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ABSTRACT 

The last decade has witnessed the explosion of research on redox-controlled cellular and biochemical processes. 
Whereas the vast majority of these studies have centered on clinical, genetic, and biochemical aspects of redox 
signaling and regulation inside and outside the cell, a significant number of nuclear magnetic resonance (NMR) 
and crystallographic studies have been undertaken to obtain an atomic-level understanding of the mechanisms of 
the redox regulation. This review highlights the recent progress of three-dimensional structure determination of 
key proteins and protein complexes involved in redox regulation. An increased list of such class of protein struc­
tures and their complexes with ligands will provide invaluable insight into the molecular basis of redox-regula-
tory processes and may be useful for the future development of therapeutic agents for redox-related diseases. 
Antiox. Redox Signal. 2, 827-840. 

I N T R O D U C T I O N driving force for the cellular redox signaling 

appears to be the reactive oxygen species 

A l t h o u g h it has long been known that the (ROS). Although high levels of R O S are known 

oxidation state of cysteine residues plays to damage protein/nucleic acid structures, 

an important role in structure and function of which ultimately lead to the oxidative stress, 

many proteins, it has only been recently real- low levels of R O S produced during normal cel-

ized that, similar to phosphorylation/dephos- lular metabolism are n o w believed to fine-tune 

phorylation of hydroxyl amino acids in pro- the protein functions by modulating the oxi-

teins, the oxidation-reduction of critical dation state of some redox-sensitive cysteine 

cysteines is also involved in regulating a vari- residues even in the reducing intracellular en-

ety of biological signaling processes such as vironment (Finkel, 1998; Rhee, 1999). A large 

photosynthesis, gene transcription, translation, number of proteins containing such redox-sen-

and apoptosis (Danon and Mayfield, 1994; sitive cysteines have been identified (Sen, 

Powis et al, 1995; Sen, 1998; Aslund and Beck- 1998). In general, modulation of these cysteine 

with, 1999). The concept of redox signaling and residues lead to inter- or intramolecular disul-

regulation has emerged as a result of intensive fide bonds and glutathionylation, both of 

research in the last decade on many redox-con- which can either activate or inactivate proteins 

trolled biochemical and cellular processes. The by inducing conformational change or altering 
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FIG. 1. Enzymatic reaction scheme for Trx and GSH-Grx systems. (A) Thioredoxin system. ROS-induced intra- or 
intermolecular disulfide bonds of the target proteins are reduced by the reduced Trx, which is regenerated by the 
TrxR coupled with NADPH. Note that for TrxRs from mammals and C. elegans containing additional redox center 
Cys-SeCys, the oxidized Trx can also catalyze the thioselenide formation for such pair, which regulates the TrxR ac­
tivity (Lee et al., 2000), reduction of the thioselenide is achieved by the redox center of TrxR adjacent to the FAD ring 
(Lee et al, 2000). (B) GSH-Grx system. Two pathways are indicated: monothiol pathway catalyzing reduction of GSH-
containing mixed disulfides and the dithiol pathway catalyzing reduction of ribonucleotide reductase (RRase) (dashed 
circle with arrows). 

protein binding site. A structural elucidation of 

such modulation is exemplified by the pea fruc-

tose-l,6-bisphosphate phosphatase where a 

disulfide bridge promotes the disruption of the 

catalytic site across a distance of 20 A and ac­

tivation of this enzyme requires thioredoxin 

(Trx) (Chiadmi et al, 1999). It has been sug­

gested that the sensitive cysteine residues in 

some cases could also be oxidized to sulfenic 

(-Cys-SOH) or sulfinic acids (Cys-S02H) to reg­

ulate protein function, and such species have 

recently been observed in a number of proteins 

that are redox regulated (for review, see Clai­

borne et al, 1999). Some proteins also contain 

selenocysteine residues that play a role in re­

dox regulation. For example, in addition to 

having a redox center near the F A D ring, some 

thioredoxin reductases (TrxRs) from higher eu-

karyotes, such as mammals (Tamura and Stadt­

man, 1996; Zhong et al, 2000) and the nema­

tode w o r m Caenorhabditis elegans (Buettner et 

al, 1999), contain an additional redox center 

comprised of Cys and selenocysteine (SeCys) 

residues in the order of -Gly-Cys-SeCys-Gly. 

Oxidation of SeCys leads to the formation of a 

thioselenide with the neighboring Cys (Lee et 

al, 2000). Such oxidation or replacement of se­

lenium with sulfur markedly reduces the TrxR 

activity, indicating an essential role for the Se­

Cys in the redox regulation (Lee et al, 2000). 
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There exist two major redox regulatory sys­

tems: the Trx system and the glutathione-

glutaredoxin system. Both systems maintain 

the redox status of cysteine sulfhydryl groups 

through thiol-disulfide exchange reactions and 

both utilize N A D P H as the cofactor for their re­

spective regeneration systems. The reaction 

mechanisms, however, differ significantly (Fig. 

1). A series of three-dimensional structures of 

proteins and protein complexes along the two 

reaction pathways have been determined, and 

significant insight into mechanisms in redox 

regulation has been obtained. The goal of this 

article is to provide an overview of the recent 

progress in structural studies of these two sys­

tems. Structures of other proteins involved in 

thiol-disulfide exchange, such as protein disul­

fide isomerases (PDI or DsbA) responsible for 

disulfide formation and protein folding (Kim 

and Mayfield, 1997), have also been solved and 

are summarized in Table 1 with the relevent 
Protein Data Base (PDB) codes, together with 

those from the Trx system and glutathione-

glutaredoxin system. 

Table 1. Known Structures of Thiol-Disulfide Oxidoreductases and Their Complexes3 

Protein 

Trx 
Trx 
Trx 
Trx 
Trx 
Trx 
Trx 

Trx 

Trx 

Trx 
Trx 
Trx 
Trx 

Trx 
Trx 
Trx 
Trx 
TrxH 

Trx 
Trx 
Trx 
Trx 
TrxM 

Trx 

TrxR 
TrxR 
TrxR 
TrxR 

TrxR 
FTR 

Grx 
Grx 
Grx 
Grx 
Grx 

PDB Id 

1SRX 
2TRX 
3TRX 
4TRX 
2TIR 
1THO 
ITRS 
ITRU 
1TRV 
1TRW 
IMDI 
IMDJ 
IMDK 
1THX 
1XOA 
1XOB 
ICQG 
ICQH 
1ERT 
1ERU 
1ERV 
1ERW 
1TOF 

1AIU 
1AUC 
1T7P 
1TXX 
1DBY 

1QUW 

1TDE 
1TDF 
1TRB 
1VDC 

1CL0 
1DJ7 

1AAZ 
1ABA 
1EGO 
1EGR 
1GRX 

Year0 

1976 
1991 
1992 
1992 
1993 
1993 
1994 

1994 

1995 

1995 
1996 
1996 
1996 

1996 
1996 
1996 
1996 
1996 

1997 
1998 
1998 
1999 
1999 

2000 

1994 
1994 
1994 
1997 

1999 
2000 

1993 
1993 
1993 
1993 
1994 

Organism 

Escherichia coli 
Escherichia coli 
Homo sapiens 
Homo sapiens 
Escherichia coli 
Escherichia coli 
Homo sapiens 

Homo sapiens 

Homo sapiens 

Anabaena sp. 
Escherichia coli 
Escherichia coli 
Homo sapiens 

Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Chlamydomonas 
reinhardtii 

Homo sapiens 
Homo sapiens 
Escherichia coli 
Escherichia coli 
Chlamydomonas 

reinhardtii 
Bacillus 
acidocaldarius 

Escherichia coli 
Escherichia coli 
Escherichia coli 
Arabidopsis 

thaliana 
Escherichia coli 
Synethocystis sp. 

Bacteriophage T4 
Bacteriophage T4 
Escherichia coli 
Escherichia coli 
Escherichia coli 

Mutation(s), redox state, etc. 

oxidized 
oxidized 
reduced 
reduced 
K36E; oxidized 
G33-R-P34 insertion; oxidized 
C62A, C69A, C73A; oxidized 

C62A, C69A, C73A; reduced 

C35A, C62A, C69A, C73A 

oxidized 
oxidized 
reduced 
C35A, C62A, C69A, C73A 

reduced 
oxidized 
C73S; reduced 
C32S, C35S 
oxidized 

D60N; reduced 
oxidized 
reduced 
P33V, G34W; oxidized 
oxidized 

oxidized 

oxidized 
C138S 
C138S 
oxidized 

reduced 

oxidized 
V15G, Y16P; oxidized 
oxidized 
reduced 
C14S 

Complex partner(s) 

Mixed disulfide with NFkB peptide 

Mixed disulfide with Ref-1 peptide 

T7 D N A polymerase bound to D N A 

FAD 
FAD, N A D P + 
FAD 
FAD 

FAD 

Mixed disulfide with glutathione 

(continued) 



Table 1. K n o w n Structures of Thiol-Disulfide Oxidoreductases and Their Complexes3 (Cont'd) 

Protein 

Grx 
Grx 
Grx 
Grx 
Grx 
Grx 3 
Grx 1 

GR 
GR 
GR 
GR 
GR 

GR 

GR 
GR 
GR 
GR 
GR 
GR 
GR 
GR 
GR 
GR 
GR 
GR 

GR 
GR 

GR 

DsbAf 
DsbA 
DsbA 
DsbA 
DsbA 
DsbA 

DsbA 
DsbA 
DsbA 
DsbA 
TcpG 
PDOS 

PDI 

PDI 
PDI 
HAPlh 

PDB Id 

1KTE 
1JHB 
1DE1 
1DE2 
1B4Q 
3GRX 
1QFN 

3GRS 
4GR1 
1GER 
1GET 
1GES 

1GEU 

1GRA 
1GRB 
1GRE 
1GRF 
1GRG 
1GRH 
IX AN 
1GRT 
2GRT 
3GRT 
4GRT 
5GRT 

1DNC 
1GSN 

1BWC 

1DSB 
1FVK 
1FVJ 
1AC1 
1ACV 
1A23 
1A24 
1A2L 
1A2M 
1A2J 
1BQ7 
1BED 
1A8L 

1MEK 

1BJX 
2BJX 
1BIX 

Year 

1996 
1998 
1999 
1999 
1999 
1999 
2000 

1998 
1991 
1994 
1994 
1994 

1994 

1994 
1994 
1994 
1994 
1994 
1994 
1996 
1997 
1997 
1997 
1997 
1997 

1998 
1998 

1999 

1994 
1997 
1997 
1997 
1997 
1998 

1998 
1998 
1998 
1999 
1997 
1999 

1997 

1999 
1999 
1999 

Organism 

Sus scrofa 
Homo sapiens 
Bacteriophage T4 
Bacteriophage T4 
Homo sapiens 
Escherichia coli 
Escherichia coli 

Homo sapiens 
Homo sapiens 
Escherichia coli 
Escherichia coli 
Escherichia coli 

Escherichia coli 

Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 

Homo sapiens 
Homo sapiens 

Homo sapiens 

Escherichia coli 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Escherichia coli 

Escherichia coli 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Vibrio cholerae 
Pyrococcus 
furiosus 

Homo sapiens 

Homo sapiens 
Homo sapiens 
Homo sapiens 

Mutation(s), redox state, etc. 

oxidized 
reduced 
oxidized 
reduced 
C7S, C25S, C78S, C82S 
CMS, C65Y 
C14S 

oxidized 
oxidized 

A179G, A183G, V197E, 
R198M, K199F, H200D, R204P 
A179G, A183G, V197E, 
R198M, K199F, H200D, R204P 
oxidized 
oxidized 

C58 carboxymethylated 
C58 modified by BCNUd 
C58 modified by HECNUe 

A34E, R37W 
A34E, R37W 
A34E, R37W 
A34E, R37W 
A34E, R37W 

sulfinic acid group in C63 
sulfenic acid group in C63, 
C234, C284, C423 

oxidized 
oxidized 
H32Y; oxidized 
H32L; oxidized 
H32S; reduced 
reduced 

reduced 
oxidized 
oxidized 
P151A; oxidized 
oxidized 
oxidized 

prolyl 4-hydroxylae B subunit; 
oxidized 
B domain 
B domain 

Complex partner(s) 

Mixed disulfide with glutathione 
Mixed disulfide with glutathione 
Mixed disulfide with a peptide from 
ribonucleotide reductase 

Retio-GSSGc 
FAD 
NADP+ and FAD 
NAD+ 

NAD+ and FAD 

GSSG and NADP+ 
N A D H and P043_ 
glutathione and P043~ 
PO43-
P043~ 
P043" 
Xanthene inhibitor 
FAD 
F A D and GSSG 
F A D and GSSG 
F A D and GSSG 
F A D and oxidized 
glutathionylspermidine 
substrate 
Mixed disulfide with glutathione 
Mixed disulfide with glutathione 

aThe list was compiled by searching PDB (www.rcsb.org/pdb/index.html) for respective protein names in com­
pound information record and by text search. Horizontal lines separate different protein families 
bYear of the release of the coordinates by PDB (does not always coincide with publication year). 
cN4-(malonyl-D-cysteinyl)-L-2,4-diaminibutyrate disulfide. 
dl,3-Bis (2-chloroethyl)-l-nitiosourea. 
el-(2-Chloroethyl)-3-(2-hydroxyethyl)-l-nitrosourea. 
fE. coli DsbA, related TcpG from V. cholerae, eucaryotic PDI (protein disulfide isomerase) and homologous P. furio­

sus protein are all members of one family of protein disulfide oxidoreductases. 
sProtein disulfide oxidoreductase. 
hSynonym: Ref-1. 
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THIOREDOXIN SYSTEM 

The enzymatic reaction mechanism of the 

Trx system is illustrated in Fig. 1A. Reduced 

Trx reduces the disulfide bonds of target pro­

teins, becoming itself oxidized as a result. 

The regeneration of the reduced Trx is achieved 

by the enzyme TrxR and involves the transfer 

of electrons from N A D P H to the active site 

disulfide bond of the TrxR, via F A D to the 

oxidized thioredoxin (Fig. 1A). Along the reac­

tion pathway, several three-dimensional struc­
tures for proteins involved have been deter­

mined including TrxR (E. coli form), oxidized 

and reduced Trx (both human and E. coli), and 

human Trx complexed with two different 

protein target sites (NF/cB and Ref-1). As dis­

cussed below, these structures have provided 

a framework for understanding how a key re­

dox regulatory system, namely the Trx system, 
works. 

Structure of TrxR 

Structures of E. coli TrxR were solved by X-

ray crystallography in three different forms: the 
oxidized form, a mutant form where its active 

site C138 was replaced by serine, and the C138S 

mutant complexed with N A D P + (Kuriyan et 
al., 1991; Waksman et al, 1994). All three struc­

tures show essentially the same fold, with the 

proteins existing as dimers. Each monomer 

contains one F A D and one N A D P H binding 

domain (Fig. 2A). The active site disulfide bond 
is located in the N A D P H domain, stacked 

against the flavin ring in an orientation that al­

lows reduction by the flavin. The nicotinamide 

ring, however, is quite distant from the flavin 

ring system (>17A), and a large conforma­

tional change would be required to bring the 

two rings close enough for the hydride ion 

transfer (Fig. 2A). A 66° rotation of the N A D P H 

domain about the two strands connecting the 

N A D P H domain and the F A D domain needs 

to occur (Waksman et al, 1994). Concomitantly, 

this rotation would allow the interaction of the 

substrate thioredoxin with the active site cys­

teine residues, that are otherwise inaccessible. 

Figure 3A displays a schematic model of such 

conformational change leading to the disulfide 

bond reduction. The crystal structure of re­

duced thioredoxin reductase without bound 

N A D P H has also been recently reported 

(Lennon et al, 1999) exhibiting no significant 

structural difference compared to the oxidized 

form. Interestingly, the flavin ring in the re­

duced form is bent compared to the planar con­

formation in the oxidized form, and the dis­

tortion is partly due to steric interactions 

between the ring and the reduced sulfur of 

Cysl38, which may be important for catalysis. 

Crystal structure of an eukaryotic TrxR from 

the mustard plant Arabidopsis thaliana has also 

been solved at 2.5A (Dai et al, 1996). The rela­

tive positions of the domains in A. thaliana TrxR 

differ from those of the E. coli reductase. When 

the FAD domains are superimposed, the 

N A D P H domain of A. thaliana TrxR must be 

rotated by 8° to superimpose on the corre­

sponding domain of the E. coli enzyme. The do­
main rotation necessary for the thioredoxin re­

duction cycle is smaller in A. thaliana TrxR than 

that in E. coli reductase. A structure of TrxR 

complexed with both N A D P H and thioredoxin 
would be necessary to obtain a complete pic­

ture of the enzymatic reaction, especially to vi­

sualize how the conformational change would 
occur upon binding to the substrate, Trx. Such 

work is being pursued (Wang et al, 1996). 

Very recently, the crystal structure of a func­
tionally similar thioredoxin reductase in 

chloroplasts has been reported (Dai et al, 
2000). This enzyme ferredoxin:thioredoxin re­

ductase (FTR) reduces disulfide bond of the 

oxidized plant Trx, thus mediating light-in­
duced redox signaling. Different from E. coli 
TrxR, FTR requires ferredoxin for its disulfide 

bond reduction instead of N A D P H , exhibits 
very different folding topology from TrxR, and 

is composed of an a-B heterodimer where the 

j3 subunit contains an iron-sulfur cluster and 

a redox active site. Remarkably, the Fe-S cen­
ter and the redox active site sit on the oppo­

site sides of the disk-like structure, which al­

lows docking of a ferredoxin on one side for 
disulfide reduction of FTR and interaction 

with Trx on the other side for disulfide reduc­

tion of Trx. No major conformational change 

appears to be necessary for the FTR catalysis, 

in contrast to the E. coli TrxR. 
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FIG. 3. Schematic representation of the dimeric forms of TrxR and G R (Waksman et al., 1994). (A) TrxR. The model 
on the left depicts the structure of TrxR where nicotinamide and flavin rings are distant from each other and the ac­
tive site disulfide bond is buried. A hypothetical active form of TrxR is illustrated on the right side, which requires 
a 66° rotation of N A D P H domain with respect to the F A D domain. This would place the nicotinamide and flavin 
rings close enough for the electron transfer as well as expose the active site disulfide for interacting with the sub­
strate, Trx. (B) GR. The nicotinamide ring, flavin ring, and the active site disulfide are adjacent to each other for the 
election transfer. The flavin ring system and the nicotinamide ring are indicated by fl and nic. The disulfide bonds 
of TrxR and G R are indicated by two small black circles. 

FIG. 2. Backbone structures of TrxR and G R monomers each containing a N A D P H (green) and a F A D (pink) bind­
ing domain, respectively. (A) Monomer structure of E. coli TrxR (PDB code 1TDF) showing the positions of N A D P + , 
FAD, and active site cysteine residues. C138 was mutated to serine for crystallization purpose. Large conformational 
change is necessary for N A D P + - F A D election transfer (see text and Fig. 3). (B) Monomer structure of G R (PDB code 
1GET). In contiast to the large distance between N A D P + and F A D in TrxR in (A), the N A D P + , FAD, and the active 
site disulfide in G R are adjacent to each other for ready election transfer. 

FIG. 4. Structures of Trx and Trx-target complexes. (A) Ribbon diagram of oxidized E. coli Trx (PDB code 2TRX) 
showing the cential /3-sheet surrounded by a-helices. (B) Backbone overlay of reduced (blue) (PDB code 1TRV) and 
oxidized (red) (PDB code ITRS) human Trx showing the similarity with subtle differences around active site region. 
The active site cysteines in reduced Trx and the disulfide bond in oxidized Trx are colored in yellow. (C) Overlay of 
backbone structures of human Trx in the mixed disulfide complexes with NF-kB peptide (pink) (PDB code IMDI) 
and Ref-1 (blue) (PDB code ICQG), respectively, and E. coli Trx in the noncovalent complex with T7 D N A polymerase 
(green). Only the segment of T7 D N A polymerase covering the active site region of Trx is displayed. Notice the con­
served binding site and extended structural feature shared by the three target molecules. 

FIG. 5. Structures of Grx and Grx-SSG complexes. (A) the Ribbon diagram of oxidized pig liver Grx (PDB code 
IKTE) showing the central /3-sheet surrounded by a-helices, a similar fold as seen in Trx (see Fig. 4A). (B) Overlay 
of backbone structures of human Grx-SSG (1B4Q) and E. coli Grx-SSG (PDB code 1GRX) showing the similar bind­
ing mode. 
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Structures of oxidized and reduced Trx 

Once TrxR is reduced by NADPH, it targets 

the oxidized Trx to generate the reduced Trx 

(Fig. 1A). The oxidized Trx structure (E. coli 

form) was the first redox protein structure 

solved (Holmgren et al, 1975) with 2.8 A reso­

lution and was later refined to 1.68 A (Katti et 

al, 1990). The structure has the fold of a cen­

tral five /3-stranded sheet surrounded by four 

a-helices and a dithiol/disulfide group in the 

active site, protruding from the protein surface 

(Fig. 4A,B). What had been puzzling was if 

there was any conformational difference be­

tween the oxidized and reduced forms for their 

different redox activities. Nuclear magnetic 

resonance ( N M R ) has played a major role in 

identifying the subtle structural (Fig. 4B) and 

dynamical differences. These differences were 

found to be localized around the active site be­

tween the two forms (Stone et al, 1993; Qin et 

al, 1994, 1996a; Jeng et al, 1994, 1995), which 

likely play important role in the different redox 

activities of the two forms. Crystal structures 

of oxidized and reduced human Trx have also 

been recently reported (Weichsel et al, 1996). 

Although the structures are largely similar to 

those obtained by N M R methods (Qin et al, 

1994), all of the crystal structures exist in inac­

tive dimeric forms and dimer interface over­

laps with the active site region. The physiolog­

ical role of the dimer formation remains 

unknown. N M R relaxation measurements and 

analytical ultracentrifugation analysis have 

demonstrated that human Trx exists predomi­

nantly as a monomer in physiological condi­

tion (Gronenborn et al, 1999). The crystal struc­

ture of oxidized E. coli Trx was also found in 

dimeric form (Holmgren et al, 1975; Katti et al, 

1990) in contrast to the monomeric N M R struc­

ture (Jeng et al, 1994). Therefore, it is possible 

that the dimer formation results from the crys­

tal packing artifacts or differences in sample 

conditions (Gronenborn et al, 1999). 

Structures of Trx complexed with 

target molecules 

Central to the redox regulatory function of 

the Trx system is the ability of the reduced Trx 

to recognize the target proteins for disulfide 

bond reduction. Because Trx can catalyze the 

disulfide bond reduction of a variety of pro­

teins, it has been thought that the specificity of 

Trx is relatively low. This issue has been ad­

dressed by the N M R structure determination 

of human Trx complexed with two peptides de­

rived from two different target proteins: the 

transcription factor NF-kB and Redox factor 1 

(Ref-1), respectively (Qin et al, 1995, 1996b). 

Structure of human Trx in the mixed disufilde 

complex with NF-kB target peptide: NF-kB is a 

pivotal transcription factor that regulates ex­

pression of a wide variety of cellular and viral 

genes (Baeuerle and Baltimore, 1996; Baldwin, 

1996). NF-kB exists as a heterodimer composed 

of a 50-kDa (p50) and 65-kDa (p65) subunit or 

as a p50 homodimer. The D N A binding activ­

ity of NF-kB has been shown to be redox reg­

ulated by Trx (Matthews et al, 1992; Hayashi 

et al, 1993; Hirota et al, 1999). The oxidation of 

the Cys62 in p50 leads to the disulfide-linked 

dimer and inhibits the D N A binding of NF-kB, 

and the D N A binding can be restored in the 

presence of Trx (Matthews et al, 1992; Hayashi 

et al, 1993). The solution structure of a mixed 

disulfide-bonded complex between h T R X and 

a 13-residue peptide comprising residues 56-68 

of the p50 subunit of NF-kB was determined. 

This portion of NF-kB, which is located in the 

LI loop of p50, makes numerous contacts to 

D N A in the crystal structure of the NF-kB p50 

homodimer bound to a kB site (Ghosh et al, 

1995; Muller et al, 1995). The NF-kB peptide is 

located in a long boot-shaped cleft on the sur­

face of human Trx delineated by the active-site 

loop, helices al, a3, and a4, and strands /33 and 

(34 (Qin et al, 1995). The peptide adopts a cres­

cent-like conformation with a smooth 110° 

bend centered around residue 60 that permits 

it to follow the path of the cleft. In addition to 

the intermolecular disulfide bridge between 

Cys32 of Trx and Cys62 of the peptide, the com­

plex is stabilized by numerous hydrogen-bond­

ing, electrostatic, and hydrophobic interactions 

that involve residues 57-65 of the NF-kB pep­

tide and hence confer substrate specificity. 

Structure of Trx in the mixed disulfide complex 

with Ref-1 target peptide: The DNA-binding ac­

tivity of the transcription factor AP-1 (a het­

erodimer of Fos and Jun) is redox-controlled by 

a protein called Ref-1 /HAPl, which has both 
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D N A repair and redox activities (Abate et al, 

1990; Xanthoudakis et al, 1992). The region es­

sential for Ref-1 redox activity has been local­

ized to the amino terminus of the protein, and 

site-directed mutagenesis has identified the 

cysteine at position 65 at the redox active site 

(Walker et al, 1993; Xanthoudakis et al, 1994). 

The exact molecular mechanism of how Ref-1 

confers redox activity is not clear, even though 

the crystal structure of this protein is available 

(Gorman et al, 1997). Nevertheless, upon oxi­

dation, Ref-1 becomes redox inactive and is no 
longer able to activate AP-1. The activity of Ref-

1 is restored by Trx (Xanthoudakis et al, 1992). 

Indeed, a direct physical and functional inter­

action between Ref-1 and human Trx has been 

demonstrated both in vivo and in vitro using the 

yeast two-hybrid system and cross-linking (Hi­
rota et al, 1997). The three-dimensional struc­

ture of a complex of human Trx with a peptide 

comprising the relevant target site from Ref-1 

(Qin et al, 1996b) revealed that the Ref-1 pep­

tide containing C65 is located, similar to the 

NF-kB target peptide, in a crescent-shaped 

groove on the surface of Trx. The groove is 

formed by residues in the active-site loop 

(residues 32-36), helix 3, /3-strands 3 and 5, and 

the loop between /3 strands 3 and 4 (Qin et al., 

1996b). However, the orientation of the Ref-1 

peptide is opposite to that found in the com­
plex of Trx with the NF-kB peptide (Fig. 4C). 

The orientations of the NF-kB and Ref-1 pep­

tides appear to be determined by three dis­

criminating interactions (Qin et al, 1996b): the 

presence of an aromatic (or possible long hy­

drophobic chain) residue at P_2 or P+2 position 
that is buried in a deep hydrophobic pocket; 

the presence of an aliphatic residue at the P-4 
or P+4 position to interact with the aromatic 

ring of Trp31 of hTRX; and the presence or ab­

sence of a positively charged residue at the P-5 
or P+5 position, interacting with the side-chain 

carboxylates of Asp58 and Asp61 of hTRX. 
The ability of Trx to recognize peptides in 

opposing orientations in the same binding 

groove indicates that this redox protein has 

succeeded in balancing versatility in substrate 

recognition with the requirements for access to 

substrates. Thereby, Trx has the potential to tar­

get a wide range of proteins with disulfides 

within the cell. The sequences around the disul-

fide-forming cysteines vary significantly. For 

example, peroxiredoxin, an antioxidant protein 

regulated by Trx, contains two conserved cys­

teines in the active site with one largely hy­

drophobic and the other partially exposed (Hi-

rotsu et al, 1999). The latter is likely to be the 

target site for Trx, but the sequence around the 

cysteine (DKHGEVCPAGWKP) is quite differ­

ent from those from NF-kB (FRFRYVCEGP-

SHG) and Ref-1 (PATLKICSWNVDG). H o w 

Trx interacts with this region is not clear. More 

structures of Trx complexed with various tar­
gets are clearly necessary to deepen our un­

derstanding of the specificity of this ubiquitous 

enzyme. 

Interestingly, in addition to its thiol-disulfide 

exchange activity, Trx is also known to regu­

late several important biochemical processes 

through protein-protein interactions, and such 
regulations is Trx oxidation-state-dependent 

(Russel and Model, 1986; Tabor et al, 1987; 
Saitoh et al, 1998; Nishiyama et al, 1999). The 
structural basis of such regulation has been re­

vealed by the recent crystal structure of re­
duced E. Coli Trx complexed with the target 

phage T7 D N A polymerase (Doublie et al, 

1998). 
Structure o/E. coli Trx in a complex with phage 

T7 D N A polymerase: During phage growth, the 

T7 D N A polymerase requires the tight binding 
of reduced E. coli Trx as its partner in 1:1 ratio 

(Kd ~ nM) (Tabor et al, 1987). This binding in­
sures the high processivity of D N A replication; 
however, it was puzzling why the reduced Trx 

is required for this non-redox process since the 

structures of reduced and oxidized Trx are very 

similar (Fig. 4B) (Jeng et al, 1994; Qin et al, 
1994). Crystal structure of reduced E. coli Trx 

complexed with T7 D N A polymerase shows 
that Trx binds to an extended loop (71 residues) 

located in the tip of a thumb of the processiv­

ity domain of the polymerase (Doublie et al, 

1998). This flexible binding loop, rich in 
glycine, proline, and lysine residues, wraps 

around the base of Trx and buries the active-

site cysteines (Cys32 and Cys35) and the Arg73-
Gly74-Ile-75-Pro76 segment. Although the 

structure of the reduced Trx in the complex is 

nearly identical to that of the oxidized form 

(Katti et al, 1990), it is notable that C32 of the 
reduced Trx forms a hydrogen bond with 
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Thr327 of the loop, which likely contributes to 

the specificity of the reduced Trx in binding the 

polymerase. Moreover, it should be mentioned 

again that the subtle dynamical differences be­

tween the active site regions of the reduced and 

oxidized forms may also play an important role 
in fine-tuning the protein-protein recognition 

process (Stone et al, 1993). Remarkably, Trx 
binding site with the polymerase overlaps with 

the same binding groove observed in those of 
Trx-NF-KB and Trx-Ref-1 complexes (Doublie 

et al, 1998) (Fig. 4C). It will be interesting to see 
and compare how Trx interacts with other non-
redox proteins such as ASKl (Saitoh et al, 1998) 

and TBP-2 (Nishiyama et al, 1999) once these 
structures are available. 

GLUTATHIONE-GLUTAREDOXIN 
SYSTEM 

Figure IB shows the schematic diagram of 
glutathione-glutaredoxin system. Key proteins 

involved in this reaction pathway include glu­
tathione reductase (GR) and glutaredoxin 
(Grx). GrxR functions to reduce oxidized 
(GSSG) to reduced glutathione (GSH) during 
the reaction cycle. Although Grx is known to 
be able to mimic the catalytic mechanism of Trx 
in catalysis of ribonucleotide reductase-depen-
dent formation of deoxyribonucleotides, which 
follows a dithiol reaction pathway (Fig. IB) 
(Luthman and Holmgren, 1982; Bushweller 
et al, 1992), it is generally highly selective for 
deglutathionylation of glutathione-containing 
mixed disulfides (e.g., protein-SSG) via the 
monothiol reaction pathway (Fig. IB) (Bush­
weller et al, 1992; Gravina and Mieyal, 1993; 
Yang et al, 1998). Because protein-SSG mixed 
disulfides are a prevalent form of cysteine 
modification in cells during oxidative stress 
(Chai et al, 1994; Rokutan et al, 1994; Rahman 
et al, 1995; Ciriolo et al, 1997; Cohen et al, 
1997), Grx likely plays a key catalytic role in re­
dox-regulation of various cellular processes 
that involve glutathionylated proteins. In par­
ticular there are numerous examples of Grx 
catalysis of functional reactivation of glu­
tathionylated proteins in vitro, such as phos-
phofructokinase (Yoshitake et al, 1994), HIV-1 

protease (Davis et al, 1997), and the transcrip­

tion factor NFI (Bandyopadhyay et al, 1998). 

Structure of GR 

The structures of G R and its various com­

plexes have been studied extensively, and its 
enzymatic mechanism is well-understood 

(Schulz et al, 1978,1982; Thieme et al, 1981; Pai 

and Schulz, 1983; Karplus and Schulz, 1987, 

1989; Pai et al, 1988; Karplus et al, 1989; Becker 

et al, 1998). Similar to TrxR, G R is dimeric, with 
each monomer containing a F A D binding do­
main and N A D P H binding domain (Fig. 2B). 

However, there are significant differences be­

tween the two forms: instead of more than 17 
A between the nicotinamide ring and flavin 
ring observed in the structure of TrxR, the two 

rings in Gr are very close to each other (Fig. 
2B), which would not require a large confor­
mational change for electron transfer as com­

pared to TrxR. The enzyme's own disulfide 
bond, which is reduced by the flavin, is adja­
cent to the flavin ring system and sits at the 

base of a deep crevice in the structure formed 
at the dimer interface where glutathione binds. 
Figure 3B provides a schematic illustration of 
the Gr structure, indicating independent but 
nearby binding sites for FAD, N A D P H , and 

GSSG as compared to those for TrxR in Fig. 3A. 

Structure of oxidized and reduced Grx 

As mentioned above, Grx acts as a dithiol to 
catalyze the reduction of either protein-SSG or 
ribonucleotide reductase. Structures of a num­
ber of Grxs from several species have been 

solved, including oxidized and reduced E. coli 
Grxl Sodano et al, 1991; Xia et al, 1992), oxi­
dized and reduced bacteriophage T4 Grx (Ek-
lund et al, 1992; Ingelman et al, 1995), oxidized 
pig liver Grx (Katti et al, 1995), and reduced 

human Grx (Sun et al, 1998). All the structures 
have a similar thioredoxin fold (Fig. 5A). Com­
parison between oxidized and reduced E. coli 

Grx structures reveals very similar structures; 

however, differences were also found in local 
dynamics involving residues near the active 
site and the carboxy-terminal a-helix (Xia et al, 
1992; Kelley et al, 1997). Moreover, the solvent-

accessible surface area at the active site of re­
duced E. coli Grx is increased compared to the 



REDOX REGULATION 

oxidized form, which may be important for 

function (Xia et al, 1992). 

Structures of Grx complexed with 

target molecules 

To understand the high specificity of Grx to­

ward GSH-containing mixed disulfides, the 

structure of Grx complexed with G S H has been 

determined in three different forms: E. coli 

Grxl-SSG (Bushweller et al, 1994), E. coli Grx3-

SSG (Nordstrand et al, 1999), and h u m a n Grx-

SSG (Yang et al, 1998). Except for some small 

differences, Grx in all of the three structures re­

veals a largely similar binding m o d e with G S H 

primarily via electrostatic interactions (Fig. 5B). 

O n the other hand, the structure of E. coli Grxl 

complexed with a target peptide derived from 

ribonucleotide reductase (737-761) containing 

the C754S mutation was recently reported (Be-

rardi and Bushweller, 1999). The interactions 

between Grxl and the peptide are also pre­

dominantly electrostatic. Although the binding 

induced significant conformational change in 

the helices of the protein, the peptide was 

shown to bind in a similar orientation as seen 

for the G S H mixed disulfide. However, a very 

different set of interactions was observed be­

tween the Grx-peptide and Grx-SSG com­

plexes, suggesting that the active site of Grx has 

flexibility to adapt different substrates while 

achieving a high degree of specificity. 

C O N C L U S I O N S 

A significant number of structures involving 

proteins and protein complexes in the Trx sys­

tem and GSH-Grx system have been deter­

mined (Table 1). These structures represent 

several key steps along the reaction pathways 

of the two systems and have provided a foun­

dation for the current understanding of the en­

zymatic reactions involved in redox regulation. 

However, a full molecular picture of these two 

systems awaits for the completion of the struc­

ture determination of the complexes at all crit­

ical steps, such as TrxR complexed with Trx 

and Trx complexed with other target proteins. 

More biochemical/genetic experiments are 

necessary to demonstrate further the in vitro 
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and in vivo significance of the redox regulatory 

processes via the redox-sensitive cysteines. 

These biochemical studies, combined with 

structural determination of inactive and active 

proteins containing the redox-sensitive cys­

teines, will provide more convincing and ex­

citing molecular evidence of redox regulation 

occurring in diverse biological processes. 
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