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ABSTRACT

Protein deglutathionylation is mainly catalyzed by glutaredoxins (GRXs). We have analyzed the
biochemical properties of four of the six different GRXs of Chlamydomonas reinhardtii. Kinetic
parameters were determined for disulfide and dehydroascorbate reduction but also for deglutath-
ionylation of artificial and protein substrates. The results indicate that GRXs exhibit striking differ-
ences in their catalytic properties, mainly linked to the class of GRX considered but also to the pK, of
the N-terminal catalytic cysteine. Furthermore, glutathionylated proteins were found to exhibit dis-
tinct reactivities with GRXs. These results suggest that glutathionylation may allow a fine tuning of
cell metabolism under stress conditions.

Structured summary: MINT-7761120: GRX6 (uniprotkb:A8HN52) and GRX6 (uniprotkb:A8HN52) bind
(MI:0408) by comigration in non denaturing gel electrophoresis (MI:0404)

MINT-7761098:GRX5 (uniprotkb:A817Q4) and GRX5 (uniprotkb:A817Q4) bind (MI1:0408) by comigration in
non denaturing gel electrophoresis (MI1:0404)

© 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Glutathionylation is a reversible post-translational modification
consisting of the formation of a mixed disulfide between glutathi-
one and a protein cysteine residue. It is promoted by oxidative and
nitrosative stresses but also occurs in unstressed cells. It can pro-
tect specific cysteine residues from irreversible oxidation to sulfi-
nic or sulfonic acid forms but can also modulate protein
activities, and thereby play a role in many cellular processes [1].
Glutathionylation has been mainly studied in mammals but
emerging evidence suggests that it could also constitute an impor-
tant mechanism of regulation and signaling in plants [2,3]. Glu-
tathionylation can occur through several mechanisms but the
one prevailing in vivo remains unclear. By contrast, the reverse
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reaction, called deglutathionylation, is mainly catalyzed by small
disulfide oxidoreductases of the thioredoxin family named glutare-
doxins (GRXs) [4,5].

Two types of GRXs, named CPYC and CGFS, are present in al-
most all organisms [6]. A third type, named CC, is specific to higher
plant species [7]. CPYC-type GRXs are reduced by GSH and catalyze
the deglutathionylation of artificial substrates (HED assay) or pro-
tein substrates [1,4]. They also possess dehydroascorbate reduc-
tase (DHAR) and disulfide reductase activities. On the other hand,
CGFS-type GRXs are not efficiently reduced by GSH and present
no activity in the HED (hydroxyethyl disulfide), DHA (dehydro-
ascorbate) or disulfide reduction assays. However, three CGFS
GRXs, namely Escherichia coli GRX4, Saccharomyces cerevisiae
GRX5 and Chlamydomonas reinhardtii GRX3, were shown to cata-
lyze protein deglutathionylation through a disulfide bridge which
can be reduced by thioredoxin reductases [5,8,9]. In addition, dif-
ferent types of GRXs, including several plant CGFS GRXs are also
able to coordinate an iron sulfur cluster and could play a role in
iron-sulfur cluster assembly/biogenesis [10-13].

The unicellular green alga C. reinhardtii contains six GRXS: two
CPYC-type GRXs (GRX1-2) and four CGFS-type GRXs (GRX3-6). We
have previously characterized the biochemical properties of
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cytosolic GRX1 and chloroplastic GRX3 [5]. GRX1 is a typical CPYC-
type GRX which is reduced by GSH and can catalyze reduction of
insulin, DHA and glutathionylated substrates. By contrast, GRX3
was shown to catalyze protein deglutathionylation using the pho-
tosynthetically reduced ferredoxin-thioredoxin reductase as elec-
tron donor.

In this work, we have determined and compared the biochem-
ical properties of all Chlamydomonas GRXs that could be produced
recombinantly and purified. We investigated their ability to form
intra- or intermolecular disulfide bonds, their reduction by GSH
and thioredoxin reductases and we kinetically studied the DHAR
and disulfide reductase activities. Moreover, deglutathionylation
activities were measured with the standard HED assay but also
with two distinct glutathionylated proteins: isocitrate lyase (ICL)
and Ay-glyceraldehyde-3-phosphate dehydrogenase (A4;-GAPDH).
We show that GRX5 and GRX6 are able to form covalent homodi-
mers but are not significantly active in any of the assays. We also
show that GRX1 catalyzes deglutathionylation more efficiently
than GRX2, likely because of the lower pK, of its active site cys-
teine. Furthermore, A4-GAPDH was found to be 10 times more effi-
ciently deglutathionylated by GRXs compared to ICL, suggesting
that GRXs exhibit substrate selectivity, a property which could be
important for fine tuning of cell metabolism in vivo.

2. Materials and methods
2.1. Materials/chemicals

NAP-5 columns were from GE Healthcare. GSSG was from Roche
Diagnostics Corporation. All the other reagents were from Sigma-
Aldrich.

2.2. Expression and purification of recombinant proteins

The sequences coding the mature forms of GRX2, GRX5 and
GRX6 were amplified by standard RT-PCR using total Chlamydo-
monas RNA extracts (primers listed in Supplementary Table 1)
and cloned into the Ncol/Ndel and BamHI restriction sites of
modified pET3c or pET3d vectors (Novagen) allowing expression
of the protein with a polyhistidine tag at the N-terminus. The se-
quences were verified by sequencing. Expression and purification
of recombinant GRXs were performed as described previously for
GRX1 and GRX3 [5]. Recombinant ICL and A4-GAPDH were pro-
duced and purified as previously described [14,15]. All purified
proteins were checked by SDS-PAGE and MALDI-TOF mass
spectrometry.

2.3. Activity assays

Insulin reduction, DHA reduction, HED assays and A4-GAPDH
glutathionylation and reactivation assays were performed as previ-
ously described [5,15]. The determination of kinetic parameters in
the HED and DHA reduction assays was performed with non satu-
rating concentrations of GSH in order to keep the rates of sponta-
neous reaction between GSH and the oxidized substrates low
relative to those of the GRX-catalyzed reactions [16]. Glutathiony-
lated ICL was prepared and assayed as described [14].

2.4. 3D structure modeling

CrGRX1 and CrGRX2 models were generated using the SWISS-
MODEL modeling server (http://swissmodel.expasy.org). Yeast
GRX1 (PDB code 3c1r) was selected as an appropriate template
structure. Surface electrostatic potentials were generated and ana-
lyzed with Pymol (DeLano Scientific, Palo Alto, CA).

2.5. Determination of pK,

The pK, of the reactive cysteine of GRX1 and GRX2 was deter-
mined as described for human GRXs [17,18]. Briefly, GRXs were re-
duced by incubation with 20 mM reduced DTT for 1 h at room
temperature and subsequently desalted in 30 mM Tris-HCIl, pH
7.9 using NAP-5 columns. Reduced GRXs were then incubated for
3 min in different buffers with a pH range from 2.6 to 8.2 in the
presence or absence of 0.3 M iodoacetamide (IAM), an alkylating
agent reacting with thiolates but not thiols. Under each condition,
the GRX activity in the HED assay was measured. The percentage of
remaining activity at each pH was determined by comparing the
activity of the enzyme incubated with and without IAM at the
same pH. The pK, was then calculated by fitting the experimental
data to a derivation of the Henderson-Hasselbalch equation as
described [17].

2.6. Replicates

All the results reported are representative of at least three inde-
pendent experiments and expressed as mean + standard deviation.

3. Results
3.1. Chlamydomonas glutaredoxins

The genome of C. reinhardtii contains six genes encoding GRXs.
GRX1 and GRX2 are typical CPYC-type GRXs predicted to localize to
the cytosol while the other four GRXs belong to the CGFS type
(Fig. 1). Sequence analyses suggested that GRX3 and GRX6 are
plastidial, GRX5 is mitochondrial and GRX4 is cytosolic/nuclear
[7]. These predictions of subcellular localizations were confirmed
for homologous GRXs (GrxS14-S17) from Arabidopsis or poplar
[10], suggesting that the functions of these GRXs might be con-
served in photosynthetic eukaryotes. GRX1-3 and GRX5 are single
module GRXs while GRX4 and GRX6 contain an N-terminal domain
upstream of the C-terminal CGFS GRX module. GRX4 is a bipartite
protein containing two CGFS GRX modules, while the N-terminal
domain of GRX6 shares strong homology with the Synechocystis
sp. PCC6803 slr1035 sequence of unknown function. GRX1 and
GRX3 have been previously purified as recombinant proteins [5].
The sequences encoding the mature form of the other four GRXs
were amplified by RT-PCR and cloned into pET3c or pEt3d vectors
fused to an N-terminal histidine tag. The proteins were produced in
E. coli and purified by nickel affinity chromatography with the
exception of GRX4 which accumulated in inclusion bodies and
was not further characterized.

All typical CPYC GRXs characterized to date contain an intramo-
lecular disulfide bond between the two vicinal cysteines of their
active site. Moreover, CGFS type GRXs, despite the absence of a vic-
inal cysteine within their active site motif, contain a partially con-
served cysteine in their C-terminal part (Fig. 1) which was shown
to form a disulfide bond with the active site cysteine in E. coli
GRX4, S. cerevisiae GRX5 and Chlamydomonas GRX3 [5,8,9]. This
C-terminal cysteine is present in all Chlamydomonas CGFS GRXs
except GRX6 (Fig. 1). In order to investigate the redox state and
oligomerization of Chlamydomonas GRXs, purified recombinant
GRX2, GRX5 and GRX6 were analyzed by non-reducing SDS-PAGE
and thiol titrations (DTNB assay) after incubation with reduced
DTT or oxidized DTT (Fig. 2). GRX2 was found to migrate, either
in the oxidized or reduced form, as a single band of ca. 12 kDa,
the size expected for monomeric GRX2. By contrast, after treat-
ment of GRX5 or GRX6 with oxidized DTT, we observed a major
band of 32 kDa and 52 kDa, respectively, corresponding to the size
of the dimeric forms. After incubation with reduced DTT, GRX5 and


http://swissmodel.expasy.org

2244 X.-H. Gao et al./FEBS Letters 584 (2010) 2242-2248

CrGRX1 B o ewersmas 5 5 D SreETRNG B S B SUSEETES E D B EEE MLATRSAAFASVAGRRTLVTRAMATKLDS[] 30
CrGRX2 T o ovwnueis 2§ 8 EESGRETE 0 T 8 SUSEEERSE & 8 B URSTEISG § 4 8 SIS 8 & O SSEAEISE & MGKAEAINE[] 10
EcGRX1 I o s o e R & R R SGDRTSALS & R KATATRNS § N SRR R R SIS S B e R o 1

EcGRX3 e S R R MRS S S RIS § N S SOSRRAS & 5 N NSRRI & F B SRS & § S SRS & S S 1

ScGRX1 | o £ 5 6 e © B SRS § E SRS S B S SRR B S B SR & MVSQET | KHV 10
ScGRX2 T iometmiise « = @ el & SISO 8 SNSRI W e R 8 & S o MVSQETVAHV 10
Hs GRX1 T oosistecnon % = & SisEwiSm 5§ SIS § 5 ROSUSHRIEIE © n § SISTONSNE 5 N SUSSHRRE £ § % S MAQEFV 6
Hs GRX2 1 MIWRRAALAGTRLVWSRSGSAGWLDRAAGAAGAAAAAASGMESNTSSSLENLATAPVNQ[] 60
CrGRX3 1 e = MASLQCNMRPATTILTR-RPAQVARKS | GVARSQTVRVTASGMAPDLKKS[] 50
CrGRX4[C-ter] 1 GSGELEALLRDKLGRDFQAVAAAAVAAGSSAAPAAAAPAAAAPSAAAPSSEDAGAVQER[] 60
CrGRX5 1 ----MLARVA|IGSLSKARQAAAFSPSAVLQRCLATDADSHDDFKPKHAAPATSAsSVDDQ[] 56
CrGRX6[C-ter] 1 LTAAWKSWVEETVAEAGI| IPPGNAPGETKWQSRSVARATKPEIRLTAGKPIQGVTLEEL[] 60
EcGRX4 T — mMsTT I EK[l 8
ScGRX5 T e e e e e e e e MFLPKFNPIRSFSPILRAKTLLRYQNRMYLSTE[RKA 38
CrGRX1 31 RETVAKQ- K Y's KSSINQFLQPS--QYTVIELDGRADMDEMQD 82
CrGRX2 11 QKAVE E T Y[V KI\KNAINQF | AG- - -KYTVVEL ENRADCDAMQD 61
EcGRX1 i caeaes M-QT GR EGVRKDLAEKLSNE RDDFQYQYVDIRAEG- | TKE 46
EcGRX3 1 MA - NJJEI Y T[3 SKGVSFQELP | DGNA - AKRE 42
ScGRX1 11 KDLEAER- E1 FRAS[S FEKLKVPRSKVLVLQLNDMKEGADIQA 64
ScGRX2 11 KDL[iGQK - EfJF\A ALY TYREIKATLSTMFQELNVPKSKALVLELDEMSNGSEI QD 64
Hs GRX1 7 Nck[larG - KVENED 1 [ ETRR QEIMSQLPIKQG-LLEFVDITATNHTNEI QD 59
Hs GRX2 61 ---YKVVELDLLEYGNQFQ@D 110
CrGRX3 51 H ---YQTVNILED---DAI[@s 102
CrGRX4 [C-ter] 61 KALLIYGPKPY ---FGAFDILSD- - - EAV[da 113
CrGRX5 57 KAS[EKD - K\} A] ---FGATNVLSD- - -AEV[{E 108
CrGRX6 [C-ter] 61 DRIVKE -pIAAdvIdcTRaQ[JaMGFS FRM I NMMNTLKAD- - - - FEVVNVLDEFHNPGL[dD 115
EcGRX4 9 QRrRaQ -PILLYMQAGSPKL[dS[HGFSAQRVQAMAACGER- - - - FAYVDILQN- - -PDI[JA 60
SCGRX5 39 EDA A PIRILEvV[icTP EF[dk[dc FSRAT I GLJGNQGVDPA -KFAAYNVLED- - - PEL[JE 93
CrGRX1 83 AMRELTEA- - RSIERVEICEKELEEGEETAAAAANETMAKKMAQEAGHAL - - - - - - - - - - - 128
CrGRX2 62 AMLDIT[E6 - - RSMIIR VAT KL [elGPT AAAAS N TEK Maeacl\L - - - - - - - - - - 107
EcGRX1 47 pMaakAldkEv EQAALS | [AYD oH[KeLelY T FAAWVKEN - MDA - - - - - - - - - .- ... 85

EcGRX3 43 EMIKRS[ER - - TRRAZ® | 1D A QHIRITTDL YALDAREGHMDOPMAK - - - - - - - - - - == - = - - 83

ScGRX1 65 AMYEIN{EQ- - RUEEN | YIREEK HIREIENDED]L o EL RET[EANE E(RMErP | LAN- - - - - - - - - - - 10
ScGRX2 65 AMEE!Is[Ha- - KgEANV Y TSk HIREN SHL ETLKKNEKMAETKPVFQ- - - - - - - - oo - 109
Hs GRX1 60 Y[MaaLT(eA - - RWEIR VERIGKDCNeIegs L vsL aas[H0L TRMKkQI cPLQ- - - - - - - - - - 106
Hs GRX2 111 AMYKMTEE - - REYER | [AEXE T GIRELelA T[T HRLHK E[/K[ML PMVHQCYLKKSKRKEFQ- - - 164
CrGRX3 103 GMKEYS QW - - WFEV YR olE F L] | MMEAY QS[cJAMK EQMEI ALNS - - - - - - - - - - - 148
CrGRX4 [C-ter] 114 GKEYSNWZ- - WY [l YWYR[EEL L{XeJdo] | VL EMKAA[JINGS TVQEMLHRMDVA - - - - - - - 163
CrGRX5 109 GIKKFTSWZ- - Wl [XVELY EFRIIAY] | LMGMHDKN[ANEPMMEP IR - - - KEQAAAAKK - 161

CrGRX6 [C-ter] 116 A1 KNYSQwg - e eIVl 1 AEQMV G T[N TBVRS AAJKDP N - - - - - - - - 164
EcGRX4 61 EMPKYANWY- [EL vl | v | EMY QRleJAMQal I KETAL\KYKSEEPDAE- - 115
ScGRX5 94 GIKEFSEWY- - i XL YK EFIKIIs)v | TSMARS[EIANAD[MMEEAQ\LVP EEEEETKDR 150

T

Fig. 1. Multiple sequence alignment of GRXs from diverse organisms. The proteins were aligned with the ClustalW program and corrected manually for N-terminal
extensions. Residues boxed in black correspond to 50% identity. Residues boxed in gray correspond to 50% conservation with the PAM120 matrix. Accession numbers and
abbreviations: Chlamydomonas reinhardtii (Cr) GRX1, XP_001702999; GRX2, XP_001694001; GRX3, XP_001702880; GRX4 [C-Ter], XP_001703697 with deletion of N terminal
extension up to G72; GRX5, XP_001700896 with correction of exon 2 based on cDNA sequencing (insertion of KVHVFM between residues D63 and K64); GRX6 [C-ter];
XP_001689744 with deletion of N-terminal extension up to L118; Escherichia coli (Ec) GRX1, P00277; GRX3, P37687; Saccharomyces cerevisiae (Sc) GRX1, S19363; GRX2,
P17695; GRX5, NP_015266; and Homo sapiens (Hs) GRX1, NP_002055; GRX2, NP_932066. The dashed line corresponds to the active site. The arrow indicates the position of
the C-terminal cysteine conserved in several members of the CGFS family.
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Fig. 2. Oligomerization of Chlamydomonas GRXs under oxidizing and reducing conditions. Ox: oxidized GRX2, GRX5 and GRX6 were prepared by incubation with 20 mM
oxidized DTT for 4 h at room temperature in 30 mM Tris-HCl, pH 7.9, then desalted through NAP-5 columns using the same buffer. Red: reduced GRXs were prepared by
incubation of oxidized GRXs with 20 mM reduced DTT for 1 hour. M: molecular weight markers. The faint degradation of GRX2 was only observed after long incubations at
room temperature. Five micrograms oxidized and reduced GRXs were analyzed by non-reducing SDS-PAGE and stained with Coomassie brilliant blue.
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GRX6 migrated as a single monomeric band of 16 kDa and 26 kDa,
respectively. Thiol titrations revealed that reduction of the oxi-
dized forms led to the appearance of approximately two thiols
per monomer in the case of GRX2 but only one for GRX5 and
GRX6 (Table 1). All these results are consistent with the formation
of an intramolecular disulfide between Cys27 and Cys30 within the
CPYC active site of GRX2 and indicate that the third cysteine,
Cys56, is presumably buried and therefore unable to mediate the
formation of an intermolecular disulfide bond. In contrast, GRX5
and GRX6 can form covalent homodimers through intermolecular
disulfide bonds that were only poorly reduced by GSH (data not
shown). As all these GRXs can form disulfide bonds, they might
be able to catalyze disulfide reduction through dithiol/disulfide ex-
change. This prompted us to analyze the activity of these GRXs in
different classical activity assays.

3.2. Insulin and DHA reduction

Insulin disulfide bonds are very efficiently reduced by TRXs
[19]. Although much less efficient, CPYC-type GRXs are known to
catalyze insulin reduction using DTT or GSH as electron donor
[20]. Consistently, GRX2 was found to catalyze insulin reduction
in the presence of these reductants though the enzyme appeared
slightly less efficient than GRX1 (Fig. 3; [5]). However, we cannot

Table 1

Free thiol content in oxidized and reduced GRXs. The content of free thiols in reduced
and oxidized Chlamydomonas GRXs was titrated using the standard DTNB assay as
described in [8]. Data presented are the means + S.D. (n = 3).

Number of free thiols measured (mol SH/mol monomer)

exclude that relatively small differences between GRX1 and
GRX2 could be accounted for by variation of enzyme batches. On
the other hand, GRX5 or GRX6 did not exhibit a significant activity
in the insulin reduction assay, either in the presence of DTT or GSH
(Fig. 3). This result is consistent with the lack of insulin disulfide
reductase activity observed for other CGFS GRXs including Chla-
mydomonas GRX3 [5,8].

GRXs also have the ability to catalyze the reduction of DHA
using glutathione as reductant [5,21,22]. As above, GRX1 and
GRX2, but not GRX5 and GRX6, were found to catalyze DHA reduc-
tion. The catalytic parameters of DHA reduction by GRX1 and GRX2
were determined (Table 2). Compared to GRX1, GRX2 exhibited, for
both DHA and GSH, a lower apparent K, (nearly 2-fold), but also a
lower apparent k., (2-fold). As a consequence, the catalytic effi-
ciencies (keq/Kn) of GRX1 and GRX2 were almost comparable.
Moreover, these kinetic parameters are comparable to those previ-
ously reported for several mammalian or higher plant GRXs [21-
23].

3.3. Deglutathionylation of an artificial substrate: HED assay

The deglutathionylation activity of GRXs is generally measured
with an artificial substrate in the HED assay [24]. In this assay, GRX
activity is followed as the oxidation of NADPH in a coupled system
with GSH and glutathione reductase (GR). The substrate of GRX,
the glutathionylated p-mercaptoethanol (B-ME-SG), is formed dur-
ing an initial preincubation where HED reacts with GSH. The reac-
tion proceeds in two steps. First, GRX performs an initial
nucleophilic attack on the B-ME-SG mixed disulfide giving rise to
GRX-SG and releasing the deglutathionylated substrate. In the sec-
ond step, reaction of GSH with GRX-SG allows reduction of GRX
and releases GSSG. This second step is the rate-limiting step of

Reduced Oxidized Decrease in free thiols (reduced-oxidized) .
the reaction [4].
Grg OS5 E2=O0E 7208 As previously observed for GRX3 [5], GRX5 and GRX6 exhibited
GRX5 1.4+006 02+002 12%0.06 onifi ity in th he other hand
GRX6 11+010 024004 09+0.10 no significant activity in the HE.D assay. On the other hand, GRX1
and GRX2 were found to be active although GRX1 appeared more
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Fig. 3. Insulin disulfide reductase activity of Chlamydomonas GRXs. The rate of insulin reduction was assessed by measuring the turbidity at 650 nm in reaction assays
containing 0.33 mM DTT or 1 mM GSH in the presence of 5 uM Chlamydomonas TRXh1 (left panel) or 5 tM GRX2 (central panel). The two CGFS-type GRXs, GRX5 and GRX6,
were both inefficient and yielded similar results. Typical results obtained with 5 M GRX5 are presented (right panel).

Table 2

Kinetic parameters of Chlamydomonas GRX1 and GRX2 in the dehydroascorbate reductase assay. The apparent K, value for DHA was determined using a DHA concentration
range of 0.125-1 mM for GRX1 and 0.25-3 mM for GRX2, in the presence of 2 mM GSH. The apparent K, value for GSH was determined using a GSH concentration range of 0.2—
4 mM for GRX1 and 0.5-3.5 mM for GRX2, in the presence of 1 mM DHA. The concentration of GRX1 and GRX2 was set to 0.5 uM. The apparent K;;, and apparent k., were
calculated by non-linear regression using the Michaelis-Menten equation. Data are represented as mean + S.D.

GSH DHA
K (mM) keae (s7) Keael Km (M~"'s71) K (mM) keae (s7) keaelKm (M~"'s71)

GRX1 1.63 £0.29 1.82£0.15 1.11 x 10° 0.39 £0.03° 1.67 £0.09° 43 x10*

GRX2 0.96 £0.11 0.94£0.03 0.98 x 10° 0.17 £0.05 0.84£0.06 492 x 10

2 Data are from Ref. [8].
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efficient than GRX2. Kinetic parameters were measured for both
substrates, GSH and HED, the concentration of the latter represent-
ing an approximation of the levels of B-ME-SG formed during the
initial preincubation. GRX1 exhibited a 2.5- to 8.6-fold higher cat-
alytic efficiency compared to GRX2, depending on the substrate
considered (Table 3). The higher efficiency of GRX1 is essentially
due to higher k., values. Similar differences were previously ob-
served between human GRX1 and GRX2 [17,25].

3.4. Deglutathionylation of protein substrates

We have recently shown that Arabidopsis A4-GAPDH and Chla-
mydomonas ICL were inactivated by glutathionylation and could
be reactivated by GRXs [14,15]. Both glutathionylated proteins
were therefore used in the present study as protein substrates to
measure Chlamydomonas GRX deglutathionylation activities and
to examine their possible substrate specificities.

For glutathionylated A4-GAPDH, chloroplastic CGFS GRX3 was
previously shown to catalyze deglutathionylation using ferre-
doxin-thioredoxin reductase as electron donor [5]. However, the
two CGFS GRXs tested here, GRX5 and GRX6, did not exhibit any
ability to reactivate A4~-GAPDH using ferredoxin- or NADPH-depen-
dent thioredoxin reductases (data not shown). Moreover, GRX5
and GRX6 were also not active in the ICL reactivation assay where
DTT serves as a reductant (Fig. 4A). This suggests that contrary to
GRX3, GRX5 and GRX6 are not efficient catalysts of protein deglu-
tathionylation or that they exhibit distinct substrate specificities.

By contrast, both CPYC type GRXs, GRX1 and GRX2, proved to be
efficient catalysts of protein deglutathionylation as illustrated by
their efficiency to catalyze reactivation of glutathionylated ICL
using either DTT or GSH as electron donor (Fig. 4A and B). How-
ever, GRX1 appeared more efficient than GRX2 in these assays. In-
deed, determination of half-saturation values revealed that,
compared to GRX2, GRX1 has a 2.2- and 2.6-fold higher catalytic
efficiency for reactivation of ICL and A4-GAPDH, respectively (Table
4). These differences are consistent with those observed in the HED
assay (Table 3).

Moreover, comparison of ICL and A4;-GAPDH reactivation by
GRX1 and GRX2 revealed that A4,-GAPDH is ca. 12 times more effi-
ciently deglutathionylated than ICL. This suggests that glutathiony-
lated proteins can exhibit distinct reactivities with GRXs and may
therefore be deglutathionylated at different rates under similar
conditions.

3.5. Origin of the higher catalytic efficiency of GRX1 compared to GRX2

In the case of TRXs, the differences of substrate specificity and
reactivity with different isoforms of TRXs have been suggested to
be linked to differences in charge distribution around the active
site [26]. The local environment of GRX active site has also been
suggested to contribute to the reactivity of GRXs [4]. Therefore,
we modeled the 3D structure of Chlamydomonas GRX1 and
GRX2 and analyzed surface charge distribution (Fig. 5). Positively
charged residues surrounding the GSH binding site were found to

Table 3
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Fig. 4. Reactivation of glutathionylated ICL by Chlamydomonas GRXs. Glutathiony-
lated ICL (10 uM) was reactivated by treatment with 5 pM Chlamydomonas GRXs in
the presence of (A) 0.2 mM DTT or (B) 5mM or 0.1 mM GSH. Positive control
(20mM DTT) and negative controls (0.2mM DTT or 5mM GSH) are also
represented.

Table 4

Half-saturation values for reactivation of glutathionylated ICL and glutathionylated
A4-GAPDH by GRX1 and GRX2. Deglutathionylation of ICL-SG and A;~-GAPDH-SG was
measured by following reactivation of the enzymes using corresponding activity
assays. Reactivation was measured in the presence of varying concentrations of GRX1
and GRX2 (0.1-100 pM) and 5 mM GSH or 0.2 mM DTT.

Sos ICL-SG A4+-GAPDH-SG
5 mM GSH 0.2 mM DTT 5 mM GSH

GRX1 12 uM +0.13 8.2 UM £ 0.76 0.87 uM £0.13°

GRX2 26.5 UM * 2.64 16.4 1M + 0.63 227 M +0.35

@ Data are from Ref. [8].

be conserved and no significant difference in charge distribution
around the active sites of GRX1 and GRX2 could be observed. This
suggested that the higher catalytic efficiency of GRX1 is likely not
linked to differences of charge distribution. Another important fac-
tor that has been previously shown to contribute to the reactivity
of GRXs is the pKj, of the active site catalytic cysteine [17]. This pK,
was therefore determined for both GRXs. The catalytic cysteines of
GRX1 and GRX2 were found to have pK, of 3.9 £0.1 and 4.8 £ 0.1,
respectively. This one unit pH difference is likely a major factor
contributing to the higher reactivity of GRX1. Indeed, such a differ-

Kinetic parameters of Chlamydomonas GRX1 and GRX2 in the HED assay. The apparent K, value for GSH was determined using a GSH concentration range of 0.5-3.5 mM in the
presence of 0.7 mM HED for GRX1 (10 nM) and GRX2 (100 nM). The apparent K, value for HED was determined using an HED concentration range of 0.1-2 mM for GRX1 (30 nM)
and 0.05-0.8 mM for GRX2 (200 nM), in the presence of 1 mM GSH. The apparent K, and k., were calculated by non-linear regression using the Michaelis—-Menten equation. Data

are represented as mean + S.D.

GSH HED

K (mM) Kear (s71) keael K (M~''s71) K (mM) kear (s71) Kearl Kin (M~'s71)
GRX1 2.65+0.51° 161.6+15° 6.1 x 10% 0.34£0.04 304 £431 8.9 x 10*
GRX2 3.75+0.66 26.5+4.1 7.1 x 10° 0.20£0.04 7.1£027 3.5 x 10*

@ Data are from Ref. [8].



X.-H. Gao et al./FEBS Letters 584 (2010) 2242-2248

Glutathione
binding site

Catalytic
cysteine

Chlamydomonas GRX1

Glutathione
binding site

2247

Catalytic
cysteine

Chlamydomonas GRX2

Fig. 5. Surface electrostatic potentials around the active site of Chlamydomonas GRX1 and GRX2. Positively charged regions are colored in blue and negatively charged

regions in red. The catalytic cysteine and glutathione binding domain are indicated.

ence between the pK, of the leaving group is predicted, according
to the Bronsted theory, to result in a 4-fold higher rate enhance-
ment for GRX1 compared to GRX2 [17,27]. In yeast the higher cat-
alytic activity of yGRX2 compared to yGRX1 was suggested not to
be linked to differences in the pK, of these GRXs but to the orien-
tation of the side chain of the second active site cysteines due to
surrounding amino acids [27]. The high reactivity of yGRX2 was
shown to depend on the presence of Ser23 and Glu22, which are
replaced by Ala23 and GIn52 in yGRX1. However, Chlamydomonas
GRX1 and GRX2 both possess a Ser/Glu in the corresponding posi-
tions (Fig. 1) as in the highly reactive yGRX2, indicating that the
higher deglutathionylation activity of GRX1 cannot be attributed
to these residues. Other factors may also contribute to the differ-
ences of reactivity between the two Chlamydomonas GRXs, includ-
ing enhancement of the nucleophilicity of GSH, the GRX helix two
dipole moment and the reactivity of the second active site cysteine
which can participate in a non-productive side reaction by forma-
tion of an intramolecular disulfide from the GRX-SG intermediate
[4,17]. However, the higher reactivity of GRX1 was maintained
when DTT was used as a reductant instead of GSH in the ICL reac-
tivation assay (Table 4). This indicates that the differences between
Chlamydomonas GRXs are more likely linked to the differences be-
tween the pK; of their active site catalytic cysteines than to differ-
ences in their ability to enhance the nucleophilicity of GSH.
Furthermore, these results confirm that reduction of the GRX-SG
intermediate by GSH is the rate determining step of the overall
deglutathionylation reaction as previously described [4,28].

4. Discussion

The biochemical characterization of Chlamydomonas GRXs
clearly indicates that the CPYC and CGFS-type GRXSs, initially dis-
tinguished based on sequence and phylogenetic analyses [7], exhi-
bit distinct biochemical properties. Indeed, Chlamydomonas CGFS
type GRXs, GRX5 and GRX6, do not possess classical GRX activities
such as disulfide reductase and DHA reductase activities and they
also poorly catalyze deglutathionylation of artificial and protein
substrates. These results are consistent with previous studies on
CGFS-type GRXs from diverse sources [5,8,9,29]. Moreover, GRX5
and GRX6 were both found to form covalent homodimers through
intermolecular disulfide bonds while the CPYC-type GRXs, GRX1
and GRX2, only form an intramolecular disulfide bond between
their vicinal cysteines. Although it cannot be excluded that GRX5
and GRX6 could catalyze deglutathionylation of more specific sub-

strates, all these results suggest that GRX5 and GRX6 may have
functions distinct from those of classical CPYC GRXs. One of these
potential functions might be related to iron-sulfur cluster assem-
bly/biogenesis. Indeed, yeast GRX5, the homologue of Chlamydo-
monas GRX5, is required for the biogenesis of iron-sulfur
containing proteins [30]. Furthermore, the absence of yeast GRX5
can be complemented by GrxS16, the Arabidopsis homologue of
GRX6 [10]. Further studies will be required to unravel the exact
functions of GRX5 and GRX6 and their higher plant homologues
and to determine whether formation of the intermolecular disul-
fide may play a role in the regulation of the activity of these GRXs.

GRX1 and GRX2, the two CPYC type GRXs of Chlamydomonas,
were found to catalyze disulfide reduction, DHA reduction and
deglutathionylation of B-ME-SG with kinetic parameters similar
to those of in the same range as numerous other GRXs from bacte-
ria to human. Both GRXs were also found to catalyze protein deglu-
tathionylation using the glutathionylated forms of ICL and GAPDH
as substrates. However, compared to GRX2, GRX1 was a more effi-
cient catalyst of deglutathionylation, a property which appears to
rely mainly on the lower pK, of GRX1 active site catalytic cysteine.
These properties are strikingly similar to those of human GRX1 and
GRX2 that also have a one pH unit difference in the pK, of their cat-
alytic cysteines [17]. This similarity with human proteins and
genes is reminiscent of Chlamydomonas and has been emphasized
previously [31].

While the results confirm that different CPYC-type GRXs can
catalyze deglutathionylation at different rates, the most striking
differences were observed when the rates of deglutathionylation
were compared between the two protein substrates, ICL and A4-
GAPDH. Indeed, A4-GAPDH was reactivated 12 times more effi-
ciently than ICL. The reactivation of these enzymes depends on
the deglutathionylation of a single catalytic cysteine [14,15]. More-
over the difference was consistently observed with both GRX1 and
GRX2, suggesting that it is most likely linked to intrinsic properties
of the glutathionylated protein substrates rather than to the prop-
erties of GRXs. Further studies will be required to determine
whether this is also true for other glutathionylated proteins and
to delineate the structural and molecular determinants of the reac-
tivity of glutathionylated proteins with GRXs. These differences in
the reactivity of glutathionylated proteins may have a functional
importance. Indeed, in vivo, different kinetics of deglutathionyla-
tion/glutathionylation, depending on the intracellular redox state,
might exist for different metabolic pathways, thereby allowing a
fine tuning of cell metabolism under stress conditions.
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