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Abstract

Enzymes of the thioredoxin
superfamily of thiol-disulfide
oxidoreductases share the thioredoxin
common fold. Their active sites possess a
Cys-X-X-Cys motif. Intriguingly, the
individual members vary strongly in their
redox properties. Why proteins with very
similar structure exhibit the enormous range
of redox potential has been a puzzling
question for long time. A generally adopted
concept recently is that the X-X dipeptide
sequence modulates the redox properties of
these enzymes (e.g. Huber-Wunderlich and
Glockshuber 1998, A single dipeptide
sequence modulates the redox properties of a
whole enzyme family. Fold.& Des.,,
3:161-171.).  Our previous investigation in
the first X however does not quite reconcile
with this notion. To clarify this point, in



this one-year project, we performed
additional site-directed mutagenesis,
Gly33—lle, on the prototype protein of this
family, E. coli thioredoxin to investigate how
the first X would modulate the redox
potential. We found that the mutation does
not significantly affect the redox properties
of the protein. The effective concentration
of the dithiols (C.s) for the mutant and the
wild-type proteins are 12 M and 10 M,
respectively.  Equilibrium constant obtained
from pair-wise reaction between the mutant
and the wild-type proteins shows a value of
0.8, indicating that the replacement does not
significantly affect the thiol-disulfide redox
equilibrium. The redox potentials of the
mutant and the wild-type proteins do not
differ significantly (2.9 mV). CD and
fluorescence spectroscopies show that the
secondary and the tertiary structures of the
mutant proteins do not vary from those of the
wild-type, either in the oxidized or the
reduced states, which are in accord with the
results of redox measurements. Therefore,
substitution of a hydrophobic Ile for Gly at
the first X does not affect the redox potential
or structure of thioredoxin. These results
further substantiate that the modulating
function of the first X in redox potential is
quite limited.

Keywords: thioredoxin, mutation, redox
potential, oxidoreductase

Thioredoxin superfamily of thiol-disulfide
oxidoreductases are wide spread enzymes

that catalyze the redox reactions in all living
organisms. They carry out functions such

as oxidation of proteins, reduction of proteins,
orchestration of protein folding, and
maintenance of redox environments within
cells.

Thiol-disulfide oxidoreductases have
common thioredoxin fold and possess
Cys-X-X-Cys motif that is essential for their
catalysis of redox reactions (Laboissiere et al.,
1995; Walker et al., 1996). The

Cys-X-X-Cys motif'is located in the active
site and capable of forming a disulfide bond
between the two cysteines. An intriguing
feature of proteins in this superfamily is that
their reduction potentials vary widely. E.
coli thioredoxin has a reduction potential (E°*)
of —0.270 V (Moore et al., 1964). A
homologous enzyme, protein disulfide
isomerase, has an E*” of —0.147 to —0.180 V
(Lundstrom and Holmgren, 1993; Darby and
Creighton, 1995). E. coli DsbA has an E*
of —0.09 to —0.11 V (Wunderlich and
Glockshuber, 1993; Grauschopf et al., 1995).
The broad spectrum of the reduction
potential engenders these thiol-disulfide
oxidoreductases diverse roles in living cells.

Considerable effort has been devoted to
finding out the determinants for the reduction
potential of the thioredoxin superfamily of
thiol-disulfide oxidoreductases. The
general thought to date is that the X-X
dipeptide sequence modulates the redox
potential of the thiol-disulfide oxidoreductase
family (Huber-Wunderlich and Glockshuber,
1998).

Thioredoxin is the prototype of this
superfamily of proteins. Itisa 12 kDa
protein that can serve as a reducing agent for
ribonucleotide reductase and other proteins
(Holmgren, 1985; Buchanan et al., 1994;
Powis and Monfort, 2001). The active site
of thioredoxin is composed of
Cys32-Gly33-Pro34-Cys35, which is located
at the N-terminus of 02 helix near the central
portion of the 3-sheet of the protein
(Holmgren et al., 1975; Katti et al., 1990).

In the past years, we investigated the
role of the first X of C-X-X-C motif in the
redox properties of thioredoxin. Contrary to
the general consensus, our results did not
show any mastery of the first X over the
redox potential of thioredoxin. We are quite
curious about the decisiveness of the first X
in the redox potential. In this report, we
constructed another mutation that has an Ile
replacement for Gly33 to investigate the
determination of the first X on the redox



properties of the protein.

Ste Directed Mutagenesis for G33l

G331 was generated by site-directed
mutagenesis using a sequential PCR method
(Kammann et al., 1989; Russel et al., 1988).
A plasmid carries thioredoxin gene, pET/trx,
was used as the template. The first reaction
used a 5’ primer of sequence 5’
TAATACGACTCACTATAGGG 3’ (T7) and
a 3’ primer of sequence 5’
TTGCACGGAATGCACCACTCTGC 3’
(G33I). Underline indicates the position of
alteration. For the second reaction, the
product of the first reaction will be used as
the 5° primer and the 3’ primer (ndemsc/stu)
has a sequence of 5’
TGATGGTGCATAAGGCCTGAACCAGAT
CAG 3’. IUB code is used herein. The
mutant gene, harboring on pGEM-T vector,
was confirmed by dideoxysequence. The
correct plasmid was then digested with Xbal
and EcoRI to give an approximately 400 bp
trxA fragment. It was ligated with pET/trx
vector that has been treated with the same
restriction enzymes. The resultant plasmid
was called pET/G331.

Purification of the mutant and the wild-type
Proteins

G331 mutant protein was overexpressed
from pET/G331in E. coli. The wild-type
protein was expressed from E. coli SK3987.
The proteins were purified by DEAE and
G50 chromatographies. The detail
procedure follows that of Lin (1999).
Electrophoresis of the purified proteins on a
SDS-polyacrylamide gel showed a single
band in both cases.

Measurements of effective concentration of
thiols (Ceff)

Cesr (Page, 1973; 1977; Moore and
Jenks, 1982, Creighton, 1983) of the
wild-type and the G331 mutant proteins were
measured using glutathione as the reference

(Lin and Kim, 1989). The measured Ceg of
wild-type protein was 10 M.  C.pwas 12 M
for G331 mutant protein (Table 1), which is
close to the value of the wild-type protein.

Direct Equilibrium Ratio

Direct redox equilibrium ratio (K;»)
(Aslund et al., 1997) between the G331
mutant and the wild-type thioredoxin was
measured. K, was 0.8 (Table 1),
demonstrating that G331 mutation has little
effect on the redox equilibrium ratio.

Redox potential of the mutant protein

Redox potentials of G331 mutant
thioredoxin was -267 mV, which does not
varied significantly from that of the
wild-type thioredoxin (-270 mV) (Table 1).
The result indicates that the redox potential
does not change significantly by a long-chain
hydrophobic residue at the first X position.

Structural studies by CD

The structures of the oxidized and the
reduced proteins of both the wild-type and
the mutant proteins were studied by CD.
The mutant protein displayed a spectrum
similar to the wild-type protein, either in the
oxidized or reduced forms (data not shown),
in the far UV region. These results showed
that the mutation does not alter the secondary
structure of the protein.

Structural Sudies by fluorescence

The tertiary structure of the mutant and
the wild-type proteins were compared by
fluorescence spectroscopy. The
fluorescence intensity of the oxidized G331
protein was a little lower than that of the
wild-type protein in the oxidized state
(Figure 1). Reduced form of the G331
protein showed an increase in fluorescence
relative to the oxidized form, and its intensity
resembles that of the reduced wild-type
thioredoxin (Figure 1). The results indicate
that the mutation does not alter the tertiary
structures of the protein in the reduced state.



Thioredoxin have been implicated in a
large number of cell events. Its oxidation
and reduction functions take part in many
cellular reactions. The C-X-X-C motif in
its active site is essential in carrying out such
redox functions. The central residues in the
motif are considered to be a determinant of
the redox potential. In this study, we
performed a Gly - Ile substitution at the first
X position of E. coli thioredoxin. Ceg
measurements demonstrate that the mutant
protein has a value similar to that of the
wild-type protein. The redox equilibrium
between the G331 mutant and the wild-type
protein shows a value of 0.8, again showing
that G331 dose not significantly interfere
with the thiol-disulfide equilibrium. The
redox potential difference between the
mutant and the wild-type proteins is merely
2.9 mV. All thee results indicate that a long
hydrophobic side chain at the first X position
does not vastly change the redox properties
of thioredoxin.

CD spectra indicate that the structure of
either oxidized or reduced thioredoxin is not
altered by the G331 substitution. The
tertiary structure of the reduced G331 is
similar to that of the wild-type protein.
However, the oxidized G331 exhibits a lower
intensity in the fluorescence spectra. The
tryptophan residues (residue 28 and 31) are
in close proximity to the active site. The
lowering of intensity could be due to an
increase in the quenching of tryptophan
intensity. We will further investigate this
point. Nevertheless, the relatively
inefficient of the Ile in altering the redox
properties of thioredoxin suggests that the
control of redox potential by the first X is
limited.
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Table 1. Redox Properties of G331 and Wild-type Thioredoxin

Trx Cetr Direct equilibrium ratio A E° A E”
M) between G33V and (mV) (mV)
wild-type (Ki,)
G331 12.320.5 0.8+0.1 -267 2.9
Wild-type 10+1 -270
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Figure 1. Fluorescence of G331 and Wild-type thioredoxin. —, oxidized wild-type; "~~~ , reduced
wild-type; ------ , oxidized G33I; -, reduced G331



