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ABSTRACT: Glutaredoxins (Grxs) are wide-spread oxidoreductases
that are found in all kingdoms of life. The yeast Saccharomyces cerevisiae
encodes eight Grxs, among which, Grx8 shares a sequence identity of 30
and 23% with typical dithiol Grxl and Grx2, respectively, but it exhibits
a much lower GSH-dependent oxidoreductase activity. To elucidate its
catalytic mechanism, we solved the solution structure of Grx8, which
displays a typical Grx fold. Structural analysis indicated that Grx8
possesses a negatively charged CXXC motif (Cys*-Pro**-Asp®>-Cys*®)
and a GSH-recognition site, which are distinct from Grxl and Grx2.
Subsequent structure-guided site mutations revealed that the D3SY
single mutant and N80T/L81V double mutant possess increased
activity of 10- and 11-fold, respectively; moreover, the D3SY/N8OT/
L81V triple mutant has increased activity of up to 44-fold, which is
comparable to that of canonical Grx. Biochemical analyses suggested
that the increase in catalytic efficiency resulted from a decreased pK,
value of catalytic cysteine Cys33 and/or enhancement of the putative
GSH-recognition site. Moreover, NMR chemical shift perturbation
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analyses combined with GSH analogue inhibition assays enabled us to elucidate that wild-type Grx8 and all mutants adopt a
ping—pong mechanism of catalysis. All together, these findings provide structural insights into the catalytic mechanism of dithiol

Grxs.

lutaredoxins (Grxs) have been characterized as a

superfamily of the thioredoxin-fold oxidoreductases that
possess a moderately conserved catalytic center, a CXXC/S
motif. Grxs execute diverse biological functions, including
defense against oxidative damage induced by different reactive
oxygen species (ROS)" and sulfur (Fe—S) cluster assembly in
response to cellular iron availability.”> Grxs catalyze the
reduction of mixed disulfides between proteins or low-
molecular-weight thiols and reduced glutathione (GSH) in
the presence of NADPH, GSH, and glutathione reductase.” It
has been demonstrated that because of its low pK, value, the N-
terminal cysteine of Grxs becomes a good nucleophile and
leaving group during the catalytic reaction.*”” Grxs can be
grouped into monothiol and dithiol Grxs according to the
number of active-site cysteine residues in the CXXC/S motif.
The conserved active-site motifs are usually CPYC in the
classical dithiol Grxs and CGFS in the monothiol Grxs. Most
members of the Grx family are capable of binding to GSH via a
mixed disulfide bond in addition to extensive hydrogen bonds
and electrostatic and hydrophobic interactions.® "

Kinetic analyses suggested that Grxs might have two different
catalytic mechanisms: ping—pong and sequential.>'' ™' In the
proposed ping—pong mechanism, the first substrate binds to
Grzxs followed by formation of an intermediate and subsequent
release of the first product; the second substrate then reacts
with Grxs, resulting in the formation of the final product. In
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contrast, the sequential mechanism hypothesizes that the two
substrates simultaneously bind to Grxs. In the case of human
Grx2, kinetics analysis revealed a ping—pong mechanism when
using BSA—SSG and GSH as the two substrates.® Similarly,
GrxS12 also adopts a ping—pong mechanism toward BSA—SSG
and GSH.!' However, the classic dithiol Grxs, yeast Grxl and
Grx2, demonstrate a sequential mechanism toward pS-
hydroxyethyl disulfide (HEDS) and GSH."> Moreover,
human Grx utilizes a ping—pong mechanism toward GS-SCys
(L-cysteine-glutathione disulfide) and GSH'? and a sequential
mechanism toward HEDS and GSH." A similar switch in the
catalytic mechanism has been found for yeast Grx7.'* In
contrast to the clearly described ping—pong mechanism, the
sequential mechanism toward HEDS that has been proposed in
a few papers remains uncertain.'*

The baker’s yeast Saccharomyces cerevisiae encodes eight Grxs,
including three dithiol Grxs and five monothiol Grxs. Dithiol
Grx1/YCLO035C and Grx2/YDRS13W share a high degree of
sequence identity (64%) but quite different GSH-dependent
oxidoreductase activity because of their different active-site
structures.”® In addition, we have demonstrated that variations
of the residues at the GSH-recognition site also contribute to
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the difference in their enzymatic activity.'® The five monothiol
Grxs include Grx3/YDR098C, Grx4/YER174C, GrxS/
YPLOS9W, Grx6/YDLO10W, and Grx7/YBRO14C.""~"” Nota-
bly, both Grx6 and Grx7 show a much higher HEDS activity
compared to that of previously reported monothiol Grxs.'* We
have solved the crystal structures of yeast Grx1, GrxS, and Grx6
and compared their enzymatic activities.””® These analyses
revealed the diversity of Grxs from both structural and catalytic
points of view, even for yeast Grx1 to Grx8, which are encoded
by a same organism."*~'®*°

As the third dithiol Grx recently reported in S. cerevisiae,'®
Grx8 was found to be unnecessary in the defense against
general oxidative stress despite its localization in the cytosol.”!
Grx8 displays a very low Grx activity in vitro; moreover, a
flanking tryptophane residue at the CPDC motif (Trp**-Cys*>-
Pro**-Asp™-Cys*) makes it more likely to be a thioredoxin.
Here, we have solved the solution structure of Grx8 and found
that it indeed adopts an overall structure of a Grx. Multiple-
sequence alignment combined with NMR titration assays
enabled us to assign the key residues contributing to the
differences between Grx8 and the other two yeast dithiol Grxs.
Subsequent site-directed mutageneses combined with activity
assays revealed that Asp3S in the CPDC motif and residues
Asn80 and Leu81 are involved in the high pK, value of the
active-site cysteine and GSH-recognition site, respectively. On
the basis of NMR chemical shift perturbation and GSH
analogue inhibition assays, we found that wild-type Grx8 and its
mutants adopt a ping—pong mechanism of catalysis toward
HEDS and GSH. Moreover, we propose that the previous
sequential mechanism observed in a two-substrate kinetics
model might be due to the rate-limiting formation of the real
substrate, #-ME-SSG, and/or the accelerated formation of
glutathionylated Grxs. Our findings provide novel insights into
the relationship between the structural motifs and catalytic
mechanisms of Grxs.

B EXPERIMENTAL PROCEDURES

Plasmids Construction. The coding region of the yeast
Grx8 gene was PCR-amplified using yeast genomic DNA as the
template and cloned into the p28 expression vector. The p28
vector is modified from the pET28a(+) (Novagen) plasmid,
and Ndel and Xhol were used as cloning sites, giving an N-
terminal MGHHHHHH tag. All Grx8 mutants were generated
using the QuikChange mutagenesis kit (Takara) and confirmed
by DNA sequencing. Grx8-m3 stands for the D3SY/N8OT/
L81V triple mutant.

Expression, Purification, and Isotope Labeling of the
Recombinant Protein. All plasmids with the coding sequence
for an N-terminal 6X His tag were transformed into Escherichia
coli Rosetta (DE3) competent cells. Bacteria harboring the
recombinant Grx8 or its mutants were cultivated in 2X YT
medium containing 50 pg/mL of kanamycin and 34 ug/mL of
chloromycetin and were induced with 0.2 mM isopropyl $-p-1-
thiogalactopyranoside (IPTG) at 37 °C for 4 h after the
ODggonm  reached 0.8. Uniformly '*N- or SN/13C-labeled
recombinant Grx8 was produced by using *NH,CI (0.5 g/L)
and/or 13C—D-glucose (2.5 g/L) as the sole nitrogen and carbon
sources. Labeled proteins were expressed in M9 medium and
induced with 0.2 mM IPTG at 37 °C for 6 h. The harvested
cells were resuspended in 40 mL of buffer containing 20 mM
Tris-HCI, pH 7.5, 200 mM NaCl, and 14 mM p-
mecaptoethenol and sonicated for 12 min. The supernatant
was then applied to a Ni-chelating column (Qiagen) following
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the manufacturer’s protocol. The recombinant proteins were
eluted with buffer containing 500 mM imidazole. The eluate
was concentrated to S mL by a Millipore Amicon Ultra 15 mL
centrifugal filter device. Samples were further purified by gel-
filtration chromatography on a Superdex 75 column (GE
Healthcare) that was pre-equilibrated with buffer (20 mM Tris-
HCJ, pH 8.0, 200 mM NaCl, and 14 mM f-mercaptoethanol).
Protein concentration was assessed by ultraviolet (UV)
absorbance spectra at 280 nm with the following extinction
coefficients: e¢5 = 24 980, exgor/La1v = 24 980, en3sy = 26 470,
EGrams = 26 470, €ggqn/sosp/qoep = 24 980, Ergoq = 24 980, and
Ecags = 24 980.

NMR Spectroscopy and Data Processing. The purified
>N- and N/"C-labeled proteins were dissolved to a final
concentration of 0.8 mM in 500 uL of buffer containing 20 mM
phosphate sodium, pH 5.6, 50 mM NaCl, 2 mM EDTA, and §
mM DTT in a 90% H,0 and 10% D,O mixture or in 99.96%
D,0. All of the NMR experiments were performed at 303 K on
a Bruker DMXS500 or DMX600 spectrometer. The following
spectra were recorded with self-shielded Z-axis gradients to
obtain the backbone and side-chain resonance assignments: 2D
'"H->N HSQC and 3D HNCO, HN(CA)CO, CBCA(CO)-
NH, CBCANH, (H)C(CO)NH-TOCSY, HBHA(CBCA)-
(CO)NH, H(C)(CO)NH-TOCSY, HCCH-COSY, and
HCCH-TOCSY. After HSQC spectra, the *N-labeled protein
was lyophilized and dissolved in 99.96% D,0O. HSQC spectra
were immediately collected to record the disappearance of NH
signals and to identify the slowly exchanging amides. NMR data
were processed using NMRPipe and NMRDraw software** and
analyzed with Sparky3 software.”> The resonances of the
N—'H HSQC spectra of the C36S and N80T /L81V mutants
were assigned using 3D 'H,'"*N-edited NOESY-HSQC spectra.

For titration experiments, GSH and GSSG (BBI Bio., Inc.)
were dissolved in buffer containing 20 mM phosphate sodium,
pH 5.6, 50 mM NaCl, and 2 mM EDTA to prepare a 200 mM
solution. NMR titration experiments were performed by adding
increasing amounts of unlabeled GSH to '*N-labeled Grx8 or
the N8OT/L81V mutant, respectively. A series of 2D 'H—""N
HSQC spectra were recorded at protein/GSH mole ratios of
1:111, 1:222, 1:311, and 1:378. GSSG was titrated to the '*N-
labeled C36S mutant, and the C36S mutant/GSSG mole ratios
were 1:0.2, 1:0.5, 1:1, 1:2, and 1:S.

Measurement of Equilibrium Dissociation Constants.
Dissociation constants of Grx8 or the N80T/L81V mutant
were obtained by monitoring the chemical shift changes from
the unbound to bound forms during GSH titration. Combined
chemical shift perturbation was calculated using the following
equation

AS = 3/(A8)* + (0.17A5y)

where Adyy and Ady are the chemical shift variations in the
proton and nitrogen dimensions, respectively. The dissociation
constant, Ky, value was fitted using the following equation

max

2[Ry]

Ab = (Kd + (n + 1)[B]

— /((n + DR + Kp)* — 4n[, )
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where Ad,,,, is the chemical shift of the protein fully saturated
with GSH, P, is the concentration of protein, and n is the molar
ratio of GSH to protein.

NMR Structure Calculation and Validation. NOE
distance restraints were obtained from 3D N- and *C-
separated NOESY spectra. Backbone dihedral angle restraints
(¢ and ) of secondary structures were derived from the
analysis of *Ca, *Cp, *CO, 'Ha, and "*N chemical shifts by
the TALOS+ program.** Hydrogen-bond restraints were added
on the basis of the slow-exchanging amide protons of the a-
helix and f-sheet. The structures were calculated using the
CNS1.2 program™ with 1813 NOE distance restraints, 97
backbone dihedral angle restraints, and 36 hydrogen-bond
restraints. In the initial stage of calculation, only unambiguous
NOE distance restraints of the sequential, medium-range, and
dihedral angle restraints were introduced. Then, the long-range
NOEs and hydrogen bonds were added into the calculation
files. In the final calculation stage, 200 structures were
generated, and 20 conformers with the lowest energies were
selected to form the representative ensemble. Structural quality
was validated by the PROCHECK program.** Molecular
graphics were visualized by MOLMOL?>” and PyMOL
(http://www.pymol.org).

HEDS Assays. Glutathionyl mixed disulfide reductase
activity of Grx8 and the D35Y, N80T/L81V, Grx8-m3,
R69Q, and E94N/S95D/Q96D mutants were measured with
the standard HEDS assays for Grxs, at 20 °C, using a mixed
disulfide between HEDS and GSH as the substrate with a
DUS800 UV—vis spectrophotometer (Beckman Coulter, Full-
erton, CA, USA).> Solutions of 25 mM NADPH, 200 mM
GSH, 0.6 mg/mL of yeast glutathione reductase (GR) (Sigma-
Aldrich), and 70 mM HEDS (Sigma-Aldrich) were freshly
prepared. The reaction mixture contained 100 mM Tris-HCI,
pH 7.5, 0.125 mM NADPH, 2.0 mM GSH, 6.0 ug/mL of GR, 1
mM HEDS, and various concentrations of Grx8 or its mutants.
The final concentrations of Grx8 and its mutants (D3SY,
N80T/L81V, and Grx8-m3) were 22.5, 2.25, 2.5, and 1.0 uM,
respectively. GSH and HEDS were preincubated for 3 min to
form the mixed disulfide. The reaction was triggered by the
addition of the wild-type Grx8 or mutants. The decrease in the
absorbance at 340 nm because of the oxidation of NADPH was
recorded. In all HEDS assays, the velocities of the control
reactions without enzymes were subtracted to correct the
measured activities. Three independent experiments were
performed for each substrate concentration.

To determine the kinetic parameters of Grx8 and its mutants
toward HEDS, 0.1—2.0 mM HEDS was added in a mixture of
100 mM Tris-HCI, pH 7.5, 0.125 mM NADPH, 2.0 mM GSH,
and 6.0 pg/mL of GR. The reaction was triggered by adding
different concentrations of Grx8 or mutants. The final
concentrations of the enzymes in the reaction mixture were
22.5 uM Grx8, 2.25 uM D35Y mutant, 2.5 uM N8OT/L81V
mutant, or 1.0 yM Grx8-m3. To determine the kinetic
parameters of Grx8 and its mutants for GSH, 0.5—3.5 mM
GSH was added to the reaction mixture containing 100 mM
Tris-HCI, pH 7.5, 0.125 mM NADPH, 0.7 mM HEDS, and 6.0
ug/mL of GR. The final concentrations of the enzymes were
22.5 (Grx8), 2.0 (D35Y mutant), 2.5 (N8OT/L81V mutant),
and 0.9 M (Grx8-m3). Independent experiments were
performed three times at each substrate concentration. The
apparent K *** and kP values were calculated by nonlinear
regression of Michaelis—Menten plots.
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Determination of the pK, Value of the N-Terminal
Cysteine. The pK, value of the N-terminal cysteine was
determined by a monobromobimane alkylation method that
generates a fluorescent product (Ae, = 396 nm and A, = 482
nm) independently.'® Purified Grxl, Grx8, and the D33Y
mutant were previously reduced by 0.1 mM DTT for 2 h in the
presence of 0.1 mM diethylenetriamine pentaacetic acid at
room temperature. Excess DTT was then removed by size-
exclusion chromatography (HiLoad 16/60 Superdex 75
column, GE Healthcase) equilibrated with buffer (20 mM
Tris-HCI, pH 8.0, and 200 mM NaCl). Protein concentrations
were determined using the extinction coefficient (¢, = S960,
EGns = 24 980, and &p;5y = 26 470) at 280 nm. Grx1 (10 uM),
Grx8 (120 uM), and the D35Y mutant (120 M) were
incubated with monobromobimane (6.0 yM) in buffer at
various pH values in 96-well plates. The concentration of the
buffers (KCI-HCI, pH 1.53; citrate-phosphate, pH 2.49, 3.06,
348, 4.03, 446, and 4.97; MES-NaOH, pH 5.52, 6.01, and
6.51; and Tris-HCI, pH 6.92, 7.52, 8.05, 8.49, and 9.05) was S0
mM. The ionic strength of the buffers was adjusted to 0.5 M by
the addition of NaCl. The absorbance was recorded by a
SpectraMax MS plate reader (Molecular Devices). The mixture
containing all of the components except for the protein was
used as the control. The rates of monobromobimane alkylation
were plotted versus pH values, and the pK, value was fitted by
sigmoidal dose—response curves

raltetop — ratep iom

1+ 10((PKa—pH)Hill slope)

rate of alkylation = ratey ;. .. +

The Hill slope is equal to 1.00. ratey oy, and ratey,, represent
the lowest and highest rate in the monobromobimane
alkylation reaction, respectively. The values of pK,, rateyoom
and rate,,, are fitted with Origin8.5 software.

GST Assays. According to the method using NBD-Cl and
GSH as substrates,”® GST activity was assayed by detection of
the produced yellow compound at 419 nm with a DU800
spectrophotometer. 50 mM NBD-CI and 200 mM GSH were
freshly prepared as stock solutions. The reaction mixture
contained 0.1 M sodium acetate buffer, pH 5.0, 0.5 mM NBD-
Cl, 1 mM GSH, and 10 M protein. Independent experiments
were performed three times.

Two-Substrate Kinetics. By varying the concentration of
HEDS from 0.1 to 2.0 mM at fixed concentrations of GSH (1.0,
1.5, or 2.0 mM), two-substrate kinetics were performed at 20
°C. The components of the reaction mixture were the same as
that of the HEDS assays. The final concentrations of the
enzyme in the reaction mixture were 22.5 yuM Grx8, 2.25 uM
D35Y mutant, 2.5 yM N80T/L81V mutant, or 1.0 uM Grx8-
m3. K, and V*P values were calculated in the same manner
as described for the HEDS assay. The reciprocal of the VPP
values was plotted versus the reciprocal of GSH concentrations
to provide the true K, value for GSH.

B RESULTS

Grx8 Possesses a Very Low HEDS Activity. Dithiol Grxs
are capable of catalyzing the GSH-dependent reduction of -
hydroxyethyl disulfide (HEDS) to f-mercaptoethanol in a
coupled enzymatic assay. Consistent with a previous report,”'
we found that Grx8 exhibits a detectable enzymatic activity
toward HEDS only at micromolar concentration. Furthermore,
we determined the kinetic parameters of Grx8. At a fixed
concentration of GSH, the apparent kinetic data could be well-
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Table 1. Apparent Steady-State Kinetic Data of Grx8 and Its Mutants for HEDS and GSH

HEDS GSH
K, P K, P KPP /K, P K, P KPP K P /K, P
protein (mM)“ (x 1073 s M1t shHe (mM)? (x 1073571 M sH?P
Grx8 0.62 + 0.11 11.50 + 1.42 18.55 + 5.58 2.02 + 0.22 12.04 + 0.66 599 £ 0.98
D3SY 1.62 + 0.33 199 + 16.3 122.83 + 35.1 1.62 + 0.14 129 + 6.64 79.63 + 11.0
N8OT/L81V 2.89 + 0.30 333 + 32.0 11522 + 23.0 093 + 0.15 57.60 + 3.16 61.72 + 13.3
Grx8-m3 2.30 + 0.15 752 + 44.7 326.96 + 40.8 2.58 + 0.13 467 + 15.6 181.01 + 15.2

“The reaction mixture contained 100 mM Tris-HCl (pH 7.5), 2 mM GSH, 0.125 mM NADPH, and 6 pg/mL of GR. The concentratlon of HEDS
was varied from 0.1 to 2.0 mM at a fixed concentration of GSH, and the reactions were started by the addition of Grx8 or the mutants. “The reaction
mixture contained 100 mM Tris-HCI (pH 7.5), 0.7 mM HEDS, 0.125 mM NADPH, and 6 pg/mL of GR. The concentration of GSH was varied
from 0.5 to 3.5 mM at a fixed concentration of HEDS, and the reactions were started by the addition of Grx8 or the mutants.
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Figure 1. Comparison of Grx8 and the other two yeast dithiol Grxs. (A) Multiple-sequence alignment of the yeast Grxs. Grx1 (NP_009895), Grx2
(NP_010801), Grx3 (NP_010383), Grx4 (NP_011101), Grx5 (NP_015266), Grx6 (NP_010274), Grx7 (NP_009570), and Grx8 (NP_013468)
sequences from S. cerevisiae were aligned using the Multalin program. Blue stars indicate residues of the CXXC motif. Residues at the GSH-
recognition site are marked in magenta triangles. (B) Structural superposition of the GSH-recognition site of Grx8 with that of Grx1gg (PDB 3C1S).
The solution structure of Grx8 is magenta. The crystal structure of Grxlgg complex is cyan. The glutathione moiety is blue. The red ball represents a
water molecule. (C) Structural superposition of the GSH-recognition site of Grx8 with that of Grx2g¢g (PDB 3DS]). The crystal structure of the

Grx2gg complex is yellow.

fitted to the Michaelis—Menten formula (Table 1). Grx8 has a
KPP value toward HEDS of 0.62 mM and a k_,*? value of 1. 15
X 107257, resultlng in a very low catalytic efficiency (kP
K, in M~' s7"), which is 3 orders of magnitude lower than
those of yeast erl or Grz2."?

The sequence alignment indicated that Grx8 shares 30 and
23% sequence identity with yeast Grxl and Grx2, respectively
(Figure 1A). The key alterations in Grx8 are at the active-site
CXXC motif and GSH-recognition site. Grx8 employs a CPDC
motif rather than the CPY(F)C motif found in the typical Grxs.
In addition, the TVP motif in most Grxs that is involved in the
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interactions with the cysteinyl moiety of GSH is substituted by
residues Asn80, Leu81, and Pro82 in Grx8, whereas the Gln
residue involved in stabilizing the glycine moiety of GSH is
replaced by Arg69 in Grx8. Moreover, residues Glu94 and
Ser9S of Grx8 correspond to Asn and Asp/Ser of Grxl/Grx2
that form intensive hydrogen bonds with the y-glutamyl moiety
of GSH.” To determine whether these alterations influence the
enzymatic activity and the molecular mechanism of catalysis by
Grx8, we determined the solution structure of Grx8 by NMR.

Solution Structure of Grx8. The solution structure of
Grx8 was determined by multidimensional heteronuclear NMR

dx.doi.org/10.1021/bi401293s | Biochemistry 2014, 53, 2185—-2196
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Figure 2. Solution structure of Grx8. (A) Two-dimensional '*“N—"H HSQC spectrum of Grx8. (B) Stereo view of the 20 structures of lowest energy
superimposed for best fit of the N, CO, and CA atoms of residues 12—29, 35—56, and 65—112. (C) Cartoon representation of the solution structure

of Grx8.

spectroscopy. The '"N—'H HSQC experiment shows a
dispersed spectrum of amide groups (Figure 2A), indicating a
well-folded structure. The structure of Grx8 was calculated
using CNS1.2 with 1813 NOE distance restraints, 97 backbone
dihedral angle restraints, and 36 hydrogen-bond restraints. An
ensemble of 20 structures of the lowest energy out of 200
calculated structures was determined and highly converged
(Figure 2B). These 20 structures have a root-mean-square
deviation (rmsd) of 0.768 A for the backbone atoms. The
structural data and statistics are listed in Table 2.

Grx8 contains a core ff-sheet of four antiparallel $-strands, 1
(Phe26—Ser29), 52 (PheS3—AspS6), 3 (Thr83—Val8s), and
4 (Phe90—Gly92), which is flanked by five a-helices, al
(Ser10—Ser22), a2 (Cys36—Lys4S), a3 (Arg62—Val7s), a4
(Gln96—Lys103), and aS (Leul06—Ile113) (Figure 2C). A
Dali search (http://ekhidnabiocenter.helsinki.fi/dali_server/)
gave an output of 709 hits with a Z score > 3.0, most of which
are thiol oxidoreductases. Yeast Grx6, Grx2, and Grxl are listed
as the top three hits, all of which have a Z score of about 11.
This indicated that Grx8 also displays a canonical Grx fold
similar to that of yeast Grxl and Grx2.

The CPDC motif of Grx8 localizes at the N-terminus of helix
a2 and the preceding loop. The putative GSH-recognition
motif (Arg69, Asn80-Leu8l-Pro82, and Glu94-Ser95-Gln96)
localizes at the middle of helix a3, the loop that precedes 33,
and the loop that precedes helix a4, respectively.

Structural Comparison between Grx8 and the Other
Two Yeast Dithiol Grxs. The dithiol Grx undergoes different
redox states during the catalytic process. At the beginning, the
reduced Grx (Grx,) performs a nucleophilic attack at the
glutathionylated substrate to form an intermediate glutathiony-
lated Grx (Grxgg). Upon the formation of an intramolecular
disulfide bond between the two active-site cysteines, the Grx is
switched to an oxidized form (Grx,,).

2189

Table 2. Structural Statistics for the 20 Energy-Refined
Conformers of Grx8“

Grx8
NMR Restraints

NOE distance restraints
intraresidue
sequential (li — jl = 1)
medium range (li — jl <S)
long range (li — jl >S)
hydrogen bonds
dihedral angle restraints
Mean rmsd from Idealized Covalent Geometry
bonds (A)
angles (degrees)
improper (degrees)
Mean rmsd from Experiment Restraints
distance (A)
Cdih (degrees)
Structural rmsd to the Mean Coordinates (A)”
backbones atoms
heavy atoms
Ramachandran Plot Analysis (%)°
residues in most favored regions
residues in additional allowed regions
residues in generously allowed regions

residues in disallowed regions

1813
400
600
472
308
36
97

0.003 + 0.0002
0.332 + 0.0058
0.155 + 0.0082

0.007 + 0.001
0.174 + 0.022

0.768
1.368

84.9
14.3
0.5
0.3

“None of the structures exhibited distance violations of >0.5 A or
dihedral angle violations of >S5 rmsd, root-mean-square violation.
brmsd was calculated using residues 12—29, 35—56, and 65-112,
excluding the loop and disordered regions. “Ramachandran plot of
ordered residues was analyzed by PROCHECK.

The structures of yeast Grxl and Grx2 in different oxidative
states have been determined: Grxl, (PDB code 2JAD),*

dx.doi.org/10.1021/bi401293s | Biochemistry 2014, 53, 2185—-2196
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Grx2,, (PDB code 3CTG),'"® Grxlgs (PDB code 3C1S),’
Grx2gs (PDB code 3DS)),"* Grxl,, (PDB code 3CIR),” and
Grx2,, (PDB code 3D4M)." Structural comparison of Grx8
with these Grxs yielded an overall rmsd of 2.6—2.7 A over
about 104 Ca atoms, respectively.

To focus on the difference at the GSH-recognition site first,
we took glutathionylated yeast Grxl and Grx2 as examples for
superposition (Figure 1B,C). For the GSH-recognition sites of
Grxlgg and Grx2g, the amide nitrogen and carbonyl oxygen of
the cysteinyl group of GSH form hydrogen bonds with the
carbonyl oxygen and amide nitrogen of Val75, respectively
(Figure 1B,C).”" The hydroxyl of Thr74’ and carbonyl oxygen
of Pro76’ in Grxl forms water-mediated hydrogen bonds with
one of the oxygen atoms of the glutamyl moiety in GSH.” The
counterpart residues in Grx8 are Asn80 and Leu81, which have
a slightly larger side chain compared to residues Thr74 and
Val75 in Grx1 and Grx2. The steric hindrance may impede the
formation of hydrogen bonds between GSH and Grx8 (Figure
1B,C). Concerning the residues of Grxlgg and Grx2gg that
interact with the y-Glu and Gly moieties of GSH, Asn88’ and
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Asp89'/Ser89” correspond to Glu94 and Ser95 of Grx8,
whereas GIn63' is substituted by Arg69 in Grx8 (Figure 1B,C).

In addition to the variations at the GSH-recognition site,
another major difference is in the CXXC motif. Grx8 also has a
CPDC motif located at the N-terminus of helix a2 and its
preceding loop (Figure 1A), similar to that of most Grxs.">*%*!
However, the CPDC motif of Grx8 is significantly different
from the CPYC motif in Grxl and Grx2.

Mutation of D35Y Significantly Increases the GSH-
Dependent Oxidoreductase Activity. To check whether
Asp3S in the CPDC motif is responsible for the dramatically
decreased GSH-dependent oxidoreductase activity of Grx8, we
constructed a D35Y single mutant and compared its activity
with the wild type. The apparent kinetic data toward HEDS or
GSH was fitted by nonlinear regression of Michaelis—Menten
plots (Table 1). As shown in Figure 3A, the D35SY mutation led
to an increase of the GSH-dependent oxidoreductase activity of
about 10-fold compared to that of the wild type. For HEDS, the
k. *F value of the D35Y mutant is 17.30-fold higher than that
of the wild type, and its catalytic efficiency is increased 6.62-
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fold. For GSH, both the k_,*? and k_,**P/K*F values of the
D35Y mutant increase by approximately an order of magnitude.
The K, **F value of the D35SY mutant for GSH remains similar
to wild-type Grx8, whereas the kP values toward both
substrates are increased dramatically.

To study the relationship between the pK, value and GSH-
dependent oxidoreductase activity, we compared the pK, values
of the N-terminal cysteine of Grx8, the D35Y mutant, and Grx1
using a monobromobimane alkylation method (Figure 4).'°
The pK, value of Cys27 of Grxl was fitted to 3.9 + 0.1, in
agreement with a previous report."> For Grx8 and the D35Y
mutant, the pK, values of Cys33 were fitted to 7.1 + 0.1 and 5.7
+ 0.1, respectively, indicating a 1.4 pH unit decrease of the pK,
value for the D35Y mutant. Thus, the increased activity of the
D35Y mutant most likely results from the lowered pK, value of
the N-terminal cysteine in the CPDC motif, which was
proposed to enhance the nucleophilicity and leaving group
ability of the cysteine thiolate. >

Mapping the Putative GSH-Recognition Site of Grx8.
During the catalytic process, Grx performs a nucleophilic attack
at the glutathionylated substrate to form the disulfide bond
between Grx and glutathione. To identify the residues that
make contact with the glutathione moiety of the glutathiony-
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lated intermediate, glutathione disulfide (GSSG) was titrated to
the C36S mutant of Grx8 that was generated to avoid further
formation of an intramolecular disulfide bond and release of the
glutathione. The glutathionylation of the C36S mutant was
previously confirmed by mass spectrometry.”’ A series of
N—'H HSQC spectra was recorded during the titration
(Figure SA). In total, 1S resonances (Leu28, Ser29, Ser3l,
Trp32, Cys33, Asp35, Ala39, PheSS, AspS6, Glu66, Trp6s,
Ala71, Asn80, Leu81, and Glu94) were observed to exhibit slow
exchange on the NMR time scale (Figure SB), whereas six
other resonances (Ser4l, Trp43, ValS4, SerS9, Arg69, and
Ile84) shifted in a stepwise directional manner. Mapping the
perturbed residues on the tertiary structure of Grx8 showed
that they were located at the a2, a3, A1, 2, and 3 strands of
Grx8 (Figure SC). Residues in the CPDC motif and the GSH-
recognition site were involved in the perturbation.

Combined with the structural superposition, we mapped the
putative GSH-recognition site of Grx8. To check the
contribution of these residues to the activity, residues Arg69,
Asn80/Leu81, and Glu94/Ser95/GIn96 of Grx8 were mutated
to GIn69’, Thr80'/Val81’, and Asn94'/Asp9S’/Asp96’ of Grxl,
respectively.
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Biochemistry

Table 3. Kinetic Data of Grx8 and Its Mutants in Two-Substrate Kinetics”

Grx8 Grx8-m3 N8OT/L81V D35Y
GSH KmQPP Kca[“PP KmaPP KcalﬂPP Km"‘PP KcataPP Km“PP KcataPP
(mM) (mM) (x1073s7") (mM) (x1073s7") (mM) (x 1073 s7) (mM) (x 1073571
1.0 0.39 + 0.033 6.14 + 0.32 1.90 + 0.11 435 + 232 2.87 + 0.65 236 + 49.5 0.92 + 0.08 104 + 7.55
15 0.48 + 0.056 8.88 + 0.72 2.39 + 0.15 608 + 343 2.88 + 0.41 290 + 37.0 124 + 020 152 + 11.0
2.0 0.62 + 0.11 11.50 + 142 2.30 £ 0.15 752 + 44.7 2.89 + 0.30 333 + 320 1.62 + 033 199 + 63
K, 13.5 + 0.89 mM 54 + 025 mM 1.4 + 0.014 mM 18.0 + 1.0 mM

“The reaction mixture contained 100 mM Tris-HCI (pH 7.5), 0.125 mM NADPH, and 6 pg/mL of GR. The concentration of HEDS was varied
from 0.1 to 2.0 mM at a fixed concentration of GSH (1.0, 1.5, or 2.0 mM), and the reactions were started by the addition of Grx8 or the mutants.
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Figure 6. Two-substrate kinetics of Grx8 and its mutants. Representative Lineweaver—Burk plots of (A) Grx8, (B) D3SY mutant, (C) N80T/L81V
mutant, and (D) Grx8-m3 are shown. The oxidation of NADPH at 20 °C was recorded spectrophotometrically at 340 nm (for further details, see the
Experimental Procedures). The concentration of GSH is labeled in the panels. The apparent steady-state kinetic constants are listed in Table 3.

Elevation of the HEDS Activity of Grx8 Based on
Combined Mutations. GSH-dependent oxidoreductase
activity of the N80T/L81V and Grx8-m3 ( D35Y/N80T/
L81V triple mutant) mutants increased remarkably in the
HEDS assays (11- and 44-fold, respectively) (Figure 3A),
whereas no significant change was detected for the activity of
the R69Q_single mutant and the E94N/S95D/Q96D triple
mutant (data not shown). Furthermore, the apparent kinetic
parameters of the N80T/L81V mutant and Grx8-m3 were
determined by nonlinear regression of the Michaelis—Menten
formula (Table 1).

For HEDS, the K,*? and k_,**F values of the N80T /L81V
mutant are 4.66- and 28.96-fold higher than that of the wild
type, respectively, resulting in an approximately 6-fold higher
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catalytic efficiency. Furthermore, Grx8-m3 presents a dramat-
ically increased k,**® value (65.39-fold) and a slightly elevated
K, P value (3.71-fold), resulting in a higher catalytic efficiency
(17.63-fold).

For GSH, the K *F value of the N80T /L81V mutant is half
of that of the wild type, whereas the k,**? value is 4.74-fold
higher, giving a 10.30-fold higher catalytic efficiency. In
contrast, the K *P value of Grx8m3 remains almost the
same as the wild type, but the k_,F value is increased by 38.60-
fold. Consequently, the catalytic efficiency of Grx8-m3 is
increased up to 30.22-fold.

Elevated Glutathione S-Transferase Activity of the
Grx8 Mutants. Glutathione S-transferases (GSTs) are a class
of enzymes that detoxify xenobiotic compounds, leading to

dx.doi.org/10.1021/bi401293s | Biochemistry 2014, 53, 2185—-2196
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formation of glutathionyl adducts of the electrophilic xeno-
biotics;*> some Grxs have been reported to display GST
activity.* Using Grxl as a control, we detected the GST
activities of the wild-type Grx8 and its mutants for the
conversion of 4-chloro-7-nitro-2,1,3-benzoxadiazole (NBD-Cl)
to glutathionylated NBD. As shown in Figure 3B, the N80T/
L81V mutant possesses GST activity that is 5.2-fold of that of
the wild type or 64% of that of Grx1. In addition, the activity of
the D35Y mutant is about 2-fold of that of the wild type,
whereas Grx8-m3 has a GST activity comparable to that of
Grxl.

Two-Substrate Kinetics of Grx8 and Its Mutants. To
characterize the kinetic features of GSH-dependent oxidor-
eduction further, we studied the two-substrate kinetics of Grx8
and its mutants. The concentrations of HEDS were varied from
0.1 to 2.0 mM at fixed concentrations of GSH (1.0, 1.5, and 2.0
mM). A series of apparent kinetic data of Grx8 and its mutants
for HEDS was determined (Table 3).

When the kinetic data of wild-type Grx8 were linearized by
the Lineweaver—Burk equation, a series of parallel lines was
observed in the double-reciprocal plots of the initial reaction
velocities and HEDS concentrations (Figure 6A), indicating a
ping—pong mechanism for Grx8. Similarly, the lines are also
parallel for the D35Y mutant (Figure 6B). We then built the
secondary plots with the intercept values of the first plot (K,,®/
V.. X 1/[GSH] + 1/V,) versus the reciprocal of the GSH
concentration to obtain the true K, value. The K, values of
Grx8 and the D35Y mutant toward GSH were fitted to 13.5 +
0.89 and 18.0 + 1.0 mM, respectively (Table 3). However, the
double-reciprocal plots of the N80T/L81V and Grx8-m3
mutants exhibited the intersecting lines, consistent with a
sequential mechanism (Figure 6C,D). Similarly, the secondary
plots were built with the intercept values of the first plot (K,,"/
V. X 1/[GSH] + 1/V,) versus the reciprocal of the GSH
concentration and gave K, values of 1.4 + 0.014 and 5.4 + 0.25
mM for the N80T /L81V and Grx8-m3 mutants, respectively.
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B DISCUSSION

Residues Asp35, Asn80, and Leu81 Are Responsible
for the Low Activity of Grx8. It has long been known that
many oxidoreductases with a CXXC motif have a pK, value of
the catalytic cysteine that is lower than that of free cysteine
(pK, ~ 9).>**° For the previously reported Grxs, the pK, values
of the catalytic cysteine are less than 6."**"%* When the
reactions take place at physiological pH, the lowering of the pK,
value of the catalytic cysteine elevates the reaction rate by
increasing the concentration of thiolate anion. It has also been
demonstrated that the intervening residues in the CXXC motif
influence the pK,, value of the catalytic cysteine.”® In our study,
the pK, value of the catalytic cysteine of the D35Y mutant was
found to decrease by 1.4 pH units. However, the catalytic
activity of the D35Y mutant is 10-fold of that of the wild-type
Grx8 (Figure 3A). For thiol—disulfide exchange reactions, when
the pK, value is lowered by one pH unit, the second-order rate
constant increases by a factor of 4.>%* Thus, the pK,, value shift
predicts a 7-fold rate enhancement in specific activity (4AP< =
4'* = 7.0-fold), accounting for the majority of the distinction in
the catalytic efficiency between the D35Y mutant and Grx8.

Because of the effects on the nucleophilicity and leaving
group ability of the thiolate, a low pK, value of the N-terminal
cysteine thiolate anion of Grxs could accelerate the reaction.*””
Tyr in the CPYC motif of Grxl and Grx2 scarcely influences
the electrostatic charge circumstance of the N-terminal
cysteine. The high pK, value of the catalytic cysteine of Grx8
might be due to Asp3$ in the CPDC motif, which affects the
catalytic cysteine thiolate stability via electrostatic repulsion
between the negatively charged Asp35 and Cys33 thiolate.
Thus, compared with Grxl and Grx2, Grx8 possesses a
dramatically decreased GSH-dependent oxidoreductase activity.
Moreover, substitution of D35Y would increase the stability of
catalytic cysteine thiolate and significantly elevate the catalytic
efficiency.

dx.doi.org/10.1021/bi401293s | Biochemistry 2014, 53, 2185—-2196
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GSH-dependent oxidoreductase activity of the N80T /L81V
mutant is elevated 11-fold compared to that of wild-type Grx8.
This could be attributed to the accelerated formation of the
glutathionylated intermediate of the N80T/L81V mutant. As
shown in Figure 1B,C, residues at the GSH-recognition site of
glutathionylated Grxl or Grx2 accommodate the GSH
molecule well. The side chains of Asn80 and Leu81 of Grx8
are slightly larger than those of the corresponding Thr and Val
residues of Grxl and Grx2 (Figure 1B,C). Thus, in
glutathionylated Grx8, the steric hindrance caused by the side
chains would keep the main chains of Asn80 and Leu81 away
from that of GSH. Mutations of N80T/L81V could facilitate
the formation of hydrogen bonds and the glutathionylated
intermediate and consequently increase the catalytic efficiency.
Thus, it is not surprising that the catalytic activity of the D35Y/
N80T/L81V mutant is increased 44-fold (Figure 3A). Besides,
the GST activity of the N80T/L81V mutant was dramatically
elevated as well (Figure 3B), indicating that residues for GSH
recognition also play an important role in the GST activity. We
hypothesized that the Thr and Val residues at the GSH-
recognition site would be critical for the activation of the thiol
group of reduced glutathione.

Catalytic Mechanisms of Grx8 and Its Mutants. It
seems that upon the mutation of two key residues, Asn80 and
Leu81 at the GSH-recognition site, the ping—pong mechanism
of Grx8 was switched to a sequential one. The catalytic reaction
of Grxs has been described as a ping—pong mechanism for
years,'> whereas the sequential mechanism was proposed for
several Grxs toward HEDS and GSH.">™"® In the HEDS assay,
HEDS and GSH were preincubated to form the real substrate,
glutathionylated f-mercaptoethanol (f-ME-SSG). Human Grx
and yeast Grx7 displayed a sequential mechanism toward
HEDS and GSH, and this was attributed to the rate-limiting
formation of S-ME-SSG."> As we know, the key point to
distinguish the sequential mechanism from the ping—pong one
is whether the ternary complex forms during the reaction
process. The sequential mechanism proposed that the two
substrates bind to the enzyme simultaneously or successively
without release of the product. Therefore, we studied the
interaction between Grx8 or the N80T/L81V mutant and
reduced glutathione by performing NMR chemical shift
perturbation and GSH analogue inhibition assays.

The reduced glutathione was titrated to Grx8 or the N80T/
L81V mutant up to 378-fold, and five "N—'"H HSQC spectra
were recorded during the titration (Figure 7). There were four
resonances shifted for Grx8 (A11, Q49, E66, and L81), and five
resonances shifted for the N8OT/L81V mutant (All, Y38,
Q49, E66, and V81). The K; values were fitted to be 126.4 +
7.9 and 143.6 + 13.5 mM for Grx8 and the N80T/L81V
mutant, respectively, suggesting a nonspecific interaction
between reduced glutathione and the wild-type Grx8 or even
the N80T /L81V mutant.

Furthermore, we used S-methyl glutathione, an analogue of
reduced glutathione, to determine if it could inhibit the GST
activity of Grx8 or the N80T /L81V mutant. Yeast Grxl and
Grx2 have been reported to display GST activity.>* The N80T/
L81V mutant displayed GST activity comparable to that of
Grx1 (Figure 3B). Upon the addition of S-methyl glutathione,
the GST activity of Grxl was decreased by half, whereas the
activities of Grx8 and the N80T/L81V mutant were not
affected even at a millimolar concentration of the analogue
(Figure 8). In fact, previous reports indicated that S-methyl
glutathione did not inhibit the enzymatic reaction of human
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respectively.

Grxl and Grx2.%** These findings are in agreement with the
demonstration that enzyme—substrate complexes did not form
during the reaction.”

As shown by Figure 1B,C, the side chains of Asn80 and
Leu81 of Grx8 are larger than those of Thr74 and Val7$ in
Grxl and Grx2; thus, steric hindrance may influence the
formation of hydrogen bonds between the main chains of Grx8
and the glutathione moiety in the glutathionylated intermedi-
ate. After mutations, the steric hindrance would be eliminated,
and the glutathionylated form of the N80T /L81V mutant could
be produced more efficiently. Consequently, the mutations
would lower the concentration dependency of the second step,
reduction of the glutathionylated intermediate by GSH, in
accordance with the lower K, value of the N80T /L81V mutant
toward GSH (Tables 1 and 3). Moreover, before Grxs was
added to the reaction mixture, HEDS and GSH were
preincubated to form the real substrate, B-ME-SSG. The
nonenzymatic reaction rate for HEDS and GSH is very low. If
the N80T/L81V mutant in the glutathionylated form is
produced more rapidly because of the elimination of steric
hindrance, then the supply of #-ME-SSG would be insufficient
and the formation of S-ME-SSG would be the rate-limiting
step. Because the concentration of f-ME-SSG was proportional
to that of HEDS, the insufficiency would be more obvious
when the initial concentration of HEDS is low. This would
affect the slope of the lines in the double-reciprocal plots of the
initial reaction velocities and HEDS concentrations in two-
substrate kinetics. Thus, the sequential mechanism of the
N80T /L81V mutant deduced from two-substrate kinetics is not
convincing. The sequential mechanism employed by human
Grx has been proposed to result from the rate-limiting
formation of f-ME-SSG;'* however, alternative interpretations
have been proposed.” Nevertheless, the catalytic mechanism of
the Grxs has never been explained by reversible binding of
reduced glutathione.

In summary, we have reported the solution structure of yeast
Grx8, which is one of the few dithiol Grxs with a low HEDS
activity. Structural comparison of Grx8 and the other two yeast
dithiol Grxs indicated variations in the CXXC motif and GSH-
recognition site. The Asp35, Asn80, and Leu81 residues are
responsible for the low activity of Grx8, and the mutations of
these residues consequently increase the HEDS and GST
activities. In addition, we demonstrated that the wild-type Grx8
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and its mutants adopt a ping—pong mechanism of catalysis. All
together, these findings provide insights into the structure and
catalytic mechanism of Grxs.

B ASSOCIATED CONTENT

Accession Codes

Structural coordinates of yeast Grx8 have been deposited in the
Protein Data Bank (accession code 2M80).
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Grx, glutaredoxin; GR, glutathione reductase; GSH, reduced
glutathione; GSSG, oxidized glutathione, glutathione disulfide;
HEDS, p-hydroxyethyl disulfide; GS-SCys, L-cysteine-gluta-
thione disulfide; S-ME-SSG, glutathionylated S-mercaptoetha-
nol; MES, 2-(N-morpholino)ethanesulfonic acid hydrate; Grx,,
reduced glutaredoxin; Grxgs, glutathionylated glutaredoxin;
Grx,,, oxidized glutaredoxin; rmsd, root-mean-square deviation;
PDB, Protein Data Bank; NMR, nuclear magnetic resonance;
HSQC, heteronuclear single quantum correlation; TOCSY,
total correlation spectroscopy; NOE, nuclear Overhauser effect;
NOESY, NOE spectroscopy
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