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The thioredoxin-like fold has a BaBa BB« topology, and most
proteins/domains with this fold have a topologically conserved
cis-proline residue at the N-terminus of S-strand 3. This residue
plays an important role in the catalytic function and stability of
thioredoxin-like proteins, but is reported not to contribute towards
the stability of glutathione S-transferases (GSTs) [Allocati,
Casalone, Masulli, Caccarelli, Carletti, Parker and Di Ilio (1999)
FEBS Lett. 445, 347-350]. In order to further address the role of
the cis-proline in the structure, function and stability of GSTs, cis-
Pro-56 in human GST (hGST) A1-1 was replaced with a glycine,

and the properties of the P5S6G mutant were compared with those
of the wild-type protein. Not only was the catalytic function of
the mutant dramatically reduced, so was its conformational
stability, as indicated by equilibrium unfolding and unfolding
kinetics experiments with urea as denaturant. These findings are
discussed in the context of other thioredoxin-like proteins.

Key words: conformational stability, glutathione, thioredoxin
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INTRODUCTION

The thioredoxin fold is a versatile scaffold found in many
protein families with diverse functions. The fold has been iden-
tified in the three-dimensional structures of at least 12 protein
families despite their low sequence identities: thioltransferases
(includes thioredoxins and small glutaredoxins), protein
disulphide isomerase-like, calsequestrin, disulphide-bond form-
ation facilitator DsbA, N-terminal domain of glutathione
S-transferases (GSTs), phosducin, N-terminal domain of
endoplasmic reticulum protein ERP29, spliceosomal protein
U5-15kD, C-terminal domain of disulphide-bond isomerase
DsbC, glutathione peroxidase-like, thioredoxin-like 2Fe-2S
ferredoxin and arsenate reductase ArsC (see http://scop.mrc-
Imb.cam.ac.uk/scop/data/scop.b.d.fe.b.html). The thioredoxin
fold is characterized by a BaBafBa topology with the B-sheet
sandwiched between two layers of a-helices [see Figure 1 for the
thioredoxin-like fold in human class Alpha GST with two type-1
subunits (hGST Al-1)]. Structure-based sequence alignments
with thioredoxin show that a cis-proline at the N-terminus of
B-strand 3 is conserved in most members of the superfamily.
It is not observed in the structures of the spliceosomal protein
U5-15kD and seven of the 10 members of the glutathione
peroxidase-like family.

The cystolic GSTs, a large thioredoxin-like family, are
multifunctional proteins that can be grouped into at least
12 classes: Alpha, Beta, Delta, Mu, Phi, Pi, Theta, Kappa,
Sigma, Tau, Omega and Zeta (for a review, see [1]). Recently,
glutaredoxin-2 [2], Ure2p [3] and Clicl (chloride intracellular
channel) protein [4] have also been classified as members of
the GST structural family. The cis-proline is conserved in the
thioredoxin-like N-terminal domain of all the members of this
family, and its cis—trans isomerization contributes to the folding
kinetics of hGST Al-1 [5]. The active site of the GSTs can be
divided into two adjacent subsites: the G-site for binding GSH
and the H-site for binding hydrophobic electrophilic substrates

[6]. The G-site is formed primarily by the thioredoxin-like
N-terminal domain, whereas the C-terminal domain forms the
H-site. The conserved cis-proline is located at the G-site where
it facilitates the backbone to assume the correct conformation for
the formation of two hydrogen bonds between the main chain
of the protein and the cysteinyl moiety of GSH [7].

The role of the conserved cis-proline in the function and
stability of thioredoxin-like proteins has been investigated for
Escherichia coli thioredoxin [8], DsbA [9], rat GST Al-1 [10]
and Proteus mirabilis GST B1-1 [11]. These studies indicate the
importance of the residue in catalytic function. Proline-to-alanine
mutations are also shown to reduce the conformational stability
of thioredoxin [8] and DsbA [9], whereas the corresponding
mutation in GST B1-1 is reported not to impact on the protein’s
stability and unfolding/refolding kinetics [11]. A thermal-
inactivation study with rat GST Al-1 suggested that the cis-
proline is important for maintaining the proper conformation
of the protein [10]. In order to further address the role of the
cis-proline in the structure, function and stability of GSTs, cis-
Pro-56 in hGST Al-1 was replaced with a glycine, and the
properties of the P56G mutant were compared with those of
the wild-type protein. Not only was the catalytic function of the
mutant dramatically reduced, so was its conformational stability,
as indicated by equilibrium unfolding and unfolding kinetics
experiments with urea as a denaturant.

EXPERIMENTAL
Materials

The plasmid pKHA1 that encodes hGST Al-1 was a gift
from Professor B. Mannervik (Uppsala University, Uppsala,
Sweden) [12]. The P56G mutant was generated using the
ExSite™ PCR-based site-directed mutagenesis kit (Stratagene).
The CCA codon for Pro-56 was altered to a glycine
codon (GGA), and a translationally silent mutation, coding

Abbreviations used: ANS, 8-anilinonaphthalene-1-sulphonate; CDNB, 1-chloro-2,4-dinitrobenzene; GST, glutathione S-transferase; hGST A1-1, human

class Alpha GST with two type-1 subunits.
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Figure 1
hGST A1-1

Ribbon representation showing one subunit of the homodimeric

The thioredoxin-like N-domain is shown in a lighter shade. The side chains of the topologically
conserved Pro-56 and the catalytically important Tyr-9 are indicated. The diagram was generated
by the programme MOLSCRIPT [31] using the PDB file 1gse.

for the diagnostic EcoRV restriction site, was engineered
into the plasmid. The mutations were introduced directly into
the pKHA1 plasmid using the following primers: PS6GFP (5'-
AGGGTGAACGACTTTGTAGTAGTCTATAGG-3') and P56-
GRP (5-TCCCACTTGCTGAAACATCATCAGATATCC-3"). In
primer P56GRP, the underlined nucleotides represent a
translationally silent mutation which incorporated a unique
restriction site EcoRV for screening of the mutant plasmid, and
the italicized nucleotides represent the mutation that generates the
Pro-to-Gly substitution (P56G).

The PCR reaction was carried out as detailed in the manu-
facturer’s instruction manual and the PCR product transformed
into Escherichia coli XL1-Blue supercompetent cells. DNA
sequencing was done using an ABI Prism 310 Genetic Analyser
from PE Biosystems (Foster City, CA, U.S.A.) to confirm the
mutations and that no other mutations were present. Wild-type and
mutant enzymes were purified by ion-exchange chromatography
on a CM-Sepharose column [13]. The purity and molecular
mass of the protein were assessed by SDS/PAGE [14] and
size-exclusion chromatography HPLC. Protein concentrations
were determined using a molar absorption coefficient of
38200M~"'.cm™ as calculated by the method described in
[15].

Steady-state enzyme kinetics

The catalytic activity of the P56G mutant was determined
spectrophotometrically at 340 nm according to the method of
[16] using an absorption coefficient of 9600 M~'-cm™ for
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the formation of 1-(S-glutathionyl)-2,4-dinitrobenzene. Standard
assays contained a final concentration of 1 mM GSH, 1 mM
1-chloro-2,4-dinitrobenzene (CDNB) and 3% (v/v) ethanol.
Reactions were followed for 60 s at 21 °C, which yielded linear
progress curves. All reactions were corrected for non-enzymic
rates.

The K, for GSH was determined by varying the concentration
of GSH (1-150 mM), keeping CDNB constant at 2 mM. In the
same way, the K, for CDNB was determined using 0.1-2 mM
CDNB and 20 mM GSH. Data were fitted to a single rectangular
hyperbolic curve and the kinetic parameters determined using
the Michealis—Menten equation. The catalytic efficiency (k../K,)
for CDNB was determined at low CDNB concentrations (0.05—
0.15mM) and 20 mM GSH, and calculated from the slope of
linear plots of velocity versus CDNB concentration for three
different protein concentrations. All rates were corrected for non-
enzymic reactions.

Spectroscopic measurements

Protein samples (1 #M) were excited at 295 nm for measuring
tryptophan fluorescence spectra in a Hitachi model 850
fluorescence spectrofluorimeter. The excitation and emission
bandwidths were set at 5nm. The binding of the amphipathic
dye 8-anilinonaphthalene-1-sulphonate (ANS) to protein was
monitored using enhanced fluorescence of the dye when excited
at 390 nm. Far-UV CD spectra (250-200 nm) were measured
with protein at a concentration of 2 uM in a Jasco J-810
spectrapolarimeter with a 2 mm pathlength and averaged over
20 runs.

Binding studies

The binding of various ligands (glutathione, glutathione
sulphonate and p-bromobenzyl glutathione) to the wild-type and
P56G mutant proteins was measured by tryptophan fluorescence
quenching. Samples of 1 uM protein in 20 mM sodium phos-
phate, pH 6.5, 0.1 M NaCl, 1 mM EDTA and 0.02% sodium
azide were titrated with increasing concentrations of ligand and
the emission was monitored at 325 nm (excitation wavelength
was set at 295 nm). Data were corrected for buffer controls and
dilution.

Acrylamide quenching

Quenching of the intrinsic fluorescence of Trp-20 in the wild-type
and P56G mutant proteins (1 ©M) by acrylamide (0-0.3 M) was
measured as described previously [17]. The data were analysed
according to the Stern—Volmer equation F,/F =1+ Ks[Q],
where F, is the tryptophan fluorescence in the absence
of acrylamide, F is the tryptophan fluorescence in the presence of
increasing concentrations of added quenching agent Q, and Ky
is the Stern—Volmer quenching constant.

Unfolding/stability studies

All equilibrium unfolding and reversibility studies were
performed at 20°C in 20mM sodium phosphate buffer,
pH 6.5, containing 1 mM EDTA and 0.02 % sodium azide. The
reversibility of unfolding was determined as described [18].
Protein samples (1 uM) were incubated with urea (0—8 M) for
1 h to achieve equilibrium prior to measurements. Tryptophan
fluorescence and CD ellipticity at 222 nm were used as structural
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probes to obtain unfolding curves. The fluorophore, Trp-20,
was selectively excited at 295 nm and its emission intensity
monitored at 325 nm (for folded protein) and at 355 nm (for
unfolded protein). Rayleigh scattering (due to aggregation) was
assessed using excitation and emission wavelengths set at 295 nm.
The unfolding curves were analysed according to the two-state
assumption as described in [ 19] to obtain the unfolding parameters
AG(H,0), the change in free energy of unfolding in the absence of
denaturant, and the m-value, the dependence of AG on denaturant
concentration.

Urea-induced unfolding kinetics of the PS6G mutant (1 uM)
were monitored by tryptophan fluorescence in an Applied
PhotoPhysics SX-18MV stopped-flow mixing device and the data
analysed as described previously [18].

RESULTS
Properties of the P56G hGST A1-1 mutant

Like the wild-type protein, the P5S6G hGST Al-1 mutant is
dimeric with a molecular mass of about 55 kDa. The fluorescence
and far-UV CD spectra for the P56G mutant are similar to those for
the wild-type protein, indicating that the mutation had not induced
any major structural changes. The catalytic function of hGST A1l-
1, however, was severely compromised by replacing Pro-56 with
a glycine, and the mutant exhibited less than 2 % of the activity of
the wild-type enzyme (Table 1). The P56G mutation increased the
K., for GSH about 17-fold and for CDNB about 5-fold, whereas
the catalytic efficiency (k../K,) towards CDNB was decreased

Table 1 Kinetic and dissociation constants for wild-type and P56G hGST
A1-1
Kinetic parameter Wild-type A1-1 P56G mutant
Specific activity (wmol/min per mg) 446+23 0.84+0.65
K8 (mM) 052+04 219420
K S8 (mM) 0.33+0.06 1.85+0.15
Kot/ Kin CONB (MM/s) 10354283 H5+37
Binding affinity (Kq)
GSH (mM) 0240.05 398+1.18
GSH sulphonate (z.M) 155+0.36 17.41+252
p-Bromobenzyl GSH (M) 493+1.17 10.67+0.35

about 3-fold. Binding affinities for various ligands are also shown
in Table 1. Compared with the wild type, the P56G mutant binds
the G-site ligands GSH and its sulphonate analogue much more
weakly than the product analogue p-bromobenzyl GSH, which
binds both the G-site and H-site. The fluorescence spectra of
the amphipathic dye ANS bound to protein were similar for
both wild-type and mutant enzymes, with an emission maximum
at 485 nm. Furthermore, the exposure of the lone tryptophan
(Trp-20) to solvent was assessed by acrylamide quenching to be
similar for both wild-type (Ksy =2.1 M~! [13]) and P56G mutant
(Ksy =2.8 M™") proteins.

F355/F325

0.4

ellipticity at 222 nm (mdeg)

T

4

[Urea] (M)

Figure 2  Unfolding curves of P56G mutant hGST A1-1

Structural changes were monitored by tryptophan fluorescence (@) and ellipticity at 222 nm (CJ). The ratio of F355/F325 represents the fluorescence of the unfolded and folded proteins respectively.
The continuous line represents the fitted curve of the mutant. The broken line represents the curve for wild-type hGST A1-1 [18].
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Table 2 Equilibrium unfolding parameters for P56G mutant and wild-type
proteins

AG(H,0) is the change in free energy of unfolding in the absence of denaturant; m-value is
the dependence of AG on denaturant concentration; Cr, is the value of the midpoint of the urea
unfolding transition curve. Data for the wild-type protein are shown for comparison and are
taken from [13].

P56G mutant Wild-type A1-1[13]
AG(H,0) (kJ/mol) 89.5+2.1 115.1
m-value (kJ/mol per M urea) 126404 17.6
Cm (M) 46401 46

fluorescence

Figure 3 Unfolding kinetics trace for monitored fluorescence of hGST A1-1
P56G mutant

Excitation was at 280 nm and emission was measured with a 320 nm cut-off filter. Only the
slow phase is observed at 8.3 M urea and 25 °C. The fast phase occurs during the dead time
of the instrument. The arrow indicates the fluorescence signal for the native folded protein.
Inset: the urea dependence of the rate of the slow unfolding phase.

Equilibrium unfolding

Unfolding of the P56G mutant protein was highly reversible
with recoveries in excess of 95 %. The fluorescence- and CD-
unfolding curves for the mutant, shown in Figure 2, are mono-
phasic and coincident, suggesting the simultaneous loss of
tertiary and secondary structure as the protein unfolds. Con-
formational stability data for the wild-type and P56G mutant pro-
teins, derived from the unfolding curves, are reported in Table 2
and indicate that the mutant is less stable than the wild-type by
25.5 kJ/mol. Although both proteins have similar C,, values (the
value of the midpoint of the urea unfolding transition curves),
the slope of the unfolding transitions for the mutant is shallower
than that of the wild type (Figure 2), as indicated by the smaller
m-value.

Unfolding kinetics

Like the wild-type protein [18], the unfolding kinetics of the
P56G mutant displayed two phases (Figure 3): a fast phase with
increasing fluorescence intensity and a slow phase with decreasing
fluorescence intensity. However, unlike the fast unfolding phase
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for the wild-type protein, which was observed at 25 °C [18], the
corresponding phase for the mutant occurred within the dead
time (2 ms) at 25 °C. Only part of the fast phase for the mutant
was observed at lower temperature (5 °C; results not shown).
The slow unfolding phase for the mutant is best described by a
single exponential function (see residuals in Figure 3), with a rate
constant of 2.1 s7". This is about 10-fold faster than the unfolding
rate constant for the slow unfolding phase for wild-type hGST
A1-1 (0.24 s7") under identical conditions [18]. The slow phase
shows a linear dependence on urea concentration (see inset to
Figure 3), yielding a slope (m,) of 452 J/mol per M urea at 25 °C.
The corresponding m,-value for the wild type is 1130 J/mol per
M urea (2.5-fold larger) [18].

DISCUSSION
Structure and function

The replacement of Pro-56 with a glycine did not have any
significant impact on the overall structure of hGST A1-1. Since
the dimeric structure was preserved, it is unlikely that the
conformation of the loop sequence connecting «-helix 2 to
B-strand 3, with Gly-56 at its C-terminus, was severely affected
by the mutation. This loop, located near the subunit interface,
contains a hydrophobic lock-and-key intersubunit motif that
is involved in stabilizing class Alpha [13], Pi [20] and Mu
[21] GST dimers. Furthermore, the intrasubunit domain—domain
interface appeared to be unaffected by the P56G mutation, since
the accessibility and spectral properties of Trp-20, a sensitive
probe for monitoring changes at the domain interface [22],
were unaltered. These findings are consistent with those for the
crystal structures of DsbA, in which the corresponding cis-proline
(Pro-151) in its thioredoxin-like domain was replaced with an
alanine [9]. The overall structures of the wild-type and mutant
proteins were very similar, except for the backbone conformation
from Gly-149 to Ala-152 with Ala-151 assuming a trans
conformation.

The P56G mutation significantly affected the catalytic
functioning of hGST Al-1 with its activity almost completely
abolished. The kinetics behaviour of the PS6G mutant is consistent
with that reported for the PS6A mutant of the rat GST A1-1 [10]
and the corresponding P53S mutant of a GST from P. mirabilis
[11], both of which also display diminished catalytic function. The
affinity of GSH for these GSTs appears not to be significantly
altered by the replacement with either alanine or serine, and
the diminished catalytic efficiencies of the mutants are caused
mainly by lowered k., values. Substitutions of the corresponding
cis-proline in other members of the thioredoxin-like superfamily
(P151A DsbA [9] and P73A thioredoxin [8]) also resulted in
greatly diminished activities. The impact of the mutation on the
enzyme was indicated when the P56G variant bound very weakly
to the S-hexylglutathione affinity column used in the purification.
Kinetics and ligand-binding data suggest that the G-site, to which
the thiol substrate glutathione binds, is compromised by the P56G
mutation to a much greater extent than the adjacent H-site. In the
wild-type protein, the backbone of Val-55, located at the base of
the G-site, forms a hydrogen-bonded anti-parallel sheet with the
main-chain atoms of the cysteinyl moiety of GSH [23]. Although
the structural data for hGST A1-1 indicate no major differences
between the wild-type and mutant proteins, the functional data
suggest that the conformations of the Val-55-Pro-56 and Val-55-
Gly-56 regions are not identical. The weaker binding of GSH and
its sulphonate analogue to the G-site of the P56G mutant suggests
that this interaction between the protein and substrate backbones
is adversely affected. The weaker binding of glutathione is also
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reflected in its substantially increased K. The smaller effect of
the mutation on the binding of p-bromobenzyl GSH is most likely
due to the binding of its p-bromobenzyl moiety to the H-site. The
loss of activity of the P151A DsbA mutant is proposed to be a
consequence (in part) of a loss of main-chain hydrogen bonding
between the protein at Val-150 and the peptide substrate, due to a
conformational change in the backbone at Val-150-Ala-151 (see
above) [9].

In hGST Al-1, Pro-56 packs against Tyr-9, the catalytically
important residue for activating glutathione at the active site [24],
Arg-15 (also catalytically important [25]) and Met-16 contacts
that could play an important role in maintaining the correct
conformation at the G-site. The removal of the pyrrolidine ring of
Pro-56 in the P56G mutant would create a small cavity that might
disrupt the packing environment in this region. This could result in
(i) less efficient thiol substrate binding (due to an altered backbone
conformation at Val-55), (ii) an unfavourable orientation between
the thiol group of GSH and the hydroxyl group of Tyr-9 and (iii)
a change in the hydrogen bonding between the amide nitrogen
of Arg-15 and the hydroxyl group of Tyr-9. The latter two
could explain the dramatic decrease in k., for cis-proline mutants
of GSTs [10,11]. For thioredoxin and DsbA, their cis-prolines
(Pro-76 and Pro-151, respectively) make van-der-Waals contacts
with the active-site redox disulphides [9,26], and their
replacement with alanines produces local conformational changes
resulting in diminished activities. Altered activity of DsbA is due
largely to the reduced oxidizing power of the P151A mutant [9].

Conformational stability

Not only does the P56G mutation affect the catalytic function
of hGST Al-1, it also destabilizes the conformation of the
protein by about 25 kJ/mol. Similar findings were reported for
other members of the thioredoxin-like superfamily; the P76A
mutant of thioredoxin is destabilized by 15.9 kJ/mol [8], and the
P151A mutant of DsbA destabilized by 23.5-28.3 kJ/mol [9]. It is
interesting to note that the replacement of cis-Pro-53 with a serine
in the P. mirabilis GST was reported not to affect the overall
stability and unfolding kinetics of the protein [11]. However,
the mutant enzyme was found to be more sensitive to thermal
inactivation than the wild type. The extent of the decrease in
stability of the P5S6G hGST Al-1 mutant seems too large for a
proline-to-alanine substitution alone, suggesting that the mutation
introduces a local conformational change in hGST A1-1. A similar
scenario exists for the thioredoxin and DsbA proline-to-alanine
mutants and which was explained by the introduction of a trans-
peptide bond rather than a cis bond at the site of substitution [8,9].
Although glycine can assume either a cis or trans conformation,
it is not clear which is present at Gly-56 in P56G hGST Al-1.

Unfolding of the wild-type hGST Al-1 is highly co-operative,
as indicated by its steep unfolding transition and corresponding
m-value (17.6 kJ/mol per M urea), the magnitude of which closely
agrees with that predicted for the size of the protein (20.1 kJ/mol
per M urea) [18]. The unfolding transition of the P56G mutant,
however, is less steep, yielding a lower m-value (12.6 kJ/mol per
M urea), suggesting decreased co-operativity within the structure
and possibly the accumulation, at equilibrium, of an unfolding
intermediate [27]. The intermediate cannot be highly populated,
since the transition occurred in a single step and was independent
of the spectroscopic probes used to follow unfolding. Decreased
stabilities and co-operativities have also been reported for other
mutants of hGST A1-1 [18,28].

Although Pro-56 is not located in the core of the thioredoxin-
like domain of hGST A1-1 (and other thioredoxin-like proteins),

it is located at the N-terminus of an internal gS-strand
(B-strand 3) of the 858,403 C-subdomain. The N-subdomain con-
sists of B,o; B, and is connected to the C-subdomain by sequence
containing «-helix 2. Studies with the N- and C-subdomains
of thioredoxin indicate that the packing and interactions between
the neighbouring strands of the subdomains (i.e. §-strand 1 and
B-strand 3 in hGST Al-1) are important for maintaining the
stability of these subdomains [29]. Given the conservation of
the cis-proline in most thioredoxin-like proteins, stabilization
of their B-sheet in the thioredoxin-like domain may require the
cis bond. Recently, it was proposed that the thioredoxin-like
domain, domain 1, of hGST P1-1 is less stable than domain 2 and
that an unfolding intermediate with a partially folded domain 1
and structured domain 2 might exist [30]. In the light of the
packing environment about Pro-56 in hGST A1-1 (see above), it
is plausible that the 8-sheet in the PS6G mutant is not as tightly
packed as that in the wild-type protein, resulting in a destabilized
less co-operative hydrophobic core in domain 1, resulting in a
reduced m-value.

Unfolding kinetics of the P56G mutant are consistent with
diminished stability of the native state of hGST A1-1, since both
phases occur much faster than the corresponding phases for the
native wild type, with the mutant’s fast phase occurring within
the dead time (2 ms). The slow phase is the major unfolding
event representing the complete dissociation and unfolding of the
hGST Al-1 dimer to two unfolded monomers [18]. The linear
dependence of the slow unfolding rate on urea concentration for
both the P56G mutant (this study) and wild type [18], suggests that
no changes occur in the rate-limiting step and that no unfolding
intermediates were present. However, for the mutant, this phase
is less sensitive to urea (m, =405.9 J/mol per M urea) than the
corresponding phase of the wild type (m, =1129.7 J/mol per M
urea) [18]. These low m, values indicate that the transition state
for the slow phase of both wild-type and P5S6G mutant relates
closely to the solvent-accessible surface area of the native state
[18]. The unfolding rates of thioredoxin were also increased for
the cis-proline mutant [8].

Conclusion

The findings from this and other studies indicate the significance
of the role played by the topologically conserved cis-proline in
the catalytic activity and conformational stability of not only the
GSTs, but also other members of the thioredoxin-like superfamily
that possess the cis-proline. These proteins have short loop
sequences connecting «-helix 2 to B-strand 3, with the C-terminus
of the loop requiring the sharp bend offered by a cis-proline to
connect to B-strand 3. Those proteins containing a thioredoxin-
like domain but no cis-proline topologically equivalent to Pro-56
in hGST Al-1 belong mainly to the glutathione peroxidase-like
family (see http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fe.
b.html). They typically have a longer loop sequence connecting
a-helix 2 to B-strand 3, and the conformation of the loop does not
require a sharp bend when it connects to S-strand 3.

This work was supported by the University of the Witwatersrand, the South African National
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