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ABSTRACT: Escerichia colithioredoxin is a redox-active protein. A mutant protein with an aspartic acid
substitution for the largely conserved glycine at position 33 (G33D) in the active site of thioredoxin has
been generated to study the effects of a negatively charged residue in the active site of the protein. Despite
the close proximity of the negative-charged Asp to the redox active cysteines, the effective concentration
of the cysteines does not deviate significantly from that of the wild-type protein. The redox potential
(E®) measured by the equilibrium between NADPH and the mutant thioredoxin is also close to that of
the wild-type. Kinetic measurements of the reaction between thioredoxin and thioredoxin reductase show
that G33D mutant and the wild-type proteins have identigalalues. However, thK,, for G33D mutant

is approximately 10-fold higher than that for the wild-type protein. In vivo assay of the grovEhaafli

strain carrying wild-type or G33D mutant thioredoxin on methionine sulfoxide indicates that the G33D
mutant protein is a slower electron donor for methionine sulfoxide reductase. Structural stability of the
oxidized protein is not altered by the G33D substitution, as illustrated by the same unfolding free energies
studied by urea. The substitution does not show significant change of the near UV and far-UV circular
dichroic (CD) and the fluorescence spectra for either the reduced or the oxidized protein. Therefore, the
global structure of the G33D protein is not changed. However, the surface of the active site has been
altered locally by G33D substitution, which accounts for the above kinetically poor behaviors. A model
of G33D structure is constructed based on these studies.

Thioredoxin is a small protein d&fl, approximately 12 000.  (15) recently isolated thioredoxin frortlostridium stick-
It was initially isolated as a reducing agent for ribonucleotide landii and found that it has a Glu at the position & ¢oli
reductase ¥) and methionine sulfoxide reductasg, Q). nomenclature) of the active-site consensus sequence. This
Subsequently, it was found in all living organisms from thioredoxin does not react with thioredoxin reductase from
archaebacteria to humand—6). The protein serves as a E. coli using a complementation assay in which NADPH
general protein disulfide reductase. It is an effective reductantformation from dithiothreitol was determined5). C. stick-
of insulin in animal cells 7), and an activator of certain  landii thioredoxin varies front. coli thioredoxin in several
enzymes of carbon dioxide fixation, such as spinach chloro- positions (5). Therefore, it is not clear whether the Gly
plast fructose bisphosphatase and NADP-dependent malaté€slu replacement is responsible for the incompatibility.
dehydrogenase3(9) in higher plants. It is also involved in  Mutation of the consensus active site sequenceg.ircoli
the activation of glucocorticoid receptat). thioredoxin has been performed by a number of studiés (
Escherichia coli thioredoxin has been studied most 19), but not with a negatively charged residue. To understand
extensively. The three-dimensional structure of the oxidized the effects of a negatively charged amino acid in the active
form of the protein has been determined by X-ray crystal- site on the structure and function of the protein, we have
lography (1) and refined to 1.68 A 12). The NMR changed Gly at position 33 of thioredoxin to Asp by site-
structures of the oxidized and the reduced thioredoxin havedirected mutagenesis. The redox potential, kinetic parameters
also been obtained in high resolutiatB( 14). Thioredoxin of redox reactions, structural properties, and stability of the
consists of a central core of five symhdktrands enclosed mutant thioredoxin were compared with those of the wild-
by four a helices. The active site is composed of residues type protein. The structural model of the mutant protein was
Cys32-Gly-Pro-Cys35. It is located at the amino ena@f then constructed on the basis of these results.
and afteis2 on the surface of the protein. Cys 32 is exposed
to solvent, whereas Cys 35 is recessed and interacts withEXPERIMENTAL PROCEDURES
residues in other parts of the molecules. Materials Dithiothreitol, NADP, NADPH, methionine
The active-site sequence is largely conserved amongsulfoxide, bovine serum albumin, and Sgthiobis-(2-
thioredoxin of different species. Intriguingly, Harms et al. nitrobenzoic acid) (DTNE)were purchased from Sigma.
Restriction enzymes, T4 DNA ligase, and T4 polynucleotide
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sulfate (SDS) was purchased from Merck. DNA sequencing NaCl from 0 to 0.4 M in buffer A. The elution was monitored
was performed by a Perkin-Elmer 377 DNA auto sequencer by absorbance at 280 nm. The peaks eluted were checked
using ABI Prism Dye Terminator Cycle Sequencing Ready by SDS-polyacrylamide gel electrophoresis (SBDBAGE),
Reaction Kit (Perkin-Elmer). DEAE Sepharose CI-6B, and the fractions corresponding to thioredoxin were pooled
Sephadex G-50, and Sephadex G-100 were obtained fromand concentrated. The solution was then loaded onto a G-50
Pharmacia Biotech. gel filtration column and eluted by buffer A. The elution
Bacterial StrainsE. coli strains A179 [HfrC{)-trxA::kar] was monitored at 280 nm, and peaks were checked by-SDS
and Al?g(pGP-]_-3) were generous|y provided by Dr. S. PAGE. The thioredoxin peak was collected, diaIyzed, and
Tabor (Har\/ard Medical Sch00|)_ pGP3 provides a source Iyophlllzed Thioredoxin thus purified ylelded a single band
of T7 RNA polymerase for expression of thioredoxin cloned on SDS-PAGE. Wild-type thioredoxin was purified from
in pET plasmids under control of T7 transcriptidd. coli one liter of stationary-phase culture &. coli SK3981
SK3981 was generously supplied by Dr. S. R. Kushner following the above purification procedures without induc-
(University of Georgia). Dr. M. Russel (Rockefeller Uni- tion.
versity) kindly providedE. coli A278/pPMR14 that carries Purification of Thioredoxin Reductas@&hioredoxin re-
a cloned trxB gene, A312 inetE:Tn10), and A313  ductase was purified froff. coliA278/pPMR14. The culture
(trxA::kan metE:Tn10) 0). was grown in LB/ampicillin medium to mid-log phase. The
Construction of Mutant Plasmid pET/G33Dhe G33D bacteria were spun down and washed with 0.05 M Tris/HCI
mutant was generated by sequential PCR reactions (poly-2nd 0.05 M NaCl, pH 7.4, and resuspended in 25 mL of
merase chain reactions) using a plasmid which contains a0-05 M Tris/HCl and 1 mM EDTA, pH 7.4. The cells were
thioredoxin gene (PET/Trx) as a template. For the first PCR Proken by French Press. Nucleic acids were precipitated in
reaction, T7 primer 5STAATACGACTCACTATAGGG-3 a solution of 1.4% streptomycin sulfate. After centrifugation,
was used as'Frimer, as well as an oligonucleotide with @mmonium sulfate was added to the supernatant to 82%
the sequence’ I TTGCACGGATCGCACCACTCTGC-3 saturation, the precipitate was collected, redissolved and
was used as'primer. The underline indicates the position dialyzed against 0.05 M Tris/HCI, 1 mM EDTA, 0.06 M
of the base substitution. The PCR reaction was repeated 30NaCl, pH 7.4, and applied to a DEAE column equilibrated
times by using a Perkin-Elmer GeneAmp PCR System 2400, With the same buffer. The column was developed with a
The reaction product was used dspBmer for the second  linear gradient of 0.06 to 0.5 M NaCl in 0.05 M Tris and 1
PCR reaction. The'3primer was 5CCAGAACCAGAT- ~ MM EDTA, pH 7.4, and monitored by absorbance at 280
CAGGCCAGGTTAGC-3 The product of PCR reaction was M. Fractions containing the largest amount of thioredoxin
treated with T4 kinase and digested ¥igal. The resulting ~ reductase as checked by SBBAGE and DTNB assay were
DNA was ligated with the larger fragment of pET/Trx that concentrated and applied to a Sephadex G100 column in 0.05
had been digested witkba and Msd to yield the G33D M Tris, 1 mM EDTA, and 0.06 M NaCl, pH 7.4. The elution
mutant plasmid (pET/G33D). The nucleotide sequence of Was monitored by absorbance at 280 nm. Fractions contain-
the mutant gene was confirmed by DNA sequencing using INd the largest amount of thioredoxin reductase as checked
a Perkin-Elmer 377 DNA autosequencer. pET/Trx and pET/ Py SDS-PAGE were concentrated and rechromatographed
G33D were then transformed intgE. coli strain A179 through the same column to remove the residual impurity.

(pGP1-3) to obtain A179 (pGP43, Trx) and A179 (pGP% The purified protein appears 99% pure on SEFAGE.
3, G33D), respectively. Electrophoresis SDS-PAGE analysis of reduced and

Purification of Thioredoxin Five hundred milliliters of ~ denatured proteins was performed in-115% SDS-PAGE
A179 (pGP1-3, G33D) culture was grown to Qg of 0.8. gel as de;cnbed by Laemm#iX). thlve ge! electrophoresis
IPTG was added to a final concentration of 0.4 mM. The for the wild-type and the mutant thioredoxin was run on 15%
culture was then grown at 3T for 10 min, switched to 42  Polyacrylamide gel under nondenaturing conditi@a)(
°C for 20 min, and then returned to 3€ for 3 h. The cells DTNB AssayThe procedure follows that of Moore et al.
were harvested. The pellet was resuspended in 0.05 M Tris,(23) and Slaby and Holmgren24). The assay mixture
1 mM EDTA, pH 7.5 (buffer A), with 1 mM phenyl- ~ contains 0.1 mg/mL c_)f bovme serum albumin, 0.5 mM
methanesulfonyl fluoride (PMSF), sonicated to obtain the DTNB, 50-500 nM thioredoxin, 0.24 mM NADPH in a
crude extract. The crude extract was heated fo®eor 10~ Solution of 0.1 M Tris/HCI, and 2 mM EDTA, pH 7.5. The
min and centrifuged at 29060 25 min, to obtain the  reaction was started by addition of thloredox_ln reductase,
supernatant. Ammonium sulfate was added to the supernatan@nd the absorbance was followed at 412 nm in a GBC 918
until 77% saturation, and the precipitate was collected by SPectrophotometer with an extinction coefficient @fi.
centrifugation at 184affor 100 min at 4 C. The precipitate ~ =13 600 M cm* for thionitrobenzoate. Kinetics of the
was dissolved in 15 mL of buffer A. Streptomycin sulfate €action was studied by using 6:% «M wild-type or 0.2-
was added to the solution to yield a final 0.7% (w/v). The 504M G33D thioredoxin, 2-7 nM thioredoxin reductase,
solution was centrifuged at 1846r 100 minat4 C. The ~ 0.24 MM NADPH, 0.1 mg/mL BSA, 0.5 mM DTNB in 0.1
supernatant was dialyzed against buffer A and applied to aM sodium phosphate buffer, 2 mM EDTA, pH 7.

DEAE column. Thioredoxin was eluted with a gradient of ~ Measurements of Redox Potentighe oxidized form of
thioredoxin is converted to the reduced form in a reaction

catalyzed by thioredoxin reductase according to the following

! Abbreviations: DTNB, 5,5dithiobis-(2-nitrobenzoic acid); IPTG,

isopropylg-p-thiogalactopyranoside; SDS, sodium dodecyl sulfate; reaction @9):

PAGE, polyacrylamide gel electrophoresis; CD, circular dichroism;

PMSF, phenylmethanesulfonyl fluoride; PCR, polymerase chain reac- s + thioredoxinreductas SH 4
tion; MetSO, methionine sulfoxide. Trxs + NADPH + H eTrXSH + NADP
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The reaction was performed by adding 10 nM thioredoxin 018 —
reductase to515uM thioredoxin and 26-24 uM NADPH
in 0.1 M sodium phosphate buffer and 2 mM EDTA, pH 7. 014
The reduction of oxidized thioredoxin was monitored by the S 012
decrease in absorbance at 340 n23)( The extinction <
coefficients for NADPH and NADPwereegqg= 6.2 mM 0.10
cm ! and ex60 = 15.3 mM™t cm™, respectively 26, 17).
After the equilibrium had been reached, 1.2 mM NADP 0.08 L
0 2 4 6 8 101214 16 18

was added to generate a new equilibrium. The redox potential
(E°") was determined by the following equation:

time (min)
Ficure 1: Thioredoxin reductase catalyzed reduction of wild-type
s + and G33D thioredoxin. Reduction of disulfides in 8M wild-

RTn [Trxsm[NADP ] type thioredoxin ©) and 9.3:M G33D () was started by addition
"E of 15.7 nM E. coli thioredoxin reductase (indicated by the first
NF [TrxJINADPH] arrow in the time course). When the reaction reached equilibrium,
NADP* was added (indicated by the following arrows) to a final
where a value 0f-0.315 V was used for the redox potential concentration of 117#M. The formation of NADPH was followed

of NADP™ (27). from the increase at 340 nm. Redox potential was determined from

Measurements of Effecé ConcentrationFor a protein 2t least three such experiments.
with two cysteines that can form a disulfide bor@ is 0.1 mM EDTA, pH 7.5. For the reduced protein, ap-
that ratio of the pseudo equilibrium constant for the disulfide proximately 6x 10-5 M protein was first reduced by about
formation in the protein to that for intermolecular disulfide 10 times higher concentration of DTT. The solution was then

or _ o1
B = ENADPJr +

formation in a reference such as glutathio@8, 29): diluted to the final protein concentration for measurements.
K Fluorescence MeasurementBrotein fluorescence was
Posyt GSSG—+ Pss+ 2GSH measured with a thermostated Hitachi F-4500 spectrofluo-
rimeter at 28 C. The excitation wavelength was at 280 nm.
[PSQ[GSH]2 The band width was 5 nm for both excitation and emission.
eff — WGSSG]: eq The samples contained approximatelyM concentrations

of thioredoxin in 1 mL of 50 mM sodium phosphate, pH

where Pysy refers to reduced protein, arfks refers to 7.5. Reduction .of oxidized t_hioredoxin or Q33D mutant
oxidized protein. The method for measurifigs has been proFeln was achieved by addition of. 20-fold hlg'her concen-
described by Lin and Kim29). Briefly, the protein (ap- tration of DTT gt0.4 mM concentration of protein, and then
proximately 5uM) is incubated with reduced (GSH) and dilution to the final protein concentration for measurements.
oxidized (GSSG) glutathione in 0.1 M Tris, 0.2 M KCI, and Solvent blanks were §ubtracted from the samp!e spectra. The
1 mM EDTA, pH 8.7. The concentrations of GSH and GSSG SPectra were normalized to>4 107° M of protein.
are at least 50-fold higher than that of the protein. The RESULTS
reaction is performed under nitrogen to prevent air oxidation.
After equilibration (checked afte2 h of incubation), the Mutagenesis and Purification of G33D Mutant Thiore-
reaction mixture is quenched with HCI to pH 2 and then doxin. The amino acid residue Gly33 . coli thioredoxin
loaded on to a C18 reversed-phase HPLC column. Theis largely conserved in homologous proteins from different
reduced and oxidized forms of the protein are separated. Thespecies. To investigate the effects of a negative charge in
peaks are detected by absorbance at 229 nm, and quantitateithe active site on the structure and function of thioredoxin,
by integration. mutant thioredoxin with a Gly33~ Asp substitution was

Assay of Thioredoxin Function in d6. E. coli A313 (20) generated by site-directed mutagenesis. An oligonucleotide
containing pET(pGP%3, G33D) or pET(pGP13, WT) corresponding to the antisense strand except for one base
were plated on the M9 minimal agar supplemented with 10 mismatch was used as one of the primers in the PCR reaction
ug/mL or 40 ug/mL methionine sulfoxide (MetSO). Ten for producing the Gly33— Asp mutation. The mutaritxA
micrograms per milliliter of tetracycline, 1@g/mL of was confirmed by the DNA sequence of the entire gene. The
kanamycin, 2Q:g/mL of ampicillin, and 0.5 mM IPTG were  protein was expressed and purified by DEAE ion-exchange
supplemented when required. The plates were incubated atind G50 gel filtration chromatography. G33D thioredoxin
37 °C, and the colony numbers were observed at different appears as a single band at the same position as the wild-
time intervals. The colony numbers obtained for these strainstype thioredoxin on a SDSPAGE gel. Electrophoresis of
growing on minimal medium containing Met instead of the G33D mutant protein on a native polyacrylamide gel
MetSO were used as reference for evaluating plating ef- results in a band running faster to the anode than the wild-
ficiencies. type protein, demonstrating that the mutation causes a

Circular Dichroism Measurement$he CD spectra of the  lowering of the isoelectric point of the protein.
wild-type and the mutant proteins were determined with a  Measurement of Redox Potentidhe disulfide form of
Jasco model J-715 circular dichroism spectropolarimeter atthioredoxin is a substrate fd. coli thioredoxin reductase.
25 °C. For far-UVv CD, the measurements were done at a Reduction of the wild-type and the mutant thioredoxin by
protein concentration of approximately>910¢ M using a NADPH catalyzed byE. coli thioredoxin reductase was
1 mm path-length quartz cell. For near-UV CD, the protein studied to obtain redox potential (Figure 1). The value of
concentration was approximatelyx610-° M in a 1 cmpath- E°" is —0.267 V for the wild-type protein at pH 7, 2%,
length cell. The buffer was 0.05 M sodium phosphate and which is close to the reported value 60.270 V (L7). E*
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Ficure 2: The kinetics of wild-type and G33D thioredoxin as
substrates of thioredoxin reductase. Wild-type and mutant thio-
redoxin were assayed for their ability to serve as substrates of

thioredoxin reductase as described in the Experimental Procedures.

The assay mixture contained 3.6 nM of thioredoxin reductase and
0.1-52 uM wild-type or G33D mutant thioredoxinQ) Wild-type
thioredoxin; ) G33D thioredoxin.

Table 1: Kinetic Parameters of the Thioredoxin Reductase Reaction
with Thioredoxin at pH 7, 25C

at Km kcalle

Trx (min™Y) (um) WM~tminY)
G33D 1300+ 200 11.8£1.5 110
wild-type 11904 40 1.2+0.1 992

for the G33D mutant is-0.264 V, suggesting that the redox
potential does not vary significantly.

Effectve Concentration of G33D MutanEffective con-
centration is a measure of the propensity for two cysteines
to form a disulfide bond. It also reflects the folding of the
protein, as a larg€. will indicate the thiols held in good
geometry and distance by the structure of the protein. The
effective concentrationGer) of the cysteines in the active
site of thioredoxin was measured using glutathione as a
reference specie€es for the G33D mutant is 7 M, and that
for the wild-type is 8 M, which is also close to the reported
wild-type value (10 M) at pH 8.7, 28C (29). Therefore, it
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Ficure 3: Unfolding of the G33D and the wild-type thiroedoxin
as a function of urea concentration. The mutant and the wild-type
thioredoxin in the oxidized form were unfolded by urea in 0.05 M
phosphate buffer, at pH 7.5 and 26. (A) Fraction of unfolded
proteins at different concentration of urea. (B) Unfolding free energy
of the proteins. M) wild-type thioredoxin; A) G33D thioredoxin.

an efficiency of 1 after incubation for30 h on the 4Qug/

mL MetSO and~36 h on the 1Qug/mL plates. Therefore,
Gly33— Asp replacement slows down the growth of bacteria
on MetSO, but does not affect the final plating efficiency.
In a control experiment, spreading the same amount of
bacteria of strain A313 with no transformed plasmid on plates
of either concentration of MetSO showed no colonies during
the same period of incubation time.

Stability of G33D Mutant ThioredoxinThermodynamic
stability of the G33D mutant and the wild-type thioredoxin
was determined by unfolding of the protein in urea solution
at pH 7.5 and 25°C, assuming a two-state model of
unfolding 30). The midpoint of unfolding occurs at 7.3 M
urea for the G33D mutant, which is essentially identical to
the 7.2 M for the wild-type protein (Figure 3). The free
energy of stabilization of the oxidized wild-type protein, 8.2

suggests that the redox property is not altered, and the foldingkcal/mol, is similar to 8.7 kcal/mol reported by Kelley and

of the protein is likely to be similar for the G33D mutant.

Kinetics of the Redox Reactiohe kinetics of the
thioredoxin reductase catalyzed reduction of the G33D

Richards 81). The unfolding free energy ana value for
the G33D protein are 8.3 kcal/mol and 1132 cal/mol M,
respectively, which are in good agreement with those of the

mutant and the wild-type were assessed (Figure 2). Replacewild-type protein.

ment of Gly33 with Asp decreases the rate of the reaction
at low substrate concentration. The valu&gfof the G33D

Structure of G33D Mutant ThioredoxiTo check the
structure of G33D thioredoxin, CD and fluorescence spectra

mutant is the same as the wild-type thioredoxin (Table 1). of the wild-type and the G33D thioredoxin at pH 7.5 were
However, theK, increases approximately 10 times due to compared. In the far UV region, the CD spectra of both wild-
the substitution. Therefore, the catalytic efficiency of thiore- type and the mutant oxidized thioredoxin display a minimum
doxin reductase on the G33D mutant is reduced by ap- ellipticity of —6400 deg cridmol-Yamino acid residue at

proximately 10-folds compared to the wild-type.

In Vivo Assay of G33D Mutant as an Electron Donor
An in vivo assay for the biological activity of thioredoxin
has been developed by Russel and Mo@€).(Growth of
the methionine-requiring strain &. colion MetSO requires
the reduction of methionine sulfoxide reductase by thio-
redoxin. Therefore, growth @&. coli strain A313 (netE trxA
transformed with pET/Trx or pET/G33D plasmid on minimal
medium with MetSO was investigated. After incubation at
37 °C for approximately 20 h, the&xA" strain obtained a
plating efficiency of 1 on minimal plates supplemented with
10 or 40ug/mL of MetSO. However, G33D mutant still did
not show colonies clear enough for counting on either
concentration of MetSO. The G33D mutant strain reached

219 nm (Figure 4). This value is similar to that reported by
Reutiman et al. 32). The spectra of the reduced wild-type
and G33D thioredoxin also do not show difference, although
they shift a little toward higher ellipticity relative to the
oxidized forms in the region between approximately 220 and
245 nm, which could indicate a small difference in the
structure between the oxidized and the reduced forms (Figure
4). The near-UV CD spectra of the G33D thioredoxin are
close to the wild-type spectra for either the oxidized or the
reduced form, although the ellipticity of the reduced forms
decreases around the 280 nm region (Figure 5). Comparison
of the fluorescence spectra (Figure 6) of the wild-type and
G33D thioredoxin demonstrates that both are characterized
by an emission maximum of 341 nm using an excitation
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Ficure 4: Far-UV CD spectra of the wild-type and the G33D
mutant thioredoxin at 25C. (—) Oxidized G33D thioredoxin;
(= —) the oxidized wild-type thioredoxin;{-) the reduced G33D
thioredoxin; -—) the reduced thioredoxin.f] is the molar
ellipticity per residue (deg chdmol™). The bar indicates the range
of values observed among the samples.

260

3

[N]
T

-
T

[©]10°% (deg cm? dmol")

320

260 280 300

wavelength (nm)

Ficure 5: Near-UV CD spectra of the wild-type and the G33D
mutant thioredoxin at 25C. (--+) The oxidized G33D thioredoxin;
(—) the oxidized wild-type thioredoxin;« —) the reduced G33D
thioredoxin; (--—) the reduced wild-type thioredoxind] is the
molar ellipticity per residue (deg ¢hudmol™2). The bar indicates
the range of values observed among the samples.
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Ficure 6: Fluorescence emission spectra of the wild-type and the
G33D mutant thioredoxin at 2%. (—) Oxidized G33D thioredoxin;

(= —) the oxidized wild-type thioredoxin;{-) the reduced G33D
thioredoxin; (-—) the reduced wild-type thioredoxin. The bar
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spectra suggest that the tertiary structure of the mutant still
resembles that of the wild-type protein.

DISCUSSION

One of the probably most important physiological func-
tions of thioredoxin is to participate in the cellular oxidation
reduction reactions. In this paper, we demonstrate that the
catalytic efficiency of thioredoxin reductase-catalyzed reduc-
tion of thioredoxin by NADPH is reduced for the G33D
mutant. The substitution also alters the efficiency of the
protein as an electron donor for methionine sulfoxide
reductase. We show that this decrease in the activity of
thioredoxin is not attributed to a significant change of its
redox potential as a result of the substitution in the active
site. Cys32 in the active site was reported to haveka p
slightly larger than 735, 36). The effective concentration
of cysteines was measured at pH 8.7, where the active-site
Cys32 should be in a ionized state. TRat does not change
by the G33D substitution suggests that the side chain of
aspartic acid is positioned away from the Cys32. G33D
mutant thioredoxin serves as a poor substrateEocoli
thioredoxin reductase. Itg, value is 1300 mint, which is
close to the measured wild-type value of 1190 miand
the previous reported value of 1365 min(19). The K, of
the measured wild-type thioredoxin, Ju®, is also in good
agreement with the reported® (19). However, theK, of
the G33D mutant protein increases to 12M. The reduced
efficiency of thioredoxin reductase in catalyzing reduction
of the mutant thioredoxin arises from a 10-fold increase of
Km value without altering<.a; suggesting the side chain of
aspartic acid points to the interaction surface between
thioredoxin reductase and thioredoxin.

The Cys-X-X-Cys motif in the active site of thioredoxin
has been found in other thiol/disulfide oxidoreductases. For
instance, DsbA from the periplasm &. coli posseses a
catalytic disulfide of sequence Cys-Pro-His-Cys. A recent
paper by Huber-Wunderlich and Glockshubgv)(showed
that when the dipeptide sequence PH in the wild-type DsbA
was changed to those of other oxidoreductases, the redox
potentials of the variants decreased and shifted according to
those of the natural enzymes. In the present study, the Gly33
to Asp replacement does not show significant effect on the
redox potential. Whether only certain X-X sequences will
affect the redox potential is currently being investigated.

In vivo assay of the ability oMet™ E. coli containing
G33D mutantrxA to utilize methionine sulfoxide as the sole
methionine source demonstrates that the mutation reduces
the rate of growth. However, the final plating efficiency is
the same as the strain carrying the wild-type thioredoxin.

indicates the range of values observed among different samples.The observed in vivo results could suggest that the G33D
substitution primarily affects the kinetics of interaction with
wavelength of 280 nm. Reduction of the disulfide bonds Methionine sulfoxide reductase, which would agree well with
resulted in a 3.5-fold increase in fluorescence intensity for the above in vitro results. Another explanation for the reduced
both the G33D mutant and the wild-type proteins. This growth rate of the mutant would be that any possible
increase in the wild-type thioredoxin has been attributed to difference in the oxidation state of the mutant and the wild-
the absence of the quenching of the tryptophan fluorescencelype thioredoxin in vivo because of the changekaf for
by the disulfide bond33, 34). The emission maximum of  thioredoxin reductase affects the rate of utilization of
the reduced proteins also shifted to 345 nm (Figure 6). methionine sulfoxide, but this effect is probably quite small.
Therefore, the far-UV CD spectra demonstrate that the CD and fluorescence spectra indicate that the structure of
secondary structure of thioredoxin is not changed by the either oxidized or reduced thioredoxin is not altered by the
G33D substitution, while the near-UV CD and fluorescence G33D substitution. The tryptophan residues (residue 28 and
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31) are in close proximity to the active site. No significant
change of the fluorescence spectra between the wild-type
and the G33D mutant particularly illustrates the conservation
of the tertiary structure in the active-site region. Unfolding
of the G33D mutant and the wild-type proteins as a function
of urea manifests that the midpoint and free energy of
unfolding do not vary, again suggesting that the overall
structure of the protein is not changed by the G33D
replacement. Therefore, the replacement of Gly33 with Asp
primarily affects the kinetics of the cellular reactions that
thioredoxin participates in, but not the redox potential,
structure, and stability of the protein.

A model of the structure of the G33D mutant protein is

therefore constructed based on the above investigation 11.

(available as Supporting Information). Alteration was con-
fined to the position of residue 33 with little change in the

that placing an aspartic acid at position 33 will make a

charged residue protrude from this surface to the accessible 14.

side of the disulfide bridge. This provides support for that
position 33 of thioredoxin participates in a critical interaction

with methionine sulfoxide reductase and thioredoxin reduc-
tase, and a mutation from Gly to Asp in residue 33 impedes
the interaction.

The newly isolated thioredoxin fro@. sticklandiideviates
from the consensus active site sequerg@GPC- by a
striking G — E substitution. This thioredoxin cannot react
with thioredoxin reductase frori. coli (15). Our results
reveal that thioredoxin with aspartic acid at position 33
reduces the enzymatic efficiency by approximately 10-folds
mainly through an increase of th&,. It therefore suggests
that Glu at position 33 could substantially impair the
interaction ofC. sticklandiithioredoxin with E. coli thio-
redoxin reductase; however, combination with amino acid
changes at other positions Gf sticklandiithioredoxin might

further suppress the enzymatic reaction catalyzed by these o4

two proteins. The complete sequence ©f sticklandii
thioredoxin reductase is not available yet. Therefore, it is
difficult to address the possible compensating amino acid
residue(s) in that protein which would allow for accom-
modation of the negative charge at the active site of
thioredoxin.
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