DNDGIC confirmed that all complex is bound to proteins      

(Fig. 2.2). It should be remembered that in rat liver homogenate the GST-DNGIC 

signal is stable for many hours, whereas DNDGIC in a GST-depleted homogenate 

appears as a free species and is highly unstable, with a t1⁄2 of 10 min (10). 

 

  

 

2.3.2 Spontaneous formation of DNDGIC by GSNO in rat liver homogenate  

When a rat liver homogenate (56 µM GSTs) depleted only of the nuclear 

fraction is incubate with 1 mM GSNO,  a time-dependent accumulation of  DNIC 

has been observed. The complex reaches an apparent plateau of ~18 µM after two 

hours of incubation (Fig. 2.3). This is followed by a second phase with a very slow 

increase that ends only after 14-16 hours, at a concentration of ~26 µM DNIC     

(not shown).  

FIGURE 2.2. EPR spectra of 

DNDGIC and DNGIC-GST. 

Spectrum a, authentic DNDGIC    

(5 µM) in 0.1 M potassium 

phosphate buffer, pH 7.4.    

Spectrum b, DNDGIC (9 µM) 

added to a rat liver homogenate 

containing 18 µM GSTs.     

Spectrum c, DNDGIC (9 µM) 

added to the purified pool of rat 

liver GSTs (18 µM) at pH 7.4. 

Spectrum d, DNDGIC (10 µM) 

added to purified GSTA1-1         

(20 µM). Spectrum e, rat liver 

homogenate as a control. 
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FIGURE 2.3. DNDGIC formation in rat liver homogenate. Rat liver homogenate 

(diluted 1:3 in 0.25 M sucrose) incubated with 1 mM GSNO at 25°C; ■,        

DNGIC-GST measured by EPR. ▲, GST activity; ●, theoretical inhibition for an 

exclusive binding of DNDGIC to GSTs. 

 

The EPR spectra suggest  that the iron complex is entirely bound to proteins 

and that it does not exist as a free species  (Fig. 2.4). The EPR  spectrum is very 

similar to that obtained after addition of authentic DNDGIC to the homogenate. The 

identity of DNGIC-GST confirmed by the GST inhibition pattern that is close to 

that expected assuming GSTs to be the sole target of this complex (Fig. 2.3). 

Increasing the final concentration of GSH in the homogenate up to the physiological 

levels in rat hepatocytes (10 mM) results in faster kinetics of the first phase for 

DNDGIC formation, but the final amount of complex formed is the same (not 

shown). The kinetics of DNDGIC formation also depends on GSNO concentration 

(in the range from 0.2 to 5 mM), but the final concentration of DNGIC-GST does 

not change appreciably (Fig. 2.5). Thus it appears that iron availability is the 

limiting factor for the final level of the complex. In our experimental conditions, 

DNDGIC never exceeds the amount of the endogenous GST pool, which is 56 µM. 

Only by adding 50 µM of exogenous ferrous ions to the homogenate can the typical 

EPR signal of unbound DNICs be seen, superimposed on a large GST-DNGIC 

signal (Fig. 3.4). In that case, the GST activity almost disappears, and the amount of 

the bound DNIC corresponds to the concentration of the entire pool of cytosolic 

GSTs. 
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2.3.3 Formation of DNDGIC in intact rat hepatocytes  

 Incubation of rat hepatocytes with 1 mM GSNO causes a time-dependent 

intracellular accumulation of a paramagnetic species with an EPR spectrum 

centered at g = 2.03 very similar to that obtained in the crude homogenate after 

incubation with GSNO and reasonably due to a DNGIC-GST complex (Fig. 2.4). 

Also in this case, the kinetics of DNIC formation is proportional to the GSNO 

concentration (within 0.5 mM and 2 mM) while the final level of the complex is 

FIGURE 2.4. EPR spectra of DNGIC-

GST formed by GSNO. Spectrum a, 

homogenate (56 µM GSTs) after 1 h of 

incubation with 1mM GSNO. Spectrum b, 

as in a with 50 µM Fe(II) added before 

incubation; spectrum is shown at half the 

actual size. Spectrum c, hepatocytes 

(4×10
7
cells) after 1 h of incubation with 

1mM GSNO. Spectrum d, membrane 

fraction isolated from sample c; spectrum 

was amplified twice. 

FIGURE 2.5. Dependence of 

DNGIC-GST formation on GSNO 

concentration. Variable amounts of 

GSNO were incubated at 25°C with 

rat liver homogenate (diluted 1:3 in 

0.25 M sucrose). ▲, 0.2 mM GSNO; 

■, 1mM GSNO; ●, 5 mM GSNO. 
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almost independent (data not shown). After two hours of incubation with 1 mM 

GSNO, DNGIC-GST reaches a plateau of 12 µM in the sample, corresponding to an 

intracellular concentration of about 0.19 mM (Fig. 2.6).  

 

 

FIGURE 2.6. DNGIC-GST formation in intact hepatocytes. Rat hepatocytes 

(6×10
7
 of cells in Krebs-Henseleit buffer) were incubated with 1 mM GSNO at 25°C. 

At variable times, aliquots of the cells were collected by centrifugation, sonicated, 

and centrifuged at 105,000 × g. The cytosolic fraction was then analyzed. ■, DNGIC-

GST measured by EPR spectroscopy; ▲, GST activity; ●, theoretical inhibition for 

exclusive binding of DNDGIC to GSTs. 

 

 

As in the homogenate, the EPR signal is stable for a few hours; this stability 

might be due to a steady-state equilibrium between decomposition and re-synthesis 

of the complex in the presence of an excess of GSNO. However, after repeated 

washing of the cells, the EPR signal is still stable for hours, thus suggesting that 

true stabilization occurs in the cell. At fixed times, hepatocytes were sonicated and 

centrifuged at 105,000 g. The amount of cytosolic DNGIC-GST was measured by 

EPR spectroscopy and compared to the degree of GST inhibition. As found in the 

homogenate, the inhibition pattern parallels the DNDGIC formation and it also 

approaches the inhibition curve calculated for exclusive binding of DNDGIC to the 

endogenous GSTs (Fig. 2.6). Importantly, DNGIC-GST never exceeds the 

concentration of the intracellular GSTs pool; it actually approaches the 

concentration of the high affinity binding sites of GSTA1-1 (0.15 mM). 
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Interestingly, the 105,000 g pellet obtained from sonicated hepatocytes after 

GSNO treatment showed the presence of a bound DNIC with an EPR spectrum very 

similar to that of DNGIC-GST complex (Fig. 2.4). Further details were obtained by 

isolating nuclear, mitochondrial, lysosomal, and microsomal fractions after 1 hour 

of incubation of a rat liver homogenate with 1 mM GSNO. All subcellular fractions 

contain detectable amounts of the bound DNIC, but it is mainly localized in the 

nuclear fraction (Fig. 2.7).  

 

 
 

FIGURE 2.7. Subcellular association of high mass DNICs. Rat liver homogenate 

(18 µM GSTs) was incubated with 1 mM GSNO for 60 min at 25°C. After 

incubation, nuclei, mitochondria, lysosomes, and microsomes were isolated by 

differential centrifugation, washed three times with 10 volumes of 0.25 M sucrose in 

10 mM potassium phosphate buffer, pH 7.4, and analyzed by EPR spectroscopy. 

Values represent the percentage of DNIC compared with the total high mass DNIC 

found in the cytosol. 

 

 

 

 

An identical distribution of bound DNICs was found by incubating separately 

each subcellular component with DNDGIC, indicating that the protein counterpart 

is constitutively bound to these fractions and not associated as a consequence of 

DNDGIC binding. As Alpha and Mu GSTs are considered cytosolic enzymes and 
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the peculiar membrane-bound microsomal MGST1 is found to have scarce affinity 

for DNDGIC, these results might indicate the presence of unknown proteins 

associated with subcellular organelles, able to bind DNDGIC but different from 

cytosolic GSTs.  

 

2.3.4 Ferritin is the iron source for DNDGIC in hepatocytes  

  The level of GST-DNGIC produced in intact hepatocytes after exposure to 

GSNO suggests a relevant mobilization of iron inside the cell. In hepatocytes, the 

cytosolic free iron pool is about 5 µM (22), a concentration two orders of magnitude 

lower than that of the DNDGIC formed in the cell after GSNO treatment. It has 

previously been reported that iron can be mobilized from ferritin by NO-generating 

systems (23). We confirm here that, in the presence of GSNO and GSH, iron is 

readily extracted from purified horse ferritin to produce free DNDGIC (Fig. 2.8a), 

similar results are obtained using transferring as iron source. Interestingly, the 

kinetics of DNDGIC formation from ferritin and its final concentration are 

independent of the presence of GST (Fig. 2.8b and 2.8c), indicating that GST is not 

a kinetic or thermodynamic drawing force for DNDGIC, but only binds the final 

complex. 

 While the kinetics of DNDGIC formation depends directly on GSNO 

concentration and on ferritin, the final amount of DNDGIC is determined by the 

amount of ferritin available (Fig. 2.8a). Importantly, only a small fraction of the iron 

present in the ferritin protein can be mobilized by GSNO (about 0.3%). The iron 

mobilization from horse ferritin also occurs in a complex milieu such as the crude 

homogenate. Addition of horse spleen ferritin to the rat liver homogenate in the 

presence of 1 mM GSNO and 10 mM GSH causes a net increase in the DNDGIC 

formed (Fig. 2.8d). This overproduction of DNDGIC corresponds to that calculated 

assuming that the homogenate does not alter the reaction observed with the purified 

system. Interestingly, the amount of iron extractable from the endogenous rat liver 

ferritin appears 10 fold higher than that coming from the purified horse spleen 

protein. 
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FIGURE 2.8. DNDGIC formation from horse ferritin, GSH, and GSNO. a, horse 

spleen ferritin was incubated in 1 ml of 10 mM GSH and 1 mM GSNO in 0.1 M 

potassium phosphate buffer, pH 7.4, at 25°C. At variable times, DNDGIC was 

measured by EPR measurements. ●, ferritin 1.4 mg/ml (final concentration) (estimated 

4 mM total iron); ■, ferritin 2.8 mg/ml (final concentration) (estimated 8 mM total 

iron). The iron extracted by GSH and GSNO is about 0.3%. b, horse spleen ferriti      

(3 mg/ml) was incubated with variable amounts of GSNO and 10 mM GSH in 0.1 M 

potassium phosphate buffer, pH 7.4. At variable times the rate of DNDGIC was 

measured by EPR analysis or by the extent of GST inhibition, as described previously 

(10). c, variable amounts of horse spleen ferritin were incubated with 1 mM GSNO 

and 10 mM GSH in 0.1 M potassium phosphate buffer, pH 7.4. At variable times the 

rate of DNDGIC was measured by EPR analysis or by the extent of GST inhibition. d, 

rat liver homogenate was implemented with 1.4 or 2.8 mg/ml of horse spleen ferritin 

and incubated with 10 mM GSH and 1 mM GSNO in 0.1 M potassium phosphate 

buffer, pH 7.4. At various times the amount of DNDGIC was measured by EPR 

spectroscopy. 
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In fact, the total ferritin iron present in our homogenate is about 1 mM while the 

final concentration of DNDGIC is 28 µM (3%). A higher propensity for the iron 

mobilization of the rat ferritin compared to that of the horse protein has been 

observed previously in case of iron extraction by superoxide ions (24). 

 

2.3.5 Glutathione reductase is protected by GSTs against irreversible 

inhibition by DNDGIC  

 It was dmonstrated that DNDGIC irreversibly inactivates glutathione reductase 

(GR) This reaction was studied in details by Boese et al. (7) and the X-ray crystal 

structure of the DNDGIC-inactivated enzyme has been solved by Karplus and 

coworkers (8). It has been clearly demonstrated in vitro that free DNDGIC at 

micromolar levels (IC50 = 3-4 µM) oxidizes irreversibly the essential thiol group of 

Cys 63 to sulphinic acid (8). We therefore tested whether the complex bound to 

GST was still able to inactivate GR. Exposure of rat hepatocytes to 1 mM GSNO 

does not cause any detectable inhibition of GR even after 120 min incubation 

although the estimated cytosolic concentration of GST-DNIC reaches 0.15 mM.  

To prove the involvement of GSTs in this protection and to evaluate the 

maximal defense capacity of the cell, we compare the effects of increasing amounts 

of DNDGIG added to rat liver homogenate. Inactivation of GR is observed only 

when the GST activity is almost reduced to zero, i.e. when the “buffer” capacity of 

GST is exhausted (Fig. 2.9a). In a different experiment, a fixed quantity of 

DNDGIC, overstoichiometric to the endogenous GST pool, was incubated in 

homogenate previously implemented with variable amounts of GSTA1-1. Also in 

this case, the activity of GR is unaffected as long as the fixed DNDGIC 

concentration remains understoichiometric to the total GST level (Fig. 2.9b). These 

results demonstrate that Alpha GST acts as a potent protection system and allow us 

to predict that DNDGIC in hepatocytes can accumulate up to a level of 0.6-0.7 mM 

without doing any significant damage to the cell. 
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FIGURE 2.9. GSTs protect glutathione reductase against DNDGIC. a, rat liver 

homogenate (1:10 in 0.25 M sucrose) was incubated with variable amounts of 

DNDGIC (up to 8.7 molar excesses on endogenous GSTs) and 1 mM NADPH in 0.1 

M potassium phosphate buffer, pH 7.4 (1 ml final volume). The final concentration 

of GSTs was 4.5 µM. After 30 min, the activity of endogenous glutathione reductase 

was assayed as described under “Experimental Procedures.” No inhibition was 

observed even at the highest DNDGIC concentration in the absence of NADPH, as 

reported previously (7). b, rat liver homogenate (1:10 in 0.25 M sucrose) was 

incubated with a fixed DNDGIC concentration (10 µM), 1 mM NADPH, and 

variable amounts of GSTA1-1 (up to 20 nmol/ml) in 0.1 M potassium phosphate 

buffer, pH 7.4 (1 ml final volume). After 30 min, the activity of endogenous 

glutathione reductase was assayed as described above. 
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2.4 Discussion 

 

 All these findings indicate the true occurrence in vivo of the interaction 

between  the natural NO carrier DNDGIC and GSTs in intact hepatocytes. A first 

important finding is that this iron complex, when present at levels substoichiometric 

to GSTs, is almost exclusively sequestered by endogenous GSTs, even in a very 

complex protein milieu like a crude homogenate. In rat liver Alpha GSTs are the 

prime target of this interaction, whereas the Mu GSTs become effective only when 

the high affinity Alpha sites are saturated. This behavior could be predicted on the 

basis of the different dissociation constants for DNDGIC determined previously for 

each GST isoenzyme under purified conditions (11), but the present data 

demonstrate that the binding properties of these enzymes are unchanged in a 

complex protein milieau that approximates the in vivo conditions. Obviously, we 

cannot exclude that a small amount of DNDGIC  bind to other proteins, but we can 

conclude that more than 95% of the complex is bound to GST in a 1:1 

stoichiometric interaction.  

In addition we show that DNDGIC is formed and successively stabilized by 

GSTs in a similar way both in a crude liver homogenate and in intact hepatocytes 

exposed to GSNO. The unique stoichiometric binding/inhibition pattern of the 

GST-complex interaction (observed both in intact hepatocytes and in a crude 

homogenate) reveals that the DNIC species formed in the cells is indeed the 

DNDGIC. This conclusion is important because the identity of intracellular DNIC 

species has never been established before. In hepatocytes DNDGIC is found 

entirely bound to GST and is never observed as the free complex. Preliminary data 

from our laboratory indicate that DNDGIC is formed and binds to GSTs also in 

other types of cells. Considering that GSTs are ubiquitous, and also Pi class GSTs 

bind the DNDGIC with high affinity, we propose that all the immobilized DNICs 

detected in biological systems through their characteristic EPR signal at g = 2.03 

might be ascribed to intracellular DNGIC bound to GSTs.  

Because of the very high amounts of GSTs in hepatocytes, the final level of 

DNDGIC is always substoichiometric to the GSTs pool. Inhibition data confirm that 

Alpha GST is primarily involved in this interaction also in intact cells. Interestingly, 
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in the liver homogenate, a free form of DNIC produced by GSNO can be observed 

only when exogenous iron is added in amounts exceeding the GST concentration. 

Thus iron availability seems to be a crucial factor for DNIC accumulation in these 

multicomponent systems. In fact, experiments performed with purified horse ferritin 

indicate that this protein is the likely iron source for DNIC formation, but the iron 

released is only 0.3% of its total iron content. Although rat liver ferritin displays a 

10-fold higher propensity to iron mobilization (about 3% of its iron content), the 

level of DNDGIC never exceeds the GST concentration. In any case, both iron 

extraction from ferritin or transferrin and the formation of DNDGIC depend only on 

the presence of NO together with high levels of GSH; no other cellular component 

is required for the reaction. This means that DNDGIC is generated spontaneously, 

and its accumulation in hepatocytes exposed to a flux of NO simply cannot be 

avoided. It appears likely that NO-mediated mobilization of iron from ferritin to 

form DNDGIC could somehow be related to GST expression, to ensure that 

practically all DNDGIC is bound to GSTs.  

This may be critical for cell survival as DNDGIC is a potent inhibitor of 

glutathione reductase, causing the irreversible oxidation of Cys-63, a residue 

essential for catalysis. As proved here, this inactivation occurs only when DNDGIC 

is present as the free compound, i.e. when its concentration exceeds the binding 

capacity of the GST pool (0.6-0.8 mM). Thus GSTs, and in particular the Alpha 

class enzymes, represent a strong defense system in case of NO overloading or 

insult. Inhibition of GR is not the sole detriment coming from free DNDGIC.  

The results described in this study may also explain the beneficial effect of NO 

against iron-mediated oxidative stress, observed previously in rat hepatocytes. 

Increased levels of labile iron (because of iron overload or to ethanol exposure) 

makes the cell more susceptible to oxidative stress. NO lowers the availability of 

the labile iron through DNDGIC formation (4). We can say now that this benefit is 

only possible because GSTs protect GR against the killer activity of DNDGIC, and 

at the same time because it avoids the extrusion of free DNDGIC that would cause 

iron depletion. Scheme 2.1 illustrates the basic principles of this protective 

mechanism. In this context it is interesting that preliminary results indicate that the 

sensitivity to NO of some parasites like Plasmodium falciparum could be related to 
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the prevalent expression of GST classes with no affinity or scarce affinity for 

DNDGIC in these organisms. Overall, these results depict a scenario for the cell in 

which cytotoxic effects of NO could be determined by the intracellular levels of 

GSTs and by their intrinsic affinity for DNDGIC. 

 

 

 

SCHEME 2.1 
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3. STUDY OF GST LOCALIZATION IN 

RAT HEPATOCYTES 
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3.1 Introduction 

 

Despite most of GSTs are present in the cytosolic fraction a specific isoenzyme 

(MGST1) has been found associated to microsomal membrane. This specific GST is 

a peculiar trimeric integral GST discovered and characterized many years ago (1). 

GSTA4-4, a specific isoenzyme able to detoxify hydroxyalkenals, displays a 

widespread mitochondrial, peroxisomal, and cytosolic localization, but the plasma 

membrane also binds detectable amounts of this enzyme (2). Furthermore, the tight 

association of Alpha and Mu class GSTs with the microsomal membrane fraction of 

rat liver was demonstrated by Morgenstern et al. (3), and about 2% of the cytosolic 

GSTA1-1 has been found in the microsomal membrane of sheep liver cells (4). 

Immunohistochemical evidence suggested the presence of nuclear Alpha and Pi 

class GSTs in different human tissues, but these studies did not quantify the specific 

isoenzymes involved (5, 6). Other investigations claimed either the presence or the 

absence of nuclear compartmentalization of GSTs. In particular, McCusker et al. (7) 

did not report any detectable nuclear GST activity, whereas Soboll et al. (8), using a 

nonaqueous technique of cell fractionation, found that both Alpha and Mu GSTs are 

present in the nucleus. Other studies reported a nuclear localization of GSTs (9-11), 

but the identification of the specific isoenzyme(s) involved in this association and 

their quantification are uncertain.  

This study reveals for the first time that beside a significant amount of Alpha 

GSTs inside the nucleus, an equivalent amount is found in electrostatic association 

with the outer nuclear membrane. This particular modality of interaction has been 

detailed in cells and model systems using confocal microscopy, immunostaining 

experiments, and molecular modeling. 
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3.2 Experimental Procedures  

 

Materials -  GSH, 1-chloro-2,4-dinitrobenzene (CDNB) and NBD-Cl, were 

obtained from Sigma-Aldrich and polyclonal antibodies against Alpha and Mu 

GSTs were from Calbiochem. Fluorescein-conjugated goat anti-rabbit IgG was 

from Vector Laboratories, Burlingame, CA. human GSTA1-1, GSTM2-2, and 

GSTP1-1 were expressed in Escherichia coli and purified as described previously 

(12-14).  

 

Synthesis of NBDHEX - 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol 

(NBDHEX) was synthesized as reported by Ricci et al. (15). 

 

GST activity - GST activity was assayed by the standard test that in 0.1 M 

potassium phosphate buffer, pH 6.5, in the presence of 1 mM GSH and 1 mM        

1-chloro-2,4-dinitrobenzene at 25°C. An isotonic enzymatic test for GST was also 

performed using standard phosphate-buffered saline buffer, pH 6.5, containing        

1 mM GSH and 1 mM CDNB. The reaction was followed spectrophotometrically at 

340 nm where the GSH-2,4-dinitrobenzene adduct absorbs (ɛ = 9,600 M
-1

 cm
-1

). 

Activity of nuclear GST was measured by diluting aliquots of a nuclear suspension 

in the standard assay mixture or using the isotonic test described above. After 2min 

of preincubation, the time course of the reaction was linear. A similar procedure 

was used for activity determination in the mitochondria and microsome and 

lysosome fractions. With these activity measurements, it is not possible to 

distinguish whether the activity is because of GSTs inside the intact structures or 

due to GSTs bound to the outside of the membranes. 

 

Cells - CCRF-CEM cells (human T-lymphoblastic leukemia) were grown as 

described previously (16). Hepatocytes were prepared from Wistar male rats as 

described in the accompanying paper (4). Experiments were carried out in 

accordance to the ethical guidelines for animal research (Communication of the 

Italian Ministry of Health). 
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Preparation of subcellular fractions - Subcellular fractions were prepared and 

characterized as reported (in the second part of this thesis) except that two parallel 

procedures were used; one procedure used a saline isotonic solution (0.05 M KCl, 

0.04 M KH2PO4, and 0.1 M sucrose, pH 7.4), and the other procedure used a pure 

0.25 M sucrose without salts. 

 

Purification of weakly and tightly bound GSTs - The nuclear fraction obtained 

from 10 g of liver was washed three times with 20 ml of 0.25 M sucrose and 

resuspended in 20 ml of 0.25 M sucrose containing 10 mM potassium phosphate 

buffer, pH 7.4. The suspension was rapidly centrifuged at 1000 × g, and the 

procedure was repeated. Further rapid extractions did not increase the amount of 

GSTs in the supernatant. The collected supernatants were concentrated and 

represent the “weakly bound GSTs”. The pellet was again resuspended in the same 

buffer solution and incubated under gentle agitation for 1 h. This procedure was 

repeated three times. The collected supernatants were concentrated and represent 

the “tightly bound GSTs.” Both weakly and tightly bound GSTs were purified by 

affinity chromatography through a column (1 × 4 cm) of glutathione-Sepharose 

matrix (17). The first eluate was again passed through the column to retain 

quantitatively the Alpha GSTs. 

 

SDS-PAGE and immunoblot analysis - Protein samples were analyzed by       

SDS-PAGE, visualized with Coomassie Brilliant Blue R-250, and transferred to  

Hybond-ECL nitrocellulose membranes (GE Healthcare). The proteins were 

immunoblotted with either a polyclonal anti-Alpha GST antibody or a polyclonal 

anti-Mu GST antibody. 

 

HPLC analysis of GSTs - The GSTs extracted from nuclei were resolved on a 

reverse-phase (C18, 4.6 mm × 250 mm) column, essentially as reported                 

by Yeh et al. (18).  
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Fluorescence labeling of GSTA1-1 and GSTM2-2 – 1 mM of NBD-Cl was reacted 

with 10 µM purified human GSTA1-1 or GSTM2-2 in 0.1 M potassium phosphate 

buffer, pH 6.0. After 2 h the excess of reagent was removed by G-25 Sephadex 

chromatography, and the modified enzymes were analyzed spectrophotometrically. 

The selective alkylation of enzyme cysteines was confirmed on the basis of the 

diagnostic absorption peak centered at about 430-440 nm. 

 

Immunofluorescence studies - The nuclei pellet was fixed in 4% freshly 

depolymerized paraformaldehyde in 0.25 M sucrose for 4 h at 4°C. After extensive 

washings in 0.25 M sucrose, floating pellets were incubated with a polyclonal    

anti-Alpha GST diluted 1:100 in 0.25 M sucrose overnight at 4°C and            

washed again in 0.25 M sucrose for 20 min. Pellets were then incubated with                 

fluorescein-conjugated goat anti-rabbit IgG diluted 1:200 in 0.25 M sucrose, for 1 h 

at room temperature, washed in 0.25 M sucrose, and finally mounted on slides with 

Vectashield (Vector Laboratories). Slides were observed in a laser scanning 

confocal microscope (Nikon), and micrographs were digitally captured. 

 

EPR spectroscopy - EPR measurements were made as described previously in part 

(2) of this thesis. 

 

Confocal imaging - Confocal images were acquired with a confocal laser scanning 

microscope, Nikon PCM 2000 (Nikon Instruments) equipped with Spectra Physics 

Ar ion laser (488 nm, 514 nm) and He-Ne laser (543.5 nm) sources. A60 ×/1.4 oil 

immersion objective was used for the observations. 

 

Electrostatic calculations - Molecular structures of human and rat GSTs were 

derived from the following Protein Data Bank entries: 2GSD (human A1-1), 2GTU 

(human M2-2), 6GSS (human P1-1), 1EV4 (rat A1-1), and 1B4P (rat M2-2). 

Protein charges were calculated by using the PDB2PQR software (19), and Poisson-

Boltzmann calculations of electrostatic potential were performed with the APBS 

program (20), with 161×161×161 grid points, a 110-Å coarse grid and an 83-Å fine 

grid dimension, dielectric constants equal to 2 and 78.54 for protein and water, 
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respectively, and Debye-Hückel boundary conditions. Protein dipoles were 

estimated by employing the Dipole server, and molecular graphics were realized 

with the MOLMOL (21) and Chimera software (22). 
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3.3 Results 

 

3.3.1  Detection of GSTs bound to subcellular components of rat hepatocytes  

Many peripheral membrane proteins can easily be detached with mild 

treatments like increasing the ionic strength. Most standard procedures for the 

isolation of subcellular components include the use of buffered solutions thus some 

of the electrostatic protein-membrane interactions occurring in intact cells may be 

lost. In our study on the cellular compartmentalization of GSTs, we used only an 

isotonic solution of sucrose (0.25 M) for homogenization of the liver, as well as for 

isolation of the subcellular components. In addition, we adopted a particular GST 

activity determination on intact organelles (see “Experimental Procedures”) that 

avoids inactivation caused by sonication steps or by detergent extractions. As 

shown in Table 3.1, crude nuclear, lysosomal, mitochondrial, and microsomal 

fractions all contain GST activity.  

 

Table 3.1. Subcellular localization of GST activity. 

Activity measurements were done on intact organelles, isolated in pure sucrose 

(0.25 M) or in 0.1 M sucrose, 0.05 M KCl, and 0.04 M KH2PO4, pH 7.4, using the 

isotonic assay medium described under “Experimental Procedures.” 

 

Cell 

components 

GST  (units/g tissue) 

Sucrose 
Sucrose + potassium 

phosphate buffer 

Cytosol 101 ± 8 110 ± 10 

Nuclei   16 ± 2   8 ± 2 

Mitochondria     1.6 ± 0.4   0.7 ± 0.3 

Lysosomes     2.9 ± 0.7   1.6 ± 0.2 

Microsomes  4.2 ± 1   2.1 ± 0.4 

 

The highest activity was recovered in the nuclear pellet that contained an 

amount corresponding to about 15% of the overall cytosolic GST activity. 

Interestingly, about 50% of the GST activity of the fractions is lost when the 

subcellular components are isolated in isotonic saline solution (Table 3.1), 

suggesting that about half of the GST could be electrostatically bound. Because of 

the considerable amount of GST activity associated with the nuclear pellet, only this 

specific subcellular fraction was further studied and characterized.  
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3.3.2 Nuclear pellet of hepatocytes displays GST activity 

The nuclear pellet from rat liver, isolated after homogenization in 0.25 M 

sucrose (1:10), was washed three times with 10 volumes of sucrose 0.25 M to 

remove any contamination of the cytosolic GSTs. Optical microscopy showed that 

the nuclei were intact. The nuclear pellet resuspended in 0.25 M sucrose contained a 

total of 16 GST units per g of tissue. After treatment of nuclei with 10 volumes of 

10 mM potassium phosphate buffer or 20 mM NaCl in the presence of 0.25 M 

sucrose, about 8 units were released into the surrounding solution, confirming the 

presence of GSTs electrostatically bound to the nuclei (weakly bound GST). No 

additional release was observed after increasing the concentration of the buffer up 

to 0.1 M. The remaining activity associated with the nuclear pellet, termed tightly 

bound GST (about 8 units), could only be partially extracted by multiple and 

prolonged incubations (1 h each) with 10 volumes of 0.25 M sucrose in 10 mM 

potassium phosphate buffer. Sonication treatment of the nuclear pellet or the use of 

detergents like Triton X-100 even at low concentrations (1%) caused partial and 

irreversible inactivation of the enzyme. The use of concentrated carbonate did not 

increase the rate and extent of the extraction, indicating that the tightly bound GST 

did not behave like a peripheral protein (4). The most likely localization of the 

tightly bound GST is the nuclear interior, as indicated by confocal microscopy     

(see below).  

Further evidence of the presence of equivalent levels of GSTs associated with 

the nucleus was provided by EPR spectroscopy. It has been demonstrated that the 

paramagnetic species DNDGIC binds tightly to Alpha and Mu GST with 1:1 

stoichiometry, giving an EPR spectrum different from that of the free complex (23). 

Titration of GSTs with DNDGIC therefore allows quantification of GSTs. 

Experiments performed on nuclei isolated in 0.25 M sucrose or in saline solution 

are shown in Fig. 3.1 where the loss of activity because of the binding of DNDGIC 

is also reported. Starting from a rat liver of 10 g (51 mg of total GSTs), the weakly 

bound GST was about 5mg and a similar amount was recovered as tightly bound 

GST.  
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FIGURE 3.1. Titration of the nuclear GST with DNDGIC. The nuclear pellet 

isolated in 0.25 M sucrose is incubated with 10 volumes of 10 µM DNDGIC at 

pH 7.4. After removal of the free complex by G-25 Sephadex chromatography, 

GST activity under isotonic conditions and EPR quantifications are performer as 

described under “Experimental Procedures.” The same experiment is performer 

with the nuclear pellet isolated in 10 mM potassium phosphate buffer, pH 7.4, and 

0.25 M sucrose. Data are the means ± S.D. of three experiments. 

 

 

3.3.3 GSTA1-1 and GSTA2-2 are associated to the nuclear membrane 

 The extracts containing the solubilized weakly and tightly bound GSTs contain 

other proteins as well. In fact, they display specific activities of ~3 units/mg that 

rise to 16 units/mg after glutathione-Sepharose affinity chromatography.           

SDS-PAGE, performed after the affinity step, indicates that these samples have 

similar protein composition (Fig. 3.2a) with a main component at about 25 kDa and 

a minor component of 24 kDa (about 20%). The immunoblot in Fig. 3.2b shows 

that only the major component at 25 kDa cross-reacts with the anti-Alpha GST 

antibody, whereas neither the 25 kDa nor the 24 kDa component react with the   

anti-Mu GST antibody.  
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FIGURE 3.2. SDS-PAGE and immunoblotting. a, SDS-PAGE. Lane 1, 

protein markers; lane 2, purified human GSTA1-1; lanes 3 and 7, purified pool 

of cytosolic GSTs isoenzymes; lanes 4 and 8, weakly bound GST; lanes 5 and 

9, tightly bound GST; lane 6, purified human GSTM2-2; lane 10, GSTP1-1 

used as negative control. b, immunoblotting using anti-Alpha GST (left side) 

and anti-Mu GST (right side). 

 

 

The minor component, which neither belongs to the Alpha nor to the Mu class, 

has not yet been further analyzed. To identify the specific Alpha isoenzyme(s) 

involved in the weak and tight association, a simple reversed phase HPLC analysis 

was performed, according to the procedure described by Yeh et al. (18). The weakly 

bound GSTs are mainly represented by GSTA1-1, GSTA2-2, and GSTA3-3, 

approximately with the same relative abundance as found in the cytosol. 

Conversely, the tightly bound GSTs are mainly represented by GSTA1-1 and 

GSTA3-3 (Fig. 3.3). 
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3.3.4 Evidence of the association of Alpha GSTs to the nuclear membrane 

Direct evidence of intranuclear and perinuclear association of Alpha GSTs is 

provided by confocal fluorescence microscopy using an anti-Alpha GST antibody 

and a secondary fluorescent antibody. All nuclei display intense staining at the 

periphery but also inside the nuclei (Fig. 3.4).  

FIGURE 3.3. HPLC analysis. 
Tightly and weakly bound GSTs, 

extracted as reported under 

“Experimental Procedures”, were 

purified through affinity 

chromatography and analyzed by 

reverse phase HPLC as described 

previously (18). Identification of GST 

isoenzymes were made according to 

Ref.18. Upper panel, representative 

chromatogram of the cytosolic GSTs, 

previously purified through two 

subsequent affinity chromatography 

steps on glutathione- Sepharose matrix 

(17) (recovery ≥ 93%). a, relative 

amounts of the five cytosolic 

isoenzymes present in the GST pool. 

Isoenzymes below 2% are not 

reported. The total amount of cytosolic 

GSTs is 5.1 mg/g liver. b, relative 

amounts of isoenzymes of the weakly 

bound GSTs. The total amount of the 

weakly bound GSTs is 0.5 mg/g liver, 

corresponding to 10% of the cytosolic 

GSTs. c, relative amounts of 

isoenzymes of the tightly bound GSTs. 

The amount of the tightly bound GSTs 

after partial extraction (60%) is        

0.3 mg/g liver, corresponding to 6% of 

the cytosolic GSTs. The nomenclature 

used for rat GST isoenzymes is in 

accordance with the one proposed 

recently (24). Percentages represent 

the mean of three experiments. 
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NBDHEX, a specific fluorescent probe for Alpha GST, gives further 

confirmation. It has been demonstrated recently that this fluorescent compound, 

able to trigger apoptosis in human tumor cells, acts as a strong inhibitor of Alpha, 

Pi, and Mu GSTs by binding tightly to the active site of these enzymes (15). 

Interaction of this compound with Mu and Pi GSTs causes a dramatic loss of its 

intrinsic fluorescence, whereas the fluorescence spectrum is almost unchanged 

when NBDHEX binds to Alpha GST (KD = 5.3 × 10
-6 

M) (15). Incubation of intact 

nuclei with 10 M NBDHEX causes a distinct accumulation of fluorescence at the 

nuclear membrane and also faint fluorescence inside the nucleus (Fig. 3.5). When 

the same experiment was performed with nuclei extensively washed with 10 mM 

potassium phosphate buffer, only faint intranuclear fluorescence was observed    

(not shown). 

 

 

 

 

 

FIGURE 3.4. Immunofluorescence. 

High power oil-immersion confocal 

micrograph of nuclei pellets 

immunoreacted with anti-Alpha GST, 

diluted 1:100, followed by 

fluorescein-conjugated secondary 

antibody (see “Experimental 

Procedures”). Bar, 5 µm. 

FIGURE 3.5. Fluorescence label 

experiments. Nuclei pellets incubated 

with NBDHEX. Bar, 10 µm.  
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3.3.5 Binding of Alpha GST to the nuclear membrane is not an artifact? 

The data reported above prove that a part of the intracellular GST pool is 

associated with the nucleus. However, they do not exclude the possibility that this 

association might not be present in the intact hepatocyte but is induced artificially 

by the homogenization in sucrose in the absence of buffer or other inorganic salts. 

Convincing evidence that this interaction really occurs in intact cells is achieved 

using NBDHEX as a fluorescent intracellular marker for Alpha GSTs. NBDHEX 

not only specifically labels GSTs but also accumulates in the cell within a few 

minutes (25). After exposure of rat hepatocytes to 0.1 mM NBDHEX, faint 

fluorescence is visible in the cytosol, but also a strong staining of the nuclei, mainly 

localized on the nuclear envelope (Fig. 3.6).  

 

 

 

To verify if NBDHEX labels selectively GSTs and to prove the absence of 

nonspecific interactions with the nuclear membrane, rat hepatocytes were incubated 

with 1 mM GSNO after treatment with NBDHEX. As DNDGIC binds to Alpha 

GSTs with an affinity a thousand times higher than NBDHEX (KD =10
-10

 M), the 

iron complex will displace this fluorescent label. The fluorescence observed after 

exposure to NBDHEX and localized near the nuclear envelope fades almost 

completely after 1 h of incubation with 1 mM GSNO (Fig. 3.7).  

 

 

 

 

 

FIGURE 3.6. Fluorescence label 

experiments of hepatocytes. Intact rat 

hepatocytes incubated with NBDHEX. 

Bar, 12 µm. The inset shows a 2-fold 

magnification. 
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The absence of nonspecific binding of NBDHEX to the membrane was also 

demonstrated by exposing a human tumor cell line (CEM) to NBDHEX. These 

tumor cells do not express Alpha or Mu GSTs but exclusively the Pi class    

GSTP1-1. After incubation with 50 µM NBDHEX, the nuclei appear like black 

holes, whereas a detectable fluorescence is visible in the cytosol, indicating that 

NBDHEX enters the cells (Fig. 3.8). 

 

 

 

 

 

 

3.3.6 Molecular modeling of GST electrostatics 

A more detailed analysis of the electrostatic properties of the GST isoenzymes 

provides further information regarding the mode of association. In addition to a net 

positive charge, GSTA1-1 also exhibits an asymmetric distribution of electric 

FIGURE 3.7. Fluorescence label 

experiments of hepatocytes. Rat 

hepatocytes, treated with NBDHEX and 

exposed to 1 mM GSNO for 1 h. Bar,    

20 µm. 

FIGURE 3.8. Fluorescence label 

experiments of CEM. Low power 

confocal micrograph of CEM cells 

incubated with NBDHEX. Bar, 20 µm. 
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charges, which endows this protein with a strong electric dipole (1000 Debye, as 

calculated by the Dipole server), as shown in Fig. 3.9. Interestingly, this was not the 

case for the other isoenzymes (the calculated electric dipoles of GSTM2-2 and P1-1 

are 240 and 40 Debye, respectively). A further illustration of this point is provided 

by a calculation of the electrostatic potential generated by GSTs, performed by 

solving the Poisson-Boltzmann equation with the APBS software (20). 

 

 

 

FIGURE 3.9. Electrostatic calculations. Models represent the crystal structures of 

GSTA1-1, GSTM2-2, and GSTP1-1 and their isopotential surfaces corresponding to -3 

kT/e (in blue) and +3 kT/e (in red). Only  GSTA1-1 shows a significant positive 

potential on the surface of the dimer located on the protein side opposite to the active 

sites. In the model of hGSTA1-1, a dipolar moment of 1000 Debye was calculated and 

is represented as a red arrow inside the dimer. 

 

 

 

Fig. 3.9 shows the isopotential surfaces corresponding to +3 kT/e (in blue) and  

-3 kT/e (in red), demonstrating a significant positive potential on the surface of the 

dimer located on the protein side opposite to the active sites. Very likely this is the 

protein region interacting electrostatically with the membrane. In agreement with 
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this conclusion, a positive potential region was not present in the other isoenzymes, 

which did not interact with the nuclear membrane or with liposomes. It is worth 

noting that very similar results were obtained for both human and rat enzymes   

(data not shown). 

 

3.3.7 Quantitation of GSTs bound electrostatically 

Quantitation of  the GSTs  involved in subcellular compartmentalization in rat 

hepatocytes indicates that about 20% of cytosolic Alpha class GSTs are 

electrostatically associated with the outer nuclear membrane, and an equivalent 

amount is present in the nuclear interior. The level of the cytosolic Alpha GSTs is 

about 2.2 mg/g of liver (reaching a concentration of 0.3 mM in the cytosol, 43% of 

the total GSTs), whereas about 0.5 mg is electrostatically associated with the 

nuclear membrane, and an equivalent amount is probably compartmentalized inside 

the nucleus. As the nuclear volume is about 10% of the cytosolic volume, the 

intranuclear GST concentration may be 0.7 mM, a value comparable with that 

found in cytosol. This concentration may reflect a free diffusional in/out traffic of 

Alpha GSTs between the cytosolic and nuclear compartments.  

Notably, the nuclear access seems to be denied for Mu GSTs. In contrast, the 

local concentration of Alpha GSTs at the outer nuclear membrane will be much 

higher. An estimation of the minimum surface occupied by all electrostatically 

bound GSTA1-1 assembled in a layer (calculated on the basis of an area of         

19.6 nm
2
 for each GSTA1-1 dimer, based on the X-ray structure) paradoxically 

results about five times larger than the surface of the entire nuclear membrane 

(Table 3.2). In addition, the specific activity of the Alpha GSTs, extracted from the 

nuclear membrane after salt treatment, is about 3 units/mg, five times lower than 

that of the purified enzymes (16 units/mg). Thus, other proteins must be 

electrostatically associated with the nuclear envelope together with GSTs; this 

appears to be an additional paradox, given the absence of free membrane area for 

further electrostatic interactions. One possible explanation for this excessive amount 

of bound proteins is that Alpha GSTs could be assembled in a multilayer disposition 

near the nuclear membrane in an alternate sequence with negatively charged 

proteins. 
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Table 3.2. Quantitative analysis of GSTs bound electrostatically to 

subcellular membranes.  

 

Cell 

components 

Membrane 

area
a
 

GST/membrane 

area 

Area of GSH/membrane 

area 

 m
2
/g mg/m

2
  

Nuclei   0.022 22.7 5.0 

Mitochondria 0.77     0.06   0.01 

Lysosomes   0.044             2.4                   0.5 

Microsomes        5.5     0.02    0.01 
a
Data were derived from Ref. (26). 
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3.4 Discussion 

 

Data reported above indicate  that a few GST isoenzymes are involved in 

subcellular compartmentalization in rat hepatocytes. About 20% of cytosolic Alpha 

class GSTs are electrostatically associated with the outer nuclear membrane, and an 

equivalent amount is present in the nuclear interior. The use of 0.25 M sucrose 

without exogenous salts for nuclei isolation, and the particular assay for GST 

activity of intact nuclei, made it possible to discover this double modality of 

association that, to a lesser extent, may also be present in other subcellular 

components (see Table 3.1). Previous observations contrary to the nuclear 

compartmentalization of GST were probably because of the use of standard 

subcellular fractionation procedures that caused the loss of the electrostatically 

bound GST, and to the extensive inactivation that occurs during sonication of nuclei 

or extraction with detergents.  

Immunostaining and chromatographic data indicate that GSTA1-1, GSTA2-2 

and GSTA3-3 are the enzymes mainly involved in the nuclear association. Confocal 

microscopy and the use of NBDHEX, a specific fluorescent probe for Alpha GSTs, 

give a direct visualization of the presence of these isoenzymes both at the outer 

nuclear membrane and in the nuclear interior. The electrostatic binding of Alpha 

GSTs observed in isolated nuclei is well reproduced with liposomes, and the results 

also confirm that Mu and Pi class GSTs do not interact at physiological pH values. 

Finally, electrostatic potential calculations, performed on Alpha, Mu, and Pi GSTs 

indicate that only Alpha GSTs display a proper electrostatic potential at the protein 

surface to interact with the negatively charged membrane. In this context, another 

peculiar feature of the Alpha dimer is the strong dipolar character that is not found 

in the other GST isoenzymes.  

An examination of the present data discloses a surprising scenario. The amount 

of the cytosolic Alpha GSTs is about 2.2 mg/g of liver (reaching a concentration of 

0.3 mM in the cytosol, 43% of the total GSTs), whereas about 0.5 mg is 

electrostatically associated with the nuclear membrane, and an equivalent amount is 

probably compartmentalized inside the nucleus. As the nuclear volume is about 

10% of the cytosolic volume, the results are that the intranuclear GST concentration 
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is ~ 0.7 mM, a value comparable with that found in cytosol. This concentration may 

reflect a free diffusional in/out traffic of Alpha GSTs between the cytosolic and 

nuclear compartments. Notably, the nuclear access seems to be denied for Mu 

GSTs. In contrast, the local concentration of Alpha GSTs at the outer nuclear 

membrane will be much higher. An estimation of the minimum surface occupied by 

all electrostatically bound GSTA1-1 assembled in a layer (calculated on the basis of 

an area of 19.6 nm
2
 for each GSTA1-1 dimer, based on the X-ray structure) 

paradoxically results about five times larger than the surface of the entire nuclear 

membrane (Table 3.2). In addition, the specific activity of the Alpha GSTs, 

extracted from the nuclear membrane after salt treatment, is about 3 units/mg, five 

times lower than that of the purified enzymes (16 units/mg). Thus, other proteins 

must be electrostatically associated with the nuclear envelope together with GSTs; 

this appears to be an additional paradox, given the absence of free membrane area 

for further electrostatic interactions. One possible explanation for this excessive 

amount of  bound proteins is that Alpha GSTs could be assembled in a multilayer 

disposition near the nuclear membrane in an alternate sequence with negatively 

charged proteins (Scheme 3.1). This peculiar onion layer-like assembly of proteins 

is not a complete novelty. It has been demonstrated in vitro that positively charged 

proteins easily aggregate in such a way to negatively charged colloidal particles in 

the presence of anionic polyelectrolytes (27, 28), and our preliminary results also 

indicate a prevalent anionic nature.  

To our knowledge, the present data represent the first indication for the 

existence in vivo of a similar protein assembly, which obviously needs further 

confirmation. The possibility that a few cytosolic enzymes are not in a completely 

disordered distribution but electrostatically ordered near specific intracellular 

membranes opens a new and fascinating scenario in cell physiology. Is it possible 

that this hypothetical protein shell escaped visualization by advanced spectroscopy 

and microscopy techniques? The answer may be affirmative. We must remember 

that the protein concentration in the cytosol is above 300 mg/ml, a borderline value 

for protein crystallization. Thus all cytosolic proteins are extremely crowded, but no 

spectroscopic or microscopic evidence has been reported for this almost crystal-like 
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condition. Obviously in the absence of a detectable selective marker no trace can be 

expected if this crowding is formed by selected proteins near specific subcellular 

components. Whatever the true assembly of Alpha GSTs at the nuclear envelope, 

the presence of large amounts of these specific GSTs near the nucleus demonstrated 

here is a novelty and probably has a physiological finality. In fact, all GSTs 

represent a very efficient defense system against many toxic alkylating compounds, 

but Alpha class GSTs display an additional and peculiar peroxidase activity, not 

shown by Mu and Pi GSTs, and eliminate efficiently dangerous organic peroxides 

(29).  

 

 

 

 

SCHEME 3.1 

 

 

 

 

 



75 

 

Alpha class GSTs also have a 10 times higher affinity than Pi and Mu GSTs for 

DNDGIC, a natural carrier of NO that displays strong oxidizing properties and 

inactivates irreversibly key enzymes like glutathione reductase (30, 31). Thus, the 

present results seem to indicate that the nucleus and its precious genetic content 

have a further mechanism of protection, not considered until now. Quite a few 

questions remain. For example, given the similar lipid composition of most 

intracellular membranes, it is not clear why the Alpha GST displays such an 

impressive accumulation on the nuclear membrane (see Table 3.2). Interestingly, it 

was shown many years ago by Virtanen (32) that the outside of the nucleus is 

strongly negatively charged, but the inner membrane is practically neutral. 

However, it is also possible that specific nuclear membrane proteins recognize 

Alpha GSTs and favor their accumulation. We did not explore in this study the 

status of the tightly bound GSTs that probably reside in the nuclear interior. The 

curiously similar amount of the “external” and “internal” Alpha GSTs could be 

merely a coincidence, or it could reflect a specular modality of interaction of Alpha 

GSTs with the outer and inner membrane. Work is in progress to answer these 

questions.  
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4. STUDY OF GST OF MALARIAL  

PARASITE (Plasmodium falciparum) 
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3.6 Introduction 

 

 About two million deaths in the world are caused by Plasmodium falciparum, 

the parasite causative of tropical malaria (1, 2). In the scientific community, an 

increasing interest is now developing for the peculiar glutathione transferase 

(PfGST) expressed by this parasite. PfGST is one of the most abundant proteins 

expressed by this parasite (>1%, 0.1 mM) (3) and differently from what occurs in 

many organisms, it is the sole GST isoenzyme expressed by this parasite. This 

specific isoenzyme cannot be assigned to any known GST class (3, 4) and the 

interest for this enzyme is due to its particular protective role in the parasite. In fact, 

beside the usual activity that promote the conjugation of GSH to electrophilic toxic 

compounds, this protein binds efficiently hemin and thus it could protect the 

parasite (that resides in the erythrocytes) from the parasitotoxic effect of this heme 

byproduct (5).  

Specific compounds that selectively inhibit its catalytic activity or hemin 

binding could be promising candidates as anti malarial drugs. In this context, the 

discovery of structural or mechanicistic properties of this enzyme that are not  found 

in other GSTs may be of great relevance for designing selective inhibitors that are 

toxic to the parasite but harmless for the host cells. Two properties never observed 

in other members of the GST superfamily must be considered. The first one is that 

this enzyme, in the absence of GSH, inactivates in a short time and loses its ability 

to bind hemin (5).  Recent studies indicated that the inactivation process is related 

to a dimer/tetramer transition (4). The second one is the strong positive homotropic 

phenomenon that modulates the affinity of the two subunits for hemin (5). The      

X-ray crystal structure of PfGST, solved by two different groups, provides further 

details to understand this effect. From a structural point of view the most intriguing 

differences of PfGST when compared to other GSTs are given by a more      

solvent-exposed H-site and  by an atypic extra loop connecting helix-4 and helix-5    

(residues 113-118) that could be involved in the dimer/dimer interaction. Actually, 

in the absence of ligands two dimers (AA1 and BB1) form a tetramer and these 

homodimers are interlocked with each other by the loop 113–118 of monomer B 
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(B1), which occupies the H-site of monomer A (A1) (6). Upon binding of S-

hexylglutathione, the H-site loop 113-118 rearranges, residues Asn-114, Leu-115, 

and Phe-116 form an additional coil in helix-4 and the side chains of Asn-111, Phe-

116, and Tyr-211 flip into the H-site. The changed course of the residues 113–120 

in the liganded enzyme prevents the interlocking of the dimers; as a consequence, 

the molecules are packed as dimmers (7). 

In this study we have used site directed mutagenesis, fluorescence anisotropy 

and  X-ray crystallography it will be checked the influence of selected mutations of 

this atypic loop in the tetramerization process, and the possible involvement of this 

protein segment in the positive cooperative phenomenon observed for hemin 

binding. In addition we show that the tetramerization process is inhibited not only 

by GSH but also by GSSG, which suggests that hemin binding and the catalytic 

competence of PfGST are independent of the redox status of the cell. Finally it will 

be demonstrated that the presence of GSH (or GSSG) in the active site is not 

essential for hemin binding but this interaction only requires an active dimeric 

conformation. 
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4.2 Experimental Procedures  

 

Materials - S-benzylglutathione, S-hexylglutathione, S-methylglutathione and 

hemin were obtained from Sigma-Aldrich. 

Enzymes - PfGST wild type and mutants, hinge-blocked with a substitution of 

residues 113 and 119 with two prolines (mutant A), point mutation Gln-118A 

(mutant C) and mini loop obtained by replacement of the entire protein segment 

113-118 by a single alanine residue (mutant D), were expressed in Escherichia coli 

and purified as described previously (8). The purified forms of PfGSTs were stored 

at -80 or 0°C in the presence of 10 mM GSH. Under these conditions, the enzymes 

were stable for weeks. Protein concentrations were calculated assuming an 1 mg/ml of 

1.1 at 280 nm for PfGSTs on the basis of the amino acid sequence (9). A molecular 

mass of 25 kDa/GST subunit was used in the calculation (10). 

 

Enzymatic activity -  Standard PfGSTs activity (wild type and mutants) was 

measured at 25°C in a 0.1 M potassium phosphate buffer, pH 6.5, containing 1 mM 

GSH and 1 mM CDNB. The activity was assayed spectrophotometrically by 

following the enzymatic product at 340 nm (9,600 M
-1

cm
-1

).   

 

Sephadex G-25 chromatography - (Size exclusion chromatography) - Gel 

filtration experiments were carried out on a Sephadex G-25 coloumn (Pharmacia 

LKB, Uppsala, Sweden) to remove the storage GSH (10 mM). The column was 

equilibrated and run with 10 mM potassium phosphate buffer, pH 7.2, with a flow 

rate of 1 ml/min at 25°C. To see if GSSG could prevent enzyme tetramerization, the 

column was equilibrated and run with the above-mentioned buffer containing    1 

mM GSSG. 
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Anisotropy experiments - Fluorescence anisotropy experiments were performed 

with a Spex Fluoromax 2 luorimeter, using 280 nm excitation, 335 nm emission and 

295 nm cut-off filter in the emission channel. Background signal was subtracted 

before anisotropy calculations, and the polarization response of the instrument was 

determined by measuring the G correction factor (1.78). Averages and standard 

deviations of anisotropy values were calculated from nine replicate experiments. 

0.124 mg/ml protein concentration was employed in all experiments, and the effect 

of substrate binding was monitored by adding a 1 mM GSH concentration. 

Isothermic binding of PfGSTs and Hemin - Isothermic binding data were 

following the quenching in the intrinsic fluorescence of PfGST  (λex= 295 nm;    

λem= 333 nm) caused by hemin binding. Data were fitted to the equation 1: 

𝝑 =
𝑲 +  𝒉𝒆𝒎𝒊𝒏 +  𝑮𝑺𝑻 −   𝑲 +  𝒉𝒆𝒎𝒊𝒏 +  𝑮𝑺𝑻  𝟐 − 𝟒 𝒉𝒆𝒎𝒊𝒏  𝑮𝑺𝑻 

𝟐
            𝟏 

 

Inhibition of PfGSTs by hemin -  Inhibition of PfGSTs by hemin was studied by 

adding variable amounts of hemin (from 0.2 to 10 M) with a fixed enzyme 

concentration (1 M), in 1 ml 0.1 M potassium phosphate buffer, pH 6.5 at 25°C. 

After about 10 seconds, 1 mM GSH and 1 mM CDNB were added for activity 

measurements followed at 340 nm. The data obtained by varying hemin 

concentrations were analyzed to the Hill equation 2: 

𝝂𝒊 𝝂𝒎𝒂𝒙 =  𝑺 𝒏  𝑲𝒏 +  𝑺 𝒏                            𝟐  

where vi is the initial velocity observed at a given concentration of hemin, vmax is 

the velocity observed in absence of inhibitor, [S] is the hemin concentration, and n 

is the Hill coefficient at the hemin concentration corresponding to the half-enzyme 

saturation.   

Inhibition data were also analyzed with a two-site Adair model (equation 3) for 

ligand binding to a homodimeric macromolecule to estimate K1 (low affinity) and 

K2 (high affinity) constants for hemin binding: 
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𝝂𝒊 𝝂𝒎𝒂𝒙 =   𝑺 ∕ 𝑲𝟏 +  𝑺 𝟐 𝜶𝑲𝟏
𝟐   𝟏 + 𝟐 𝑺 ∕ 𝑲𝟏 +  𝑺 𝟐 ∕ 𝜶𝑲𝟏

𝟐              𝟑  

where K1 is the dissociation equilibrium constant for hemin binding to the free 

enzyme, K1 (= K2) represents the dissociation equilibrium constant for hemin to 

the monoligated enzyme, and is the non dimensional interaction parameter 

coupling the two functionally linked hemin binding sites. 
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4.3 Results 

4.3.1 Kinetic properties of the loop113-118 mutants 

 Selected mutations of PfGST have been designed to evaluate possible 

involvement of loop 113-118 in the tetramerization process and in the cooperative 

phenomenon. In particular, in mutant D the entire protein segment 113-118 was 

replaced by a single alanine residue, the mutant C displays the single point mutation 

Gln-118A and in mutant A residues 113 and 119 have been substituted by two 

prolines to lower the flexibility of this protein segment. Expression of these mutant 

enzymes in E. coli and their purification are described in the “Experimental 

procedures” section. The three enzymes were then analyzed under steady state 

kinetic conditions and  kinetic parameters compared to those of the native enzyme. 

As shown in Table 4.1 two mutants display a slight but significant loss of affinity 

for CDNB. This is not surprising as the loop 113-118 forms a part of the H-site. As 

expected, no relevant changes of affinity for GSH have been observed as a 

consequence of the single mutation and also of the truncation of the entire loop. 

Surprisingly, the hinge-blocked enzyme (mutant A) displays  about four times lower 

affinity for GSH and about three times increased kcat. This decreased affinity for 

GSH is unexpected as the loop does not interact directly with the G-site.  

 

Table 4.1. Kinetic parameters of wild-type and various mutants of PfGST 

determined using CDNB conjugation assay 

 

PfGST
a
 

Km
GSH

 

(mM)
b 

kcat
GSH

 

(sec
-1

)
b
 

kcat
GSH

/Km
GSH 

(M
-1

 sec
-1

)
b
 

Km
CDNB

 

(mM)
b 

kcat
CDNB

 

(sec
-1

)
b
 

kcat
CDNB

/Km
CDNB 

(M
-1

 sec
-1

)
b
 

Wild-Type 
0.15 ± 0.02 

(100%) 
0.151 ± 0.007 1006 ± 50 

2.2 ± 0.3 

 (100%) 
0.38 ± 0.02 173 ± 30 

Mutant  A 
0.61 ± 0.05 

(406%) 
0.413 ± 0.009 677 ± 60 

5.1 ± 0.3  

(232%) 
1.14 ± 0.03 223 ± 10 

Mutant  C 
0.20 ± 0.02 

(137%) 
0.122 ± 0.005 610 ± 60 

3.3 ± 0.4 

 (150%) 
0.46 ± 0.02 139 ± 20 

Mutant  D 
0.17 ± 0.02 

(114%) 
0.160 ± 0.009 941 ± 100 

2.4 ± 0.5 

 (109%) 
0.41 ± 0.05 171 ± 40 

a 
Given are mean values of tree independent determination and standard  deviation. 

b 
The Km for GSH and CDNB as well as the kcat and the catalytic efficiency were  

  determined using the CDNB conjugation assay. 
 

 



86 

 

4.3.2 Loop 113-118 modulates the kinetics of the inactivation process  

 Even slight perturbations of the loop 113-118 dramatically influence the 

kinetics of the inactivation process. In particular all these mutants display only a 

very small loss of activity as soon as GSH is removed by a Sephadex G-25 column, 

while the native enzyme undergoes about 50% inactivation (Fig. 4.1). Furthermore 

the second slower phase of inactivation observed in the native enzyme and that 

causes a total loss of activity after 24 h, is almost absent in these mutants. Thus, it 

appears that the inactivation process occurs at measurable rate only if the loop   

113-118 is in a native conformation/sequence. 

 

 

 

FIGURE 4.1 Inactivation of PfGST in the absence of GSH. Active dimeric PfGSTs 

(with 10 mM GSH) were passed through a Sephadex G-25 column. After GSH 

depletion, the enzymatic activity was assayed as described under “Experimental 

procedures” section. 

 

 

4.3.3 Tetramerization and inactivation are synchronous events  

The tetramer PfGST is not active enzymatically (3). It is not clear if the 

tetramerization of PfGST observed in the absence of GSH is synchronous to the 

inactivation process or if these events occur with different kinetics. This detail could 

be important to define if the tetramerization is the cause or the effect of the loss of 

activity. Thus, the kinetics of tetramer/dimer transition triggered by GSH binding 
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(3) was studied by means of steady-state fluorescence anisotropy experiments and 

compared with the reactivation kinetics. Any attempt to follow the reverse reaction, 

i.e. the dimer/tetramer transition after remotion of GSH was unsuccessful due to the 

very fast inactivation of this enzyme in the absence of GSH (5). Steady-state 

fluorescence anisotropy represents a useful approach to follow a dimer/tetramer 

transition since it provides a measure of the rotational motions of macromolecules. 

In the simplest case, when the protein diffusional motion can be modeled as the 

rotation of a rigid sphere, its value is related to the rotational diffusion time by the 

following equation: r = r0 /(1 + /j) where τ is the fluorescence lifetime of the 

fluorophore contained in the macromolecule, and j is the rotational correlation time, 

which is proportional to the hydrodynamic volume of the protein and therefore 

depends on its aggregation state (11). Dissociation of a multimer results in a 

decrease in the fluorescence anisotropy value, due to the increase in rotational 

diffusion. 

 

 

FIGURE 4.2. Steady state anisotropy fluorescence analysis. Inactive tetrameric PfGST 

wild type (5 M) obtained by GSH removal and 12 h incubation, was incubated with         

1 mM GSH in 0.1 M potassium phosphate buffer, pH 6.5, at 25°C. At fixed times, 

fluorescence anisotropy (●) and enzymatic activity (♦), were monitored. Mutant (A) did 

not inactivate without GSH and did not show any significant change of fluorescence 

anisotropy (■) and activity (data not shown) after 1 mM GSH incubation. Mutants C and D 

show the same behavior as mutant A. Standard deviations of anisotropy values were 

calculated from nine replicate experiments. 
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In the case of the native PfGST the enzyme used is represented by the 

inactivated enzyme (tetrameric state) obtained after G-25 Sephadex 

chromatography and subsequent incubation at 25°C for 12 h in the absence of GSH. 

Incubation of this inactive enzyme with 1 mM GSH resulted in a decrease of the 

anisotropy values, accompanied by a parallel recovery of enzymatic activity      

(Fig. 4.2). The kinetics of the two processes could be fitted with the same first order 

kinetics, with a lifetime of 40 minutes, indicating a strict correlation between the 

two phenomena but no temporal priority. On the other hand, no appreciable change 

of the anisotropy given by the mutants, nor of their activity could be detected under 

the same experimental conditions, indicating that no change in the quaternary 

structure takes place as a consequence of substrate binding. The observed 

anisotropy value for the mutant is slightly lower than the plateau value of the wild 

type protein, but this could simply be due to a slight variation induced by the 

mutation in the average fluorescence lifetime of the protein (see equation 1), or in a 

different segmental mobility of some protein domains. 

 

4.3.4 GSSG (and GSH-derivatives) inhibit the tetramerization process  

 A surprising property of PfGST is represented by its high affinity for the 

oxidized form of GSH. From kinetic inhibition data an apparent KD value of       

0.07 mM has been found for GSSG, a value even smaller than that for GSH      

(0.15 mM). GSSG behaves like a pure competitive inhibitor indicating that the 

protein counterpart must be identified as the G-site (Fig. 4.3 inset). Of particular 

interest is the influence of GSSG on the inactivation/tetramerization process. As 

shown in  Fig. 4.3 the presence of GSSG (from 0.1 mM to 1 mM) prevents the 

inactivation process, thus stabilizing the dimeric structure. This means that in vivo 

the enzyme is able to retain its active conformation even when part of GSH is 

oxidized to GSSG, i.e. under oxidative insults. On the other hand, the inactive 

tetrameric enzyme does not restore its active conformation when incubated  with   

10 mM GSSG (Fig. 4.3), indicating that GSSG has a limited access to the G-sites of 

the tetrameric structure. As confirmation, no trace of quenching of the intrinsic 
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fluorescence has been found after addition of GSSG to the inactive form             

(not shown). 

Other GSH derivatives like S-benzylglutathione and S-hexylglutathione also 

inhibit the tetramerization process with the only difference that S-benzylglutathione 

is very much more active in this prevention. As will be clear below, these results are 

in good agreement with those coming from X-ray crystal structures of wild type in 

complex with these inhibitors.  

 

 

 

FIGURE 4.3. GSSG prevents both tetramerization and reactivation of PfGSTs.       

(■) Active native PfGST (2 mg) was passed through a Sephadex G-25 column saturated 

with 1 mM GSSG in 10 mM potassium phosphate buffer pH 7.2 at 25°C. Specific activity 

of enzyme was measured at different times at 25°C. (●) Inactivated PfGST tetramer (2 mg) 

was incubated at 25°C with 10 mM GSSG. Inset: Lineweaver-Burk plot of 1/v versus 

1/[GSH]  obtained by adding variable amounts of GSH (from 0.1 to 4 mM) to the native 

PfGST in the presence a fixed GSSG concentrations: (■) 0.53 mM, () 0.23 mM and () 

0.03 mM) in 1 ml of 0.1 M potassium phosphate buffer, pH 6.5 (25°C).  
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4.3.5 The integrity of the loop 113-118  is essential for the positive 

cooperativity in hemin binding  

 

PfGST displays a positive homotropic behavior for hemin binding so that the 

affinity of the vacant subunit increases about twenty times when one hemin 

molecule  binds to the first subunit of the dimer (5). This modulation has been 

interpreted as finalized to optimize the interception of the toxic hemin by the 

parasite that living in erythrocytes is likely exposed to this heme byproduct.  Other 

GST isoenzymes (Alpha, Mu and Pi isoenzymes) equally able to bind this 

compound, display a non-cooperative interaction (Table 4.2). The availability of  

specific mutants for PfGST makes it possible to determine the influence of the loop     

113-118 in the cooperative phenomenon. As shown in Table 4.2, the loop 113-118 

is crucially involved in the intersubunit structural communication; in fact all 

mutants have lost or strongly lowered the cooperative behavior, showing an Hill 

coefficient near the unit (Table 4.2).  

 

Table 4.2. Binding of hemin to PfGST calculated from inhibition data
a
. 

 

PfGST nH KD app (M) 

Wild Type (G)
b
 1.9 ± 0.1 

 K1 (low affinity) = 2.8 

  K2 (high affinity) = 0.16  

Hinge blocked (A) 1.2 ± 0.2 0.46 ± 0.03  

Point mutation (C) 1.1 ± 0.1 0.15 ± 0.01  

Mini loop (D) 1.0 ± 0.1 0.22 ± 0.02  

GSTP1-1 1.1 ± 0.1 0.10 ± 0.02  

GSTA1-1 1.0 ± 0.2 0.060 ± 0.003  

GSTM2-2 1.0 ± 0.1 0.11 ± 0.02  
a 

Inhibition data fitted to the Hill equation  vi / vmax =[S]
n
 /(K

n 
+ [S]

n
 ) 

b 
Data from Ref (5), were K1 and K2 were obtained by fitting experimental  

data to the Adair equation 

 

 

Analysis of the dissociation constants calculated from inhibition experiments 

shows that all these mutants (in the presence of GSH) display an affinity very 

similar to that of the high affinity binding site of the native enzyme observed when 

hemin has hemisaturated the dimer (see Table 4.2). These findings were also 

confirmed by isothermic binding data coming from fluorescence experiments   
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(Table 4.3), although in the absence of CDNB, all dissociation constants are 

translated toward lower values. 

 

 4.3.6 GSH is not essential for hemin binding  

  PfGST is able to bind hemin only when the enzyme is in the active dimeric 

structure i.e. in complex with GSH (5). Due to the fast tetramerization of the 

enzyme in the absence of GSH, it remains uncertain if the hemin binding is 

prevented by steric hindrance given by the tetrameric structure or by the absence of 

GSH in the G-site. The particular inertness of the mutated enzymes that tetramerize 

very slowly in the absence of GSH makes it possible to clarify this question. 

Binding of hemin can be visualized on the basis of the quenching of intrinsic 

fluorescence. The results reported in Table 4.3 and Fig. 4.4 indicate that all mutants 

are able to bind hemin even in the absence of GSH.   

 

Table 4.3. Isothermic binding of hemin to PfGSTs (fluorescence experiments). 

 

PfGST
 a 𝑛𝐻

𝑎   KD (µM)
 a 

Wild-Type (G)
b           

 (1 mM GSH) 1.7 ± 0.1 
K1 (low affinity) = 1.3 

K2 (high affinity) < 0.08 

Wild-Type (G)        (1 mM GSSG) 1.1 ± 0.2            1.9 ± 0.1 

Wild-Type (G)
 
       (0.01 mM GSSG) 1.0 ± 0.2            1.5 ± 0.2 

Hinge blocked (A)
 
 (1 mM GSH) 0.9 ± 0.1 < 0.1  

Hinge blocked (A)
             

 − 0.9 ± 0.1 1.3 ± 0.1 

Point mutation (C)
 
 (1 mM GSH) 1.0 ± 0.1 < 0.1 

Point mutation (C)
 
 − 1.1 ± 0.2 0.9 ± 0.1 

Mini loop (D)
 
         (1 mM GSH) 1.1 ± 0.1 < 0.1 

Mini loop (D)
 − 1.0 ± 0.1 1.9 ± 0.1 

a 
Inhibition data fitted to the Hill equation  vi / vmax =[S]

n
 /(K

n 
+ [S]

n
 ) 

b 
Data from Ref (5), were K1 and K2 were obtained by fitting experimental data to 

the Adair equation 

 

However the affinity is lower than that found in the GSH-enzyme complex. 

Thus, all these mutated enzymes display two different conformations characterized 

by two different affinities for hemin (one high affinity conformation, R-state and 

one low affinity conformation, T-state) determined  by the presence or absence of 

GSH. Finally, we also observed that the native enzyme is able to bind hemin even 

in the presence of GSSG. In this case the binding is non-cooperative and the 
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dissociation constant indicates a low affinity conformation. This behavior parallel 

that observed in the presence of S-metylglutathione (5) and indicates that the free 

thiol group in the active site is important for the cooperative mechanism. The ability 

of PfGST to bind hemin in the presence of GSSG is also of physiological relevance 

as it demonstrates that this enzyme may protect the cell from hemin even under 

severe oxidative stress conditions.  

 

FIGURE 4.4. Isothermic binding of hemin to WT and mutants  PfGSTs 

(fluorescence experiments). Variable amounts of hemin (from 0.2 to 10 M) were 

added to PfGSTs (1 M) in the presence or absence  of 1 mM GSH, 1 mM GSSG 

and 0.1 mM GSSG in 0.1 M potassium phosphate buffer, pH 6.5, at 25°C. 

Quenching of the intrinsic fluorescence was measured as described in “Experimental 

Procedures” section and data were fitted to the Equation 1. 

 

 4.3.7 X-ray crystal analysis   

  X-ray crystal analyses add further details. All three mutants crystallized in the 

absence of GSH display tetrameric structures very similar to that observed when the 

native enzyme crystallizes in the apo-form. This is not surprising as all present data 

indicate that tetramerization is not thermodynamically prohibited for all these 

mutants but only slowered (Fig 4.1). Actually, crystallization requires high enzyme 
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concentrations and several days growth. Nevertheless, if we compare the structure 

of the dimeric PfGST in complex with GSH and its tetrameric apo form, one 

interesting difference is the switch of the loop 113-118 hinged by Tyr-113 and  

Asp-119 that rotates about 30 degrees and that in the tetrameric structure occupies 

the H-site of the adjacent dimer (Fig. 4.5). 

 

 

FIGURE 4.5. Loop movement upon substrate binding. In the non-inhibited state 

(blue) loop 113-119 reveals a different conformation than in the inhibited state (red).  

 

It appears that the structural transition of this loop from the A conformation to 

the B conformation is propedeutical to the tetramerization event, but it may also be 

linked to the high-low affinity transition for hemin binding (TR transition). We 

remember that Asn-112 is likely involved in the hemin stabilization through 

coordination to the iron atom (5), so it is not surprising that any structural change of 

the loop 113-118 may cause so relevant effects for the hemin binding. All these 

structural observations, together with all kinetic data will be combined in the 

Scheme 4.1 that represents a possible explanation.    
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SCHEME 4.1 
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 4.4 Discussion  

 

A few structural and functional properties of PfGST make this enzyme unique 

in the wide scenario of GSTs in living organisms. One of these is represented by the 

peculiar tetramerization that causes complete inactivation of the enzyme and that 

occurs in a few minutes in the absence of GSH. Our data showed that this event 

becomes very slow when selected mutations have been introduced in the loop     

113-118. Thus it is now clear that the integrity of loop 113-118 is essential for this 

process. However the possibility that tetramerization may occur in vivo is remote.  

Data reported here demonstrate that besides GSH, even GSSG is able to slower 

drastically the inactivation. Thus even under conditions of severe oxidative stress 

for the parasite, the tetramerization does not occur unless unknown endogenous or 

exogenous compounds promote this event. On the other hand, the peculiar loop 

113-118 seems to have crucial relevance in the hemin binding of PfGST, and in 

particular in the cooperative phenomenon that characterizes this interaction. In fact 

the positive homotropic behavior triggered by hemin itself disappears completely if 

this loop is truncated, stiffened or slightly modified by a single point mutation. 

Furthermore, the presence of GSH in the G-site is not essential for hemin binding, 

but in its absence all mutated enzymes show a lower affinity for hemin and a      

non-cooperative binding.  

Interestingly, a non-cooperative shift toward a high affinity conformation for 

hemin is triggered by GSH in all mutants but not in the native enzyme where both 

subunits remain in the low affinity conformation until a hemin molecule is bound to 

one subunit. Considering that other GST isoenzymes like Alpha, Pi and Mu bind 

hemin in a non-cooperative behavior, and with an affinity similar to that of the high 

affinity binding site of PfGST (Table 4.2), it seems that a high propensity to bind 

hemin is a common property of many GSTs and that a more efficient hemin binding 

by PfGST could easily have been obtained during evolution, even by a single point 

mutation. Thus it appears that cooperativity in the parasite is finalized to decrease 

the affinity for hemin at low hemin concentrations and not to increase its intrinsic 

affinity. This strategy seems plausible considering that the parasite living in the 
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erythrocyte is likely exposed to free hemin and that the PfGST is completely 

inactivated when it has bound hemin. In other terms, due to the particular 

environment of Plasmodium falciparum, this enzyme could be evolved to preserve 

the classical detoxicating activity as long as the free hemin concentration is  

harmless to the cell. In any case, the conservation of the unique loop 113-118 in 

PfGST demonstrates that this structural element is essential for the correct 

functioning of the enzyme in these parasites. The absence of this loop in 

mammalian GSTs means that inhibitors interacting at this site will be highly 

selective for the Plasmodium transferase.  

This mechanism parallels the cooperative behavior of hemoglobin that evolved 

from an ancestral globin at high affinity (similar to myoglobin) to reach the 

tetrameric cooperative protein that, at low oxygen pressure, shifts toward a lower 

affinity conformation promoting the oxygen release at level of tissue.  
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CONCLUDING REMARKS 

 

The common denominator of the studies reported in the present thesis is 

represented by the discovery of new protective mechanisms of the GST 

superfamily, mainly due to new ligandin properties of these enzymes. These 

particular non-enzymatic roles are possible because of the high expression of GSTs 

in cells of many different tissues and organism (0.8 mM in hepatocytes). The 

present study enlarges the scenario of cell protection given by GSTs. In particular 

our results indicate that GSTs of rat hepatocytes are deeply involved in the cell 

protection against excess of NO. In fact GSTs (in particular  of Alpha class GSTs) 

represent the prime target for DNDGIC, a paramagnetic compound that is 

spontaneously and quantitatively formed  when NO enters the cell. This complex 

would inactivate glutathione reductase but becomes completely harmless when 

bound to GSTs. Thus for the first time  GSTs  appears as a potent protection buffer 

against NO insults.  In this context the interesting discovery that a significant 

amount of the cytosolic Alpha GST is electrostatically bound near to nuclear  

membrane (as proved by confocal microscopy, immunostaining experiments, and 

molecular modeling) may be interpreted as an additional protection shell for the 

precious genetic material that resides inside the nucleus. Finally, the molecular 

details concerning the peculiar GST isoenzyme expressed by the Plasmodium 

falciparum indicate that this enzyme evolved  to sequester  efficiently the toxic 

hemin only when this compound exceeds a critical concentration. This property, 

never before found in other GSTs, is possibly finalized to preserve the enzymatic 

activity of this GST at non-toxic hemin concentration. It is  based on a cooperative 

mechanism that is active only when a particular protein segment  (loop  113-118)  is 

unperturbed. 

 

 

 


