
The Reducing Activity of Glutaredoxin 3 toward Cytoplasmic Substrate Proteins
Is Restricted by Methionine 43†

Amir Porat,‡,§ Christopher Horst Lillig,| Catrine Johansson,|,⊥ Aristi Potamitou Fernandes,|,# Lennart Nilsson,∇
Arne Holmgren,| and Jon Beckwith*,‡

Department of Microbiology and Molecular Genetics, HarVard Medical School, 200 Longwood AVenue, Boston, Massachusetts
02115, Medical Nobel Institute for Biochemistry, Department of Medical Biochemistry and Biophysics, Karolinska Institute,

S171 77 Stockholm, Sweden, and Department of Biosciences and Nutrition, Karolinska Institutet, SE-141 57 Huddinge,
Stockholm, Sweden

ReceiVed NoVember 24, 2006; ReVised Manuscript ReceiVed January 14, 2007

ABSTRACT: The reducing proteins glutaredoxin 3 (Grx3) and glutaredoxin 1 (Grx1) are structurally similar
but exhibit different specificities toward substrates. Grx1 efficiently reduces ribonucleotide reductase and
PAPS reductase, while Grx3 reduces these enzymes inefficiently or not at all. We previously described
a selection for Grx3 mutants with increased activity toward substrates of Grx1in ViVo. Remarkably, we
repeatedly isolated mutants with changes in only one of the amino acids of Grx3, methionine 43, converting
it to either valine, leucine, or isoleucine. In this paper we present additional genetic studies and a biochemical
characterization of Grx3-Met43Val, the most efficient mutant. We show that Grx3-Met43Val is able to
reduce ribonucleotide reductae and PAPS reductase much more efficiently than the wild-type proteinin
Vitro. The altered protein has an increasedVmax over that of Grx3, nearly the sameVmax as Grx1 while the
Km remains high. Molecular dynamics simulations suggest that the Met43Val substitution results in changes
in properties of the N-terminal cysteine of the active site leading to a considerably lower pKa. Furthermore,
Grx3-Met43Val shows an 11 mV lower redox potential than the wild-type Grx3. These findings provide
biochemical and structural explanations for the increased reductive efficiency of the mutant Grx3.

The proteins comprising the thioredoxin superfamily are
found in large numbers in all organisms (1-3). These
proteins use the redox chemistry of pairs of cysteines to carry
out either reductive or oxidative reactions. The majority of
these proteins present the simple basic structure of the
thioredoxin fold along with a Cys-x-x-Cys active site. The
prototypical member of this family is thioredoxin 1 of
Escherichia coli, which has a molecular weight of 12 kDa.
For many other members, the thioredoxin fold may be only
one domain of a multidomain protein or may have inserted
into it polypeptide sequences that add to the functional
activity of the protein (4-6).

In E. coli, the basic thioredoxin structure is found in a
number of cytoplasmic proteins that perform reductive
reactions. These include thioredoxins 1 and 2, glutaredoxins
1, 2, 3, and 4, and NrdH (7-10). Excluding glutaredoxin 2,
which has some features distinguishing it from the other
proteins and has a molecular weight of 24.3 kDa, these
proteins range in molecular weight from 9.1 kDa to 15.5
kDa (2, 8). While some overlap in substrate specificity for
these proteins has been observed, these proteins still can vary
significantly in their specificity despite their quite similar
three-dimensional structures and the short length of their
polypeptide chains. The most important of these substrates
for aerobic growth ofE. coli is ribonucleotide reductase, the
enzyme which generates deoxyribonucleotides essential for
DNA replication. This enzyme, product of thenrdA,Bgenes,
uses redox active cysteines for its reductive reaction and must
be regenerated as an active enzyme by thioredoxin family
members. Specifically, expression of any one of the three
proteins, thioredoxin 1, thioredoxin 2 (when overexpressed),
or glutaredoxin 1, is sufficient for regeneration of active
ribonucleotide reductase (8, 11-14). A mutant lacking all
three proteins is unable to grow, and we have shown that
ribonucleotide reductase is the only essential enzyme that
requires the presence of at least one of these thioredoxin
family members (15).

We are interested in determining which features of the
thioredoxin superfamily members are responsible for their
differing specificities. Clearly for the glutaredoxins, a glu-
tathione-binding site allows these proteins to receive their
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electrons from glutathione while thioredoxins are reduced
by thioredoxin reductase. But this structural difference is
unlikely to explain much or any of the variation in substrate
specificity. Are the differences due to differing affinities
between enzymes and substrates, to variations in redox
potential among these proteins, to differences in the catalytic
properties of their active site, or are there other unanticipated
features of the proteins involved?

To answer these questions, we have begun to analyze the
differences in specificity between two of theE. coli thiore-
doxin family members, glutaredoxins 1 and 3. Glutaredoxin
3 is the most abundant of the three glutaredoxins, although,
remarkably, the substrate of this protein has not yet been
identified. Glutaredoxin 3 does not reduce ribonucleotide
reductase efficiently and, therefore, by itself, does not
generate enough activity of the enzymein ViVo to allow
growth (2, 7). Glutaredoxin 2 is even less effective in this
reductive reaction (7, 16). Thus, a mutant strain we have
constructed (RO36), which is missing thioredoxins 1 and 2
and glutaredoxin 1, is unable to grow on rich or minimal
media (15). In addition to ribonucleotide reductase, these
reductants are required for the regeneration of active phos-
phoadenylylsulfate (PAPS1) reductase, an enzyme involved
in sulfur assimilation and, thus the biosynthesis of cysteine
(17). Our approach has been to use the properties of RO36
to isolate mutants of glutaredoxin 3, encoded by thegrxC
gene, thatare able to reduce ribonucleotide reductase
sufficiently to allow growth ofE. coli on rich media (15).
(RO36 also contains a null mutation innrdH, which encodes
a thioredoxin-like molecule capable of suppressing the
growth defect when overproduced (9).) In this way, we
repeatedly obtained mutational alterations ofgrxC that
affected only one amino acid of glutaredoxin 3, Met43, and
changed it to either valine, leucine, or isoleucine. We also
showed that thesegrxCmutations restore reduction of PAPS
reductase, indicated by the ability of the cells to grow on
minimal medium in the absence of cysteine.

The three-dimensional structures ofE. coli glutaredoxins
1 and 3 are quite similar (18-21). Superposition of the
backbone atoms of 50 amino acids throughout the proteins
gives a root-mean-square deviation of 1.78 Å signifying
strong structural similarity. The two proteins share 33%
amino acid sequence identity and contain the identical redox
active site, Cys11-Pro12-Tyr13-Cys14, located at the begin-
ning of R-helix 1 (Figure 1) (3, 22). The structures of both
proteins consist of the core thioredoxin-fold, the N-terminal
â1, R1, â2 motif and the C-terminalâ3, â4, andR3 motif.
The two motifs are connected by the loop that containsR2
(Figure 1) (3). Previous reports assigned redox potentials of
-198 and -233 mV for glutaredoxin 3 and glutaredoxin 1
respectively, indicating that glutaredoxin 1 is considerably
more reducing than glutaredoxin 3 (23). One possible
explanation for the increased activity of the glutaredoxin 3
mutants is that the amino acid substitutions have altered the
redox potential of the protein or the reactivity of their active
site cysteines so the protein behaves more like glutaredoxin
1. If that were the case, one might expect that Met43 would
lie close to the active site of the protein. However, this
residue is found some distance from the redox active site,

located in the middle ofR-helix 2, at a position equivalent
to that of leucine 48 in glutaredoxin 1 (Figure 1). Leucine
48 is located only 2 positions downstream to residues of the
binding site for RNR, which directs it to a disulfide between
Cys754 and Cys759 located in the C-terminus of the R1
subunit of RNR. This proximity raised the possibility that
the increased activity of the mutants resulted from an
improved affinity for RNR.

In this paper, we describe biochemical characterization and
molecular dynamics simulations of the strongest of the
mutant proteins, Met43Val. We also present further genetic
selections for altered specificity mutants of Grx3. Our
biochemical and molecular dynamics studies when compared
with the wild-type Grx3 protein reveal a significant increase
in the Vmax of the mutant protein toward its substrates, a
slightly reduced redox potential, a decreased pKa of the
amino-terminal cysteine of the active site, and an unchanged
Km for substrate. These results, along with potential structural
changes in the protein, are used to explain the increased
efficiency of Grx3Met43Val.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Media. E. colicells were grown in
NZ medium (24) at 37°C with the appropriate antibiotics.
Dithiothreitol (DTT), glutathione (GSH), NADPH, ATP,
BSA, glucose 6-phosphate (G6P), glucose 6-phosphate
dehydrogenase (G6PD), ATP sulfurylase, and inorganic
pyrophosphatase were from Sigma. Strains and plasmids used
in this work are listed in Table 1. The wild-typegrxC gene
and threegrxCmutant genes, originally on the pR01 plasmid,
were subcloned into pQE30 (Table 1). The primers Grx3-
SphI (5′-ACATGCATGCCATATGGCCAATGTTGAAATC-
3′) and Grx3-HindIII (5′-CCCAAGCTTGGATCCTCAT-
TTCAGCAGCGG-3′) were designed to generate anSphI site
at the 5′ end andHindIII site at the 3′ end on the different
grxCgenes by PCR. The PCR fragments were then digested
with SphI andHindIII endonucleases (New England Biolabs)
and cloned into pQE30 plasmid digested with the same
endonucleases, downstream and in frame with the His6

1 Abbreviations: DTT, dithiothreitol; Grx3, glutaredoxin 3; RNR,
ribonucleotide reductase; PAPS, phosphoadenosine-5-phosphosulfate.

FIGURE 1: Structures of glutaredoxin 1 and 3.E. coli glutaredoxin
1 (Grx1, PDB file 1GRX) (right) and glutaredoxin 3 (Grx3, PDB
file 3GRX) (left) consist of the core thioredoxin fold. The two
structures are viewed from identical orientation. Secondary struc-
turesR-helix andâ strands are indicated. The mutated methionine
43 in Grx3 and the equivalent leucine 48 in Grx1, as well as the
active-site cysteines (Cys11 and Cys14) located at the beginning
of R-helix 1 are presented in a space-filling model. Both structures
were determined by using Ser11-X-X-Cys14 mutant proteins.
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epitope. The ligated product plasmids were transformed into
E. coli DH5R, and plasmid DNA was prepared (Qiagen
miniprep DNA kit). All pQE30 plasmids harboring thegrxC
variantswereconfirmedbyPCRusingtheprimerspQE30•FOR
(5′-GCTTTGTGAGCGGATAAC-3′) and pQE30•REV (5′-
AACCGAGCGTTCTGAACA-3′).

Protein Expression and Purification. E. coliGrx1 and Trx1
Pro34His mutant proteins were available in the Holmgren
laboratory (22). To overexpress His6-tagged wild-type Grx3
and the Grx3 mutant proteins, the pQE30 plasmids harboring
the differentgrxC variants were transformed intoE. coli
JM109 (Stratagene). JM109 transformants were grown in 1
L of NZ medium at 37°C containing Amp (100µg/mL) to
an OD600 ∼ 0.7, and expression was induced for 4-6 h by
addition of 1 mM isopropyl-â-D-thiogalactopyranoside (IPTG).
The cells were then harvested by centrifugation at 4000g
for 10 min at 4°C and cell pellets stored over night at
-20 °C. Each cell pellet derived from 1 L of culture was
dissolved in 30 mL of lysis buffer (50 mM Tris-Cl pH 7.4,
50 mM KCl, 10% glycerol, 20 mM imidazole, 1 mM phenyl
methyl sulfonyl fluoride (PMSF) (Sigma), and EDTA-free
Protease Inhibitor Cocktail (Roche). The cells were lysed
using a French press (20 psi). Cell lysates were centrifuged
at 120000g for 1 h at 4°C. The supernatant was loaded on
a 5 mL Ni-NTA chelating column (Amersham Biosciences)
using ÄKTA liquid chromatography system (Amersham
Biosciences). The column was washed with buffer A (50
mM Tris-Cl pH 7.4, 50 mM KCl, 10% glycerol, 20 mM
imidazole), and proteins were eluted using a 40 mL gradient
of imidazole from 20 mM to 500 mM with buffer B (50
mM Tris-Cl pH 7.4, 50 mM KCl, 10% glycerol, 500 mM
imidazole). Typically, all glutaredoxin 3 variants eluted at
about 160 mM imidazole and high homogeneity purified
proteins (∼99%) were confirmed by 15% SDS-PAGE. The
His6-Grx3 proteins were purified on separate columns to
ensure that the different variants Grx3 were not mixed.
Protein concentration was determined from the absorbance
at 280 nm using the molar extinction coefficient 12 500 M-1

cm-1 forGrx1and4200M-1cm-1 forGrx3andGrx3Met43V.
The proteins were frozen in liquid nitrogen and stored at
-80 °C until use.E. coli ribonucleotide reductase as a 1:1

mixture of R1 and R2 was a generous gift from Prof. Britt-
Marie Sjöberg Department of Molecular Biology, University
of Stockholm, and treated as described previously (11, 12).

Glutaredoxin ActiVities in the Coupled Reaction with
Ribonucleotide Reductase and Determination of Kinetic
Constants.In this assay the formation of dCDP from CDP,
a reaction catalyzed by ribonucleotide reductase, is measured
as described previously (11, 12). The final concentrations
of the reaction mixture components are 0.5 mM [3H]CDP,
1.3 mM ATP, 11 mM MgCl2, 0.53 mg/mL BSA, 33 mM
Hepes pH7.5, 1.6 mg/mL NADPH, 2.5µg/mL yeast glu-
tathione reductase (GR), 5 mM glutathione (GSH), 10 mM
glucose 6-phosphate (G6P), and 2.5µg/mL glucose 6-phos-
phate dehydrogenase (G6PD). G6P and G6PD were used as
an NADPH regenerating system. Glutaredoxin 1 and 3 and
glutaredoxin 3 Met43Val were reduced with 5 mM dithio-
threitol (DTT) for 30 min on ice and desalted on a Sephadex
G-25 column (PD10 column Amersham Biosciences) with
50 mM Tris-Cl pH7.5 and 5 mM EDTA and immediately
used. Increasing amounts (0.1-30 µM) of the reduced
glutaredoxins were added to the reaction mixture, and the
reaction was started by adding 2µg of E. coli ribonucleotide
reductase to a final volume of 120µL resulting in a final
concentration of 0.12µM. After incubation for 30 min at
37 °C, the reaction was stopped by addition of 0.5 mL of 1
M perchloric acid (PCA). The reaction samples were boiled
for 10 min after the addition of 5 mg/mL dCMP and cooled
on ice for 10 min. The pH was adjusted to 7.0 by 4 M KOH
and 0.2 M acetic acid using phenol red as pH indicator. The
amount of [3H]dCDP formed was determined after hydrolysis
to [3H] dCMP by chromatography on Dowex-50 columns
(6 mL bed volume) with 55 mL and 25 mL of 0.2 M acetic
acid respectively. The activity inµU was determined as
described (25).

In our hands, using the published protocol, neither glu-
taredoxin 1 nor the Met43Val mutant protein was able to
reach saturation in reducing ribonucleotide reductase, making
it impossible to determine the kinetic constants. By decreas-
ing 3-fold the amount of ribonucleotide reductase in the assay
(from 6 µg to 2 µg) we obtained saturation curves for the
Met43Val mutant and for the wild-type glutaredoxins 1 and
3 (Figure 2A). The kinetic constants were determined from
two sets of experiments assuming Michaelis-Menten kinet-
ics. Grace software version 5.1.16 (http://plasma-gate.weiz-
mann.ac.il/Grace/) was used to calculate the kinetic constants
employing a nonlinear regression analysis withKm andVmax

as the two variables in the Michaelis-Menten equation.
Glutaredoxin ActiVities in the Coupled Reaction with 3′-

Phosphoadenylylsulfate (PAPS) Reductase and Determina-
tion of Kinetic Constants.PAPS reductase was expressed
and purified as described (26). PAPS reductase activity was
measured following the reduction of NADPH in a coupled
assay with yeast glutathione reductase at 30°C. The assay
mixture (550µL) contained 100 mM Tris-HCl pH 8.0, 200
µM NADPH, 5.75 µg of glutathione reductase, 2 mM
reduced glutathione and glutaredoxins as indicated. NADPH
consumption was recorded by following the decrease in
absorbance at 340 nm in a dual beam spectrophotometer
(UV-2100, Shimadzu). Both cuvettes contained the assay
mixture, and the reaction was initiated by the addition of
0.25-3 µg of PAPS reductase to the test cuvette. PAPS was
synthesized enzymatically as described by Schriek and

Table 1: Strains and Plasmids Used in This Work

strain/
plasmids relevant genotype or features source

strains
DH5R lab collection
JM109 e14-(McrA-) recA1 endA1 gyrA96

thi-1 hsdR17(rK-mK+) supE44 relA1
D(lac- proAB)[F′ traD36 proAB
lacIqZDM15]

(Stratagene)

AM58 JM109, pJAH-grxC this work
AM60 JM109, pJAH-grxC-Met43Val this work
RO36 DHB4∆trxA ∆trxC nrdH::spc

grxA::kan, pBAD18-trxC
ref 15

RO34a RO36dnaAsup1, pBAD18-trxC ref 15
plasmids

pRO1 pJAH -grxC (pACYC184 Ori) ref 15
pQE30 6xHis-tag coding sequence at the 5′

polylinker, phage T5
promoter and pBR322 Ori

Qiagen

pAP14 pJAH -grxC-met43val this work
a In RO34, thednaAsup1mutation results in high level expression of

ribonucleotide reductase, suppressing the growth defect of the strain
on rich media.
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Schwenn (27) using ATP sulfurylase, inorganic pyrophos-
phatase, pyruvate kinase (Roche), and APS kinase from
Arabidopsis thalianapurified according to Lillig et al. (28).
The kinetic constants were determined from two sets of data
using nonlinear regression of the data sets assuming Michae-
lis-Menten kinetics.

Comments on the Two Enzyme Assays.The kinetic
constants were calculated employing nonlinear regression
analysis withKm andVmax as variables assuming Michaelis-
Menten kinetics. The regression coefficients obtained from
these calculations were in the range of 0.96 to 0.99, indicating
that the data points followed Michaelis-Menten kinetics.
Three or more independent data sets were obtained, and the
standard deviation of the kinetic constants was usually
between 5 and 20%.

Determination of Protein Equilibrium Constants and
Redox Potentials for Grx3 and Grx3 Met43Val.The redox
potential forE. coli Grx3 and Grx3 Met43Val was deter-
mined using direct protein-protein redox equilibria es-
sentially as described by A˙ slund et al. 1997 (23). In this
method two redox active proteins are mixed where initially
one is fully oxidized and the other is fully reduced.

Equilibrium reactions (100µL) were performed by incubating
equal concentrations (50µM) of either His6-tagged Grx3 or
His6-tagged Grx3 Met43Val with either Grx1 or Trx1
Pro34His in degassed and N2-purged solutions of 100 mM
potassium phosphate pH 7.0 and 1 mM EDTA. The reaction
was initiated by adding one of the proteins in the reduced
state and the other in the oxidized state. The reduced protein
was prepared immediately before use by incubation with 5
mM DTT at room temperature for 1 h followed by desalting
on a Sephadex G-25 column (NAP-5, Amersham Bio-
sciences). After different time points (between 6 and 20 h)
under N2(g), the reaction was quenched by addition of 1 M
phosphoric acid to a final pH of 2.5. The reduced and
oxidized forms of the proteins were analyzed by reverse
phase HPLC (Pharmacia SMART micropurification system)
on a C8 column (2.1 mm× 10 cm) using a linear gradient
of 22% to 55% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic
acid (TFA) in 130 min at a flow rate of 50µL/min. Proteins
eluted from the column were monitored at 214 nm and the
peak identification determined in separate runs using only
the oxidized and the reduced protein. The redox potentials
of His6-tagged Grx3 and His6-tagged Grx3 Met43Val were

FIGURE 2: Comparison of glutaredoxins as hydrogen donors of ribonucleotide reductase. (A) Increasing amounts of glutaredoxin 1 (circle),
glutaredoxin 3 (square), or glutaredoxin 3 Met43Val (triangle) were added to standard incubation mixture (Experimental Procedures)
supplemented with NADPH regenerating system. The incubation mixture contained 2µg of E. coli ribonucleotide reductase instead of the
6 µg standard. Glutaredoxins were reduced by DTT and desalted prior to addition in the incubation mixture. (B) Nonlinear regression
analysis curves (Grace-5.1.16) of ribonucleotide reductase activity for the three glutaredoxins (panel A) assuming Michaelis-Menten kinetics.
The kinetic constantsVmax andKm were calculated from the curves using Grace (see Table 3).
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calculated using the Nernst equation and the integrated peak
areas of the oxidized and reduced form of the proteins in
the chromatogram.

Molecular Dynamics Protocols and pKa Calculation.A
structural model for the Grx3 M43V mutant was constructed
from the Grx3 wt structure with Cys11 in the thiolate form
(19) by deleting Sδ and the Cε methyl group. One of the
valine side chain methyl carbons was given the position of
the methionine Cγ, and then the second methyl carbon of
Val43 could be unequivocally placed. Missing hydrogens
were added in standard positions. This model was solvated
with TIP3P water molecules (29) and one Cl- ion was added
at a random position to make the system electrically neutral.
Constant pressure (30) and temperature simulations were then
performed at 1 atm and 298 K using periodic boundary
conditions in a rhombic dodecahedron cut out of a cube with
edge length 52 Å. Nonbonded energies and forces were
smoothly shifted to zero at a cutoff of 12 Å, with the nonbond
list generated to 14 Å and updated as soon as any atom had
moved >1 Å since the last list-update. This is a cutoff
method that has been shown to work well even for highly
charged species, such as nucleic acids (31, 32). Bonds
involving hydrogens were constrained using the SHAKE
algorithm (33) allowing a 2 fstime step for the numerical
integration. Three independent simulations (using different
initial velocity assignments) of 16 ns were performed. In
each simulation the first 5 ns was considered equilibration,
and was not used for data collection, resulting in a total of
33 ns of sampling. Water-water interactions were computed
using an efficient table-lookup algorithm (L. Nilsson,
manuscript in preparation).

Snapshots taken every 0.1 ns of the trajectory were used
in calculating pKa values for the Cys11 and Cys14 Sγ, using
the same protocol as previously published (18, 19) for the
wild-type Grx3 with a finite difference solution of the
linearized Poisson-Boltzmann (PB) equation implemented
in CHARMM (34, 35) at 0.15 M ionic strength and with a
2 Å ion exclusion layer, using the atomic radii of Nina et al.
(35), relative dielectric coefficients of 3 and 78 for the protein
and water, respectively, and a reference value of 8.3 for the
pKa of a free cysteine. Only the protein part of the system
was included in these calculations, according to standard
practice when using continuum descriptions (36).

Hydrogen bonds were defined using a simple distance
criterionr(H‚‚‚A) < 2.4 Å (37) for all hydrogen bonds except
those involving sulfur atoms when a 3.0 Å cutoff was used
(19). All calculations were performed with the CHARMM
program package (38) using the all-atom parameter set
version 22 (39). The recently added correction term for
backbone torsions (40) was not included in our setup to allow
for a direct comparison with previous studies of the wild-
type Grx3 (18, 19). The correction can however be assumed
to be of minor importance for this globular, and quite stable
protein, the overall structure of which did not change
significantly during the simulations. It can also be noted that
the predicted local structure of the Grx3 active site, using
this force field and simulation protocol, was verified by
NMR (19).

Solvent accessible surface areas (ASA) (41) were calcu-
lated using a probe radius of 1.4 Å.

RESULTS

An Additional Selection for Glutaredoxin 3 Mutants.We
have previously described a genetic selection for glutaredoxin
3 mutants with enhanced activity toward the glutaredoxin 1
substrate, ribonucleotide reductase (15). The mutations all
affected the same amino acid, Met43, changing it to either
leucine, isoleucine, or valine. We asked whether we could
obtain mutants with different alterations in the specificity
of glutaredoxin 3 by selecting for mutants that allowed
reduction of PAPS reductase, rather than ribonucleotide
reductase. The defect in PAPS reductase results in a
requirement for cysteine when the bacteria are grown on
minimal media. However, ordinarily a selection for restora-
tion of PAPS reductase activity would not be possible without
also selecting for ribonucleotide reductase at the same time,
since the latter enzyme is required for growth under all
conditions. We have described a strain in which restoration
of PAPS reductase activity can be selected for independently
of restoration of ribonucleotide reductase activity. Strain
RO34 is a derivative of strain RO36 in which adnaA
mutation has caused a derepression of ribonucleotide reduc-
tase. This derepression overcomes the growth defect on rich
media of the multiple glutaredoxin/thioredoxin mutant by
allowing sufficient reduction of theoVerexpressedribonucle-
otide reductase by the weak reductant glutaredoxin 3 (15).
However, the strain still requires cysteine on minimal media,
as this bypassing of one of the strain’s requirements has no
effect on the lack of reduction of PAPS reductase.

We have carried out error-prone PCR mutagenesis of the
grxC gene with different AG/CT ratios as described previ-
ously (15) and introduced the mutagenized plasmid into strain
RO34. This mutagenesis yields approximately one base
substitution every 300 base pairs (15). In this case, we carried
out 20 separate PCR reactions and isolated five independent
mutants in which growth is restored in the absence of
cysteine in minimal media from approximately 100 000
transformants. Sequencing shows that the mutations in each
of the five strains caused the same substitution in glutare-
doxin 3, Met43Val (all A to G transitions). Thus, alterations
in specificity of glutaredoxin 3 toward two different sub-
strates always appear in the same amino acid residue. We
further asked, using oligonuceotide-directed mutagenesis,
whether substituting an alanine for Met43 might result in
improved reductive ability of glutaredoxin 3. This alteration
did appear to restore some growth to strain RO36 on rich
media, if weakly, but did not restore growth to strain RO34
on minimal media without cysteine. We have not excluded
the possibility that the alanine substitution caused instability
of the protein explaining its low activity.

The Glutaredoxin 3 Met43Val Mutant Protein Reduces
Ribonucleotide Reductase in Vitro.We have purified the
wild-type glutaredoxin 3 protein and its mutant variants in
order to study their biochemical properties. To this end, the
grxCgene and the three alteredgrxCgenes were cloned into
the pQE30 plasmid downstream and in-frame to a His6 tag.
The pQE30 plasmids were introduced intoE. coli strain
JM109 and the resultant strains induced with isopropyl-â-
D-thiogalactopyranoside (IPTG). The overexpressed proteins
were affinity-purified to near homogeneity on a nickel
chelating column.
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To examine the ability of the glutaredoxin 3 variants to
reduce ribonucleotide reductasein Vitro, increasing amounts
of the proteins were added to the standard ribonucleotide
reductase assay and the conversion of ribonucleotide 5′-
diphosphates (CDP) to deoxy-CDP (dCDP) was measured
by chromatography. Preliminary experiments indicated that
the Met43Val mutant protein significantly enhanced the
activity of ribonucleotide reductase whereas glutaredoxin 3
Met43Leu, whichin ViVo was the second strongest reductant
of the three Met43 changes, as indicated by colony size on
rich media, showed variable results with significant fluctua-
tions in ribonucleotide reductase activity (data not shown).
This mutant showed higher activity than wild type as an
electron donor toward ribonucleotide reductase only at low
concentrations of 0.25 and 1.0µM (data not shown). In
repeated independent assays (7) with glutaredoxin 1 or
glutaredoxin 3 Met43Val as positive controls, the data points
for Met43Leu did not follow Michaelis-Menten kinetics.
The kinetic studies with Met43Leu yieldedVmax activities
close to that of wild-type glutaredoxin 3, but with consider-
ably high standard deviations. For these reasons, we did not
continue studies with this mutant protein, nor with the
Met43Ile protein which showed the weakest effectsin ViVo
and restricted further studies to the Met43Val protein.

Saturation curves show that the Met43Val mutant protein
efficiently reduces ribonucleotide reductasein Vitro; increas-
ing amounts of the protein significantly stimulate ribonucle-
otide reductase activity reaching saturation with the mutant
protein at 17µM (Figure 2A). Ribonucleotide reductase
activity was stimulated at much lower concentrations when
glutaredoxin 1 was used as electron donor (0.85µΜ);
however, maximal activity was similar to that of glutaredoxin
3 Met43Val (Figure 2A). Consistently, we observed inhibi-
tion of the activity at high levels of glutaredoxins, an effect
previously seen also with thioredoxin 1 and DTT (ref42
and A. Holmgren, unpublished results). This effect may be
due to substrate inhibition. The wild-type glutaredoxin 3
showed poor activity toward ribonucleotide reductase, con-
firming previous findings.

To determine the kinetic constants for these reactions, we
used nonlinear regression analysis to plot the kinetics (Figure
2B) and to calculateVmax’s andKm’s for the three glutare-
doxins, assuming Michaelis-Menten kinetics. Glutaredoxin
1 and glutaredoxin 3 Met43Val exhibit similarVmax values
of 113 ( 9.0 nmol mg-1 min-1 and 122( 4.0 nmol mg-1

min-1 respectively (Figure 2B, Table 2). These values differ
sharply from that of wild-type glutaredoxin 3, which shows
a Vmax of only 18 ( 1.5 nmol mg-1 min-1. While theVmax

of the mutant protein is dramatically increased over that of
glutaredoxin 3, itsKm remains essentially the same. TheKm

values for glutaredoxin 3 Met43Val and wild-type glutare-
doxin 3 protein are 4.3( 0.8 µM and 3.5 ( 0.95 µM,
respectively, while that of glutaredoxin 1 is lower (equal to
or less than 0.17( 0.01µM), close to the previously reported
0.13 µM (Table 2). (The calculatedKm suffers from the
inaccuracy involved in using the high enzyme concentration
necessary in the ribonucleotide reductase assay.)

From the kinetic parameters (Figure 2B and Table 2), we
calculate that the Met43Val mutant protein is 5- to 6-fold
more efficient than glutaredoxin 3, but still very inefficient
compared to the 23-fold more efficient glutaredoxin 1 (Table
2). These efficiency differences in the catalytic activity
between the mutant protein and glutaredoxin 1 are attribut-
able to the 25 times lowerKm of glutaredoxin 1 whereas the
efficiency differences between the mutant protein and
glutaredoxin 3 are almost exclusively the result of differences
in their Vmax’s (Table 2). Thus, the major kinetic parameter
altered in glutaredoxin 3 Met43Val is its increasedVmax in
the reaction with ribonucleotide reductase.

PAPS Reductase Is Reduced in Vitro by the Glutaredoxin
3 Met43Val Mutant Protein.The glutaredoxin 3 Met43Val
alteration, in addition to restoring growth on rich medium
to the multiply mutant strain RO36, also eliminates the
cysteine prototrophy of this strain observed on minimal
medium (see introductory comments). Therefore, we asked
whether this mutant protein is able to reduce PAPS reductase
in Vitro. We employed a new assay to measure PAPS
reductase activity using as electron sources either glutare-
doxin 3 Met43Val, glutaredoxin 3, or glutaredoxin 1. In this
assay, the reduction of PAPS to PAP and sulfite by PAPS
reductase is measured indirectly by coupling the reaction to
the oxidation of NADPH by glutathione reductase. Addition
of glutaredoxin 1 to the assay resulted in a rapid increase of
PAP and sulfite, and after about 2 min the reduction of PAPS
slowed down because all of the PAPS in the assay was
consumed (Figure 3A). Addition of the Met43Val mutant
protein to the assay resulted in constant production of PAP
and sulfite, although the rate of production was lower than
that seen with glutaredoxin 1 as indicated by the milder slope
shown in Figure 3A. Glutaredoxin 3 was inactive as an
electron donor for PAPS reductase (Figure 3A), a result
consistent with previous studies that fail to show reduction
of PAPS reductase by glutaredoxin 3in ViVo (17) and
in Vitro (26).

With the concentration of PAPS near saturation, we
assumed Michaelis-Menten kinetics for PAPS reductase to
determine theVmax and Km from two sets of data using
nonlinear regression analysis (Figure 3B, analysis shown for
the mutant only) of the data sets. For glutaredoxin 1 we found
a Km value of 12.7( 0.9 µM and aVmax of 4.1 ( 0.3 µmol
mg-1 min-1 (Table 3). These kinetic constants are similar
to the previously reportedKm andVmax values of 14.9µM
and 5.1µmol mg-1 min-1, respectively (26). The Km and
Vmax calculated for the altered glutaredoxin 3 were 79.5(
2.3µM and 3.1( 0.3µmol mg-1 min-1, respectively. These
kinetic parameters indicate that the altered glutaredoxin 3
reactivates PAPS reductase because of itsVmax which is
similar to that seen when glutaredoxin 1 is used as a reductant
(Table 3). The large difference in theKm’s of the two proteins
results in glutaredoxin 1 being 8-fold more efficient as an
electron donor for PAPS reductase than the glutaredoxin 3
Met43Val (Table 3).

Table 2: Kinetic Constants of Glutaredoxins as Electron Donors for
Ribonucleotide Reductasea

protein
Km

µmol l-1

Vmax

nmol mg-1
min-1

efficiency
(kcat/Km)
M-1 s-1

correlation
coefficient

Grx1 0.17( 0.01 113( 9.0 1.5× 106 0.99 (n ) 6)
Grx3-M43V 4.30( 0.8 122( 4.0 6.4× 105 0.99 (n ) 8)
Grx3 3.50( 0.95 18( 1.5 1.16× 104 0.96 (n ) 6)

a Purified proteins were used. Ribonucleotide reductase as a 1:1
mixture of R1 and R2 (2µg). Glutaredoxins were reduced by DTT
just before use, and then DTT was removed by desalting.
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The Altered Glutaredoxin 3 (Grx3 Met43Val) Is a Better
Reductant Than the Wild-Type Protein.An important feature
of redox proteins determining their relative abilities to reduce
or oxidize substrates is their redox potentials (43). Since
glutaredoxin 3 has a higher redox potential than glutaredoxin
1, making it a less effective reductant in general, we
considered the possibility that the Met43Val change in
glutaredoxin 3 may have decreased its redox potential. The
technique most commonly used to determine a protein’s
redox potential measures equilibrium concentrations of the
oxidized and reduced forms of the protein using defined
ratios of GSH/GSSG as a redox reference. However, since
glutaredoxins already normally interact with glutathione and
accumulate significant amounts of GSH-mixed disulfide
intermediates (11, 44), we used the protein-protein redox
equilibrium as described in A˙ slund et al. (23). The differences
in redox potentials between two proteins can be determined,
using the Nernst equation, by measuring the concentrations
of their oxidized and reduced forms at equilibrium. The
relative amounts of the individual species (reduced and
oxidized for each protein) at equilibrium were determined
by integration of the peak areas of the chromatogram eluted

from the reverse phase HPLC column. To be able to
distinguish between fully reduced and oxidized species of
the proteins in question, separate runs of reduced and
oxidized forms were done to determine the elution profiles
(data not shown).

We first determined the redox potential of N-terminally
His6-tagged glutaredoxin 3 (Grx3) using glutaredoxin 1
(Grx1) as a reference (Figure 4A). We calculated the apparent
concentration equilibrium constant, K′1,2, for Grx1 and Grx3
to be 24.3 at pH 7.0 (Figure 4A). Thus, by placing this value
in the Nernst equation we calculated that Grx3 is 41 mV
more oxidizing than Grx1. The 41 mV difference gives a
-192( 2 mV redox potential for Grx3, which is 6 mV more
oxidizing than the published redox potential for Grx3 of
-198 mV. We determined a value for K′1,2 ) 10.5 between
Grx1 and the Grx3 Met43Val under the same conditions used
for wild-type Grx3 (Figure 4B). Thus, according to our
calculations, using the Nernst equation and K′1,2 ) 10.5, the
Grx3 mutant protein is 30 mV more oxidizing than Grx1.
The 30 mV difference between Grx1 and Grx3 Met43Val
yields a redox potential of-203 ( 2 mV for the mutant.
Thus, our results indicate that the Grx3 Met43Val exhibits
a redox potential 11 mV lower than that of Grx3, suggesting
that the mutant is a better reductant with a redox potential
closer to that of Grx1. These redox potential determination
experiments were repeated twice. In addition, we determined
the redox potential of Grx3 Met43Val by using a thioredoxin
1 mutant, Pro34His (23), as a partner instead of Grx1 (Figure
4C). Trx1-P34H has a redox potential of-235 mV (49),
and calculation of protein-protein equilibrium with Grx3-
M43V indicates that the Grx3 mutant protein is 31 mV more
oxidizing then its partner Trx1 mutant. These results confirm
that the Grx3 mutant protein is 11 mV more reducing than
wild-type Grx3.

The Met43Val Mutation Significantly Lowers thepKa of
the ActiVe Site N-Terminal Cysteine.Glutaredoxin 1 and 3
share identical active site motifs, -Cys11-Pro12-Tyr13-
Cys14-, at identical positions of their sequences. However,
comparison of the active site of the two proteins by molecular
dynamics simulations and electrostatic calculations uncovered
differences in the structure, dynamics, and electrostatic
interactions of these active sites (18). The calculated average
values of the N-terminal cysteine pKa (pKa

11) in glutaredoxins
1 and 3 is virtually identical and lies around a pKa value of
∼5.0 (18). Yet, these average values cover subtle differences.
Molecular dynamics simulations previously demonstrated
that pKa

11 in glutaredoxin 1 constantly fluctuates between

FIGURE 3: Glutaredoxin 3 Met43Val as hydrogen donor of
3′-phosphoadenylylsulfate (PAPS) reductase. PAPS reductase was
measured following NADPH consumption in a coupled assay with
yeast glutathione reductase as outlined in Experimental Procedures.
(A) Reduction of 10 nmol of PAPS by PAPS reductase (0.5µg/
mL) with glutaredoxin 1, glutaredoxin 3, or glutaredoxin 3
Met43Val as electron donors. (B) Michaelis-Menten and Line-
weaver Burk plots of the initial velocity kinetics of PAPS reductase
with glutaredoxin 3 Met43Val as electron donor.

Table 3: Kinetic Constants of Glutaredoxins as Electron Donors for
Phosphoadenylyl Sulfate Reductasea

protein
Km

µmol l-1

Vmax

µmolmg-1
min-1

efficiency
(kcat/Km)
M-1 s-1

correlation
coefficient

Grx1 12.7( 0.9 4.1( 0.3 1.6× 105 0.99 (n ) 3)
Grx3-M43V 79.5( 2.3 3.1( 0.3 1.9× 104 0.99 (n ) 3)
Grx3 not active

a Purified proteins were used. PAPS reductase was expressed and
purified as described (26), PAPS was synthesized enzymatically as
described by Schriek and Schwenn (27) using ATP sulfurylase,
inorganic pyrophosphatase, pyruvate kinase (Roche) and APS kinase
from Arabidopsis thalianapurified according to Lillig et al. 2001 (28).
Glutaredoxins were reduced by DTT just before use, and then DTT
was removed by desalting.
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values of 6.8 and 2.7 (18). These apparent and frequent
fluctuations are for the most part the result of intermittent
hydrogen bonding between Cys11 Sγ and Arg8 Nε and Nη

that occur on average more than 31% of the time (18). In
contrast pKa

11 of glutaredoxin 3 does not show frequent
fluctuations and the simulations suggest that the hydrogen
bond between Cys11 Sγ and Lys8 Nú is formed intermittently
less than 10% of the time (18). The pKa of thiols in the active

site is key to the reactivity of its sulfur, and low pKa of the
N-terminal thiol affects its nucleophilic power and the leaving
group ability of the C-terminal thiolate (45, 46).

To examine whether the active site of glutaredoxin 3
Met43Val takes on structural features similar to those
observed in glutaredoxin 1, we initiated molecular dynamics
simulation experiments on glutaredoxin 3 Met43Val. We
analyzed the results with regard to the previously reported

FIGURE 4: Reverse-phase HPLC chromatograms of redox equilibria between different glutaredoxin and thioredoxin species. Equal
concentrations (50µM) of reduced His6-taggedE. coli glutaredoxin 3 or glutaredoxin 3 M43V were incubated with either oxidized glutaredoxin
1 or thioredoxin 1 P34H in potassium phosphate pH 7.0, 1 mM EDTA buffer for 12 h at 25°C, followed by acid quenching to pH 2.5
before separation of the different species on a C8 reverse-phase HPLC column (see Experimental Procedures for details). (A) Glutaredoxin
1 and glutaredoxin 3. (B) Glutaredoxin 1 and glutaredoxin 3 M43V. (C) Thioredoxin 1 P34H and glutaredoxin 3 M43V.
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data on wild-type glutaredoxin 3 (18). We find no large
structural changes in the mutant, and overall it behaves very
similarly to the wild type in the simulations. However the
calculated pKa value for Cys11 from three independent
simulations is significantly lower in the mutant (3.8, esti-
mated error∼0.5 units) than in the wild type (4.9) (Figure
5). For Cys14 the pKa is also lower in Met43Val, but not by
as much (13.6 vs 14.4). The distribution of pKa values for
Cys11 in Met43Val is not only shifted to lower values
compared to the wild type, but it is also broader, in particular
toward the low pKa range, than in the wild type (Figure 5).

The lowered pKa
11 of glutaredoxin 3 Met43Val raised the

possibility that Lys8 might play a role in this mutant protein
via interactions such as a hydrogen bond between Sγ

11 to
Nú

8. Previous simulations with wild-type glutaredoxin 3 were
somewhat ambiguous on this point because the simulations
were carried out for a short period of time (19). Extended
simulations reported hydrogen bond formation (Sγ

11‚‚‚Nú
8)

less than 10% of the time. The dynamic simulations in the
Met43Val mutant indicate that the Lys8 side chain spends
more time in the vicinity of Cys11 Sγ than it does in the
wild-type simulations (Table 4). Lys8 and Cys11 are within
hydrogen-bonding distance 19% of the time in the Met43Val
(average distance 5.9 Å) and 6% of the time in the wild type
(average distance 6.9 Å) (Tables 4 and 5). On average the
total number of hydrogen bonds to Cys11 Sγ is greater in
the Met43Val (4.2) than in the wild type (3.8). The
correlation coefficient between the pKa of Cys11 and the
number of protein-Cys11 Sγ hydrogen bonds formed during
the analyzed 33 ns of simulation was-0.58 (more hydrogen

bonds result in a lower pKa), indicating that although these
hydrogen bonds do play an important role for this pKa, there
are also other factors that contribute.

In addition to the previously described (19) hydrogen
bonds to Cys11 from Cys14 Sγ and the backbone amides of
Tyr13 and Cys14, there is also a very stable water molecule
bridging Cys11 Sγ and Val52 O (Figure 6). Although this
water molecule is also present in the wild-type simulations,
the average Cys11 Sγ to Val52 O distance is slightly shorter
in Met43Val (Table 5, Figure 7), which may make for an
energetically more favorable contact in the mutant. There is
also a greater possibility of having a water bridge between
Cys11 Sγ and Lys8 in Met43Val than in the wild type (34%
vs 16%) (Table 4). Not only is the average distance shorter
in the mutant, the Cys11 to Lys8/Val52 distance distributions
(Figure 7) are slightly narrower in the mutant, suggesting
that these enhanced hydrogen bonds in the mutant drive the
Cys11 Sγ to a thiolate form. The Met43Val mutation may
influence these interactions since the side chain of residue
43 packs directly onto the hydrophobic side chain of Val52
(Figure 6). These results suggest additional contributions that
favor a lower pKa

11 in the mutant and together with the
improved (higher frequency) hydrogen bond profile with
Lys8 may explain the reduction in the pKa of the Cys11
observed in the simulations for glutaredoxin 3 Met43Val.

FIGURE 5: Histogram of Cys11 pKa values from simulations.
Glutaredoxin 3 Met43Val Cys11 pKa values shown in red, and
glutaredoxin 3 wild-type Cys11 pKa values (18) shown in green.

Table 4: Average Number of Direct Hydrogen Bonds from the Rest
of the Protein and Water Bridges to Cys11 Sγ (Estimated Precision
∼5%)

total
direct
HB

HB to
Lys8Nú

total
water

bridges
Cys11 Sγ-w-

Lys8Nú
Cys11 Sγ-w-

Val52O

Grx3 wt 2.4 0.06 1.4 0.16 1.1
Grx3

M43V
2.7 0.19 1.7 0.34 1.2

Table 5: Average Distance (Å) from Cys11 Sγ (Estimated Error of
the Mean in Parentheses)

Lys8 Nú Val52 O

Grx3 wt 6.9 (0.25) 4.9 (0.1)
Grx3 M43V 5.9 (0.25) 4.7 (0.05)

FIGURE 6: Snapshot from simulation of the glutaredoxin 3 M43V
mutant. A water molecule in bridging position between Val52 O
and Cys11 Sγ is shown. The structure shows Lys8, which at this
time is turned away from Cys11, and residue 43 (valine), which
makes stable hydrophobic contact with valine 52.

FIGURE 7: Distance distributions Cys11 Sγ to Lys8 Nú and Val52
O in glutaredoxin 3 Met43Val mutant and wild-type simulations.
Panel A shows the shorter average distances between Cys11 Sγ

and Lys8 Nú as well as the narrower distance distribution in
glutaredoxin 3 Met43Val. Panel B shows the slightly shorter average
distances between Cys Sγ and Val O in glutaredoxin 3 Met43Val.
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Neither the fluctuations of atoms around their average
positions nor the distances Cys11-Met43 and Cys11-Val43
exhibit any differences between the wild-type and mutant
Grx3 proteins.

DISCUSSION

In this paper, we describe studies directed toward under-
standing the differing specificities of two members of the
thioredoxin superfamily. The protein glutaredoxin 1 shows
high reductive activity toward the substrates ribonucleotide
reductase and PAPS reductase. In contrast, the protein
glutaredoxin 3, a homologue of glutaredoxin 1, is incapable
of efficiently reducing ribonucleotide reductase and PAPS
reductase bothin ViVo and in Vitro. We present the
biochemical characterization of a mutant Met43Val version
of glutaredoxin 3, which shows a substantial increase in
activity toward these substrates. This change is manifested
phenotypically in the ability of the cells to make sufficient
deoxyribonucleotides for growth on rich medium and in the
elimination of the cysteine auxotrophy seen when PAPS
reductase is not regenerated as an active enzyme.

While, in addition to glutaredoxin 1, thioredoxins 1 and 2
are capable of reducing ribonucleotide reductase, we have
focused our biochemical studies on a comparison between
the properties of glutaredoxins 1 and 3, since they exhibit
both strong sequence and structural homologies. We show
that the single amino acid change Met43Val in glutaredoxin
3 alters three of the four properties of the protein that we
have assessed. First, the Met43Val change greatly increased
theVmax of the mutant enzyme with ribonucleotide reductase,
elevating it to practically the same level as glutaredoxin 1,
thus increasing thekcat by ∼7-fold. The altered protein also
exhibited aVmax for PAPS reductase comparable to that
measured for glutaredoxin 1. Wild-type glutaredoxin 3 is
inactive in the reduction of PAPS reductase, and thus, aVmax

is not measurable.
Second, the Met43Val change shifted the redox potential

of glutaredoxin 3 to a lower value making it potentially a
more effective electron donor. We measured a significant
11 mV decrease in redox potential (-203 mV) from that
observed with the wild-type glutaredoxin 3 (-192 mV),
moving the redox potential of the mutant protein toward that
of glutaredoxin 1 (-233 mV). Our measurements for
glutaredoxin 3 suggest that the wild-type protein is 6 mV
more oxidizing than previously reported. The difference
might be explained by the fact that the previous study
determined the redox potential for a Grx3-Cys65Tyr mutant
protein in which cysteine 65, a third cysteine not part of the
redox active site, was eliminated. Alternatively, the differ-
ences could be due to the difficulties in fully separating the
oxidized and the reduced Grx3 in the present study. Notably,
the redox potential of wild-type Grx3 was recently deter-
mined to be-194 mV, consistent with our findings (50).
Third, molecular dynamics simulations indicate a signifi-
cantly lowered pKa of the N-terminal active site cysteine of
the Met43Val protein. This changed pKa would result in an
increase in the thiolate anion form of this cysteine, which
would be more effective in attacking a disulfide bond in a
protein substrate. In contrast to the first three properties of
the Grx3Met43Val protein measured, the fourth property,
its Km for ribonucleotide reductase, remains high and

essentially unchanged from that of the wild-type glutaredoxin
3 and thus is much higher (∼20-fold) than that of glutare-
doxin 1. The measuredKm of glutaredoxin 3 Met43Val for
PAPS reductase is also 6-fold higher than that measured for
glutaredoxin 1.

We had previously suggested that the altered glutaredoxin
3 might have increased affinity for RNR due to alteration of
the structure of the binding site. This hypothesis stems from
the notion that Leu48 in glutaredoxin 1, the equivalent
residue to Met43, resides close to the RNR binding site (15,
43). However, from results presented here, the increased
efficiency of the mutant protein cannot be attributed to
increased affinities for substrates, as theKm’s haves not been
altered by the Met43Val change. Rather, the combination
of the reduced pKa and the lowered redox potential of the
protein compared to the wild-type Grx3 could make the
protein more effective at attacking disulfide bonds and make
the reductive reaction more favored.

The properties of the Grx3Met43Val mutant protein
described in this paper provide potential explanations for
structural features of the altered protein that are responsible
for its increased reductive enzymatic efficiency with substrate
proteins. Important to this discussion is the finding that only
alterations of Met43 were obtained in repeated selections,
despite the fact that different approaches were used to obtain
glutaredoxin 3 mutants with enhanced reduction of ribo-
nucleotide reductase and PAPS reductase. These results
indicate that the presence of the methionine at position 43
of the protein confers significant restrictions on the activity
of this enzyme toward these substrates. Relief of these
constrictions without alteration of affinity for substrates could
explain the increasedVmax of the Grx3Met43Val protein.

We suggest two ways in which the Grx3Met43Val change
could relieve constrictions on activity toward substrates. First,
the increasedVmax may result from the increased reactivity
of the cysteine 11 of the active site predicted by the molecular
dynamics simulations. According to this analysis, the
Grx3Met43Val substitution has altered interactions within
the protein such that Lys8 is more likely to be forming
hydrogen bonds with Cys11 and a water molecule is more
likely to bridge between Cys11 and Val52, thus influencing
Cys11’s activity in attacking disulfide bonds. Based on these
simulations, we suggest that the large methionine residue
via its interactions with other residues is restricting the Lys8/
Cys11 interaction and the water molecule bridging Cys11-
Val52. The substitution of the smaller residues in the mutant
proteins, Met43Val, Met43Leu, and Met43Ile, reduces this
restriction, improving the reductive ability of the protein.
Strikingly analogous restrictive effects of larger versus
shorter aliphatic residues have been observed in other
systems. For instance, the single-channel ion conductance
in the anthrax toxin pore progressively increased when the
wild-type amino acid phenylalanine 427, which lines the
heptameric pore, was changed to the smaller aliphatic
residues, leucine, isoleucine, and valine (in that order) (47).
When methionine was substituted for phenylalanine, the
conductance was comparable to the wild-type (J. Collier,
personal communication).

A second explanation derives from comparisons of the
very similar structures of glutaredoxins 1 and 3. We note
that in the upper part of the molecules as shown in Figure
1, glutaredoxin 1 appears to exhibit a more “open” structure
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and clearly displays a dynamic plasticity that may allow it
to adapt to a number of different disulfide substrates (48).
In this portion of the structure, the leucine 48 of glutaredoxin
1 is in the same relative position as methionine 43 of
glutaredoxin 3. Again, the substitutions of smaller aliphatic
residues at this position may make the active site more
accessible to substrates.

Examination of the structures also shows that leucine 48
of glutaredoxin 1 is at a greater distance from the active site
cysteines than is methionine 43 of glutaredoxin 3 (Figure
1). We asked whether we could mimic the proposed
restrictive effects of Met43 in glutaredoxin 3 by mutationally
replacing Leu48 of glutaredoxin 1 with methionine. However,
we saw no observable effect on the activity of Grx1Leu48Met
in ViVo (Porat and Beckwith, unpublished results). This
negative result may be due to other features of glutaredoxin
1 or to our having expressed levels of the protein high enough
to mask any defects.

We also point out that the substitutions Met43Leu and
Met43Ile, which introduce amino acids with longer or more
bulky side chains than valine, give weakerin ViVo phenotypes
and, with Met43Leu, a significantly weaker improvement
in kinetic constantsin Vitro. This finding is consistent with
the proposal that the longer side-chain amino acids are more
likely to restrict the activity of the enzyme. On the other
hand, the change of Met43 to the even shorter alanine is
less effective at improving the reductive ability of the protein
as assessed by its weak effect on phenotype. Its weaker
activity may be due to the rather drastic change of the very
long methionine to the short alanine, thus causing other
effects on the structure of the protein (or effects onin ViVo
instability).

Despite the increased activity of glutaredoxin 3 caused
by the Met43Val change, glutaredoxin 1 is still a much better
reductant than the Grx3Met43Val protein for the substrates
examined, exhibiting a 23-fold higher catalytic ability, while
the mutant protein itself is 5- to 6-fold more efficient then
glutaredoxin 3 (Table 2). Based on our previous results, it
was not surprising to see that the relatively inefficient mutant
Grx3Met43Val could restore reduction of ribonucleotide
reductase sufficient for growth. We had shown that,in ViVo,
even the 130-fold lower catalytic ability of wild-type
glutaredoxin 3 compared to glutaredoxin 1 can suffice for
the reduction of ribonucleotide reductase when the latter
enzyme is greatly overexpressed (15).

We note that while the measuredKm of 0.17 µM of
glutaredoxin 1 for ribonucleotide reductase presented here
is very similar to that found in earlier studies, theKm value
we have obtained for glutaredoxin 3 (3.5µM) is significantly
higher than the publishedKm of 0.35 µM (7). The older
measurements were carried out with extracts, not pure
proteins. Furthermore, theKm was measured previously by
plotting a linear curve of 1/V as a function of 1/[S] where V
is the reaction rate and [S] is the initial substrate concentra-
tion. This linear regression analysis is sensitive to errors at
low substrate concentrations as minor fluctuations of the
reaction rates drastically change the linear slope. To eliminate
this problem, we used an algorithm for nonlinear regression
analysis. This analysis better represents the saturation curve
of enzyme activity as a function of substrate concentration.
While our calculations of kinetic parameters are based on
relatively few data points, the statistics (standard deviations

and correlation coefficients) shown in Tables 2 and 3 indicate
that the values obtained are significant. Furthermore, many
mathematical models, including that used here, permit such
calculations without measurements made with the substrate
near saturation.

The finding that repeated selections for mutations ofgrxC
that allow reduction of ribonucleotide reductase or indepen-
dently reduction of PAPS reductase have yielded only
alterations of Met43 of glutaredoxin 3 suggests that there
may be strong structural constraints on the ability of the
protein to interact with glutaredoxin 1 substrates, constraints
that may only be relieved by alterations of this residue. These
structural constraints are explained in part by the additional
C-terminus helix turn that is tightly packed to the core of
the protein and thereby increases the “stiffness” of the fold
and by the shorter loop that connectsR1 to â2 and does not
contain two Gly residues as in glutaredoxin 1 (48). The
restriction to only Met43 alterations suggests that further use
of this genetic approach may not yield any other alterations
and not assist in additional genetic analysis of the glutare-
doxin 1/glutaredoxin 3 differences. Future studies, therefore,
will be directed toward isolating new classes ofgrxCmutants
by seeking enhanced activity of the Met43Val version of
the protein. With the suggested improved active site or access
to substrates of Grx3Met43Val, other classes of mutations
altering substrate affinity or more drastic redox potential
changes may appear in such genetic selections.
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