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Glutathione S-transferase of Plasmodium falciparum
(PfGST) displays a peculiar dimer to tetramer transition that
causes full enzyme inactivation and loss of its ability to sequester
parasitotoxic hemin. Furthermore, binding of hemin is modu-
lated by a cooperative mechanism. Site-directed mutagenesis,
steady-state kinetic experiments, and fluorescence anisotropy
have been used to verify the possible involvement of loop 113–
119 in the tetramerization process and in the cooperative phe-
nomenon. This protein segment is one of the most prominent
structural differences between PfGST and other GST isoen-
zymes. Our results demonstrate that truncation, increased
rigidity, or even a simple point mutation of this loop causes a
dramatic change in the tetramerization kinetics that becomes at
least 100 times slower than in the native enzyme. All of the
mutants tested have lost the positive cooperativity for hemin
binding, suggesting that the integrity of this peculiar loop is
essential for intersubunit communication. Interestingly, the tet-
ramerization process of the native enzyme that occurs rapidly
whenGSH is removed is prevented not only by GSH but even by
oxidized glutathione. This result suggests that protection by
PfGST against hemin is independent of the redox status of the
parasite cell. Because of the importance of this unique segment
in the function/structure of PfGST, it could be a new target for
the development of antimalarial drugs.

Approximately two million deaths in the world per year are
caused by Plasmodium falciparum, the parasite responsible for
tropical malaria (1, 2). In the last years, increasing interest has
been developing for the peculiar glutathione S-transferase
(PfGST)3 expressed by this parasite. Expressed in almost all
living organisms, GSTs represent a large superfamily of multi-
functional detoxifying enzymes that are able to conjugate GSH
to a lot of toxic electrophilic compounds, thus facilitating their

excretion. Many other protection roles of GSTs have been
described, including the enzymatic reduction of organic perox-
ides (3–5), the inactivation of the proapoptotic JNK through a
GST�JNK complex (6), and the protection of the cell from
excess nitric oxide (7). The mammalian cytosolic GSTs are
dimeric proteins grouped into eight species-independent
classes termedAlpha,Kappa,Mu,Omega, Pi, Sigma,Theta, and
Zeta on the basis of sequence similarity, immunological reac-
tivity, and substrate specificity (3, 8–11). PfGST is one of the
most abundant proteins expressed by P. falciparum (from 1 to
10%, i.e. from 0.1 to 1 mM) (12), and different from what occurs
in many organisms, it is the sole GST isoenzyme expressed by
this parasite. Despite its structural similarity to the Mu class
GST, this specific isoenzyme cannot be assigned to any known
GST class (13). The interest in this enzyme is due to its partic-
ular protective role in the parasite. In fact, in addition to the
usual GST activity that promotes the conjugation of GSH to
electrophilic centers of toxic compounds, this protein effi-
ciently binds hemin, and thus it could protect the parasite (that
resides in the erythrocytes) from the parasitotoxic effect of this
heme by-product (14). Specific compounds that selectively
inhibit its catalytic activity or hemin binding could be promis-
ing candidates as antimalarial drugs. In this context, the discov-
ery of structural or mechanistic properties of this enzyme that
are not found in other GSTs may be important for designing
selective inhibitors that are toxic to the parasite but harmless
for the host cells. Two properties never observed in othermem-
bers of the GST superfamily are of particular interest. The first
property is that this enzyme, in the absence of GSH, is inacti-
vated in a short time and loses its ability to bind hemin (15).
Recent studies indicated that the inactivation process is related
to a dimer to tetramer transition (13, 16, 17). The second prop-
erty is the strong positive homotropic phenomenon that mod-
ulates the affinity of the two subunits for hemin (15). The x-ray
crystal structure of PfGST, solved by two different groups (13,
18), provides insights into this effect. From a structural point of
view, the most intriguing differences of PfGSTwhen compared
with other GSTs are a more solvent-exposed H-site and an
atypic extra loop connecting helix �-4 and helix �-5 (residues
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113–119; see also Fig. 1) that could be involved in the dimer-
dimer interaction. Actually, in the absence of ligands, two bio-
logical dimers form a tetramer, and these homodimers are
interlocked with each other by loop 113–119 of one homo-
dimer, which occupies an H-site of the other homodimer (13,
18). Upon binding of S-hexylglutathione, loop 113–119 rear-
ranges; residues Asn-114, Leu-115, and Phe-116 form an addi-
tional coil in helix�-4; and the side chains of Asn-111, Phe-116,
and Tyr-211 flip into the H-site of the same dimer (17, 18). The
changed course of residues 113–119 in the liganded enzyme
prevents the interlocking of the dimers.
In this paper, bymeans of site-directedmutagenesis, fluores-

cence anisotropy, kinetic studies, and size exclusion chroma-
tography, we check the influence of selected mutations of this
atypic loop in the tetramerization process and the possible
involvement of this protein segment in the cooperative phe-
nomenon that characterizes hemin binding. In addition we
describe that the tetramerization process is inhibited not only
by GSH but even by GSSG. This finding suggests that hemin
binding of PfGST is independent of the redox status of the cell.
Finally, we demonstrate that the presence of GSH (or GSSG) in
the active site is not essential for hemin binding, but this inter-
action only requires an active dimeric conformation.

EXPERIMENTAL PROCEDURES

Materials—GSH, 1-chloro-2,4-dinitrobenzene, GSSG, and
hemin were obtained from Sigma-Aldrich.
In Vitro Site-directed Mutagenesis—PfGST mutants were

generated using the commercial QuikChange� site-directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the
manufacturer’s instructions. The basic procedure utilized the
purified expression vector pJC20 containing the complete
cDNA of the PfGST as an insert (18) and two synthetic oligo-
nucleotide primers designed to introduce the proper muta-
tions. Inmutant A, the flexibility of the loop regionwas lowered
by the substitution ofThr-113 andAsn-119 by twoprolines. For
the generation of mutant A, the mutagenesis primer 5�-TAT-
AAATTTAATAATCCCAATTTATTTAAACAACCTGAA-
ACAACTTTTTTA-3� and the respective primer complemen-
tary to the opposite strand were used. For mutant B, the single
point mutation Q118A was carried out using the primer 5�-
ACCAATTTATTTAAAGCGAATGAAACAACTTTT-3� and
the complementary primer on the other strand. Finally, in
mutant C, the entire loop region was replaced by two alanine
residues using the primer 5�-CAGGATATTCATTATAAAT-
TTAATAATACCGCAGCAAATGAAACAACTTTTTTAA-
ATGAG-3� and the respective complementary primer. The
entire coding region was sequenced to ensure the presence of
the desired mutation and the absence of undesired alterations
in the PfGST coding region.
Recombinant Expression and Purification of Wild-type

PfGST and Mutants—Expression and purification of the three
mutants were carried out as described previously for the wild-
type enzyme (19, 20). Briefly, after transformation of pJC20-
PfGST into Escherichia coli BL21(DE3) pLys, bacterial cells
were grown overnight in Luria-Bertani medium containing 50
�g/ml ampicillin. This stock culture was diluted 1:100 in the
same medium, and then the bacteria were grown to an A600 of

0.5 before induction with 1 mM of isopropyl �-D-thiogalacto-
side. After 3 h at 37 °C, bacterial cells were harvested by centrif-
ugation, and the bacterial pellet was resuspended in phosphate-
buffered saline (150 mM NaCl, 16 mM Na2HPO4, 4 mM

NaH2PO4, pH 7.3) and sonicated. The cell lysate was centri-
fuged at 100,000 � g (1 h, 4 °C). In a batch purification, the
supernatant was mixed with glutathione-Sepharose affinity
matrix (GE Healthcare). After an overnight incubation at 4 °C
followed by washing with 10 bed volumes of phosphate-buff-
ered saline, the recombinant protein was eluted with 15 mM

GSH in 50 mM Tris-HCl, pH 7.2. The purity of the eluted pro-
teins was checked by SDS-PAGE. The purified forms of PfGSTs
were stored at �80 °C in the presence of 10 mM GSH. Under
these conditions, the enzymes were stable for weeks. Protein
concentrations were calculated assuming an A280 of 1.1 for 1
mg/ml for PfGSTs on the basis of the amino acid sequence (21).
A molecular mass of 25 kDa/GST subunit was used in the
calculation (19).
HumanGSTExpression andPurification—HumanGSTA1-1

(Alpha class), GSTM2-2 (Mu class), and GSTP1-1 (Pi class)
were expressed in E. coli and purified as described previously
(22–24).
Enzymatic Activity—Standard PfGST (wild type and

mutants) and humanGST (Alpha, Pi, andMu classes) activities
were measured at 25 °C in a 0.1 M potassium phosphate buffer,
pH 6.5, containing 1 mM GSH and 1 mM 1-chloro-2,4-dinitro-
benzene. The activity was assayed spectrophotometrically by
following the enzymatic product at 340 nm (� � 9600 M�1

cm�1). The values of kcat were calculated at saturating GSH
concentrations and 1 mM 1-chloro-2,4-dinitrobenzene.
Sephadex G-25 Chromatography—Gel filtration was carried

out on a SephadexG-25 column (GEHealthcare) 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 verify whether GSSG prevents the
enzyme tetramerization, the column was equilibrated and run
with the above-mentioned buffer containing 1 mM GSSG. Pro-
tein samples without GSH (1 mg/ml native PfGST or mutants)
were incubated at 25 °C and assayed at fixed times for enzyme
inactivation and tetramerization (see below).
Anisotropy Experiments—Fluorescence anisotropy experi-

ments were performed with a Spex Fluoromax 2 fluorometer,
using 280 nm excitation, 335 nm emission, and a 295-nm cut-
off filter in the emission channel. The means � S.D. of anisot-
ropy values were calculated from nine replicate experiments.
0.124 mg/ml protein concentration was employed in all exper-
iments, and the effect of substrate binding was monitored by
adding 1 mM GSH.
Size Exclusion Chromatography—Gel filtration experiments

were performed using a Superdex� 200HR 10/30 column on an
LKB fast protein liquid chromatography system (GE Health-
care). The column was equilibrated with 10 mM potassium
phosphate buffer, pH7.2, and calibratedwith the following pro-
teins: cytochrome c (12 kDa), ovalbumin (43 kDa), serum albu-
min (67 kDa), transferrin (81 kDa), and glucose oxidase (160
kDa). The experimentswere carried out at room temperature at
a flow rate of 1 ml/min.
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Inhibition of PfGSTs by Hemin—Fresh hemin stock solutions
were prepared as described previously (15). Inhibition of
PfGSTs by hemin was studied by adding variable amounts of
hemin (from0.2 to 10�M)with a fixed enzyme concentration (1
�M) in 1 ml of 0.1 M potassium phosphate buffer, pH 6.5, at
25 °C. After 10 s, 1mMGSH and 1mM1-chloro-2,4-dinitroben-
zene were added for activity measurements, followed by
absorption at 340 nm. The data obtained by varying hemin con-
centrations were analyzed using the Hill equation (Equation 1),

vi/vmax � �S�n/�Kn � �S�n	 (Eq. 1)

where vi is the initial velocity observed at a given concentration
of hemin, vmax is the velocity observed in the absence of inhib-
itor, [S] is the hemin concentration, and n is the Hill coefficient
at the hemin concentration corresponding to half-enzyme
saturation.
The inhibition data were also analyzed with a two-site Adair

model for ligand binding to a homodimeric macromolecule to
estimate K1 (low affinity) and K2 (high affinity) constants for
hemin binding,

vi/vmax � ��S�/K1 � �S�2/�K1
2	/�1 � 2�S�/K1 � �S�2/�K1

2	

(Eq. 2)

where K1 is the dissociation equilibrium constant for hemin
binding to the free enzyme, �K1 (which equals K2) represents
the dissociation equilibrium constant for hemin binding to the
monoligated enzyme, and � is the nondimensional interaction
parameter coupling the two functionally linked hemin-binding
sites.
Isothermic Binding of PfGSTs and Hemin—Isothermic bind-

ing of hemin toPfGSTs (1�M)wasmeasured in a single photon-
counting spectrofluorometer (Spex Fluoromax 2 fluorometer)
with a sample holder thermostatted at 25 °C. Excitation was at
295 nm, and emission was measured at 333 nm. The affinity of
PfGSTs for heminwas determined bymeasuring the quenching
of the intrinsic fluorescence of the protein following the addi-
tion of hemin (from 0.1 to 10 �M) in the presence or absence of
GSH (or GSSG) in 0.1 M potassium phosphate buffer, pH 6.5.
Fluorescence data were corrected both for dilution and inner
filter effects. The data were analyzed by the noncooperative
Langmuir isotherm equation (Equation 3),

� �
KD � �hemin� � �GST� � ��KD � �hemin� � �GST�	2 � 4�hemin��GST�

2�GST�

(Eq. 3)

where � (fraction of occupied sites) was determined according
to Equation 4,

� � �I � I0	/�Isat � I0	 (Eq. 4)

where I0, I, and Isat are the fluorescence intensities observed in
the absence of hemin, at each hemin concentration, and at sat-
uration, respectively.

RESULTS AND DISCUSSION

Kinetic Properties of Loop 113–119Mutants—Selectedmuta-
tions of PfGST have been designed to evaluate the importance

of the native structure/sequence of loop 113–119 in the tet-
ramerization process and in the cooperative phenomenon. In
particular, in mutant C, the entire protein segment 113–119
was replaced by two alanine residues; mutant B displays the
single point mutation Q118A; and in mutant A, residues Thr-
113 andAsn-119 have been substituted by twoprolines to lower
the flexibility of this protein segment (Fig. 1A). Expression and
purification of these mutant enzymes in E. coli are described
under “Experimental Procedures.” The three enzymes were
analyzed under steady-state kinetic conditions. As shown in
Table 1,mutant B andmutantCdisplay kinetic parameters very
similar to those of the native enzyme. Surprisingly, the hinge-
blocked enzyme (mutant A) reveals approximately four times
higher Km for GSH and approximately three times increased
kcat. This decreased affinity for GSH is unexpected because the
loop does not interact directly with the G-site.
Loop 113–119 Modulates the Kinetics of the Inactivation/

Tetramerization Process—Native PfGST loses most of its orig-
inal activitywhen incubated at 25 °C in the absence ofGSH (Fig.
2A). As shown previously, the inactivation seems to be a bipha-
sic event with a first phase that ends at 
50% of native activity
and is characterized by an apparent half-time of 3–4 min (15).
Even slight perturbations of loop 113–119 dramatically influ-
ence the kinetics of the spontaneous inactivation process. In
particular all of these mutants retain their original activity after
GSH is removed by a Sephadex G-25 column, whereas the
native enzyme immediately undergoes 
50% inactivation (Fig.
2A). Even after 24 h all of the mutants still display 70–80% of
the original activity, whereas the wild-type enzyme is almost
completely inactivated. Thus, in these mutants the inactivation
process becomes at least 100 times slower than in the native
enzyme. Recent studies based on gel filtration experiments
have demonstrated that the inactivation caused by the absence
of GSH is coupled to a tetramerization process (16, 18). This

FIGURE 1. A, structural changes of loop 113–119 occurring in the dimer (light
blue model and yellow loop; Protein Data Bank code 2AAW) to tetramer (blue
model and orange loop; Protein Data Bank code 1OKT) transition. Red spheres
indicate the amino acids replaced in this study to obtain mutants A, B, and C.
B, model of hemin�PfGST complex obtained by docking simulation using the
crystal structure for Protein Data Bank code 1Q4J (15). Hemin is shown in red,
loop 113–119 is in orange, and GSH is shown as yellow sticks.

TABLE 1
Kinetic parameters of wild-type and mutant PfGSTs
The data shown are the means � S.D. of three independent determinations.

PfGST Km
GSH kcatGSH kcatGSH/Km

GSH

mM s�1 M�1 s�1

Wild-type 0.15 � 0.02(100%) 0.151 � 0.007 1000 � 140
Mutant A (hinge-blocked) 0.61 � 0.05(406%) 0.413 � 0.009 680 � 60
Mutant B (point mutation) 0.20 � 0.02(137%) 0.122 � 0.005 610 � 60
Mutant C (mini loop) 0.17 � 0.02(114%) 0.160 � 0.009 940 � 120
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event is reversible and occurs within the GSH concentration
range of 0–0.7 mM (16). The persistence of the original activity
for our mutants in the absence of GSH (Fig. 2A) suggests that
the tetramerization is a very slow process for these enzymes or
alternatively that they generate an active tetramer.Gel filtration
experiments clarified this question. In fact, the native enzyme
in the presence of 10mMGSH shows a single peak correspond-
ing to a molecular mass of a dimeric structure (
45 kDa; Fig.
2B). Immediately after the GSH removal through Sephadex
G-25 chromatography, 
50% of the enzyme acquires a tet-
rameric structure. On the contrary, in the same conditions,
mutants A and B retain all of their original activity and remain
as dimeric proteins (Fig. 2B). After incubation for 12 h at 25 °C
in the absence of GSH, the native enzyme is almost fully inac-
tivated and mainly in the tetrameric state, whereas mutants A
and B formed less than 15% of tetrameric structures (data not
shown). Even fewer tetrameric structures have been found for
mutant C. Thus, any perturbation of the native sequence in
loop 113–119 drastically slows down the tetramerization/inac-
tivation process.
Tetramerization and Inactivation Are Synchronous Events—

It is not clear whether the tetramerization of PfGST observed in

the absence of GSH is synchronous to the inactivation process or
whether these events occur with different kinetics. This detail
could be important to define whether tetramerization is the cause
or the effect of the loss of activity. Thus, the kinetics of tetramer to
dimer transition triggered by GSH binding was studied by means
of steady-state fluorescence anisotropy experiments and com-
pared with the reactivation kinetics. An attempt to follow the
reverse reaction, i.e. the dimer to tetramer transition after removal
of GSH, was unsuccessful because of the very fast inactivation of
this enzyme in the absence ofGSH (15). Steady-state fluorescence
anisotropy represents a useful approach for following a dimer/
tetramer transition because it provides ameasure of the rotational
motions of macromolecules (25). Dissociation of a multimer
results in a decrease in the fluorescence anisotropy value (r),
because of the increase in rotational diffusion. In the case of the
native PfGST, the starting enzyme is represented by the inacti-
vated enzyme (tetrameric state) obtained after Sephadex G-25
chromatography and subsequent incubation at 25 °C for 12 h in
the absence ofGSH. Incubation of this inactive enzymewith 1mM

GSH resulted in a decrease of the anisotropy values, accompanied
by the parallel recovery of enzymatic activity (Fig. 3). The kinetics
of the twoprocesses couldbe fittedwith the same first order kinet-
ics,witha lifetimeof40min, indicatingastrict correlationbetween
the twophenomenabutno temporalpriority.MutantsA,B, andC,
incubated for 12 h without GSH, were slightly inactivated, and as
expected, no appreciable change of anisotropy was visible upon
incubationwith1mMGSH(Fig. 3).Thesedata confirm that evena
single point mutation in the loop 113–119 region is sufficient to
prevent the rapid formation of an inactive tetramer species.
GSSG Inhibits the Tetramerization Process—A surprising

property of PfGST is represented by its high affinity for GSSG.
From kinetic inhibition experiments, 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 site of binding must be identified

FIGURE 2. Tetramerization/inactivation of native and mutated PfGSTs in
the absence of GSH. Active dimeric PfGSTs (with 10 mM GSH) were passed
through a Sephadex G-25 column. After GSH removal, the enzymes were
incubated at 25 °C at a concentration of 
1 mg/ml. A, enzymatic activity,
assayed at different incubation times (25 °C) after GSH removal. Activity was
assayed as described under “Experimental Procedures.” B, size exclusion
chromatography performed on wild-type PfGST and mutant A in the pres-
ence of 10 mM GSH (upper curves) and immediately after GSH removal by a
Sephadex G-25 column (lower curves). Very similar results have been found
with mutant B and mutant C (data not shown).

FIGURE 3. GSH-induced tetramer/dimer transition. Inactive tetrameric
wild-type PfGST (5 �M) obtained by 12 h of incubation in the absence of GSH
was incubated with 1 mM GSH in 0.1 M potassium phosphate buffer, pH 6.5, at
25 °C. At fixed times, fluorescence anisotropy (r) (f) and enzymatic activity
(Œ) were monitored. As a control, changes of fluorescence anisotropy of
mutant A (incubated for 12 h in the absence of GSH and then treated with 1
mM GSH) are also reported (�). Mutants B and C (data not shown) display the
same behavior as mutant A. The standard deviations of anisotropy values
were calculated from nine replicate experiments.
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as theG-site (Fig. 4, inset). Of particular interest is the influence
ofGSSGon the inactivation/tetramerization process. As shown
in Fig. 4 the presence of GSSG (from 0.1 to 1 mM) prevents the
inactivation process, thus stabilizing the dimeric structure.
This means that in vivo the enzyme should be able to retain its
active conformation even when GSH is partially oxidized to
GSSG, i.e. under oxidative stress. On the other hand, the inac-
tive tetrameric enzyme does not restore its active conformation
when incubated with 10 mM GSSG (Fig. 4), indicating that
GSSG has limited access to the G-sites in the tetrameric struc-
ture. As confirmation, no decrease in anisotropy has been
found after the addition of GSSG to the inactive form (data not
shown).
The Integrity of Loop 113–119 IsCrucial for the PositiveCoop-

erativity in Hemin Binding—PfGST displays homotropic
behavior for hemin binding, so the affinity of the vacant subunit
increases approximately 20 times when one hemin molecule
binds to the first subunit of the dimer (15). Thismechanism has
been interpreted as a way to optimize the interception of hemin
by the parasite that metabolizes large amounts of host cell
hemoglobin and is continuously exposed to this toxic by-prod-
uct.OtherGSTs (Alpha,Mu, and Pi classes) equally able to bind
hemin display a noncooperative interaction (Table 2). PfGST
mutants make it possible to check the importance of a correct
sequence/conformation of loop 113–119 in the cooperative
phenomenon. As shown in Table 2, this loop is crucially
involved in intersubunit communication; in fact, all mutants in
the presence of GSH bind heminwith a noncooperativemodal-
ity. Furthermore they display an affinity for hemin similar to
that of wild type in the high affinity state.
GSH Is Not Essential for Hemin Binding—PfGST is able to

bind hemin onlywhen the enzyme is in the active dimeric struc-
ture, i.e. in complex with GSH (15). Because of the fast tet-

ramerization of the enzyme in the absence of GSH, it remains
uncertain whether the hemin binding is prevented by steric
hindrance caused by the tetrameric structure or by the absence
of GSH in the G-site. The particular inertness of the mutated
enzymes makes it possible to clarify this question. Binding of
hemin has been visualized on the basis of the quenching of
intrinsic fluorescence. The results, reported in Table 3 and Fig.
5, indicate that all mutants are able to bind hemin in the
absence of GSH. However, the affinity is lower than that shown
by the GSH�enzyme complex. It appears that all of these
mutants display two different states characterized by two dif-
ferent affinities for hemin, one high affinity conformation,
R-state (relaxed state), and one low affinity conformation,
T-state (tensed state), determined by the presence or absence of
GSH. The ability of loop 113–119 to adopt different conforma-
tions is possibly linked to this high-low affinity transition for
hemin binding. Because Asn-112 is involved in the hemin sta-
bilization through coordination to the iron atom (15), it is not
surprising that any structural change of loop 113–119 may
cause such relevant effects for the hemin binding. The model
for hemin-associated PfGST reported in Fig. 1B (15) shows the
close proximity of loop 113–119 with the bound hemin that
also contacts the adjacent subunit. These contacts could repre-
sent the structural basis for cooperativity. Importantly, we also
observed that the native enzyme is able to bind hemin also in
the presence of GSSG. In this case the binding is noncoopera-
tive, and the dissociation constant indicates a low affinity con-

TABLE 2
Binding of hemin to PfGSTs and human GSTs calculated from
inhibition data
Shown are the inhibition data fitted to the Hill equation vi/vmax � �S�n/(Kn � �S�n).
hGST, human GST.

PfGST nH KD app

�M

Wild-typea 1.9 � 0.1 2.8 (K1, low affinity),
0.16 (K2, high affinity)

Mutant A (hinge-blocked) 1.2 � 0.2 0.46 � 0.03
Mutant B (point mutation) 1.1 � 0.1 0.15 � 0.01
Mutant C (mini loop) 1.0 � 0.1 0.22 � 0.02
hGSTP1-1 1.1 � 0.1 0.10 � 0.02
hGSTA1-1 1.0 � 0.2 0.060 � 0.003
hGSTM2-2 1.0 � 0.1 0.11 � 0.02

a The data are from Ref. 15 where K1 and K2 were obtained by fitting experimental
data to the Adair equation.

TABLE 3
Isothermic binding of hemin to PfGSTs

PfGST KD
a

�M

Wild-type
1 mM GSSG 1.9 � 0.1
0.01 mM GSSG 1.5 � 0.2

Mutant A (hinge-blocked)
5 mM GSH �0.1
—b 1.3 � 0.1

Mutant B (point mutation)
1 mM GSH �0.1
— 0.9 � 0.1

Mutant C (mini loop)
1 mM GSH �0.1
— 1.9 � 0.1

a KD values were determined by fitting the experimental data to Equation 3. No
cooperativity has been observed for wild type in the presence of GSSG and for all
mutants in the absence of GSH.

b —, no GSH added.

FIGURE 4. Effects of GSSG on PfGSTs. f, 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. The specific activity of enzyme
was measured at different times at 25 °C. F, 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 of fixed GSSG concentrations (�, 0.53
mM; Œ, 0.23 mM; and �, 0.03 mM) in 1 ml of 0.1 M potassium phosphate buffer,
pH 6.5 (25 °C).

Tetramerization and Cooperativity in P. falciparum GST

AUGUST 14, 2009 • VOLUME 284 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 22137

 at Y
ork U

niversity - O
C

U
L

 on M
arch 4, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


formation (Table 3 and Fig. 5). This behavior parallels what was
observed in the presence of S-methylglutathione (15) and indi-
cates that the free thiol group in the active site is important for
the cooperative mechanism and to shift the enzyme toward a
high affinity state. The ability of PfGST to bind hemin in the
presence of GSSG may be of physiological relevance because
this enzyme would protect the cell from hemin even under
severe oxidative stress conditions. The model in Scheme 1 is
consistent with all of the results described above.
Concluding Remarks—A few structural and functional prop-

erties of PfGST make this enzyme unique in the wide scenario
of GSTs in living organisms. One of these is the peculiar tet-
ramerization that parallels the complete inactivation of the
enzyme and that occurs in a fewminutes in the absence of GSH
(15). The present results show these events to be very slow
when selected mutations have been introduced in loop 113–

119. Thus, the integrity of this loop is crucial for a fast tetramer-
ization/inactivation process. The possible physiological impact
of the tetramerization process in vivo obviously depends on the
glutathione levels present in the parasite. It has been shown that
the GSH concentration in P. falciparum may vary from 0.2 to
2.6 mM, depending on the parasite strain and possibly also on
the stage in the life cycle (26–28). Given that the tetrameriza-
tion event occurs within the GSH range of 0–0.7 mM, it seems
likely that the physiological level of glutathione might regulate
the activity of this enzyme in vivo. The data reported here dem-
onstrate that not only GSH but even GSSG is able to slow down
inactivation drastically. Thus, the tetramerization is not driven
by the redox status of the parasite but only by the total level of
glutathione.
The peculiar loop 113–119 is also deeply involved in the

hemin binding and in particular in the cooperative phenome-
non that characterizes this interaction. In fact, the positive
homotropic behavior triggered by hemin itself (15) disappears
completely when this loop is truncated, stiffened, or slightly
modified by a single pointmutation (Table 2). Furthermore, the
presence of GSH in the G-site is not essential for hemin bind-
ing. In particular, in the absence of GSH, all mutated enzymes
show a low affinity state for hemin and noncooperative binding
(Table 3 and Fig. 5). Interestingly, a shift toward a high affinity
conformation for hemin binding is triggered by GSH in all
mutants but not in the native enzyme, where both subunits
remain in the low affinity conformation until one hemin mole-
cule binds to one subunit.
From amore general point of view, the present data also yield

new physiological suggestions for this peculiar cooperativity. In
fact, it has previously been suggested that the affinity of the
enzyme must be increased in cases with toxic levels of hemin
(15). However, this ideamust be revised.Wemust keep inmind
that many GSTs bind hemin efficiently, and in the case of
Alpha, Mu, and Pi isoenzymes, binding is noncooperative and
has an affinity similar to that of the high affinity state of PfGST
(Table 2). In addition, a stronger hemin binding by PfGST can
be easily obtained during evolution even by a simple point
mutation, as demonstrated for ourmutants (Table 2). Thus, it is
unlikely that the evolution pressure for this enzyme simply

SCHEME 1

FIGURE 5. Isothermic binding of hemin to wild-type and mutant PfGSTs as
determined by fluorescence quenching. Hemin was added to PfGSTs (1
�M) in the presence or absence of GSH or GSSG in 0.1 M potassium phosphate
buffer, pH 6.5, 25 °C. Quenching of the intrinsic fluorescence was measured as
described under “Experimental Procedures,” and the data were analyzed by
Equations 3 and 4. The continuous lines represent global fits to the high affin-
ity and low affinity data, respectively. WT, wild type.
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pushed it toward a higher affinity for hemin. On the contrary, it
seems possible that this particular type of cooperativity may
have evolved to confer lower affinity at low (nontoxic) hemin
levels and higher affinity at higher (toxic) hemin concentra-
tions. This explanation is plausible considering that the parasite
lives in the erythrocyte, that it is likely exposed to free hemin,
and that the PfGST is completely inactivated when hemin is
bound. In other terms, because of the particular environment of
Plasmodium, this enzyme could have evolved to preserve cata-
lytic detoxifying activity as long as the free hemin level is harm-
less to the parasite. Although for a very different purpose, this is
reminiscent of the development of hemoglobin, which evolved
from an ancestral globin at high affinity to become the tet-
rameric cooperative protein that promotes oxygen release at
the tissue level when shifted toward a lower affinity
conformation.
Such a cooperative mechanism in PfGST is also consistent

with the idea that a low amount of free hemin may have a reg-
ulatory function in P. falciparum by inhibiting glyceraldehyde-
3-phosphate dehydrogenase and promoting the metabolism of
glucose through the hexose monophosphate shunt (12, 29).
This pathway providesNADPHas a reducing fuel that counter-
acts possible oxidative stress. In any case, the identification of
the peculiar loop 113–119 as the crucial determinant of the
cooperative hemin binding makes this protein segment of par-
ticular interest as an antimalarial drug target.
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