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The Escherichia coli glutaredoxins 1 and 3 (Grx1 and Grx3) are
structurally similar (37% sequence identity), yet have different
activities in vivo. Unlike Grx3, Grx1 efficiently reduces protein
disulfides in proteins such as RR (ribonucleotide reductase),
whereas it is poor at reducing S-glutathionylated proteins. An
E. coli strain lacking genes encoding thioredoxins 1 and 2
and Grx1 is not viable on either rich or minimal medium;
however, a M43V mutation in Grx3 restores growth under these
conditions and results in a Grx1-like protein [Ortenberg, Gon,
Porat and Beckwith (2004) Proc. Natl. Acad. Sci. U.S.A. 101,
7439–7944]. To uncover the structural basis of this change
in activity, we have compared wild-type and mutant Grx3
using CD and NMR spectroscopy. Ligand-induced stability
measurements demonstrate that the Grx3(M43V/C65Y) mutant
has acquired affinity for RR. Far-UV CD spectra reveal no
significant differences, but differences are observed in the
near-UV region indicative of tertiary structural changes.
NMR 1H-15N HSQC (heteronuclear single quantum coherence)

spectra show that approximately half of the 82 residues
experience significant (�δ > 0.03 p.p.m.) chemical shift
deviations in the mutant, including nine residues experiencing
extensive (�δ � 0.15 p.p.m.) deviations. To test whether the
M43V mutation alters dynamic properties of Grx3, H/D
(hydrogen/deuterium) exchange experiments were performed
demonstrating that the rate at which backbone amides exchange
protons with the solvent is dramatically enhanced in the
mutant, particularly in the core of the protein. These data
suggest that the Grx1-like activity of the Grx3(M43V/C65Y)
mutant may be explained by enhanced intrinsic motion
allowing for increased specificity towards larger substrates such
as RR.

Key words: chemical shift, glutaredoxin (Grx), hydrogen/deu-
terium exchange, ligand-induced stability, NMR, ribonucleotide
reductase.

INTRODUCTION

The Grxs (glutaredoxins) are ubiquitous enzymes found in
virtually all life forms from plants and viruses to humans. They
are members of the Trx (thioredoxin) superfamily characterized
by a common tertiary structure, the Trx fold [1], and a highly
conserved -C-X-X-(C/S)- active site motif [2]. By utilizing
the redox properties of these active site cysteine residues, the
Grxs participate in reversible disulfide bond formation thereby
protecting cells against oxidative stress [3], and having a profound
impact on cellular functions, affecting, for example, enzymatic
activity and regulatory pathways [4,5]. It has been proposed that
the Grxs exert their catalytic activity via a monothiol pathway in
which only the N-terminal active site cysteine residue is required
to reversibly reduce glutathione-mixed disulfides and via a dithiol
pathway requiring both active site cysteine residues to reduce low
molecular mass and protein disulfides [6].

Four Grxs have been identified in the Escherichia coli genome
[7]. The highly abundant 24 kDa Grx2 and the 13 kDa Grx4
are atypical Grxs in the sense that the former has an additional
structural domain making it similar to the glutathione transferases,
whereas the latter has a highly conserved monothiol -C-G-F-S-

active site sequence [2]. Grx1 and Grx3 (10 and 9 kDa
respectively) are both prototypical Grxs containing the classical
Grx -C-P-Y-C- active site sequence and are structurally very
similar [6,8] as indicated by their 37% sequence identity.
It has been observed that these Grxs have both overlapping
and distinct activities. Although both Grx1 and Grx3 are
excellent reductants of glutathione–protein mixed disulfides
[9,10], only Grx1 is capable of efficiently reducing the essential
enzyme RR (ribonucleotide reductase) [10,11] and PAPS (3′-
phosphoadenylylsulfate) reductase [12].

A previous study by Ortenberg et al. [13] on the differences
in substrate specificities among the Grxs focused on the E. coli
proteins Grx1 and Grx3. Using a PCR-prone mutagenesis
approach within an E. coli strain missing Trx1, Trx2 and Grx1
(all capable of reducing RR), a single site point mutant form of
Grx3, which restores bacterial growth, was repeatedly identified.
It was found that the affected residue position Met43, located
outside the active site, was mutated into an isoleucine, leucine
or valine residue; the latter having the most prominent effect.
Furthermore, Porat et al. [14] characterized the Grx3(M43V)
mutant biochemically and by molecular dynamics simulations.
These results showed that: (i) the altered protein gained a 7-fold
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increase in Vmax towards reducing RR while leaving the Km value
unaffected; (ii) the N-terminal active site cysteine residue of the
mutant has a 1.1 unit lower pKa value; (iii) the redox potential
of the active site cysteine residues is 11 mV more reducing in
the mutant protein; and (iv) molecular dynamics simulations
demonstrated that the structure of the mutant did not differ
from the wild-type protein. Altogether, it was concluded that the
mutation affects the activity of Grx3 by reducing the N-terminal
active site pKa value, and therefore lowers the redox potential.

Previous studies [14–16] have suggested that at least part of the
observed difference in activity between Grx1 and Grx3 is related
to a greater flexibility in the former. To test this hypothesis and gain
insight into the acquired Grx1-like activity caused by the M43V
mutation in Grx3, we have investigated structural and dynamic
properties of this mutant. By using CD and NMR spectroscopy,
we have investigated structural and dynamic changes caused by
the M43V mutation in Grx3 which has conferred the Grx1-like
activity to the Grx3 enzyme.

EXPERIMENTAL

Protein expression and purification

Mutant grxC genes [encoding E. coli Grx3(C65Y) and the
C14S/C65Y version] inserted in pET24d (Novagen) vectors
and grxA genes (encoding wild-type E. coli Grx1 and the
C14S mutant) inserted in pET101D-TOPO vectors (Invitrogen)
were available within our laboratory. The M43V mutation was
introduced into the two mutant grxC genes using the QuikChange
mutagenesis kit (Stratagene) and the following primers:
5′-GCCAAGCGTGAAGAGGTGATCAAACGCAGCGG-3′ and
5′-CCGCTGCGTTTGATCACCTCTTCACGCTTGGC-3′. The
vector constructs were transformed into E. coli BL21 Star (DE3)
cells (Invitrogen) using standard procedures. The expression,
purification and characterization of the Grx1 and Grx3 constructs
were performed as described previously [17].

For the NMR measurements, uniformly 15N-labelled Grx3 in
both C65Y and M43V/C65Y mutant forms and a 15N/13C-double-
labelled M43V/C65Y mutant sample were prepared using the
method of Marley et al. [18]. Briefly, a starter culture was grown
over night in LB (Luria–Bertani) medium containing kanamycin
(50 μg/ml) at 37 ◦C and then diluted into 2 litres of LB
medium. When the A600 reached ∼0.8, cells were harvested
by centrifugation for 20 min at 7000 g, washed with 2 litres
of M9 minimal medium, centrifuged, and then resuspended in
M9 medium enriched with [13C]glucose (or natural abundance
glucose) and [15N]ammonium sulfate. The culture was grown
at 37 ◦C for 1 h and then induced with IPTG (isopropyl β-
D-thiogalactoside; 1 mM final concentration). The culture was
incubated overnight at 37 ◦C and then harvested by centrifugation.
Protein concentrations were determined by UV absorbance
at 280 nm using the following molar absorbance coefficients
[19]: 5120 M−1 · cm−1 for all Grx3 variants (5240 M−1 · cm−1

for the corresponding mixed disulfides) and 10810 M−1 · cm−1

for the Grx1 variants (10930 M−1 · cm−1 for mixed disulfides).

In vivo activity of Grx3(M43V/C65Y)

The in vivo activity of the E. coli Grx3(M43V) and
M43V/C65Y mutants towards RR was determined as described
by Ortenberg et al. [13]. Briefly, a pAG10 plasmid encoding
E. coli Grx3(M43V/C65Y) was constructed by site-directed
mutagenesis (QuikChange mutagenesis kit, Stratagene) from a
pRO2 plasmid template carrying the grxC(M43V) gene encoding
Grx3(M43V) [13] under the control of a lacUV5 promoter
and tetracycline resistance as a selectable marker. For this

purpose, the following primers were used: 5′-GCACATTGGC-
GGCTATGATGACTTGTAC-3′ and 5′-GTACAAGTCATCATA-
GCCGCCAATGTGC-3′. The pRO2 and the resulting pAG10
plasmids were transformed into E. coli bacteria (strain RO36,
DHB4 �trxA �trxC grxA::kan nrdH::spc/pBAD18-trxC) and
transferred to separate NZ-amine plates supplemented with
15 μg/ml tetracycline and 0.2% arabinose to induce Trx2
expression. Selected colonies were picked and transferred to
NZ plates supplemented with 0.2% glucose (to repress Trx2
expression) in the absence and presence of 1 mM IPTG required
for the expression of the Grx3 mutant. In the latter condition, only
the expression of a Grx3 mutant that is able to reduce RR will be
able to restore bacterial growth.

Ligand-induced conformational stability measurements using CD
spectroscopy

Crude RRp (RR peptide, residues 737–761 from C754S mutant
E. coli RR [20]) was purchased (Keck Biotechnology Resource
Center) in the reduced state and purified by RP (reverse phase)-
HPLC (Chemstation 1100, Agilent Technologies) using a C18

semi-preparative column (218TPB510, Vydac) by applying a
gradient from 10 to 40% acetonitrile/water (0.1 % trifluoroacetic
acid) over 45 min. The peptide was dissolved in distilled water
and freeze-dried several times in a speed-vac (Savant), and finally
dissolved in 50 mM phosphate, 50 μM EDTA buffer at pH 7.0.
RRp–2Me (2-mercaptoethanol) mixed disulfide was prepared
by incubating reduced RRp with a 100-fold molar excess of
2-hydroxyethyl disulfide (Aldrich) overnight and HPLC
purification as above followed by ESI–MS (electrospray
ionization MS) analysis (Finnigan MAT LCQ).

Grx–RRp mixed disulfides were prepared by incubating
reduced protein (typically at a concentration of ∼0.2 mM)
overnight at 4 ◦C with a 20-fold molar excess of RRp–2Me mixed
disulfide followed by gel filtration (PD-10, GE Healthcare). Grx–
RRp mixed disulfide formation was confirmed by analytical RP-
HPLC followed by ESI–MS as above. The preparation of the
Grx–SG and Grx–2Me mixed disulfides have been described
elsewhere [17].

Conformational stabilities of proteins in their reduced
and corresponding mixed disulfide complexes with RRp,
glutathione and 2Me were measured by semi-automated unfolding
experiments using urea (ICN Biomedicals) and monitored using
an Aviv 202 spectropolarimeter (Aviv Biomedical) equipped
with a two-syringe pipetting robot (Microlab 500, Hamilton).
The protein (mixed disulfide) concentrations ranged from 2.5
to 3.4 μM and experiments were performed at 25 ◦C using the
same buffer as above. The unfolding reactions were monitored
at 222 nm as the urea concentration was increased in 0.125 M
steps into a stirred quartz cuvette with 1 cm pathlength. Samples
were allowed to equilibrate for 7 min after each addition of urea
followed by data collection for 30 s.

Assuming that the protein unfolding reaction in the presence
of a denaturant, D, is a reversible two-state process between
the folded (f) and unfolded (u) forms and that the unfolding
free energy (�GUnfold) is a linear function of the denaturant
concentration [D] and the unfolding free energy in the absence of
denaturant (�GUnfold

H2O ), an equation for the experimental observable
(yobs) can be derived as described previously [21,22]:

yobs =

(yf + m f [D]) + (yu + mu [D]) · exp

{
m trans [D] + �GUnfold

H2O

RT

}

1 + exp

{
m trans [D] + �GUnfold

H2O

RT

} (1)

c© The Authors Journal compilation c© 2010 Biochemical Society



Structure and dynamics explaining the Grx1-like activity of Grx3(M43V) 489

where yobs is the observed CD signal at 222 nm, mtrans is the
denaturant dependency of the measured free energy changes of
unfolding (�GUnfold); yf and yu are the observed values of the
CD signal of fully folded and unfolded forms respectively; mf

and mu refer to the slopes of the linear pre- and post-transition
regions respectively; R is the gas constant (1.986 cal · K−1 · mol−1);
and T is the temperature is Kelvin. Raw data from the urea
titration experiments were fitted to eqn (1) using the Levenberg–
Marquardt, non-linear least-squares regression routine in the
Igor Pro software package (WaveMetrics). Values describing the
conformational stabilities are reported in terms of the folding
reaction using the following relationship �G fold

H2O = −�GUnfold
H2O .

Redox potential determination using thermodynamic linkage

Reduced Grx3(M43V/C65Y) was prepared as above. The
oxidized form was obtained by incubating previously reduced
protein in a 50-fold molar excess of GSSG for 1 h followed
by gel filtration (as above). The conformational stability and
subsequent analysis of reduced and oxidized Grx3(M43V/C65Y)
was determined by urea unfolding monitored by CD spectroscopy
as above. Subsequent calculation of the redox potential
was performed as described previously [2,23] using the
thermodynamic linkage relationship between the stability of a
disulfide bond to the stability of a protein containing it [24].

CD wavelength scans

CD spectra of the proteins in their respective reduced states
were collected using an Aviv 62 DS spectropolarimeter (Aviv
Biomedical). The reduced forms of the proteins were prepared
by adding a 50-fold molar excess of DTT (dithiothreitol),
which was removed after 1 h by gel filtration (NAP-5, GE
Healthcare). Measurements were performed in degassed 50 mM
potassium phosphate buffer, pH 7.0, with 50 μM EDTA. Far-
UV CD measurements were performed in a 0.01 cm quartz
cuvette (Hellma) between 260 and 180 nm for 12 s every 1.0 nm
using a bandwidth of 1.5 nm. Data were converted into mean
residue molar circular dichroism (�ε) using the relationship
�ε = [�]MRW/3298, where [�]MRW is the mean residue molar
ellipticity. The near-UV CD spectra were measured in a 1.0 cm
quartz cuvette (Hellma) between 340 and 250 nm. Data were
collected for 8 s every 0.3 nm using a bandwidth of 0.3 nm.
Data from the near-UV scans, reported as molar ellipticity [�],
were smoothed using a polynomial fitting routine in the Igor Pro
software package. The protein concentrations were ∼165 μM
for all far-UV CD measurements and ∼140 μM for all near-UV
measurements.

NMR spectroscopy

All NMR measurements were performed on a Varian Inova
500 MHz spectrometer (Varian) at 25 ◦C using protein concen-
trations between 1.5 and 3 mM in degassed 50 mM potassium
phosphate buffer, pH 6.6, 50 μM EDTA and 5 mM DTT
containing 5% 2H2O. Sequence-specific resonance assignment of
the M43V/C65Y mutant was achieved by using a 1H-15N HSQC
(heteronuclear single quantum coherence) and a set of triple
resonance experiments [25] which included HNCA, HN(CO)CA,
HNCO, HN(CA)CO, CBCANH, and CBCA(CO)NH. All NMR
spectra were processed with the NMRPipe software package [26]
and analysed using the NMRViewJ software (One Moon Sci-
entific). The resulting peak lists were used as input for automated
resonance assignment using the GARANT program [27].

Uniformly 15N-labelled C65Y and M43V/C65Y mutant
Grx3 proteins were freeze-dried as described above. Time
correlated H/D (hydrogen/deuterium) exchange experiments [28]
of exchangeable protons were initiated by the addition of 2H2O
to the freeze-dried proteins. The H/D-exchange reaction was
followed by collecting a series of 15N HSQC spectra as a function
of time. A total of 60 spectra for a period of 28.2 days and
26 spectra during 6.2 h were collected for the C65Y and the
M43V/C65Y mutant proteins respectively, until all amide proton
peaks had disappeared. The spectra were processed as above and
the resulting peak areas determined using the XEASY software
[29]. Pseudo first-order rate constants were calculated by fitting
the resulting data points to a first-order equation using the Igor
Pro software package.

RESULTS AND DISCUSSION

Cys65 of Grx3 has no apparent effect on the reducing ability of RR
in vivo

Apart from its two active site cysteine residues, Grx3 has an
additional cysteine residue (Cys65) located outside the active site
which has been found to have homologous counterparts in all but
one Grx subgroup (based on the human Grxs) [2]. This residue has
been observed to form intermolecular disulfides in vitro, thereby
producing homodimers or mixed disulfides [23], complicating
structural and functional studies of the active site. This behaviour
can be avoided by using a C65Y mutant which has essentially
identical activity with the wild-type protein in vitro [8] and has
therefore been used extensively in other studies [8,17,23,30]. Until
the present study, the in vivo significance of this residue remained
uncertain, although it had been demonstrated that a homologous
cysteine residue in the monothiol yeast Grx5 rescued a dithiol-
like mechanism (involving two Grx cysteine residues) [31]. To test
whether the Cys65 residue has an impact on the in vivo reduction
of RR [13], Grx3(M43V) and Grx3(M43V/C65Y) mutants were
expressed in E. coli that lack the genes encoding proteins capable
of reducing RR. The ability of the Grx3(M43V/C65Y) mutant to
restore bacterial growth to the same extent as the M43V mutant
(results not shown) demonstrates that the C65Y mutation does
not affect the in vivo activity, as determined by these phenotypes,
and justifies the usage of the C65Y version of Grx3.

The following Grx3 variants were used in the present
study: C65Y (sometimes referred to as wild-type), M43V/C65Y,
C14S/C65Y and C14S/M43V/C65Y.

The Grx3(M43V/C65Y) mutant has increased affinity for RR

The free energy of binding of a ligand to a protein gives rise to
a change in conformational stability (�GFold

H2O) with respect to the
unbound form. Depending on how well a ligand interacts with
a protein non-covalently, a ligand can either have a stabilizing
or destabilizing effect on the protein–ligand complex. This
ligand-induced (de)stabilization (��G) is a measure of ligand
affinity, and has proven to be a useful approach to dissect
specificity as individual interactions between a protein and a
ligand can be quantified using a set of ligand analogues [17].
The approach is particularly appropriate for the Grxs, since
catalysis naturally proceeds via a transiently stable covalent mixed
disulfide which can be trapped using a C-terminal active site
cysteine-to-serine variant. A recent study from our laboratory
on Grx3 substrate specificity demonstrated that, although the
tripeptide glutathione (γ -Glu-Cys-Gly) has a stabilizing effect
by 0.50 +− 0.13 kcal · mol−1 (1 kcal ≈ 4.184 kJ) upon Grx3
mixed disulfide formation, it does not have a significant impact

c© The Authors Journal compilation c© 2010 Biochemical Society



490 T. H. Elgán and others

Table 1 Parameters ( +− S.D.) obtained from ligand-induced stability measurements using urea unfolding monitored by CD at 222 nm

The unfolding curves of non-bound and RRp-mixed disulfide forms of Grx1 and Grx3 (both wild-type and M43V/C65Y mutant) were fitted to eqn (1) by non-linear regression analysis. The parameters
from the unfolding of reduced and oxidized wild-type Grx3 M43V/C65Y, used for redox potential determination using thermodynamic linkage, are also included. Here, ��G1 is the free energy
contribution upon ligand binding or disulfide formation relative to non-bound/reduced Grx1 and Grx3; ��G2 is the free energy contribution of non-covalent interactions between ligand and protein;
[Urea]1/2 is the midpoint of the urea unfolding curve; mtrans is the slope in the transition region of the unfolding curve; n.a., not applicable.

Protein–(mixed disulfide) �G Fold
H2 O (kcal · mol−1) ��G1 (kcal · mol−1) ��G2 (kcal · mol−1) [Urea]1/2 (M) mtrans (kcal · mol−1 · M−1)

Grx3(C14S) non-bound −4.74 +− 0.12 n.a. −2.61 +− 0.15 3.85 +− 0.15 −1.23 +− 0.03
Grx3(C14S)–2Me* −2.13 +− 0.09 2.61 +− 0.15 n.a. 1.38 +− 0.07 −1.54 +− 0.04
Grx3(C14S)–RRp −4.70 +− 0.14 0.04 +− 0.18 −2.57 +− 0.17 3.79 +− 0.15 −1.24 +− 0.04
Grx3(C14S)–SG* −5.20 +− 0.10 −0.46 +− 0.16 −3.07 +− 0.13 5.42 +− 0.15 −0.96 +− 0.02

Grx3(C14S/M43V/C65Y) non-bound −2.06 +− 0.08 n.a. −2.68 +− 0.08 1.55 +− 0.15 −1.33 +− 0.03
Grx3(C14S/M43V/C65Y)–2Me 0.62 +− 0.01 2.68 +− 0.08 n.a. −0.37 +− 0.12 −1.66 +− 0.07
Grx3(C14S/M43V/C65Y)–RRp −3.57 +− 0.09 −1.51 +− 0.12 −4.19 +− 0.09 2.95 +− 0.10 −1.21 +− 0.03
Grx3(C14S/M43V/C65Y)–SG −3.36 +− 0.06 −1.30 +− 0.10 −3.98 +− 0.06 2.42 +− 0.06 −1.39 +− 0.02

Grx1(C14S) non-bound −3.60 +− 0.12 n.a. −2.82 +− 0.12 2.90 +− 0.13 −1.24 +− 0.04
Grx1(C14S)–2Me −0.78 +− 0.01 2.82 +− 0.12 n.a. 0.93 +− 0.03 −0.84 +− 0.02
Grx1(C14S)–RRp −5.50 +− 0.17 −1.90 +− 0.21 −4.72 +− 0.17 5.85 +− 0.26 −0.94 +− 0.03
Grx1(C14S)–SG* −3.63 +− 0.14 −0.03 +− 0.18 −2.85 +− 0.18 3.99 +− 0.23 −0.91 +− 0.04

Grx3(M43V/C65Y) reduced −3.01 +− 0.04 n.a. n.a. 2.43 +− 0.07 −1.24 +− 0.03
Grx3(M43V/C65Y) oxidized −2.55 +− 0.06 0.46 +− 0.07 n.a. 1.81 +− 0.05 −1.41 +− 0.02

*Values taken from [17].

upon complex formation with Grx1(Table 1) [17]. This result
correlates with the enzymatic activities of these proteins, since
Grx3 is more efficient than Grx1 at reducing glutathione-mixed
disulfides [8,11]. That thermodynamic properties can be used
within the Grx family as an indicator of enzymatic activity has
been demonstrated previously [32]. However, as pointed out
by Saaranen et al. [32], comparisons between thermodynamic
and kinetic properties should be made with caution as these
properties are not readily interconvertible. Nevertheless, since
previous studies have indicated that the Grx3(M43V/C65Y)
mutant acquired an enhanced ability to reduce RR, it is feasible
to use ligand-induced stability to test for alterations in affinity.

In the present study, active site C14S variants of wild-type and
mutant Grx1 and Grx3 together with a 25-residue peptide from
RR (RRp, the C1754S mutant of residues 1737–1761) [16] was
used. The RRp peptide has been demonstrated to bind to Grx1
in a specific manner [16], thereby mimicking the intermediate
Grx–RR mixed disulfide form. After the formation of 1:1 mixed
disulfide complexes between the different Grx variants and
the RRp peptide, the conformational stabilities of unbound
and RRp-peptide-bound forms were determined by urea unfolding
monitored by CD spectroscopy. As shown in Figure 1 and Table 1,
Grx1(C14S) is stabilized by (��G1) 1.90 +− 0.21 kcal · mol− 1

upon mixed disulfide formation with the RRp peptide. The effect
exerted by the M43V mutation on Grx3 affinity to RR is apparent
as the RRp peptide has no significant impact on the stability
of the corresponding Grx3(C14S) complex (��G1 = 0.04 +−
0.18 kcal · mol−1), whereas the Grx3(C14S/M43V/C65Y) mutant
is stabilized by (��G1) 1.51 +− 0.12 kcal · mol−1 upon mixed
disulfide formation with RRp. Furthermore, by comparing the Grx
mixed disulfides with glutathione and the RRp peptide to the cor-
responding 2Me-mixed disulfides, it is possible to quantify how
much all interactions between the protein and ligand are worth
(��G2). Thus it is shown that, although the total interactions
between glutathione and Grx3(C14S/C65Y) are worth (��G2)
−3.07 +− 0.13 kcal · mol−1 (Table 1), the interactions between the
same protein and the RRp-peptide amounts to −2.57 +− 0.17 kcal ·
mol−1. Thus the Grx3(C14S/C65Y) protein makes more

Figure 1 Ligand-induced stability effects upon Grx1 and Grx3 (wild-type
and M43V/C65Y) binding to RR B1-peptide

Urea unfolding reactions monitored by CD spectroscopy at 222 nm of non-bound and RR B1
peptide (RRp)-bound forms of Grx1 and Grx3, represented by the fraction of unfolded protein
(f u): Grx1(C14S) in non-bound (�) and bound (�) forms, Grx3(C14S) in non-bound (�) and
bound (�) forms, and Grx3(C14S/M43V/C65Y) in non-bound (�) and bound (�) forms. The
data were fitted (solid lines) to eqn (1) by non-linear regression analysis.

favourable interactions to glutathione relative to the RRp peptide
(by 0.5 +− 0.21 kcal · mol−1). Making the same analysis with
the corresponding Grx1(C14S) and Grx3(C14S/M43V/C65Y)
mixed disulfides with glutathione and RRp reveals that,
unlike the Grx3(C14S/C65Y) protein, these two proteins make
more favourable interactions with the RRp-peptide by 1.87 +−
0.25 kcal · mol−1 (��G2 =−4.72 +− 0.17 compared with −2.85 +−
0.18 kcal · mol−1) and 0.21 +− 0.11 kcal · mol−1 (��G2 =
−4.19 +− 0.09 compared with −3.98 +− 0.06 kcal · mol−1)
respectively. It then appears as if the M43V mutation has altered
the binding properties of the Grx3 protein as this variant makes
stronger interactions with the RRp-peptide and less prominent
interactions with glutathione, indicating less activity with regards
to reducing S-glutathionylated proteins [17].

The results presented above, however, do not correlate with
previous findings. Assuming Michaelis–Menten kinetics, Porat
et al. [14] reported that an improved Vmax rather than Km was re-
sponsible for the Grx1-like behaviour of the Grx3(M43V) mutant.

c© The Authors Journal compilation c© 2010 Biochemical Society
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What is then the reason for the discrepancy between these results?
The Km value represents an apparent dissociation constant which
characterizes the total binding event based on Michaelis–Menten
kinetics, including all bound forms of the substrate. When using
the Km value as a measure of affinity, it is assumed that the rate-
limiting step is the product formation and that any intermediary
enzyme–product complex is ignored since dissociation of this
complex into enzyme and product is fast. However, it has been
demonstrated previously that Grxs have a tendency to form a
transiently stable substrate mixed disulfide [2,23], which makes
the interpretation of Km values in the case of mixed disulfides com-
plex. It is then possible that the previously reported Km values and
the results from the affinity measurement reported in the present
study are not comparable since they probe different phenomena
(i.e. product formation and protein–substrate binding).

The reducing ability of the Grx3(M43V/C65Y) mutant is improved

It has been reported that the redox potential (Eo ′) of the
Grx3(M43V) mutant was lowered by 11 mV relative to the wild-
type protein (−203 mV and −192 mV respectively) [14]. It was
observed that the value for the wild-type protein was 6 mV more
oxidizing than the previously reported value (−198 mV) [23],
a difference which was rationalized by the fact that the latter
measurement was performed on the C65Y variant of Grx3 (the
same variant as used in the present study). Thus it is expected
that the M43V/C65Y mutant used here has a redox potential of
−209 mV (−198−11 mV).

To measure the redox potential of the M43V/C65Y mutant,
conformational stability measurements of the reduced and
oxidized protein were performed. The redox potential of a
protein can then be determined on basis of the fact that the
stability of a disulfide is related to the conformational stability
of a protein [24] via thermodynamic linkage (Figure 2). The
stabilities of the reduced (�G red

H2O) and oxidized (�Gox
H2O)

mutants were determined to be −3.01 +− 0.04 and −2.55 +−
0.06 kcal · mol−1 respectively (Figure 2 and Table 1). Assuming
that the Gibbs free energy of disulfide bond formation in the
unfolded state of Grx3(M43V/C65Y) is identical with the wild-
type (�GSSbond

U = −1.01 kcal · mol−1 [23]), a value of −1.47
kcal · mol−1 is calculated for the Gibbs free energy of disulfide
bond formation in the native state (�GSSbond

N , i.e. redox potential)
using thermodynamic linkage (Figure 2) and the relationship
�Go ′ =−nF�Eo ′, where n represents the two electrons
transferred in this reaction, and F is the Faraday constant 23061
cal · mol−1 · V−1 [2]. Applying the standard state glutathione
reference of −240 mV, this value amounts to a redox potential
value of −208 mV, which agrees closely with the calculated value
(−209 mV). Thus we have confirmed using thermodynamic
cycles that the M43V mutation turns Grx3 into a 10–11 mV more
reducing protein and that the C65Y mutation increases the redox
potential by 6 mV.

The M43V mutation has an impact on the overall Grx3 tertiary
structure

To examine whether the altered activity of the Grx3(M43V)
mutant [13,14] can be rationalized in terms of structural changes,
both wild-type and the M43V/C65Y variant of Grx3 were probed
by CD spectroscopy. CD wavelength scans were collected in both
the far- and near-UV regions to probe the secondary and tertiary
structures respectively. As seen in Figure 3, the far-UV CD scans
demonstrate that all Grx3 protein constructs (as well as the Grx1
ones) have essentially the same secondary structure content. On
the other hand, the near-UV scans reveal distinct differences as

Figure 2 Stability of reduced and oxidized Grx3(M43V/C65Y) monitored by
CD spectroscopy

Urea unfolding curves of reduced (�) and oxidized (�) Grx3(M43V/C65Y), monitored by
CD spectroscopy at 222 nm. For graphical comparison, the raw CD signal was converted into
fraction unfolded protein (f u). The inset shows a thermodynamic linkage analysis based on the
relative Gibbs energies for native (N) and unfolded (U) redox states of a protein on the left. To
the right, the analysis applied on Grx3(M43V/C65Y). The Gibbs free energy of disulfide bond
formation in the unfolded state (1.01 kcal · mol−1) is assumed to be identical with the wild-type
protein.

Figure 3 Structural differences between various mutant forms of Grx1 and
Grx3 as probed by CD spectroscopy

Smoothed near-UV CD spectra of reduced Grx1 and Grx3 are shown. The insets depict far-UV
CD spectra of each protein with the units of �ε in M−1 · cm−1. (A) Spectra of wild-type Grx3
(solid line), M43V/C65Y (dotted line), C14S (broken line) and the C14S/M43V/C65Y mutant
(broken/dotted line). (B) Spectra of wild-type Grx1 (solid line) and its C14S mutant (dotted line).

the M43V mutation results in a more positive ellipticity in the
region of 265–280 nm. Differences at these wavelengths reflect
a change in the chemical environments of the six aromatic
chromophores (four tyrosine and two phenylalanine residues).
This could be taken either as an indication that the overall
tertiary structure of Grx3 is slightly altered or that some aromatic
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Figure 4 Chemical shift deviations between Grx3 wild-type and M43V/C65Y mutant

Chemical shift deviations (�δ1H/15Nmut−�δ1H/15Nwt), from two-dimensional 1H-15N HSQC spectra of Grx3 wild-type and M43V/C65Y mutant, plotted as a function of residue number. The secondary
structure of wild-type Grx3 [30] is presented above the graphs. The resonances from prolines (*) and Ala1, Thr10 and Gly35 (�) were not observed in the spectra from both wild-type and mutant
Grx3. (A) 1H chemical shift deviations. (B) 15N deviations. (C) Weighted chemical shift deviations accounting for both backbone proton and nitrogen resonances were calculated using the formula
�δAV = [0.5(δHmut−δHwt)2 + 0.02(δNmut−δNwt)2]

1
2 [35] and categorized into large (0.03 < �δAV < 0.15 p.p.m.), and extensive (�δAV � 0.15 p.p.m.) chemical shift perturbations as indicated by

dotted grey lines. For graphical purposes, the graph has been cut at �δAV = 0.2 p.p.m. (D) Large (blue balls) and extensive (red balls) chemical shift perturbations mapped on to the oxidized
wild-type Grx3 structure.

chromophores change from a restrictive and spectroscopically
anisotropic environment to a more open and isotropic one,
allowing the aromatic rings to flip, as would be expected from
a more open and dynamic state. Both Tyr6 and Phe56 are in close
proximity to Met43 and a point mutation at this position will most
probably alter the chemical environment of these two residues
and hence the observed spectral differences may reflect changes
in the immediate chemical surrounding of Tyr6 and Phe56 and not
any overall structural alterations.

The structural effect of the M43V mutation has long-range
consequences

NMR spectroscopy is capable of providing detailed information
on many levels of structure, from three-dimensional structures
at atomic resolution to specific chemical environments of a given
atom, provided that sequence-specific resonance assignments
are known. As the assignment of reduced wild-type Grx3 has
been determined within our laboratory ([15] and J. Sagemark, P.
Güntert and K.D. Berndt, unpublished work), we set out to obtain
the 1H, 13C and 15N assignments of reduced Grx3(M43V/C65Y) in
order to compare structural and dynamic features. To achieve the
assignment of reduced Grx3(M43V/C65Y), a series of standard
triple-resonance experiments were collected. The subsequent
analysis was performed semi-automatically using the GARANT
program [34] and confirmed manually. In all spectra, Ala1, Thr10

and Gly35 are missing, an observation made previously for the
wild-type protein [15]. As a first assessment of the structural
similarity of the two proteins, two-dimensional 1H-15N HSQC
spectra were obtained for both wild-type and M43V/C65Y
mutant Grx3 proteins. Grx3 contains 78 non-proline residues
and a total of 75 backbone amide peaks were observed in each
of the wild-type and M43V/C65Y spectra. An unexpectedly
large number of resonances were shifted relative to the wild-type
protein due to the M43V mutation.

The 1H and 15N chemical shift deviations (�δ) are shown
in Figures 4(A) and 4(B) respectively. To account for both 1H
and 15N deviations in a single parameter, a weighted statistic

(Figure 4C) was calculated using the formula �δAV = [0.5(δHmut −
δHwt)2 + 0.02(δNmut − δNwt)2]

1
2 [35]. A total of 41 out of 74

resonances (not including Val43) have experienced significant
chemical shift deviations (�δAV > 0.03 p.p.m.) in the mutant
protein; nine of these have been subjected to extensive deviations
(�δAV � 0.15 p.p.m., Figure 4C). It is not surprising that many
of these residues are located in the vicinity of Val43 (as discussed
above) of the mutant protein; however, residues close to the active
site (e.g. Lys8, Thr51 and Val52) have also experienced extensive
deviations (Figure 4D). Interestingly, results from molecular
dynamics simulations of wild-type and mutant Grx3 [14] indicate
that Lys8 and Val52 are closer to Sγ of Cys11 in the mutant protein,
making direct and water-mediated hydrogen bonds to this thiolate
possible. These extra hydrogen bonds in Grx3(M43V/C65Y)
would contribute to the reduced pKa of Sγ of Cys11 (wild-type
and mutant proteins have pKa values of 4.9 and 3.8 respectively),
affecting the nucleophilic property and enhancing the leaving
group ability of the thiolate of this side chain [36]. A total of 32
residues have backbone amides experiencing large chemical shift
perturbations (0.03 < �δAV < 0.15 p.p.m.). The positions of these
residues are spread over the entire protein. It appears as if the
M43V mutation has an impact on residues throughout the Grx3
molecule, not only in residues in the vicinity of the mutation.

NMR H/D exchange provides insight of increased slow time-scale
motion

The observed differences between the wild-type Grx3 and the
M43V/C65Y mutant can be a consequence of tertiary structural
rearrangements. However, these results may also be rationalized
by differences in main-chain and side-chain dynamics. To probe
the slow time-scale motions of proteins, time-resolved H/D back-
bone amide exchange monitored by NMR has proven to be a useful
method [28]. There is evidence that factors limiting amide hydro-
gen exchange includes the involvement of the amide in a hydrogen
bond as well as the solvent accessibility of the amide. Amides
participating in secondary structural elements buried inside the
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Figure 5 Representative NMR H/D exchange plots

Examples of H/D exchange plots of (A) Val26, (B) Ser22 and (C) Glu4 exhibiting fast
(1.70 +− 0.04 ms), intermediate (17.71 +− 1.37 μs) and slow (1.93 × 0.06 μs) rates respectively.
The insets show the respective plots from the M43V/C65Y mutant with rates of 2.27 +− 0.11
(Val26), 1.23 +− 0.03 (Ser22) and 0.47 +− 0.03 (Glu4) ms−1.

protein are then expected to experience slower exchange with
solvent than amides not involved in hydrogen bonds or located
on the surface. However, a protein is constantly in a state of flux,
populating the thermodynamically and kinetically allowed states.
The rate of exchange of a particular amide is related to how fre-
quently it accesses more solvent-exposed conformations, which
is an indirect measure of the motional freedom of that amide [28].

The H/D exchange reaction (Figure 5) of the wild-type
and M43V/C65Y mutant backbone amides were followed by
collecting a series of 15N HSQC spectra at different time points
after the addition of 2H2O. As shown in Figure 6(A), the H/D
exchange reaction was monitored for a total of 42 backbone
amides of the wild-type protein, whereas only 34 backbone amides
were characterized in the M43V/C65Y mutant. Remarkably,
although residual amide protons in the wild-type protein were
visible for more than 28 days, there were no detectable peaks from
the M43V/C65Y mutant after approx. 6 h. These observations
indicate a structurally more rigid wild-type protein, also observed
when comparing the conformational stabilities between Grx3
molecules with and without the M43V mutation differing
by 2.68 +− 0.14 kcal · mol−1 [Grx3(C14S) =−4.74 +− 0.12 and
Grx3(C14S/M43V/C65Y) =−2.06 +− 0.08 kcal · mol−1). To be

able to correctly assign peaks with fast exchange, shorter NMR
experiments were initially used, which had poorer spectral
resolution. Consequently, five (out of 42) and four (out of
34) peaks in the wild-type and M43V/C65Y mutant spectra
respectively, could not be distinguished due to chemical shift
degeneracy. Nevertheless, when comparing the ratios of H/D
exchange rates between the wild-type and mutant protein,
drastic differences are observed. As shown in Figure 6(B), 26
residues (not counting those with degenerate chemical shifts)
experience somewhat faster dynamics (kM43V/C65Y/kWT < 50).
These residues are not confined to a particular area but are
spread throughout the Grx3 molecule (Figure 6C). A total of
six residues (not including Met/Val43) have faster dynamics
(50 < kM43V/C65Y/kWT < 150), whereas eight residues experience
much faster dynamics (kM43V/C65Y/kWT > 150) in the mutant
protein. Interestingly, in contrast with the residues experiencing
somewhat faster dynamics, residues having much faster dynamics
(except Lys18) are confined to the central β-sheet core buried inside
the protein. These results demonstrate that the M43V mutation not
only has a striking effect on the central β-sheet core of the Grx3
molecule, but also a global effect on the molecule, increasing
the rate at which the structure fluctuates between buried and more
solvent-exposed conformations where amide exchange can occur.

It has been argued previously that the apparent substrate
promiscuity of Grx1 might be due to a higher degree of ‘dynamic
plasticity’ [16] as it exhibits a more ‘open’ structure compared
with Grx3 in the area of the active site [14]. The data presented
above provide the first direct experimental evidence that the M43V
mutation in Grx3 results in a protein with a greater conformational
flexibility. Initial biochemical data investigating the Grx1-like
behaviour of the Grx3(M43V/C65Y) mutant concluded that an
increased Vmax and not Km in conjunction with a lowered active
site cysteine residue redox potential (by 11 mV) and a lowered pKa

(by 0.9 unit) of the N-terminal active site cysteine residue was re-
sponsible for the altered activity [14]. Our results from the present
study confirm the lower active site redox potential caused by the
M43V mutation. However, in contrast with Porat et al. [14], we
demonstrate that the Grx3(M43V/C65Y) mutant has acquired a
Grx1-like affinity for RR not present in wild-type Grx3. Although
there were no detectable secondary structural perturbations as
probed by far-UV CD spectroscopy, both near-UV CD and NMR
1H-15N correlation data demonstrate that there are differences
between the wild-type and M43V/C65Y mutant Grx3. These
differences could be the result of changes in tertiary structure;
however, the H/D exchange measurements point to distinct
patterns of residues with dramatically altered behaviour where the
M43V mutation has had a global effect on the protein, causing
the mutant to more frequently access an exposed structure. The
lower conformational stability (by 2.68 +− 0.14 kcal · mol−1) of the
mutant protein compared with the wild-type is also an indication
that a greater population of exposed molecules is expected
in the M43V/C65Y mutant. The Met43 side chain is buried
under the second helix in Grx3, where it makes many contacts
to surrounding residues. Replacing this methionine residue with
an amino acid containing a smaller or branched side chain could
disrupt the inner core, leaving the protein with fewer contacts
between these structural units and a greater motional freedom.
This increased freedom could be responsible for accommodating a
wider variety of substrates. Whether this molecular transformation
is a theme found in other proteins remains to be seen. However,
multiple sequence alignment [2] reveals that dithiol Grxs in
general have various hydrophobic residues in the corresponding
Grx3 Met43 position, suggesting that this may be a strategy to
facilitate substrate promiscuity within this family of proteins.
Finally, whether alterations in dynamics alone are responsible for
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Figure 6 Plot of H/D exchange rate values against residue number

(A) Plot of −log(k ) values of wild-type Grx3 (filled grey boxes) and its M43V/C65Y mutant (black boxes). Grey and black asterisks indicate uncertainty due to peak overlap in the wild-type and
M43V/C65Y spectra respectively. A filled black circle indicates backbone amides that, in contrast with the wild-type protein, could not be detected within the timeframe of the NMR measurement. (B)
Ratios of the M43V/C65Y mutant and wild-type rate constants. Here a black asterisk indicates an uncertain value due to peak overlap, whereas a filled black circle indicates that the ratio is based on
a k value of 1 s−1 for the M43V/C65Y mutant. Grey dotted lines separate residues of the M43V/C65Y mutant with slightly faster (k M43V/C65Y/k WT < 50), faster (between 50 and 150) and much faster
(>150) H/D exchange rates than the wild-type protein. In (C), the residues representing the slightly faster (blue balls), faster (brown balls), and much faster (red balls) H/D exchange rates have been
mapped out on the oxidized wild-type Grx3 structure [30]. The secondary structure of the oxidized wild-type Grx3 is shown above the graphs.

the change in activity or if structural alterations also are involved
is the subject of ongoing research, part of which includes the
structure determination of the Grx3(M43V/C65Y) mutant using
NMR.
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