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ABSTRACT

Escherichia coli contains two thioredoxins, Trx1 and Trx2, and a thioredoxin-like protein, YbbN which
presents a strong homology in its N-terminal part with thioredoxinl and 2. YbbN, however, does not possess
the canonical Cys-x-x-Cys active site of thioredoxins, but instead a Ser-x-x-Cys site. In addition to Cys-38,
located in the SxxC site, it contains a second cysteine, Cys-63, close to Cys-38 in the 3D model. Cys-38 and
Cys-63 undergo an oxidoreduction process, suggesting that YbbN functions with two redox cysteines.
Accordingly, YbbN catalyzes the oxidation of reduced RNase and the isomerization of scrambled RNase.
Moreover, upon oxidation, its oligomeric state changes from dimers to tetramers and higher oligomers.
YbbN also possesses chaperone properties, promoting protein folding after urea denaturation and forming
complexes with unfolded proteins. This is the first biochemical characterization of a member of the YbbN
class of bacterial thioredoxin-like proteins, and in vivo experiments will allow to determine the importance of

its redox and chaperone properties in the cellular physiology.



INTRODUCTION

E. coli contains two thioredoxins, Trx1 (the 7rx4 gene product) and Trx2 (the #7xC gene product) [1] which
are equivalent for most of the in vivo functions tested [2-3], and a thioredoxin-like protein, YbbN, which
presents a strong homology in its 12 Kda N-terminal part with thioredoxin 1 and 2, but possesses a 20 kDa
C-terminal part of unknown function. Thioredoxin 1 is a small soluble protein of 12 kDa with a Cys-X-X-
Cys active site, capable of catalyzing thiol-disulfide redox reactions. The thioredoxin system is ubiquitous
from bacteria to man [1]. In this system, thioredoxin reductase uses the reducing potential of NADPH to
maintain thioredoxin in a reduced state, so that thioredoxin can in turn reduce substrate proteins. The
thioredoxin system is a hydrogen donor for several reductive enzymes such as ribonucleotide reductase,
methionine sulfoxide reductase and sulfate reductase [4]. It also plays a key role in maintaining cytoplasmic
proteins in a reduced state [5-6] (unlike cytoplasmic proteins which are reduced, extracytoplasmic proteins
are oxidized by PDI in eukaryotes and Dsb enzymes in bacteria [7]). The other major factor generally
responsible for the low redox potential inside cells is glutathione, which is maintained in its reduced state by
NADPH and glutathione reductase [4]. Glutathione-dependent disulfide reductions are catalyzed by
glutaredoxins whose functions partially overlap those of thioredoxin [4, 8].

Thioredoxin 2 is a 139 aminoacids thioredoxin of 15.5 kDa which contains two distinct domains: The first,
an N-terminal domain of 32 aminoacids contains two CxxC motifs which are devoid of any redox function,
bind zinc with high affinity and are probably involved in the regulation of its activity. The second, a C-
terminal domain, with the conserved WCGPC site, presents a strong homology to the prokaryotic
thioredoxins [9]. Thioredoxin 2 is involved in the oxidative stress response, and its expression is induced in
response to elevated hydrogen peroxide levels [3].

The 31 kDa thioredoxin homolog YbbN presents a strong homology, in its N-terminal part (111 aminoacids),
with thioredoxin 1 and thioredoxin 2 (see below), but possesses a C-terminal part (173 aminoacids) of
unknown function. Despite its extensive homology with thioredoxins, YbbN does not possess the canonical
Cys-X-X-Cys active site that catalyzes protein disulfide interchange, but instead a Ser-X-X-Cys site.
Consequently, we propose to rename it Trxsc (for thioredoxin with a Ser-X-X-Cys site). Although CxxC is
the major redox motif used for formation, reduction, and isomerization of disulfide bonds, CxxC-derived
motifs, such as CxxS, SxxC, CxxT, TxxC are found in several redox proteins, including glutaredoxins,
arsenate reductases, methionine sulfoxide reductases (CxxS), peroxiredoxins (SxxC, TxxC), glutathione
peroxidases (CxxT) [10], and in several uncharacterized thioredoxin-like proteins.

In this study, we show that, in addition to the Cys-38 at the SxxC site, Trxsc contains a second cysteine, Cys-
63 which is close to Cys-38 in the 3D model. Both Cys-38 and Cys-63 are titratable with DTNB in the
native, reduced protein, and form a disulfide upon oxidation. In consistence with this result, YbbN displays
protein disulfide oxidoreductase activities. YbbN also possesses chaperone propeties. This is the first

biochemical characterization of a member of the YbbN class of bacterial thioredoxin-like proteins.



MATERIALS AND METHODS

Bacterial Strains, Plasmids, YbbN/Trxsc expression and purification. We placed the YbbN/Trxsc open

reading frame under transcriptional control of the bacteriophage T7 promoter and /ac operator. The E. coli

B/r strain AD494 (ara leu7967 lacX74 phoA phoR-malF3 F ’[lac+ (laclq) pro] trxB::kan [DE3] pLysS was
purchased from Novagen. The gene coding for YbbN/Trxsc was inserted in plasmid pET-21a (from
Novagen). It was generated by amplifying the ybbN gene from E.coli DNA by PCR using primers
(5’ GGTGGTTGCTCTTCACATATGTCAAAGAAAATATCGAC-3") and (5’
GGTGGTCTGGGATCCTCATCAATACAACAATGCATACAG-3’). The resulting product was digested
with Ndel and BamH]1, ligated to the pET-21a Ndel and BamH1 backbone fragment, and transformed into
strain BL21(DE3). BL21(DE3) transformants induced with IPTG accumulated large amounts of a soluble 35
kDa protein that matched the expected YbbN/Trxsc molecular weight of 32,000. Trxsc was first purified on a
DEAE-Sephacel (Pharmacia) column equilibrated in 30 mM Tris pH 8, 20 mM NaCl, 0.5 mM EDTA, 1 mM
DTT at 20°C, and eluted with a linear gradient of 20-400 mM NaCl in the same buffer. Trxsc was further
purified on a hydroxyapatite column (Bio-Gel HTP from BioRad) equilibrated in 30 mM Tris pH §, 20 mM
NaCl, 0.5 mM EDTA, 1 mM DTT at 20°C and eluted with a linear gradient of 0-50 mM sodium phosphate
pH 8 in the same buffer. YbbN/Trxsc was dialyzed for 2 hours against 30 mM Tris pH 8, 20 mM NacCl, 0.5
mM EDTA, 1 mM DTT at 20°C, and stored at —20°C in the same buffer.

Oligomeric forms of reduced and oxidized Trxsc. The molecular weight of native YbbN/Trxsc was
determined by filtration of the protein on a TSK-G3000-SW HPLC gel permeation column (Hewlett
Packard). The column was equilibrated in 20 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT at 20°C, loaded
with 20 pl of reduced or oxidized Trxsc (2 mg/ml) and eluted at a flow rate of 0.5 ml/min. YbbN/Trxsc was
detected by its absorbance at 280 nm. Blue dextran, p -amylase, alcohol dehydrogenase, bovine serum

albumin, carbonic anhydrase and vitamin B12 were used as molecular weight standards.

Preparation of reduced and oxidized Trxsc. 40 pl of Trxsc (15 mg/ml) was incubated for 30 min with 10
mM dithiothreitol and isolated by gel filtration through a bio-Gel P10 column (2 ml bed volume, Bio-Rad)
equilibrated with oxygen-free 0.1 M potassium phosphate pH 6.8, 1 mM EDTA [11-12]. SH was determined
immediately by adding 10 pul of each fraction to 100 pl of I mM DTNB, 50 mM Tris pH 7.5. The number of
SH groups per mol of Trxsc was calculated from the Trxsc concentration and from the absorbance at 412 nm.
Trxsc concentration was calculated from its absorbance at 280 nm with Ajngm = 0.680 calculated from
tryptophan and tyrosine content. Oxidized Trxsc was obtained by incubating reduced Trxsc for 1 hour at
37°C in the presence of 5 mM hydrogen peroxide or in the presence of 5 mM o-phenanthroline and 1.5 mM

CuSO,.
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Assay of insulin reduction. Insulin reduction was assayed by measuring the increase in absorbance at 650

nm as previously described [11-12].

Reactivation of reduced, denatured RNase and of scrambled RNase. Reduced, denatured RNase, and
scrambled RNase were prepared as described previously [12]. Samples were assayed for RNase activity as
described previously [12]. Reactivation of reduced RNase by redox buffers was initiated by diluting the
reduced enzyme in 50 mM Tris pH 8.2, 1 mM MgCl,, 0.6 mM dithiothreitol, 0.9 mM oxidized glutathione at
23°C, in the presence of thioredoxin or Trxsc. Reactivation of scrambled RNase was initiated by diluting
scrambled RNase in 100 mM Tris, pH 7.4, | mM EDTA, 60 uM dithiothreitol at 23°C in the presence of

thioredoxin or Trxsc, as indicated

Refolding of citrate synthase and . -glucosidase. Denaturation, renaturation reactions, and activity

determination were carried out at 23°C as described previously [13-14].

Thermal aggregation of citrate synthase. Citrate synthase aggregation was monitored by measuring the

absorbance at 650 nm as described in [13-14].

Interaction of Trxsc with R-CMLA. Binding assays of radiolabeled R-CMLA to Trxsc were done as
described previously, using a Bio-Gel P-200 gel permeation column (R-CMLA was *H-labeled by reductive
methylation) [14].

Materials. Insulin (from bovine pancreas), RNaseA, thioredoxin (from Spirufina sp.), citrate synthase (from
porcine heart), « -glucosidase (from yeast), R-CMLA, bovine serum albumin, ovalbumin and lysozyme were
from Sigma. All other products were reagent grade and were also obtained from Sigma. DEAE-Sephacel was
from Pharmacia Fine Chemicals, and hydroxyapatite (Bio-Gel HTP) was from BioRad. The molecular

weight marker kit for gel filtration chromatography was from Sigma.



RESULTS

YbbN/Trxsc is a thioredoxin-like protein. The N-terminal sequence of E. coli YbbN displays a strong
homology with E. coli thioredoxin 1 (TrxA) and thioredoxin 2 (TrxC) (34% and 33% identities, respectively)
(Figure 1A): Several of the aminoacids which are conserved in different thioredoxins and are important for
their structure and function [15] are conserved in YbbN. These include (Trx1 numbering) Leu-24 and Phe-27
(structural), Trp-28, Cys-35 (one of the redox cysteines), Pro-40 (maintains the conformation of the redox
disulfide of Trx1), Tyr-49, Lys-57 (influences the pKa of the active Trx1 cysteines), Asn/Asp-59 and Asp-61
(clustered with the redox active site of Trx1), Ala-67, Arg-73 and Ile-75 (structural), Pro-76 (in van der
Waals contacts with the Trxl disulfide bridge), Thr-77 and Gly-84 (structural) and Gly-92 (protein
interaction area).

YbbNs from E. coli and many other bacteria do not possess the canonical Cys-x-x-Cys active site which
catalyzes protein disulfide interchange, but instead a Ser-x-x-Cys site. However, YbbNs from several
bacteria possess the canonical CxxC site, suggesting that they function as protein oxidoreductases (Figure
1B). Interestingly, all members of the Ser-x-x-Cys group possess an additional cysteine (located at position
of Cys-63 in E. coli YbbN), which is absent from thioredoxins and YbbNs with a CxxC site. This extra
cysteine (Cys-63 in E. coli YbbN) is close to Cys-38 in the 3D model of the thioredoxin domain of YbbN /
Trxsc (Figure 1C), suggesting that it may have a redox functions. A distance of 7.9 A between the sulfur
atoms of Cys-38 and Cys-63 was measured on this model, which is similar to that of 6.8 A between the

sulfur atoms of Cys-32 and Cys-35 in reduced Trx1 [16-17].

Purification of YbbN/Trxsc. The ybbN gene of E. coli was amplified by polymerase chain reaction, and
cloned in a pET21a vector (Novagen), under the transcriptional control of the bacteriophage T7 promoter
and lac operator. A BL21(DE3) strain transformed with this vector and induced with IPTG accumulates
large amounts of a soluble protein migrating in SDS-PAGE with an apparent molecular weight of around 35
kDa, which matches the expected YbbN/Trxsc molecular weight of 32 kDa (Figure 2, lane 2). The
overexpressed protein is not detectable in an uninduced extract (Figure 2, lane 1), and represents 40% in
mass of the proteins of the induced extract. The overexpressed protein is not detectable in membrane
fractions (pellet after a 200,000 x g centrifugation for 1 hour (not shown)). Ybbn / Trxsc was purified to
homogeneity by two chromatographic steps on a DEAE-Sephacel ion exchange column (Figure 2, lane 3)
and on a hydroxyapatite column (Figure 2, lane 4), as described under “Materials and Methods” Its identity
was confirmed by mass spectrometry analysis (not shown), and it was designated Trxsc (for thioredoxin with

a Ser-x-x-Cys site).

Reduced and oxidized Trxsc. Protein disulfide isomerases such as thioredoxin, PDI and DsbA contain a
CxxC sequence in their active site and shift, upon oxidation, from a dithiol state to a state containing an

intramolecular disulfide [18]. Trxsc contains two cysteines, Cys-38 and Cys-63, which are close together in
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the 3D model. We titrated the thiol groups of reduced and oxidized Trxsc with DTNB (in the absence of

guanidine hydrochloride). Reduced Trxsc contains 1.9 SH titratable groups per mol (not shown); this reflects
the presence of the two cysteines, and suggests that they are both exposed to the solvent in the native state.
Oxidized Trxcs (obtained by incubation of reduced Trxsc for 1 hour in the presence of 5 mM hydrogen
peroxide, or in the presence of 5 mM o-phenanthroline and 1.5 mM CuSOy [19] contains 0.3 SH groups per
mol (not shown), suggesting that, upon oxidation, 1.6 thiol groups of Trxsc are oxidized. These results are
similar to those obtained with E. coli Trx1 (1.8 SH in reduced thioredoxin and 0.2 in oxidized thioredoxin
[20], and suggest that Trxsc undergoes a dithiol-disulfide transition upon oxidation. In SDS polyacrylamide
gels, both the reduced and oxidized forms of Trxsc migrate as monomers (Figure 2B). These results suggest
that Cys-38 and Cys-63 in native Trxsc are exposed to the solvent and form an intramolecular disulfide
bridge upon oxidation. Formation of a disulfide bridge between Cys-38 and Cys-63 is consistent with the 7.9
A span between their sulfur atoms (Figure 1C), similar that (6.8 A) between the vicinal Cys-32 and Cys-35
in reduced Trx1 [16-17].

Oligomeric forms of reduced and oxidized Trxsc. Reduced and oxidized Trxsc were analyzed by size
exclusion chromatograhy on a SW G-3000 HPLC column, as described under “Materials and Methods”.
Reduced Trxsc migrates as a dimer with an apparent molecular weight of around 65,000 Da, whereas
oxidized Trxsc migrates as a mixture of tetramers, hexamers and higher molecular weight oligomers (Figure
2C). Thus, Trxsc oxidation results in changes in its oligomeric structure with the formation of higher
molecular weight oligomers. The existence of dynamic oligomers has been reported for several chaperones,

including DnaK [21] and small Hsps.

Oxidative folding of reduced, denatured Rnase, and refolding of scrambled RNase. Protein disulfide
isomerases catalyze three typical redox reactions in vitro: Oxidative folding of reduced RNase [11],
refolding of scrambled RNase [18,22] and reduction of insulin disulfide bridges [23]. Trxsc stimulates
several-fold the reactivation of reduced RNaseA (21% reactivation after 1 hour, compared to 8% in the
absence of added catalyst and 48% in the presence of thioredoxin) (Figure 3A); the chaperone DnaK was
unable to catalyze this reactivation (not shown), suggesting that a chaperone function is not sufficient to
catalyze the reactivation of reduced, denatured RNase.

Scrambled RNaseA is fully oxidized but inactive as a catalyst of RNA hydrolysis owing to the formation of a
complex mixture of species containing an undefined variety of (mainly) intramolecular disulphide bonds. It
is obtained by oxidation of reduced RNaseA in the presence of guanidine hydrochloride, and necessitates an
interchange of disulfide bonds to acquire the native conformation. Thioredoxin [11], PDI [18] or DsbC [23]
can reactivate scrambled RNase in the presence of dithiothreitol. Trxsc reactivates scrambled RNase (three
times less efficiently than thioredoxin) whereas dithiothreitol alone is unable to reactivate scrambled RNase

significantly (Figure 3B). Thus, also Trxsc displays a protein disulfide isomerase activity.



Reduction of insulin disulfide bonds. Thioredoxin [11], PDI [20] and DsbA [24] catalyze the
dithiothreitol-dependent reduction of insulin. Trxsc was unable to stimulate insulin precipitation in a
dithiothreitol-dependent manner, whereas thioredoxin led to insulin precipitation after only 20 min (Figure

3C). Trxsc shares this inability to reduce insulin disulfide bonds with glutaredoxins 2 and 3 [17, 25].

Trxsc chaperone properties: Renaturation of unfolded proteins. Since many protein oxidoreductases
display chaperone properties [26-29], we investigated the chaperone properties of Trxsc. Chaperones are
implicated in protein folding, protein targeting to membranes, protein renaturation or degradation after stress,
and in the control of protein-protein interactions (reviewed in [30, 28]). Citrate synthase and . -glucosidase,
whose refolding is facilitated by GroEL, DnaK, Hsp90 and small Hsps [31, 13-14], were chosen as substrates
for this reaction. The refolding yield of citrate synthase (after denaturation in 8M urea) is increased from 7%
in the absence of added proteins to 23% in the presence of Trxsc, 28% in the presence of DnaK (Figure 4A),
and 36% in the presence of the DnaK/Dnal/GrpE/ATP chaperone machine (not shown). Half-maximal
reactivation occurs at 0.3 uM Trxsc, which is similar to or lower than the concentration of DnaK [14],
thioredoxin (Figure 4B, [26]) and Hsp25 [13], required for half-maximal reactivation of citrate synthase
under similar conditions. Control proteins such as ovalbumin and lysozyme were unable to stimulate citrate
synthase renaturation, while serum albumin could stimulate it to some extent (Figure 4B). In similar
experiments, the refolding yield of 0.3 uM .« -glucosidase was increased from 12% in the absence of Trxsc to
86% in the presence of 2 pM Trxsc (Figure 4C) (and 36% in the presence of 2 uM DnaK (not shown)).

In contrast with DnaK [32] and small Hsps [13], Trxsc (2-30 uM) does not protect 0.8 uM citrate against
thermal aggregation at 43°C, although Trxsc is stable at this temperature (not shown). This suggests that, like
thioredoxin which does not protect citrate synthase against thermal aggregation either [29], Trxsc interacts
more efficiently with unfolded proteins such as urea-denatured citrate synthase than with partially unfolded
proteins such as citrate synthase at 43°C.

YbbN/ Trxsc, like other chaperones, interacts preferentially with unfolded proteins. Complex formation
between R-CMLA (a permanently unfolded protein [32]) and Trxsc was analyzed by gel filtration on a Bio-
gel P-200 column equilibrated with 50 mM Tris-HCI pH 8.2, 50 mM KCL, 1 mM dithiothreitol, 100 pg/ml
bovine serum albumin. When R-CMLA is filtered in the presence of Trxsc, 28% of R-CMLA fractionates as
a high molecular weight complex (Figure 4D). Similarly, DnaK binds 31% of added R-CMLA (Figure
4D). Thus, Trxsc interacts strongly with R-CMLA, in contrast with thioredoxin which does not form stable
complexes with unfolded proteins [29], suggesting that Trxsc interacts with unfolded proteins more

efficiently than thioredoxin.



DISCUSSION

We have cloned, purified, and characterized YbbN/Trxsc as a weak protein disulfide oxidoreductase and a
molecular chaperone. Trxsc migrates as a single band at 35 kDa in an SDS-polyacrylamide gel, and the
molecular weight of the native reduced protein, estimated by gel filtration and by ultracentrifugation, is close
to 65,000 kDa, suggesting that it is a homodimer.

In E. coli Trxsc, the canonical CxxC active site of thioredoxins is replaced by a SxxC sequence. Our results
suggest, however, that Trxsc functions with two redox active cysteines, Cys-38 and Cys-63: the two
cysteines of native, reduced YbbN are titrated by DTNB and oxidized by hydrogen peroxide without the
formation of intermolecular disulfides, suggesting that they form an internal disulfide. Chloroplast
thioredoxin f displays a cysteine residue (Cys-73) which is located at the same position as Trxsc Cys-63 in
the thioredoxin structure, but possesses a CGPC active site like bona fide thioredoxins. Cys-73 of
thioredoxin f is surface exposed and close to the active site disulfide [33], but it has no redox function (the
redox function is accomplished by the two cysteines of the CGPC active site); it is important for the
interaction between thioredoxin f and its substrate proteins and it is involved in the formation of thioredoxin
f dimers upon oxidation [34]. Human thioredoxin also possesses an extra cysteine (Cys-73) in addition to its
CGPC cysteines, but its localization in the structure is entirely different from that of YbbN [35], and its role
has not been clarified.

YbbN displays several protein oxidoreductase activities, significantly lower than those of thioredoxin [11],
PDI [18], DsbA [24] or DsbC [23] It catalyzes the oxidation of reduced, denatured RNase by redox buffers
and the isomerisation of scrambled RNase, with a 3-5 fold lower activity than thioredoxin. The lower
efficiency of Trxsc might be explained by a lower redox efficiency of its cysteines, and might reflect a
possibility for a modulation of Trxsc activity by conformational changes induced by substrates, cytoplasmic
co-factors or physiological conditions. In contrast with many thioredoxins, Trxsc is unable to stimulate
insulin reduction in the presence of dithiothreitol. The unability of Trxsc to reduce insulin disulfide bonds
(like glutaredoxins 2 and 3 [17, 25]) probably reflects an unfavorable enzyme substrate interaction and/or an
elevated redox potential of YbbN.

Trxsc behaves as a molecular chaperone. It increases 3-fold the yield of active citrate synthase renaturation
(like other molecular chaperones), and 7-fold the yield of « -glucosidase renaturation. The stimulation factor
of protein renaturation, and the Trxsc concentrations required for half-maximal renaturation (below 1 pM),
are not significantly different from those of [14], Hsp90 [13], thioredoxin [29] and small Hsps [31]. In
contrast with several chaperones, but like thioredoxin, Trxsc does not protect citrate synthase from thermal
denaturation, suggesting that it interacts more efficiently with unfolded proteins than with partially denatured
proteins. Trxsc forms stable complexes with the unfolded protein R-CMLA, suggesting that it possesses a
higher affinity for unfolded proteins than thioredoxin, which is unable to form such complexes [29]. Thus,
YbbN displays chaperone properties and weak redox properties in vitro. In vivo experiments will allow to

determine the importance of each of these properties in the cellular physiology.
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LEGENDS TO FIGURES

Figure 1. YbbN / Trxsc is a thioredoxin-like protein. A) Multiple sequence alignment of E. coli
thioredoxin 1 (TrxA), thioredoxin 2 (TrxC) and of the N-terminal sequence of YbbN / Trxsc. Conserved
aminoacids in the three sequences are indicated by a star, conservative homologies by two dots and semi-
conservative homologies by a single dot. The redox active cysteines of Trx1 and Trx2 are boxed, as well as
the Cys-38 and Cys-63 of Trxsc. The alignment was done with CLUSTALW (Thomson et al., 1994). B)
Multiple sequence alignments of the N-terminal domains of YbbNs from different bacteria. The cysteines of
the SxxC or CxxC site, and the extra cysteine corresponding to Cys-63 of E. coli YbbN are colored in black.
The alignment was done with HOBACGEN (Perriere ef al., 2000). C) Cartoon representation of the spatial
structure of the N-terminal domain of YbbN / Trxsc. The positions of the sulfur atoms of Cys-38 and Cys-63
are labeled. We used the SWISS-MODEL for the 3D modelization (http ://www.expasy.org/spdbv/) [36].

Figure 2. A) Purification of YbbN/Trxsc. Protein samples were separated by sodium dodecylsulfate
polyacrylamide gels (12%), and stained with Coomassie brillant blue. Lane 1, crude extract from uninduced
BL21(DE3), pET-21aYBBN; lane 2, crude extract from BL21(DE3), pET-21aYBBN induced by IPTG;
lane3, YbbN/Trxsc pool from the DEAE-Sephacel column; /ane4, YbbN/Trxsc pool from the hydroxyapatite
column. The positions of molecular weight markers are indicated on the left. B) Migration of reduced and
oxidized Trxsc in an SDS polyacrylamide gel under non reducing conditions. Reduced Trxsc (lane 1) and
oxidized Trxsc ( lane 2) were dissolved in SDS sample buffer (50 mM Tris pH 6.8, 1.25% SDS,
Bromophenol Blue, without dithiothreitol, and run on a 10% polyacrylamide gel. The gel was stained with
Coomassie Blue. The positions of molecular weight markers are indicated on the left. C) Oligomeric forms
of reduced and oxidized Trxsc. Reduced (thick line) or oxidized (thin line) Trxsc (2 mg/ml) were loaded on a
TSK-G3000-SW HPLC gel permeation column as described under “Materials and Methods”, and eluted at a
rate of 0.5 ml/min. The peak represents the absorbance of Trxsc at 280 nm, and the marks indicate the
elution of . -amylase (molecular weight, 200,000 Da) alcohol dehydrogenase (molecular weight, 150,000
Da) bovine serum albumin (molecular weight, 66,000 Da) and carbonic anhydrase (molecular weight, 29,000

Da) run in a separate experiment.

Figure 3. Protein disulfide oxidoreductase activities of Trxsc. A) Oxidative folding of reduced, denatured
RNase in the presence of redox buffers. The mixtures (0.6 mM dithiotreitol, 1 mM oxidized glutathione, 1
mM MgCl,, 50 mM Tris pH 8.2 at 23°C) containing 30 uM reduced, denatured RNase alone or in the
presence of 50 uM Trxsc or 50 uM thioredoxin were assayed for RNase activity after 1 hour renaturation. B)
Refolding of scrambled RNase. The mixtures (100 mM Tris pH 7.4, 1 mM EDTA at 23°C) containing 60
uM dithiothreitol, and 30 pM scrambled RNase alone (open circles) or in the presence of 50 pM Trxsc

(closed circles) or 50 uM thioredoxin (triangles) were assayed for RNase activity at the times indicated. C)
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Insulin reduction by dithiothreitol. The incubation mixtures contained 100 mM N,-equilibrated potassium
phosphate pH 6.6. 0.3 mM EDTA. 0.13 mM bovine insulin and 0.3 mM dithiothreitol alone (open circles). or
in the presence of 10 uM Trxsc (closed circles) or 1 pM thioredoxin (triangles). The reduction of insulin and

its resulting precipitation were monitored by following optical density at 650 nm.

Figure 4. Chaperone properties of Trxsc A) Kinetics of citrate synthase refolding: citrate synthase was
denatured in urea and then renatured by dilution of the denaturant as described under «Materials and
Methods», at a concentration of 0.1 uM in the absence of additional protein (open circles) and in the
presence of either 3 uM Trxsc (filled circles) or 3 uM DnaK (filled triangles). B) Dependence of citrate
synthase refolding on Trxsc concentration: citrate synthase was denatured in urea and subsequently renatured
for 20 min by dilution of the denaturant in the presence of Trxsc (filled circles) or thioredoxin (filled
triangles) at the indicated concentrations. As a control, we measured citrate synthase renaturation in the
presence of lysozyme (open circles), ovalbumin (open squares) or serum albumin (crosses). C) Kinetics of « -
glucosidase refolding: « -glucosidase was denatured in urea and then renatured by dilution of the denaturant
as described under «Materials and Methods», at a concentration of 0.1 uM in the absence of additional

protein (open circles) and in the presence of 2 uM Trxsc (filled circles). D) Gel permeation chromatography

of Trxsc / R-CMLA complexes. 2 uM of 3H-R-CMLA was incubated either alone (crosses), or with 6 uM
reduced Trxsc (filled circles), 6 UM oxidized Trxsc (open circles) or 6 pM DnaK (filled squares), and the
mixture was loaded on a Biogel P200 column as described under « Materials and Methods ». Fractions were
collected and counted for radioactivity. The amount of bound ligand was estimated on the basis of the

amount of ligand in the fractions that did not overlap with the distribution of free ligand.
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