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ABSTRACT: Glutaredoxins (Grxs) play important roles in the redox system via reduced glutathione as a reductant. A TcmonoGrx
cDNA (1039 bp, EU158772) encoding a putative monothiol Grx was cloned from Taiwanofungus camphorata (formerly named
Antrodia camphorata). The deduced amino acid sequence is conserved among the reported monothiol Grxs. Two 3-D homology
structures of the TcmonoGrx based on known structures of human Grx3 (pdb: 2DIY_A) and Mus musculus Grx3 (pdb: IWIK_A)
have been created. To characterize the TcmonoGrx protein, the coding region was subcloned into an expression vector pET-
20b(+) and transformed into E. coli C41(DE3). The recombinant His6-tagged TcmonoGrx was overexpressed and purified by
Ni* "-nitrilotriacetic acid Sepharose. The purified enzyme showed a predominant band on 10% sodium dodecyl sulfa-
te—polyacrylamide gel electrophoresis (SDS-PAGE). The enzyme exhibited glutathione reductase (GR) activity via dithioni-
trobenzoate (DTNB) assay. The Michaelis constant (Ky;) values for GSSG and NADPH were 0.064 and 0.041 mM, respectively.

The enzyme's half-life of deactivation at 60 °C was 10.5 min, and its thermal inactivation rate constant (kq) was 5.37 X 10" > min™ .

The enzyme was active under a broad pH range from 6 to 8. The enzyme retained 50% activity after trg;psin digestion at 37 °C for 40

min. Both mutants C**—8* and C'**—5"% lost 40—50% GR activity, whereas the mutant §'**—C

GR activity.

1 . .
showed a 20% increase in its
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B INTRODUCTION

Taiwanofungus camphorata is a medicinal mushroom found
only in the forests of Taiwan and has traditionally been used
for treating liver cancer and drug intoxication, among others.
T. camphorata was first named Antrodia camphorata in 1997.!
A phylogenetic analysis based on sequence data of rRNA genes of a
large ribosomal subunit indicated that A. camphorata is distantly
related to other species in Antrodia. The fungus was subsequently
transferred to the new genus Taiwanofungus.” T. camphorata has
been shown to exhibit anticancer properties,”* and many studies
are aimed at finding the exact bioactive compounds of the
mushroom.” Recently, we established an expressed sequence tag
(EST) from the fruiting bodies of T. camphorata to search for
physiologically active components including antioxidant enzymes.
We have cloned and characterized a 1-Cys peroxiredoxin,® a 2-Cys
peroxiredoxin,7 a superoxide dismutase,® a catalase,” a glutathione
formaldehyde dehydrogenase,'® a phospholipid hydroperoxide glu-
tathione peroxidase,'" a dithiol glutaredoxin,'* and a 2-Cys perox-
iredoxin isozyme'” on the basis of the established EST from T.
camphorata. This encourages us to further search for active compo-
nents from T. camphorata for potential medical applications.

Glutaredoxins (Grxs) play crucial roles not only in redox
reactions but also in iron—sulfur cluster assembly and heme
biosynthesis.'* Grxs can be classified into four categories on the
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basis of their structures and catalytic properties.'® The first
category is exemplified by Grx1 and Grx3 from Escherichia coli,
both of which contain the CPYC motif in their active site.'® This
group belongs to dithiol Grx, with molecular mass of 9—12 kDa.
The second category is related to the glutathione S-transferase
and is exem})liﬁed by E. coli Grx2 (with a larger molecular mass of
24.3 kDa)."” Grx2 can catalyze disulfide formation between
glutathione and low f-hydroxyethyl disulfide (HED) or high
molecular mass substrates (such as arsenate reductase) with high
efficiency."® The third category is defined by having a monothiol
active site (CGFES)."®> Monothiol Grxs can be further categorized
into single-domain monothiol Grxs that consist of only one Grx
domain and multidomain monothiol Grxs that contain an
N-terminal thioredoxin (Trx)-like domain and one to three
C-terminal Grx domains.' The fourth category is called CC
type due to the active site motif consisting of either CCXC or
CCXS. This group appears to be specific for higher plants and
might be involved in long-distance signaling.20

Here, we report the cloning of a novel CGFS-type monothiol
Grx from T. camphorata, namely, TcmonoGrx. The coding
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region of the TcmonoGrx ¢cDNA was introduced into an E. coli
expression system and the active enzyme purified and character-
ized. Understanding the properties of this TcmonoGrx will be
beneficial for its potential applications in the health food industry.

B MATERIALS AND METHODS

Total RNA Preparation from T. camphorata and cDNA
Synthesis. Fruiting bodies of T. camphorata, which grew in hay of C.
kanehirai, were obtained from Asian Co., Taiwan (http:/ /www.asian-
bio.com/). Fresh fruiting bodies (wet weight = 8 g) were frozen in liquid
nitrogen and ground to powder in a ceramic mortar. PolyA mRNA
(30 ug) was prepared using Straight A's mRNA Isolation System
(Novagen, Gibbstown, NJ). Four micrograms of the mRNA was used
in the S"RACE-Ready cDNA and 3'-RACE-Ready cDNA synthesis
using Clontech’s SMART RACE ¢cDNA Amplification Kit.

Isolation of TcmonoGrx cDNA. Using the T. camphorata
S'-RACE-Ready cDNA as a template and a UPM (universal primer A
mix, purchased from BD Biosciences) primer and a degenerate primer
(5 CAK CCS CCR AAK GCA AAA TA 3'), a 675 bp fragment was
amplified by PCR. The degenerate primer was designed on the basis of the
conserved sequences of sulfiredoxin (Srx) from HsSrx (Homo sapiens,
Q9BYNO), MmSrx (Mus musculus, Q9D97S), RnSrx (Rattus norvegicus,
NP_001041323), DmSrx (Drosophila melanogaster, Q9VX10), SpSrx
(Schizosaccharomyces pombe, QOURVY), LeSrx (Lodderomyces elongis-
porus, XP_001528434), ScSrx (Sacchammyces cerevisiae, P36077), OsSrx
(Oryza sativa, Q45GC6), and AtSrx (Arabidopsis thaliana, NP_001077638).
The 675 bp fragment was subcloned and sequenced. On the basis of this
DNA sequence, a Trx Grx-1F primer (5" CGT CCG TTA AGC CCC
TGT CC 3’) and a Trx Grx-1R primer (5 GGA CAG GGG CTT AAC
GGA CG 3') were synthesized. The primers allowed sequence extension
from both ends of the 675 bp fragment. Two PCRs were carried out;
each used 0.2 ug of the 3'-RACE-Ready cDNA or 5'-RACE-Ready
cDNA as a template. The primer pairs in each reaction were Trx Grx-1F
primer and UPM and UPM and Trx Grx-1R primer. A 505 bp fragment
(3/-RACE; 3'-DNA end) and a 553 bp DNA (5'-RACE; 5'-DNA end)
were amplified. Both DNA fragments were subcloned into pCR4 vector
and transformed into E. coli TOPO10. The nucleotide sequences of
these inserts were determined in both strands. Sequence analysis
revealed that the combined sequences covered an open reading frame
of a putative monothiol Grx cDNA (TcmonoGrx, 1039 bp, EMBL no.
EU158772). The identity of this TcmonoGrx clone was assigned by
comparing the DNA sequence and the inferred amino acid sequence in
various data banks using the basic local alignment search tool (BLAST).

Bioinformatics Analysis of TcmonoGrx. The BLASTP pro-
gram was used to search homologous protein sequences in the non-
redundant database (NRDB) at the National Center for Biotechnology
Information, National Institutes of Health (http://www.ncbi.nlm.nih.
gov/ ). Multiple alignments were constructed using the ClustalW2
program. Protein secondary structure was predicted by SWISS-MODEL
program and represented as @ helices and [§ strands. There is no
complete 3-D structure available for a monothiol Grx possessing both
Trx-like domain in the N-terminus and monothiol Grx domain in the
C-terminus; therefore, created two 3-D homology structures were
created as follows: A 3-D homology structure of Trx-like domain
pertaining to the N-terminal part of TcmonoGrx was created by
SWISS-MODEL*"  (http://swissmodel.expasy.org/SWISS-MODEL.
html) based on the known Trx-like structure (pdb: 2DIY_A) of HsGrx3
(H. sapiens, 076003). The model superimposed with ScTrx1 (pink, pdb:
2I9H) via the SPDBV_4 program was shown by using a protein solid
ribbon. A 3-D homology structure of monothiol Grx domain pertaining
to the C-terminal part of TcmonoGrx was created by SWISS-MODEL
on the basis of the known monothiol Grx domain structure (pdb:
IWIK_A) of MmGrx3 (M. musculus, Q9CQMY). The model

superimposed with EcGrx4 (pink, pdb: 1YKA) via the SPDBV 4
program was shown by using a protein solid ribbon.

Subcloning of TcmonoGrx cDNA into an Expression Vec-
tor. The coding region of the TcmonoGrx cDNA was amplified using gene-
specific flanking primers. The S’ upstream primer contains the EcoRI
recognition site (S GAATTCG ATG GCA ACA ACC ACC AAC 3')
and the 3’ downstream primer contains the Xhol recognition site
(8 CTCGAG CTG AGT CAC AAG CTC CTG 3'). Using 02 ug of
TcmonoGrx cDNA as a template and 10 pmol of each S upstream and 3
downstream primer, a 0.7 kb fragment was amplified by PCR. The fragment
was ligated into pCR4 and transformed into E. coli. The recombinant plasmid
was isolated and digested with EcoRI and Xhol. The digestion products were
separated on a 1% agarose gel. The 0.7 kb insert DNA was gel purified and
subcloned into the EcoRI and Xhol sites of pET-20b(+) expression vector
(Novagen, Darmstadt, Germany). The recombinant DNA was then trans-
formed into E. coli C41(DE3). The recombinant protein was overexpressed
in E. coli and its function identified by activity assay as described below.

Expression and Purification of the Recombinant Tcmo-
noGrx. The transformed E. coli containing the TcmonoGrx was grown
at 37 °C in 200 mL of Luria—Bertani containing 50 ttg/mL ampicillin
until Agoo reached 0.7. Protein expression was induced by the addition of
isopropyl 3-p-thiogalactopyranoside to a final concentration of 1 mM.
The culture was incubated at 100 rpm for an additional 6 h at 32 °C. The
cells were harvested and soluble proteins extracted in PBS with glass beads
as described before.”> The recombinant TcmonoGrx was purified by Ni-
NTA affinity chromatography (elution buffer: 1/3 x PBS containing
100 mM imidazole) as per the manufacturer’s instruction (Qiagen). The
purified protein was checked by a 10% SDS-PAGE. Proteins on gel were
detected by staining with Coomassie Brilliant Blue R-250. Protein
concentration was determined by a Bio-Rad Protein Assay Kit
(Richmond, CA) using bovine serum albumin as a reference standard.

Molecular Mass Analysis via Electrospray lonization
Quadrupole-Time-of-Flight (ESI Q-TOF). The purified recombi-
nant TcmonoGrx (0.5 mg/mL) was prepared in 0.03 X PBS containing
0.05 mM imidazole and 0.05% glycerol. The sample (S «L) was used for
molecular mass determination using an ESI Q-TOF mass spectrometer
(Micromass, Manchester, U.K.).

Glutaredoxin Activity Assay. Grx activity was determined by
measuring GSH-dependent reduction of -hydroxyethylene disulfide
(HED), (HOCH,CH,),S,.>* The reaction mixture contained 100 mM
Tris-Cl (pH 7.4), 0.6 g of GR (glutathione reductase, Sigma), 0.3 mM
HED, 0.2 mM NADPH, and 0.8 mM GSH. The reaction was started by
the addition of Grx, and a mixed disulfide between HED and GSH was
generally formed within 2 min. The reaction was followed by a decrease
in As4o due to the oxidation of NADPH. This assay method is generally
used to determine the dithiol Grxs' activity. Most of the monothiol Grxs
are inactive using this HED assay.24

Glutathione Reductase (GR) Activity Assay. The GR activity
of recombinant TcmonoGrx was tested at 25 °C by monitoring the
oxidation of NADPH at Az, for GSSG reduction.”> >” The reaction
mixture contained 100 mM potassium phosphate buffer (pH 8.0), 0.2 mM
NADPH, and $ mM GSSG in a total volume of 100 L. The reaction was
started by the addition of 10 ug of TcmonoGrx or 4 uM E. coli TR
(thioredoxin reductase, Sigma) as a control. The reaction's progress was
followed by the decrease in A3, due to the oxidation of NADPH between
10 and 40 min. To measure the amount of reduced GSH produced by
TemonoGrx, 5,5 -dithiobis(2-nitrobenzoic acid) (DTNB) was added into
the former reaction to 1 mM at the 40 min time point. One mole of 5-thio-
2-nitrobenzoic acid (TNB) is formed per mole of GSH oxidized. The
amount of TNB formed was measured at 412 nm for 1.0 min. The molar
absorption coefficient of TNB at 412 nm is 13.6 mM ™" cm ™.

Enzyme Characterization. The TcmonoGrx enzyme was tested
for stability in terms of its GR activity under various conditions. Aliquots
of the TcmonoGrx sample were treated as follows: (1) Thermal effect.
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Figure 1. Alignment of the amino acid sequences of TcmonoGrx with other organisms” CGFS-type glutoredoxins or thioredoxin and 3-D homology
structures. (A) Sequence alignment: TcmonoGrx (this study), CnGrx (Cryptococcus neoformans, QSKJR8), ScGrx4 (Saccharomyces cerevisiae, P32642),
ScTrx1 (P22217), and EcGrx4 (Escherihcia coli, POAC69). Identical amino acids in all sequences are shaded black; conservative replacements are shaded
gray. Protein secondary structure was predicted by SWISS-MODEL program and represented as 0 helices and 3 strands. (B) A 3-D homology structure
of a Trx-like domain from N-terminal (Thr4—Ser115) TmonocGrx. The Trx-like structural model of the TcmonoGrx was created on the basis of the
known Trx-like structure (pdb: 2DIY_A) of HsGrx3 (Homo sapiens) via SWISS-MODEL program and was superimposed to obtain structure alignment
via SPDBV_4 program. Superimposition of the Trx-like domain of TcmonoGrx (green) and ScTrx1 (pink) is shown using protein solid ribbons. (C) A
3-D homology structure of monothiol Grx domin from the C-terminal end (Argl42—Thr236) of the TmonocGrx. The monothiol Grx domain
structural model of the C-terminal TmonocGrx was created on the basis of the known monothiol Grx domain structure (pdb: IWIK_A) of MmGrx3
(Mus musculus) via SWISS-MODEL program and was superimposed to obtain structure alignment via SPDBV_4 program. Superimposition of
monothiol Grx domin of TcmonoGrx (orange) and EcGrx4 (pink) is shown using protein solid ribbons. The residues coordinating active sites Cys* and
Cys'® are conserved as they are present in all reported Trx-like domains and monothiol Grx domains of monothiol Grxs. The upper yellow ball
represents the active site.

Enzyme sample was heated to 60 °C for 2, 4, 8, or 16 min. (2) PH effect.
Enzyme sample was adjusted to desired pH by adding a half-volume
of buffer with different pH values: 0.2 M citrate buffer (pH 2.5 or 4.0),
0.2 M Tris-HCl buffer (pH 6.0 or 8.0), or 0.2 M glycine—NaOH
buffer (pH 10.0 or 11.0). Each sample was incubated at 37 °C for 1 h.
(3) Imidazole effect. During protein purification, the TcmonoGrx
enzyme was eluted with imidazole. Therefore, the effect of imidazole

on protein activity was examined. Imidazole was added to the enzyme
sample to a level of 0.2, 0.4, or 0.8 M and incubated at 37 °C for 1 h.
(4) Proteolytic susceptibility. The enzyme was incubated with /1o of
trypsin or chymotrypsin (w/w) at pH 8.0 and 37 °C for a period of , 10,
20, or 40 min. Aliquots were removed at various time intervals for
analysis. After each treatment, the residue GR activity was tested using
the DTNB assay as described above.
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Kinetic Studies. The kinetics properties of the TcmonoGrx (3.7 uM)
were determined by varying the concentration of GSSG (from 0.06 to
3 mM) with a fixed amount of 0.2 mM NADPH or by varying the
concentration of NADPH (from 0.04 to 0.2 mM) with a fixed amount
of S mM GSSG. The change in absorbance at 340 nm was recorded
between 20 and 40 s. The molar absorption coefficient of NADPH at
340 nmis 6.22 X 10° M~ em ™" The Ky, Vi and ke, were calculated
from Lineweaver—Burk plots.

Site-Directed Mutagenesis (C*°—5, C'6°—g165, §168_.168)
The TemonoGrx cDNA in pET-20b(+) prepared above was used as the
wild-type template for site-directed mutagenesis using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Three mutants, C40S,
C165S, and S168C, were created, and their sequences were verified by
nucleotide sequencing. The expressed proteins were purified by affinity
chromatography as described before. The purified mutant proteins were
tested for Grx activity via HED method or GR activity.

B RESULTS

Cloning and Characterization of a cDNA Encoding Tcmo-
noGrx. A putative TcmonoGrx cDNA clone was identified on
the basis of the consensus pattern and sequence homology to the
published Grxs in the NCBI data bank. The coding region of
TcmonoGrx cDNA was 711 bp, which encodes a protein of 237
amino acid residues with a calculated molecular mass of 29 kDa
(EMBL accession no. EU158772). Figure 1 shows the optimal
alignment of the amino acid sequences of TcmonoGrx with four
selected sequences. This TcmonoGrx shared 54% identity with
CnGrx (Cryptococcus neoformans, QSKJR8), 34% identity
with ScGrx4 (S. cerevisiae, P32642), 17% identity with ScTrx1
(S. cerevisiae, P22217), and 38% identity with EcGrx4 (E. coli,
POAC69) using the Blast 2 sequence program. The TcmonoGrx
enzyme belongs to the monothiol Grx subfamily because of the
presence of a highly conserved monothiol catalytic motif
C'®*GFS (Figure 1). The secondary structure was predicted by
SWISS-MODEL program and represented as o helices and 3
strands (Figure 1A). The asterisks denote the conserved residues
(WAEPC"K) possessing a Trx-like domain. The residue co-
ordinating active site Cys*® is conserved as it is present in all
reported Trx-like domains. The triangles denote the conserved
residues (C'®*GFS) belonging to the monothiol Grx domain.
The residue coordinating active site Cys'® is conserved as it is
present in all reported monothiol Grx domains. A 3-D homology
structure of the Trx-like domain pertaining to the N-terminal
part of TcmonoGrx was created on the basis of the known Trx-
like domain structure of HsGrx3. The model superimposed with
ScTrxl (pink) via the SPDBV_4 program was shown using a
protein solid ribbon (Figure 1B). A 3-D homology structure of
the monothiol Grx domain pertaining to the C-terminal part of
TcmonoGrx was created on the basis of known monothiol Grx
domain structure of MmGrx3. The model superimposed with
EcGrx4 (pink) via the SPDBV_4 program was shown using a
protein solid ribbon (Figure 1C).

Expression and Purification of the Recombinant Tcmo-
noGrx. The coding region of TcmonoGrx (711 bp) was ampli-
fied by PCR and subcloned into an expression vector, pET-
20b(+), as described under Materials and Methods. Positive
clones were verified by DNA sequence analysis. The recombi-
nant TcmonoGrx was expressed, and the proteins were analyzed
by a 10% SDS-PAGE in the absence a reducing agent without
boiling (Figure 2). The recombinant TcmonoGrx was expressed
as a His6-tagged fusion protein and was purified by affinity

M 4 5 (] 7
kDa
N—_
ss8— —
45—
35—

Figure 2. Expression and purification of recombinant TcmonoGrx in
E. coli. Fifteen microliters (loading buffer without mercaptoethanol and
without boiling) of each fraction was loaded into each lane of the 10% SDS-
PAGE followed by Coomassie Brilliant Blue R-250 staining. Lanes: 1, crude
extract from E. coli expressing TcmonoGrx; 2, flow-through proteins from
the Ni-NTA column; 3, washed from Ni-NTA column; 4—7, TcmonoGrx
eluted from Ni-NTA column. Molecular masses (in kDa) of standards are
shown at left. The arrow indicates the target protein.

chromatography with nickel chelating Sepharose. A major band
with a molecular mass of ~29 kDa (the expected size of the
TcmonoGrx monomer) was detected in Ni-NTA eluted frac-
tions by SDS-PAGE (Figure 2, lanes S and 6). A minor band
above S5 kDa, presumably the dimeric form of Grx, was
observed. The Ni-NTA eluted fractions containing pure protein
were pooled and characterized further. Analysis of the Tcmo-
noGrx by ESI Q-TOF confirms the presence of one major
protein band with a molecular mass of 28.6 kDa. This indicates
that the enzyme is predominantly monomeric in nature. The
yield of the purified His6-tagged TcmonoGrx was 300 ug from
20 mL of culture. Functional TcmonoGrx was detected by
activity assay as described below.

Characterization of the Purified TcmonoGrx. The Tcmo-
noGrx enzyme was shown to possess novel GR activity by its
ability to reduce the GSSG to GSH via NADPH. As shown in
Figure 3A, the NADPH consumption in the reaction depended
on the presence of GSSG (S mM) and TcmonoGrx (10 ug/
0.1 mL) and was not caused by E. coli TR. The GSH produced in
these reactions was used to reduce DTNB to TNB (Figure 3C).
The GR activity of TcmonoGrx exhibits linearity between the
enzyme levels and the reaction rate. As the TcmonoGrx levels
increased from 20 to 100 ug/mL, the reaction rate increased
(Figure 3B,D).

Heat stability and imidazole effects of the TcmonoGrx were
tested because the information is useful for developing enzyme
purification protocols. To examine the effect of heat on GR
activity, the purified TcmonoGrx was heat-treated as described
under Materials and Methods and then analyzed for the residue
GR activity. The enzyme appeared to be heat stable. TcmonoGrx's
half-life of deactivation at 60 °C was 10.5 min, and its thermal
inactivation rate constant (kg) was 5.37 x 10~ >min " (Figure 4).

TcmonoGrx has an optimal GR activity at pH 6.0, and the
enzyme retained significant activity at pH 4—10.0 (Figure SA).
The enzyme retained about 60% activity in the presence of
0.2—0.8 M imidazole (Figure SB). The enzyme lost 20 or 40%
activity after 40 min of incubation at 37 °C with '/, of trypsin or
chymotrypsin (w/w) (Figure SC). The protease tests were useful
in understanding the effect of the digestive enzymes on Tcmo-
noGrx and its suitability as a health food.
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Figure 3. TcmonoGrx possesses GR activity. The oxidation of NADPH at 25 °C was followed spectrophotometrically at 340 nm in a coupled enzymatic
assay (see Materials and Methods for further details). (A) Consumption of NADPH (0.2 mM) in the assay depended on GSSG (S mM) and TcmonoGrx
(10 ug/0.1 mL) and was not caused by E. coli TR (thioredoxin reductase, 4 #M). Components that were varied in the sample cuvette are indicated. The
sample without TcmonoGrx contained elution buffer as a control. (B) Reaction velocities (NADPH oxidation) with 0.2 mM NADPH and 5 mM GSSG
were proportional to the concentration of TcmonoGrx at an enzyme concentration of <100 #g/mL. (C) Production of TNB (1 mM DTNB was reduced
by GSH that was produced due to GSSG reduction) in the coupled assay depended on NADPH (0.2 mM), GSSG (S mM), TemonoGrx (10 ug/0.1 mL)
and was not caused by E. coli TR (4 uM). Components that were varied in the sample cuvette are indicated. (D) Reaction velocities (GSSG reduction) with
0.2 mM NADPH and S mM GSSG were proportional to the concentration of TcmonoGrx at an enzyme concentration of <100 #g/mL. (E) Production of
TNB was proportional to the amount of reduced GSH. The data shown in panels A and C were analyzed by ANOVA and Scheffe’s test.

Kinetics Studies of the Purified TcmonoGrx. As shown in
Figure 6, the Lineweaver—Burk plot of the velocity (1/V) against
1/GSSG gave Ky = 0.06 mM, V,,,, = 0.03 mM/h, and k_,, = 8.10
h™". The plot of the velocity (1/V) against 1/NADPH gave Ky, =
0.04 mM, V.. = 006 mM/h, and ko = 17.01 h™' for
TcmonoGrx, respectively.

Site-Directed Mutagenesis (C*°—5, C'6°—§'65, §168.168)
The effect that mutation of either the cysteine or the serine located in
the active site (CGFS) had on GR activity was examined by creating
amino acid substitution mutants C165S and S168C. When the
enzyme was mutated to the dithiol (CGFC), the GR activity of the
mutant was increased by 20% as compared to the wild-type protein
(Figure 7). The dithiol mutant still lacks Grx activity by HED assay
(results not shown). When the active site cysteine at position 165 was

replaced with serine (SGFS), the GR activity of the mutant was
decreased by approximately 60% as compared to the wild-type protein
(Figure 7). Another conserved cysteine residue at position 40 (active
site residue of Trx) was replaced with serine. This mutant showed
decreased GR activity by approximately 50% as compared to the wild-
type protein. The results demonstrated that these thiols play im-
portant roles in GR activity.

l DISCUSSION

This study reported the first cloning and expression of an
important reduction enzyme, TcmonoGrx, from T. camphorata.
The biologically active form of TcmonoGrx has been successfully
expressed in E. coli. The enzyme possesses GR activity and is
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Figure 4. Effect of temperature on the purified TcmonoGrx. The
enzyme sample was heated at 60 °C for various time intervals. Aliquots
of the sample were taken at 0, 2, 4, 8, or 16 min and assayed for GR
activity. The figure shows a plot of the thermal inactivation kinetics of
TcmonoGrx activity. Eq and E, are original activity and residual activity
after heating for different time intervals, respectively. Data are means of
three experiments.
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Figure 5. Effect of pH, imidazole, and chymotrypsin or trypsin on the
purified TcmonoGrx. (A) The enzyme samples were incubated with
buffers of different pH values at 37 °C for 1 h and then assayed for GR
activity. (B) The enzyme samples were incubated with various concen-
trations of imidazole at 37 °C for 1 h and then checked for GR activity.
(C) The enzyme samples were incubated with chymotrypsin or trypsin
at 37 °C for various times and then checked for GR activity. The data
shown in panels A—C were analyzed by ANOVA and Scheffe’s test. Data
are the mean & SD of three similar experiments.
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Figure 6. Double-reciprocal plot of varying GSSG and NADPH on
TcmonoGrx activity. The initial rate of the enzymatic reaction was
measured at 0.2 mM NADPH with the GSSG concentration varied from
0.06 to 3 mM (A) and at 5 mM GSSG with the NADPH concentration
varied from 0.04 to 0.2 mM (B). Kyy, Vinayw and ke, were calculated from
Lineweaver—Burk plots.
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Figure 7. Mutation-altering enzymatic activity. Ten micrograms of Tcmo-
noGrx (wild-type, WT) or mutants ('8 —C!8 C10—g™0 Cl—g1%)
was used to obtain GR activity in the presence of 0.2 mM NADPH or 2 mM
GSSG. The data are the mean of three independent experiments.

capable of reducing GSSG to GSH. However, the enzyme lacks
Grx activity when using the HED assay method. This is con-
sistent with Mesecke et al.'s results”* due to having an insertion of
(G"®*EPDA'®?) between K'*” and C'®® (Figure 8) to hinder its
reduction by GSH. Using site-directed mutation to change a
mutant (S'%*—C'%®), it looked like a dithiol Grx (having
C'*GFC'® motif instead of original C'>GFS'%®); this mutant
was still inactive using the standard Grx assay via HED assay
method, although a 20% increase in GR activity was found. This
further indicated that insertion G'**EPDA'®* is crucial to
TcmonoGrx. There are several examples as shown in Figure 8,
which is consistent with Mesecke et al.'s paper; five monothiol
Grxs, each containing an insertion seqzuence such as ScGrx3,
ScGrx4, and ScGrxS from S. cerevisiae,”**® EcGrx4 from E. coli,”’
and CrGrx3 from Chlamydomonas reinhardtii,>® were inactive
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TemonoGrx MATTTNFHDVTSAEHFQSLLSEDLN-RVSL | NFWAP 35
Solrx3d MCSFQVPSAFSFNYTSYCYKRHOARYYTAAKLFQEMPV | EINDQEQFTYLTTTAAGDKL IVLYFHTS 67
Solrxd MTVVE | KSGDAFTGLTTTNAANKL | VLYFKAG 32
SeGrx5 =
EcGrx4 -
CrGrx3 =
TeGrx =
Solrx6 =
Solrx7 ”
TomonoGrx  WAEPCKQGMNVVVQELAKKYP--QLLV | GVEAETGSD | AESFEVESVPSFVILRGHTLLGR | SGADAP 100
SeGrxd WAEPCKALKQYFEA | SNEPSNSNVSFLS | DADENSE | SELFEISAVPYF | | IHKGT | LKELSGADPK. 134
ScGrx4 WADPCKTMSQVLEAVSEKVRQEDVRFLS | DADEHPE | SDLFE | AAVPYFVF | GNGT | VKE | SAADPK 99
Solrxb MFLPKFNP | RSFSP | LRAKTLLRYQN— 26
EcGrxd ¥
CrGrx3 MASLGCNMRPATT ILTRRPAQVARKS | GVARSQTVRVTASG— 41
ToGrx -
ScGrx6 MIPSNKRNAR | LS| TTLLLLLVFFVAGNANFLTVE | KEE 39
ScGrx7 MA IV INKRNVRVLV I TNLLL I VVFFVLRNSNASYNESITT 40
TomonoBrx  ALTDTVAKHVQALPSVKPLSKTDREPEVS: 130
ScGrx3d EYVSLLEDCKNSVNSGSSQTHTMENANVNEGSHNDEDDDDEE: 176
ScGrx4 EFVKSLE ILSNASASLANNAKGPKSTSDEESSGSSDD: 136
Solirx5 -
EcGrxd —
CrGrx3 =
Telrx %=
ScGrx6 TSKAFSTNMDNMAGGSSREYAAMPTSTTNKGSSEVDEE | NE | KQKVGLQGP | ASVDDSLSAIKNDKG 1086
Sclrx7 HHPDSLVTFDNSGNAPGTHASVHDTVYNTQ—————DKEAEEVDKNSG: 81
_~insertion
TomonoGrx  EKLETQEELNNRLRGLMAKDKVV EPDQE RIVTLARDOGYVQ-—FSYFDIFSDE— 191
ScGrx3 EEEETEEQ|NARL TKLVNAAPYML MUGSPSEPKEGF “ROLVG | IREHQVR—FGFFDILRDE— 237
ScGrx4 EEDETEEE I NARLVKLVQAAPYM SPSEPK{®G QLVG | MREHQ | R——FGFFDILRDE-— 197
Sclrx5 —RMYLSTEIRKAIEDA | ESAPYVL TPEFPK[EGF=RAT | GLUGNQGVDPAKFAAYNVLEDP— 89
EcGrx4 ————MSTTIEKIQRQ | AENPILL SPKLPS{EGF < AQAVQARAAGGER-——FAYVD ILONP— 56
CrGrx3 ————MAPDLKKS | DEL | ASNKVVV| TRGFPMEG hNT?Vn! VMDVP-—YQTVNILEDD— 28
TeGrx ———==MSAAK | KAQK | | DENGVA - _5 #PYCRATKQLIENDLGAK——=YYT | ELDEVDDGS 54
Sclrx6 SRITKAFNVOKEYSL ILDLSPI 1 1] —5TESYSKGMKELMENEYQF IPNYY | IELDKHGHGE 168
ScGrx7 ~—~DAEFDAAAEYNK | MEQSPM | ———TGEPYKKLKALRTNSYTFSPSYYVVELDRHEHTK 140
*e
TomonoGrx smseﬁm IPFROL I VNCEFVER D IVOEMVENGE—JOELVTO 237
Sclirx3 SVRGN FSEWPIFFOLY | “-l]lKESLEEDPDF!ﬂHﬁLOS 285
ScGrxd NVRQSU‘KFS YPUFROLY INCEFQEeLD| | KES | EEDPEYFQHALQ 244
Sclrx5 ELREG | JEFSEWPY | GOLYVNKEF | DV| TSMARSGE—MADLLEEA—QALVPEEEEETKDR— 150
EcGrx4 DIRAELPKYA "TiHFLWVDEEL ‘tllVIEMYURGE-—iﬁGLIKETRAKYKSEEPD&E-—-—-- 115
CrGrx3 MRSGM;‘EYS | NEDFFEECD |MMEAYQSGE——EKEQLE | ALNS—=—————=—————— 148
TeGrx DIQAAL JEINGQTS 1Y IKQQH | {¢e S--DLQARRSE-—'PELLKDAGAV—---—-— ----- 102
Solrx6 ELQEY I L VTGR LLV#’VS HE[ENEE | KKLHTQGK—ELESLQVWSDGKFSVEQREKPSNN— 231
SeGrx7 ELQDQIEKVTG 11 GETSREEYTE | AELHKNDE——ELDSFKKWSDGAFTVKANSQSESA— 203

Figure 8. Comparison of insertion sequence between K and CGFS of TcmonoGrx with other organisms on Grx activity. Five monothiol Grxs, each
contained an insertion sequence such as ScGrx3, ScGrx4, or ScGrxS from S. cerevisiae, EcGrx4 from E. coli, or CrGrx3 from C. reinhardtii, were inactive
using the HED assay method. One TcGrx (a dithiol Grx from T. camphorata) and two monothiol Grxs (ScGrx6 and ScGrx7), without insertion
sequence, were active using the HED assay method. The red box denotes insertion sequences between K and CGFS.

using the HED assay method. TcGrx (a dithiol Grx from
T. camphorata)12 and two monothiol Grxs (ScGrx6, ScGrx7)**
without insertion sequences were active using the HED assa
method. Furthermore, the active site domain (GGTC”-
VIRGC*VPKK) and 2 Arg residues (R*—R*, a six distal-site
for Arg residues) providing a NADPH binding site exist in
sweet potato GR,*>~*” whereas this TcmonoGrx contains putative
active sites (WAEPC*’K, RC'®GFSRR) and 10 Arg residues

3834

(R26 7, 9% 124. 142, 164, 169170, 176, 194, o il the ones located
at the RC'GFSRR motif provide the six distal sites for Arg residues
(R'**19 170) "and it is likely to be a NADPH binding site
responsible for catalyzing GSSG reduction.

This TemonoGrx from T. camphorata shows glutathione
reductase activity and can regulate/reduce GSSG/GSH ratio,
which can in turn reduce the oxidative stress in organisms. This
property may be beneficial for its potential use as a health food.
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