
Structural Basis of Cellular Redox Regulation by Human TRP14*

Received for publication, June 24, 2004, and in revised form, August 25, 2004
Published, JBC Papers in Press, September 7, 2004, DOI 10.1074/jbc.M407079200

Joo Rang Woo‡§, Seung Jun Kim‡¶, Woojin Jeong�**, Yoon Hea Cho‡¶, Sang Chul Lee¶,
Yong Je Chung§, Sue Goo Rhee�, and Seong Eon Ryu‡¶‡‡

From the ‡Center for Cellular Switch Protein Structure and ¶Systemic Proteomics Research Center, Korea Research
Institute of Bioscience and Biotechnology, 52 Euh-eun-dong, Yuseong-gu, Daejeon 305-806, Korea, the §Department of
Biochemistry, Chungbuk National University, Cheongju 360-763, Korea, the �Laboratory of Cell Signaling,
NHLBI, National Institutes of Health, Bethesda, Maryland 20892, and the **Division of Molecular
Life Sciences, Ewha Womans University, Seoul 120-750, Korea

Thioredoxin-related protein 14 (TRP14) is involved in
regulating tumor necrosis factor-�-induced signaling
pathways in a different manner from human thiore-
doxin 1 (Trx1). Here, we report the crystal structure of
human TRP14 determined at 1.8-Å resolutions. The
structure reveals a typical thioredoxin fold with char-
acteristic structural features that account for the sub-
strate specificity of the protein. The surface of TRP14 in
the vicinity of the active site includes an extended loop
and an additional �-helix, and the distribution of
charged residues in the surface is different from Trx1.
The distinctive dipeptide between the redox-active cys-
teines contributes to stabilizing the thiolate anion of the
active site cysteine 43, increasing reactivity of the cys-
teine toward substrates. These structural differences in
the active site suggest that TRP14 has evolved to regu-
late cellular redox signaling by recognizing a distinctive
group of substrates that would complement the group of
proteins regulated by Trx1.

Thioredoxin (Trx)1 is a small redox protein that is ubiqui-
tously distributed from Archaes to human (1). In diverse or-
ganisms, it plays various physiological roles, acting as an elec-
tron donor and as a regulator of transcription and apoptosis as
well as antioxidants (1). Trx functions as a carrier that trans-
fers electrons to enzymes involved in DNA synthesis and pro-
tein disulfide reduction: ribonucleotide reductase, methionine
sulfoxide reductase (2, 3). Transcription factors such as NF-�B,
p53, PEBP32, and AP-1 have been shown to be regulated by
Trx (4–6). Trx is also involved in the defense against oxidative
stress through peroxiredoxins (Prxs) that directly remove cel-
lular reactive oxygen species. Other functions of Trx include
the regulation of apoptosis signaling kinase 1 (ASK1) to inhibit
its activity (7, 8).

Sequences of Trxs in various species are 27–69% identical to
that of Escherichia coli, and all Trxs have the same three-
dimensional fold, which consists of central five �-strands sur-
rounded by four �-helices (9, 10). The N-terminal cysteine of
the Cys-Gly-Pro-Cys motif in Trx is redox-sensitive, and the
motif is highly conserved. When compared with the general
cysteine, the N-terminal cysteine has a lowered pKa value (11).
Various proteins sharing the Trx-like active site sequence have
been found and classified as part of the Trx superfamily (12).
Among them, thioredoxin-related protein (TRP32) with the
N-terminal thioredoxin domain has been found to bind to the
catalytic fragment of mammalian STE-20-like kinase (13).
The active site sequence Cys-Gly-Pro-Cys of TRP32 is identical
to that of thioredoxin. In contrast, nucleoredoxin (14) and thi-
oredoxin-related transmembrane protein (15), which seem to
be involved in the various redox regulation, have modified
sequences Cys-Pro-Pro-Cys and Cys-Pro-Ala-Cys, respectively.

Recently, a novel thioredoxin-related protein (TRP14) was
found from rat brain (16, 17). It is a 14-kDa cytosolic protein
that contains a Cys-Pro-Asp-Cys motif with a sequence identity
to human Trx (Trx1) of about 20%. TRP14 shows activity as
disulfide reductase and takes up electrons from cytosolic thi-
oredoxin reductase (TrxR1), like Trx1. However, TRP14 does
not donate electrons to ribonucleotide reductase, methionine
sulfoxide reductase, and Prxs, which are well known substrates
of Trx1. TRP14 regulates TNF-�-induced signaling pathways
in a different manner from Trx1. In RNA interference experi-
ments, the depletion of TRP14 increased TNF-�-induced phos-
phorylation and degradation of I�B� more than the depletion of
Trx1 did. TRP14 also facilitated activation of JNK and p38
MAP kinase induced by TNF-�. Unlike Trx1, TRP14 shows
neither interaction nor interference with ASK1.

Here, we determined the crystal structure of human TRP14
to understand the structural mechanisms for the substrate
specificity of the protein and the biological role. The structure
of TRP14 reveals a special surface topology with unique elec-
trostatic surface properties near the active site that is quite
different from Trx1. The distinctive surface properties of
TRP14 explain the mechanism by which the target specificity is
different between TRP14 and Trx1. In addition, the structural
study of TRP14 provides us with information on the diversity
and specificity of cellular redox regulation in the cytosol that
are achieved by two distinctive Trx isotypes, TRP14 and Trx1.

EXPERIMENTAL PROCEDURES

Protein Purification—The wild-type TRP14 protein was prepared as
described (16). Briefly, the harvested cells were dissolved in buffer A (20
mM Hepes (pH 7.0), 2 mM dithiothreitol, and 1 mM EDTA) and lysed by
sonication. The pellet obtained by streptomycin sulfate and ammonium
sulfate fractionation was dissolved in buffer A containing 0.5 M ammo-
nium sulfate. Then, the protein fractions obtained by phenyl-Sepharose
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6 FF were dialyzed against buffer B (10 mM Tris (pH 7.5), 2 mM

dithiothreitol, and 1 mM EDTA) and applied to the Mono-Q column. The
purified protein was dialyzed against 10 mM Hepes (pH 7.00) and
concentrated to 20 mg/ml for crystallization.

Crystallization and Data Collection—Crystallization of TRP14 was
carried out by using the hanging drop vapor diffusion method at 18 °C.
The reservoir solution consisted of 10%(w/v) polyethylene glycol 8000,
10%(w/v) polyethylene glycol monomethylether 2000, 0.1 M MES (pH
6.5). 1.8 �l of protein solution was mixed with an equal volume of the
reservoir solution. Plate-shaped crystals grew at the full size of 1.0 �
0.5 � 0.2 mm in 1–2 days. The TRP14 crystals belonged to the P212121

space group with unit cell dimensions of a � 26.86 Å, b � 48.39 Å, c �
81.84 Å. The crystals contained one monomer in the asymmetric unit
with the Matthews coefficient and the solvent content of 1.83 Å/Da and
34%, respectively. The multiwavelength anomalous dispersion data for
the structure determination were collected in the beamline 18B at the
Photon Factory by using an ADSC CCD detector. Before the data
collection, a single crystal was soaked in stabilizing solution supple-
mented with 0.5 M sodium bromide for about 30 s and flash-frozen. Data
for five different wavelengths including two peak wavelengths (�1 and
�2), two edge wavelengths (�1 and �2), and a remote wavelength (�5)
were collected (Table I). Measurements for multiple peak and edge
wavelengths were performed to take account of differences in the ab-
sorption edge of bromine between solution and crystalline states. All
data were integrated using the program MOSFLM (18) and scaled by
using the program SCALA in CCP4 package (19).

Structure Solution, Model Building, and Refinement—The heavy
atom search by using the program SnB (20) located two bromide sites,
and the heavy atom parameters were refined by using the program
SHARP (21). The phases were further improved by solvent flattening by
using the program DM (19). A summary of phasing and refinement
statistics is in Table I. The resulting electron density map was of
sufficient quality for the initial model building. The program O (22) was
used for the model building. When most residues in the molecule were
built into the model, the model coordinates were transferred to the high
resolution data and refined by using the program CNS (23). The ran-
domly selected 5% of diffraction data was set aside for Rfree calculation.
Water molecules were gradually added by the water_pick routine im-
plemented in CNS. In the refined model, 94.2% of all residues in the
molecule are in the most favored regions, and only one residue (Glu107)
remains in a disallowed region of Ramachandran plot drawn by the
program PROCHECK (24). The residue Glu107 has strong interaction

with the residue Asn81 in the symmetry-related molecule, and the
quality of electron density map around Glu107 is excellent. The final
model includes residues 4–122 of TRP14 and 43 water molecules.

Activity Assay of Redissolved Crystals—TRP14 crystals were redis-
solved in 1 mM EDTA and 50 mM Hepes-NaOH (pH 7.0) after rinsing the
crystals several times with the reservoir solution. The activity assay of
TRP14 was started by the addition of oxytocin (Sigma) at a final
concentration of 100 �M to a reaction mixture containing 50 mM Hepes-
NaOH (pH 7.0), 1 mM EDTA, 0.2 mM NADPH, 100 nM TrxR1, and 6 �M

TRP14. The reaction was performed at 30 °C, and oxytocin reduction
was monitored on the basis of A340.

RESULTS AND DISCUSSION

Overall Structure—The structure of TRP14 was determined
by the multiwavelength anomalous dispersion method with a
sodium bromide (0.5 M) soaked crystal. TRP14 folds into a
compact and globular domain with the approximate dimen-
sions of 25 � 30 � 35 Å (Fig. 1). Despite low sequence identity
(20%) between TRP14 and Trx, the topological structure of
TRP14 is similar to that of Trx. When we superimposed TRP14
and Trx1 (Protein Data Bank code 1ERU) (10), 81 out of 119 C�
atoms could be aligned with a root mean square deviation of 2.0
Å (Fig. 2). The redox-active Cys-Xaa1-Xaa2-Cys motif (Xaa is
any amino acid) of TRP14 (Cys43-Pro44-Asp45-Cys46) is located
at the N terminus helix �2. A disulfide bond between the two
cysteines was evident in the electron density map, indicating
that the structure is in an oxidized state.

There are several important structural differences between
TRP14 and Trx1. First, the region of TRP14 corresponding to
helix �3 of Trx1 is divided into two separated helices (�3a and
�3b) with the insertion of 4 residues (Figs. 1b and 2). In addi-
tion, helix �3a is shifted toward the face of the redox-active site
significantly. A structure-based sequence alignment (Fig. 2)
shows that residues 73–87 including helix �3a and a part of
helix �3b in TRP14 cannot be aligned with Trx1. Helix �3a in
TRP14 interfering with the surface near the redox-active site
may play a role in determining target specificity by limiting its
interaction with Trx target proteins (see below).

TABLE I
Crystallographic and refinement statistics

Crystallographic statistics

Data set � 1(peak) � 2(peak) � 3(edge) � 4(edge) � 5(remote) Native
Wavelength(Å) 0.9192 0.9195 0.9198 0.9201 0.9170 1.5416
Resolution(Å) 2.0 1.8
Space group/unit cell P212121/26.79 X 47.95 X 79.99
Rsym(%)a 5.1 5.3 5.5 5.2 5.4 4.1
I/� (I) 12.2 11.9 11.6 11.9 11.7 9.4
Completeness(%) 99 99.7
Total reflections 64,163 64,220 64,021 63,983 64,492 34,804
(Unique reflections) 7,363 7,374 7,346 7,351 7,383 12,317
Phasing powerb

(centric/acentric) �/� 0.50/0.67 0.14/2.5 0.12/1.9 0.89/2.2
(anomalous) 2.2 2.3 2.5 1.9 2.2

Rcullis
c

(centric/acentric) �/� 0.61/0.62 0.62/0.63 0.55/0.56 0.58/0.59
(anomalous) 0.80 0.79 0.76 0.86 0.81

Refinement statistics
R-factor(%)d 21.9
Rfree (%)e 22.9
Bond lengths (Å) 0.004
Bond angles(°) 1.224
Dihedral angles(°) 23.70
Improper angles (°) 0.75
Ramachandran plot

Residues in most favored regions (#/%) 97/94.2
Residues in additional allowed regions (#/%) 5/4.8
Residues in disallowed regions (#/%) 1/1.0

a Rsym � �i �Ii � �I��/ � ��I��, where I is the intensity for the Ith measurement of an equivalent reflection with the indices h, k, and l.
b Phasing power � FH/E, where FH is the way heavy-atom structure factor amplitude and E is the lack-of-closure error.
c Rcullis � (� �FPH � FP� � FH) /� �FPH � FH�, where FPH, FP, and FH are derivative, native and heavy-atom structure factor amplitudes,

respectively.
d R-factor � � i �Fo � Fc�/� Fo, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively.
e The Rfree value was calculated from 5% of all data that were not used in the refinement.
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Other structural differences are found in loop �2-�2 (resi-
dues 33–42) that have an insertion of 7 residues in comparison
with Trx1 (Fig. 2). The extended loop of TRP14 is located in

front of the redox-active Cys-Xaa1-Xaa2-Cys motif and is likely
to play a role in target recognition or specificity as the helices
�3a and �3b. The extended loop appears to be stabilized by

FIG. 1. Overall structure of TRP14.
A, a schematic ribbon diagram of TRP14.
Secondary structure elements are labeled
on the drawing. The active cysteines
forming a disulfide bond are drawn as a
ball-and-stick representation. The bound-
aries of the secondary structure elements
are �1 (residues 5–10), �2 (residues 26–
32), �3 (residues 63–71), �4 (residues 94–
97), �5 (residues 103–107), �1 (residues
11–21), �2 (residues 43–57), �3a (residues
73–79), �3b (residues 82–89), and �4 (res-
idues 112–122). B, structural comparison
of TRP14 (black) with human thioredoxin
(red). C� traces of the two structures are
superimposed using the program O (22).
C� positions of every 20th residue in the
TRP14 structure are indicated as black
balls and labeled in the stereo diagram.
C, electron density map. The 2Fo � FC
electron density map around the active
site of TRP14 is presented as superim-
posed with the final model. The map was
contoured at a 1.0 � level.

Crystal Structure of TRP1448122
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several hydrogen bonds, including interactions between the
carbonyl oxygen atoms of Ser32 and the amide nitrogen atom of
Lys33 and the interactions between the carbonyl oxygen atom
of Lys40 and the C� carbon of Ala35. In addition, the carbonyl
oxygen of Ala36 forms hydrogen bonds with the amide nitrogens
of Gly39 and Lys40.

Active Site—The active site Cys43-Pro44-Asp45-Cys46 motif in
TRP14 is located at the starting position of helix �2. The
N-terminal Cys43 is exposed to solvent, indicating that the thiol
group of the residue could be easily accessible for the reaction
with substrates. The reactivity and redox potential of Trx-
related proteins are highly dependent on the dipeptide se-
quence within the Cys-Xaa1-Xaa2-Cys motif. The dipeptide se-
quence (Pro-Asp) of TRP14 is unique in comparison with that of
Trx1 (Gly-Pro). The difference of the dipeptide sequences be-
tween TRP14 and Trx1 seems to affect the pKa of the first
cysteine that is an important indicator of the reactivity of the
redox-active cysteines. The cysteine pKa of the Trx-related
proteins ranges between 3.0 and 7.0, being significantly lower
than that of the natural cysteine thiolate (�8.5). The lowered
cysteine pKa is essential for the redox reaction because the
ionization of the cysteine sulfide increases reactivity toward
substrates by increasing the nucleophilicity of the cysteine.

In TRP14, the Cys43 thiolate anion is stabilized by the partial

positive charge of the helix dipole of helix �2 as in Trx1.
However, the strength of stabilization seems to be different
between TRP14 and Trx1. In particular, the unique dipeptide
(Pro-Asp) sequence between the two cysteines seems to contrib-
ute to the low pKa of the Cys43 thiolate by strengthening the
helix dipole that is mainly governed by main chain hydrogen-
bonding network of the first two turns of the helix. In Trx1, the
dipeptide sequence is Gly-Pro, in which the position of proline
is different from that of TRP14. The proline residue of Trx1 in
the Xaa2 position results in the disruption of a hydrogen bond
between the amide nitrogen and the N-terminal cysteine sul-
fur. In comparison, the Asp in the Xaa2 position of TRP14 does
not disrupt the hydrogen bond (Fig. 3). The proline of TRP14 in
the Xaa1 position does not affect the hydrogen-bonding network
because the main chain amide nitrogen of Xaa1 is not in the
geometry to make a strong hydrogen bond with the N-terminal
cysteine sulfur. The strengthening of the helix dipole in TPR14
is consistent with the biochemical measurement of the pKa

value of the N-terminal Cys43 to be 6.1 (16), which is lower than
that of the corresponding cysteine of Trx (�7.0).

The structure of an E. coli disulfide bond exchange protein
DsbA exhibits a similar phenomenon (25). DsbA is known for
having an extremely low pKa value of 3.4. The dipeptide se-
quence within the Cys-Xaa1-Xaa2-Cys motif of DsbA (Cys-Pro-

FIG. 3. Stereo view of the active site
residues in TRP14. Residues in the ac-
tive site are drawn as a ball-and-stick
mode. The hydrogen bond interactions of
the Cys43 S� atom with neighboring am-
ide atoms are shown as dotted lines, and
the distances for these interactions are
indicated.

FIG. 2. Structure-based sequence alignment of TRP14 homologs. Secondary structural elements of human TRP14 and human Trx1
(hTrx1) are indicated above and below the sequences, respectively. Residues with 100% identity are colored orange, and residues with a
conservation value above 6.0 in all TRP14 family members are colored yellow, as defined in the program ALSCRIPT (34).

Crystal Structure of TRP14 48123
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His-Cys) is similar to those in TRP14, in which the position of
Pro is the same with TPR14 and a non-proline residue occupies
the Xaa2 position. In the crystal structure of reduced DsbA, the
thiolate in Cys30 (corresponding to Cys43 in TRP14) forms
hydrogen bonds with amide groups of Xaa1 and Xaa2 residues.
Although the side chain of His32 plays a major role in lowering
the pKa value by forming a charge interaction with the thiolate,
mutations of His32 to non-charged residues such as Tyr and Ser
still represent low pKa values ranging from 3.8 to 4.9, indicat-
ing that the non-proline residue in the Xaa2 position plays a
critical role in lowering the pKa of the first cysteine in the
CXXC motif (26).

Surface Characteristics—The surface surrounding the active
site of TRP14 includes the protruding helix �3a and loop �2-�2
(Fig. 4a), which is highly distinguishable from the wide and flat
surface of Trx1 and Grx (Fig. 4, b and c). The wide and flat
surface of Trx1 and Grx would be advantageous for interacting
with a variety of substrates that need to be reduced by Trx1
and Grx. In comparison, the specialized molecular surface of
TRP14 is likely to restrict the interaction of many proteins that
do not have a molecular surface complementary to the special-
ized TRP14 surface. In the complex structures between Trx1
and peptide substrates that originated from Ref-1 (27) and
NF-�B (28), the target peptides bind to the crescent-shaped
groove on the surface of the Trx1. In the peptide binding inter-
actions, the side chain of Tyr60 in the NF�B peptide corre-
sponding to the P-2 binding site (P0 denotes the active cysteine
of the peptide, and the negative number indicates a residue
N-terminal to the cysteine residue) has many hydrophobic in-
teractions with various residues (Phe27, Val59, Ala66, Val71,
Ala73, and Thr74) in Trx1. Although the Ref-1 peptide is com-
plexed with Trx in a reversed chain direction (27), the P-2 site
is replaced by bulky tryptophan in the Ref-1 peptide, and its
hydrophobic interactions are still similar to those of the NF�B
complexed structure. However, in TRP14, the protruding helix
�3a completely covers the P-2 binding site and thus blocks the
access of Trx substrates.

In addition to the molecular surface differences, the charge
distribution on the TRP14 active site surface is completely
different from that of Trx1. Although the Trx1 surface is
mainly made of hydrophobic patches, that of TRP14 has highly
charged characters with both positively charged regions (Lys40,
Lys74, Lys78, and Arg85) and negatively charged regions (Asp36,

Asp45, Glu48, and Glu107). Among the charged residues, the
Xaa2 residue (Asp45) of the Cys-Xaa1-Xaa2-Cys motif plays an
important role to form a negatively charged surface patch.
Several hydrophobic residues (Trp42, Val71, Trp77, Pro94, Val93,
and Leu111) are spread out in between the charged regions. The
highly charged surface of TRP14 should act as a determinant
for the specific recognition of potential substrates. The surface
of Grx also has a small patch of positively charged residues
(Fig. 4c), but the extent of the charged region is significantly
less than that of TRP14, and the distribution of the charged
residues is completely different between the two proteins.
Thus, TRP14 seems to have evolved to recognize a completely
different set of substrates that are not reduced by Trx1 or Grx.

The significant structural and surface differences between
TRP14 and other cellular reductants led us to test whether the
crystallized TRP14 retains its biological activity. We redis-
solved the TRP14 crystals and measured the reductase activity
of the protein by using oxytocin as the substrate (Fig. 5).
Oxytocin, which comprises 9 amino acids with an intramolec-

FIG. 5. Reduction of oxytocin by redissolved TRP14 crystals.
TRP14 crystals were dissolved, and the reduction activity was meas-
ured by using oxytocin as the substrate. The assay mixture included
100 �M oxytocin, 50 mM HEPES-NaOH (pH 7.0), 1 mM EDTA, 0.2 mM

NADPH, 100 nM TrxR1, and 6 �M TRP14. Assay mixtures lacking
TRP14 served as controls.

FIG. 4. Surface characteristics. The surfaces near the active sites in TRP14 (a), Trx1 complexed with NF�B (Protein Data Bank code 1MDI)
(b), and Grx (Protein Data Bank code 3GRX) (c) are displayed in the same orientation to show surface characteristics that could be utilized for the
specific recognition of substrates. Electrostatic surface potentials were calculated and displayed using the program GRASP (35) with contours from
�10 (red) to �10 (blue) kTe�1 (k, Boltzmann’s constant; T, temperature; e, electron). The location of the active site cysteine is labeled black. In b,
the bound NF�B peptide is shown as a stick model with 2 residues (Tyr60 and Cys62) indicated as red labels.

Crystal Structure of TRP1448124
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ular disulfide, was shown to be a substrate of the soluble
TRP14 (16). In Fig. 5, the TRP14 protein redissolved from
crystals exhibits almost the same activity as the soluble
TRP14, indicating that the TRP14 conformation observed in
the crystal represents the biologically active state.

Substrate Specificity—Trx-related proteins function as elec-
tron shuttles by transferring electrons (or reducing power)
from donors to acceptors. In the process, the proteins must
interact with both electron donors and acceptors in a sequential
manner. TRP14 accepts electrons from Trx reductase 1 (TR1)
but not from Trx reductase 2 (TR2), whereas Trx1 does from
both TR1 and TR2 (16). The differences in specificity for the
electron donation of TRP14 and Trx1 are more pronounced.
That is, there seem to be no common substrates between
TRP14 and Trx1. For example, Trx transfers electrons to ribo-
nucleotide reductase, methionine sulfoxide reductase, and
Prxs, whereas TRP14 reduces none of the proteins. Instead,
TRP14 was shown to interact with LC18 (17). These distinctive
substrate specificities should be accounted for by the surface
differences described in the previous section.

Of interest is the ability of TRP14 to accept electrons from
TR1, as does Trx1, although the surfaces near the redox-active
site of the two proteins are completely different. The reactivity
toward TR1 may be due to the C-terminal extension of TR1
with selenocysteine, which would transfer electrons from the
TR1 active site to substrates (29). The flexibility of the C-
terminal extension would enable TR1 to accommodate both
TRP14 and Trx1 as substrates (29). Although TR2 also has the
selenocysteine-containing C-terminal extension, the cytosolic
protein TRP14 seems not to have evolved to interact with TR2,
which is a mitochondrial protein.

There were previous examples in which the substrate spec-
ificity of redox proteins was attributed to differences in the
interacting surface characteristics. The Grx-homologous pro-
tein NrdH exhibits Trx1-like activity because the active site
surface of NrdH has hydrophobic characteristics like Trx1 (30).
The crystal structure of Haemophilus influenzae hybrid-Prx5
showed that the specificity of electron donors was determined
by the binding surfaces of Prx isotypes (31). Although se-
quences of human Prx5 and H. influenzae hybrid-Prx5 are
highly homologous, the active site surfaces are different, and
the two proteins have different substrate specificities in which
human Prx5 and H. influenzae hybrid-Prx5 use Trx and Grx as
electron donors, respectively. These results support that the
active surface of redox proteins affects the substrate specificity
of the proteins and the specialized surface of TRP14 provide the
protein with a highly specific selectivity in binding with its
potential substrates.

Implication for Cellular Redox Regulation—Redox homeo-
stasis is important in cellular functions including signal trans-
duction, transcription, immune responses, and apoptosis (32).
The functional regulations by cellular redox status are medi-
ated by oxidation of exposed cysteine residues by reactive oxy-
gen species, and the reduction of the oxidized cysteines is done
by Trx-related proteins. Although the conventionally known
reducing agent Trx1 has broad substrate specificity, it would be
an impossible task for a protein to recognize all of the redox-
regulated proteins in cells. Thus, mammalian cells should have
auxiliary factors that could complement the function of Trx1.
Until today, there were only three known Trx-related proteins
(Trx1, TRP32, and TRP14) in cytosol, where most cellular
signaling occurs. TRP14 is a good candidate to play an active
role as a redox regulator because the protein accepts electrons
from TR, whereas TRP32 does not (33). The structure of the

cytosolic protein TRP14 reveals a charged and uneven active
site that is very different from that of Trx1. However, the
completely different active site surface may be complementary
in the function of two proteins as redox regulators by extending
the range of substrates recognized by the redox regulators. In
addition to the surface differences, TRP14 and Trx1 also ex-
hibit differences in hydrogen-bonding interactions of the redox-
active cysteines due to a different dipeptide sequence between
the two cysteines, which explains the different redox properties
of TPR14, such as cysteine reactivity (pKa) and redox potential.
Thus, the TRP14 structure shows that the protein is designed
to act as both an auxiliary factor for Trx1 and a specific redox
regulator for cellular redox signaling pathways.
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