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Abstract. Thioredoxins are small proteins distinguished
by the presence of a conserved dicysteine active site. In
oxidized thioredoxin, the two cysteines form a disulfide
bond that is targeted by the enzyme thioredoxin reduc-
tase. Together with an electron donor, thioredoxin and
thioredoxin reductase form the ‘thioredoxin system’ that
is present in all organisms. Thioredoxins participate in
dithiol/disulfide exchange reactions with a large range of

cellular substrates. Higher plants possess a very complex
thioredoxin profile consisting of at least two different
thioredoxin systems that contain distinct, multigenic
thioredoxin classes which have different intracellular lo-
calizations. In this review we summarise the current state
of knowledge regarding the function of plant thioredox-
ins representing all systems and classes.

Key words. Thioredoxin; chloroplast enzyme; redox regulation; NADPH thioredoxin reductase; ferredoxin thiore-
doxin reductase; multigene family; disulfide; seed germination.

Introduction

Thioredoxins are small (approximately 12-kDa) proteins
that appear to be ubiquitous in all organisms. Within the
predominantly reductive environment of a cell, thiore-
doxins are involved in a range of biochemical processes.
These include the regulation of enzymes [1, 2], the mod-
ulation of transcription factors [3, 4], as hydrogen donors
[1] and in oxidative protection [5]. Most, but not all, roles
depend upon the capacity of thioredoxins to effectively
reduce disulfide bonds in target proteins.

Here we address the genomic organization, stucture and
biological activities of thioredoxin systems in plants with
an emphasis on the most recent developments. Other pro-
teins that contain a thioredoxin motif or possess thiore-
doxin folds such as glutaredoxin are not discussed.

All thioredoxins share a conserved active-site motif, Cys-
X-Pro-Cys (where X is generally Gly but can also be Pro
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or Ala), and conserved amino acids at structurally impor-
tant positions [6]. In the oxidized state of the thioredoxin
protein, the cysteines of the active centre form a redox-
active disulfide bridge. The disulfide can be reduced to a
dithiol by electrons from NADPH or ferredoxin via the
enzyme thioredoxin reductase [1]. Reduced thioredoxins
have redox potentials (270 mV for Escherichia coli
thioredoxin) similar to other cellular reductants such as
glutathione [7]. The low redox potential enables thiore-
doxins to reduces disulfide bonds in target proteins or to
transfer reducing equivalents to substrates such as me-
thionine sulfoxide residues [7].

Plants possess two thioredoxin systems that can be dis-
tinguished by the electron donor and the enzyme that cat-
alyzes thioredoxin reduction.

The ferredoxin/ferredoxin-thioredoxin reductase/
thioredoxin (FTR/Trx) system

The FTR/Trx system, which is composed of ferredoxin,
ferredoxin-thioredoxin reductase (FTR) and two nuclear-
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Figure 1. Schematic representation of the two thioredoxin systems found in plants. (4). Light-induced regulation of chloroplastic enzymes
through the ferredoxin-thioredoxin reductase system. In the light, photosystem I of the photosynthetic electron transfer chain reduces ferre-
doxin. Ferredoxin can then serve as an electron donor to ferredoxin-thioredoxin reductase, which reduces thioredoxins m and f. The thiore-
doxins reduce the disulfide bonds of several target enzymes, thereby modifying their activity. (B) The NTR/Trx system. The reduction of
plant thioredoxins /4 is catalyzed by NADPH-thioredoxin reductase using NADPH as a source of reducing equivalents. When the thiore-

doxin cysteine disulfide is reduced to a dithiol, the thioredoxin is able

encoded thioredoxins (Trx), m and f (fig. 1 A), is found
only in photosynthetic eukaryotes and cyanobacteria. In
plants, the system is located in the chloroplast and regu-
lates the redox state of enzymes involved in carbon me-
tabolism and further biochemical processes [8, 9]. The
thioredoxins have been designated m and f in reference
to the enzymes with which they were initially found to
interact: NADP-malate dehydrogenase (NADP-MDH)
and fructose-1,6-bisphosphatase (FBPase), respectively
[9—-12]. The reducing power for chloroplastic thioredox-
ins is derived from the electron transport system of illu-
minated thylakoid membranes (fig. 1A). Electrons are
transferred from photosystem I to the iron-sulfur protein
FTR via ferredoxin. Subsequently, FTR reduces the
thioredoxins which in turn change the redox status of
their target proteins, thereby conferring a strict, light-sen-
sitive control of both the assimilatory and dissimilatory
pathways.

The NADPH/NADP-thioredoxin reductase/thio-
redoxin (NTR/Trx) system

In contrast to the chloroplastic thioredoxin system, the
NTR/Trx system has been identified in all organisms
with the exception of cyanobacteria. In this system,
NADPH is the source of reducing power for the NADPH-
thioredoxin reductase (NTR)-catalyzed reduction of
thioredoxin [2] (fig. 1B). In plants, thioredoxins regu-

to reduce disulfides in target proteins.

lated by this system are commonly termed either thiore-
doxins /4 or cytosolic thioredoxins in reference to their
initial discovery in heterotrophic tissue and predominant
subcellular localization.

Plant thioredoxins are a diverse multigene family

Current knowledge supports the view that plants possess
the greatest complement of thioredoxins found in all or-
ganisms. Multiple thioredoxins have been isolated from
algae [13, 14] and several species of flowering plant [15,
16]. Elucidation of the total number of thioredoxins in a
given species, their tissue specificity and subcellular lo-
cation have been the focus of several subsequent studies.
Until recently, the most comprehensive picture to emerge
has been in soybean where protein and organelle frac-
tionation techniques have been used in conjunction with
a range of enzymatic assays to identify no less than six
distinct thioredoxin proteins in both leaves [17] and
seeds [18]. The multiplicity of thioredoxin proteins as
detected by biochemical methods is substantiated by the
identification of multiple thioredoxin genes [19]. With
the rapid development of whole-genome sequencing and
EST sequence databases, determining the total thiore-
doxin gene complement of several organisms has finally
become possible. In the case of Arabidopsis thaliana, no
less than 13 distinct thioredoxin genes have been identi-
fied (fig. 2). Six genes encode non-chloroplastic 4-type
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Figure 2. Comparative alignment of Arabidopsis thioredoxin se-
quences representing all classes of plant thioredoxins and E. coli
thioredoxin. Sequences and accession numbers are: Arabidopsis
thaliana hl (Z14084), h6 (located on BAC clone AC012562), f1
(AF144386), m1 (AF095749, x (AF095753); E. coli (AE000344).
Structurally important amino acids are in blue while the active cen-
ter is in bold. Amino acids representing the predicted N-terminal
signal sequence of thioredoxins f, m and x are in italics. The con-
served C-terminal cysteine of thioredoxin fis in red and the two-
amino-acid insertion of thioredoxin x is in green.

thioredoxins, five of which have been described in detail
previously [19], while the sixth represents the Arabidop-
sis homologue of a conserved group recently reported by
us [20]. The other genes comprise two thioredoxins f,
four thioredoxins m and a novel prokaryotic-type thio-
redoxin called thioredoxin x [21]. By contrast, the
genomes of E. coli, yeast and humans contain two, three
and three thioredoxin genes, respectively. The number
and diversity of thioredoxins in Arabidopsis is probably
representative of all higher plants. Database searches
performed during the preparation of this review revealed
a similar number of all thioredoxins, including thiore-
doxin x, in EST libraries of other plant species such as
tomato and soybean.

Thioredoxin m and f genes are highly expressed in green
tissue and encode the only thioredoxin proteins that have
been isolated from chloroplasts [11, 22]. However, their
expression may not be restricted to photosynthetic tissue.
Chromatographically separated thioredoxins from soy-
bean seed showed a virtually identical protein profile to
that of soybean leaf, including two thioredoxins that have
been assigned to the chloroplast [18]. Correspondingly,
the transcripts of thioredoxin m genes have been detected
in the seed and root of Arabidopsis [21]. Thioredoxin f
genes are present in EST libraries of tomato seed (Gen-
Bank clone accession numbers AW036169, AW036163).
The transcription of thioredoxins m and f in non-photo-
synthetic tissue raises the question of whether additional
functions are performed by these proteins. While the
chloroplastic-type thioredoxins present in seed are sug-
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gested to be stored as precursor molecules [18], their
presence in root remains to be explained.

As has been observed for thioredoxins m, h-type thiore-
doxins are also expressed in a range of tissues and at dif-
ferent developmental stages. Plant thioredoxin # mRNAs
have the highest expression levels in rapidly growing
cells [19, 23] and from EST data appear to be present in
all plant tissues. Different members of the thioredoxin /
class have been purified from the endoplasmic reticulum
[24] and the plasma membrane [25], and located in the
nucleus by in situ hybridization [26].

In addition, thioredoxin /4 proteins have been located in
the sieve tubes of several plants despite not having a sig-
nal peptide [27, 28].

As the quantity of data regarding thioredoxin number, ex-
pression pattern and intracellular distribution has in-
creased, it has become apparent that the existing system
of thioredoxin classification, particularly with regard to
h-type thioredoxins, is oversimplified.

Thioredoxin structure

Plant thioredoxins share most of the amino acid residues
determined as being essential for the maintenance of pro-
tein structure and catalysis in E. coli thioredoxin [6]. The
alignment of all available plant thioredoxins has also
identified conserved residues, additional to those of
known structural importance, that appear to be specific to
each thioredoxin class (fig. 2) [29].

Thioredoxins m and f from plants are most easily differ-
entiated from /4 class thioredoxins by the presence of an
N-terminal transit peptide of varying size [30, 31]. Addi-
tionally, f~type thioredoxins differ from thioredoxins m
by being slightly longer, due to further amino acids at
their N terminus, and by the presence of a third conserved
cysteine in the C-terminal part of the proteins, a feature
shared with animal thioredoxins [32]. The newly identi-
fied thioredoxin x also appears to encode a signal peptide
although the corresponding protein has yet to be located
in any specific organelle. Thioredoxin x can be distin-
guished from m and f types by several sequence differ-
ences including a two-residue insertion in the C terminus
of the protein [21] (fig. 2). A further distinguishing fea-
ture of thioredoxins m and x is that they share greater se-
quence identity with thioredoxins from prokaryotes than
with other plant thioredoxins. Phylogenetic analyses have
provided strong evidence to advocate a prokaryotic origin
for m and x thioredoxins and a eukaryotic origin for
thioredoxins 4 and /21, 33].

Thioredoxins share a similar three-dimensional structure.
Nuclear magnetic resonance spectroscopy of E. coli [34]
and Chlamydomonas [35] thioredoxins and X-ray crys-
tallography of human [36] and spinach [37] thioredoxins
has demonstrated a conserved arrangement of five
strands surrounded by four a helices, a structure com-
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Figure 3. Three-dimensional structure of spinach thioredoxin f.
The positions of the active-site cysteines within the structure are
highlighted in red. The third conserved cysteine of thioredoxins f'is
indicated in dark blue. Regions targeted in mutational studies and
mentioned in the text are: amino acids 74—77 (in light blue); Thr!%,
Val¥ (in green).

monly referred to as the thioredoxin fold yet not restricted
to thioredoxins [38] (fig. 3). Within the protein, the ac-
tive-site amino acids are located in a protrusion at the end
of the second f sheet and the beginning of the second «
helix [6]. The N-terminal active-site cysteine is the at-
tacking nucleophile in disulfide reduction and is the more
exposed of the active-site cysteines [39]. Reduction of the
active-center disulfide bridge is accompanied by local-
ized structural changes including an increase in distance
between the two sulfur molecules and rotation of the side
chain of the N-terminal cysteine [34, 40].

Thioredoxins m and f from spinach are the only higher
plant thioredoxin proteins for which a crystal structure
has been described [37]. The tertiary structure of thiore-
doxin m is more similar to that of E. coli than thioredoxin
/- The most significant difference between thioredoxins f°
and m is found in the surface topography around the ac-
tive site. The active site of thioredoxin f'is surrounded by
positive charges which may be important in the interac-
tion with target proteins [41]. Also exposed on the surface
is the conserved C-terminal cysteine which is located
9.7 A from the N-terminal active-site cysteine. Mutagen-
esis studies suggest a role for this C-terminal cysteine in
interactions with target enzymes [42].
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Thioredoxin evolution

The recent availability of a large number of thioredoxin
sequences from plants and other organisms has facilitated
investigations into the evolutionary history of the differ-
ent classes of plant thioredoxins. Phylogenetic relation-
ships (fig. 4) were generated from protein sequences of
photosynthetic organisms used previously [21, 29] and
sequences of all published plant thioredoxins 4. In addi-
tion, sequences of thioredoxins representing a distinct
subclass of thioredoxins 4 [20] were included.
Phylogenetic analyses and structural comparisons of
thioredoxins from several organisms have clearly demon-
strated that higher plant thioredoxins m are of prokaryotic
origin [29, 32, 37], a finding supported by several lines
of evidence. First, of the four thioredoxins identified in
the genome of the cyanobacterium Synechocystis sp
PCC6803, one [open reading frame (ORF) SIr0623] is
found on the branch containing all eukaryote thioredoxins
m [21] including several red algae species. In red algae,
thioredoxins m are encoded by the chloroplast genome [44]
in contrast to the green alga, Chlamydomonas, where
thioredoxin m is nuclear encoded as in higher plants. Given
that Synechocystis is considered to represent a modern rel-
ative of the progenitor of plant chloroplasts, all plant and
algal thioredoxins m have conceivably evolved from an an-
cestral thioredoxin similar to SIr0623.

Interestingly, the recently discovered prokaryote-like
thioredoxin x of Arabidopsis has been shown to form a
separate group with a different gene from Synechocystis
sp PCC6803 (SIr1139), suggesting a distinct origin for
this plant thioredoxin [21].

Thioredoxins of the fclass are likely to be of eukaryotic
origin as they share highest sequence identity with thiore-
doxins from eukaryotic organisms and contain an intron
at a position conserved between thioredoxins /# from
plants and animal thioredoxins [33].

The h class represents the largest and most divergent
group of thioredoxins found in plants. Thioredoxins 4
of higher plants and Chlamydomonas are likely to have
evolved from a common ancestor since the position of
two introns is conserved across these species [33].
Duplication and divergence of thioredoxin # genes ap-
pears to be an ancient event as multiple 4-type thioredox-
ins seem to be present in all higher plants and thioredoxin
h sequences typically display high levels of interspecific
sequence identity [19]. A high degree of interspecific se-
quence identity is particularly evident within the / sub-
group that we have identified (fig. 4), where thioredoxin
homologues from evolutionarily distant species display
greater sequence homology to one another than to other
thioredoxins /# from the same or more closely related
species. With the exception of Arabidopsis, the full thiore-
doxin & complement of plants is still unknown. As other
thioredoxin 4 sequences are reported, we expect that the /
class will be subdivided further.
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Thioredoxin reductases

In all organisms, the action of thioredoxins is modulated
by dimeric enzymes called thioredoxin reductases. As
their name suggests, thioredoxin reductases are able to re-
duce oxidized thioredoxin; however, this is probably not
their exclusive function, as they have been shown to in-
teract with other cellular substrates [45, 46]. The se-
quencing of thioredoxin reductase genes and crystalliza-
tion of thioredoxin reductase proteins from several
species [47—49] has revealed that two broad classes exist
in nature: The FTR that uses ferredoxin as an electron
source and NTR which uses NADPH as the source of re-
ducing equivalents.

NTRs of plants are homodimeric flavoproteins that be-
long to a family of pyridine nucleotide disulfide oxidore-
ductase enzymes [48]. The protein subunits have a mole-
cular weight of 35 kDa and contain an FAD- and
NADPH-binding domain as well as a conserved redox-
active disulfide [50]. Electrons are transferred from
NADPH to FAD and then to the disulfide. The tertiary
structure of NTR from A. thaliana has been determined
and has revealed that the plant NTR enzyme is more
closely related to prokaryotic thioredoxin reductases than
to NTR from higher eukaryotes such as mammals [49,
51]. Within the protein, the active disulfide site faces the
isoalloxazin ring of the flavin (FAD) thus allowing the
transfer of electrons from FAD to the disulfide bridge
[52]. As determined for E. coli [49], binding of thiore-
doxin by plant NTRs also requires a structural change in
the NTR molecule. The NADPH domain rotates away
from the flavin to accommodate the binding and subse-
quent reduction of thioredoxin [53].

NTRs display varying levels of affinity for thioredoxins
from different sources [50]. Interestingly, several thiore-
doxins from divergent species have been shown to be bet-
ter substrates for a particular NTR than some thioredox-
ins derived from the same or more closely related organ-
isms [19, 50]. Given that plants contain several distinct
NTR proteins [54], there is likely to be a level of speci-
ficity in the interaction between NTRs and thioredoxins.
FTR of higher plants is a nuclear-encoded heterodimer,
comprised of two subunits, a variable subunit and a larger
catalytic subunit that is conserved between species and
contains a [4Fe—4S] centre and the reductive disulfide
[55, 56]. The conserved subunit sits on top of the variable
subunit forming a thin molecule which resembles a con-
cave disc [41]. The reductive disulfide and the [4Fe—4S]
cluster are located at the center of this disc. Dai et al. [57]
suggested that both the electron donor (ferredoxin) and
the electron acceptor (thioredoxin) simultaneously dock
on opposite sides of the FTR molecule. Thioredoxin
forms a mixed disulfide bond with the regulatory cys-
teine of FTR. This bond is resolved after an electron from
a second ferredoxin has been received and the reduced
thioredoxin is released.
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Figure 4. An unrooted consensus tree of thioredoxin protein se-
quences from photosynthetic organisms and selected non-photosyn-
thetic prokaryotes and eukaryotes. Phylogenetic trees were generated
using PAUP [43] and the consensus tree selected using the 50% ma-
jority rule method. Branch lengths are proportional to phylogenetic
distance. Initials of species in bold italics represent members of the
thioredoxin / subgroup mentioned in the text. The two Synechocystis
open reading frames discussed are underlined. Plant thioredoxins:
Arabidopsis thaliana (thioredoxins h: Atl =Z14084, At2 = 735475,
At3=735474, Atd=735473, At5=735476, At =AC012562; m:
Atml = AF095749, Atm2 = AF095750, Atm3 = AF095751, Atm4 =
AF095752; 1 Atfl = AF144385; x: Atx = AF095753); Brassica na-
pus (h: Bnl=U59379, Bn2 =U59380; m: Bnm =U76831, f: Bnf=
AF018174); Glycine max (h: Gml, Gm2 = [ref. 125]; m: Gm=
AW101975); Hodeum vulgare (h: Hv = AF435815); Lolium perenne
(h: Lp=AF159387); Lycopersicon esculentum (4: Le = AW092362);
Nicotina tabacum (h: Ntl = X58527, Nt2 = Z11803, Nt =
AF435818); Oryza sativa (h: Os1=D265547, Os= AF435817; m:
Osm = AJ005841); Phalaris coerulescens (h: Pc= AF159388); Pi-
nus taeda (h: Pt=AWO037917); Pisum sativum (m: Psm = X76269; f:
Psf=U35830); Ricinus communis (h: Rcl =Z70677); Secale cereale
(h: Sc = AF159386); Solanum tuberosum (h: St = BG888653); Sorg-
hum bicolor (h: Sb = BG048153); Spinacea oleracea (m: Som =
X51463; f: Sof = X14959); Triticum aestivum (h: Tal = X69915,
Ta = AF438359; m: Tam = AJ005840); Triticum durum (h: Td =
AJ001903); Zea mays (h: Zm = AF435816; m: Zmm = L40957).
Green algae: Chlamydomonas reinhardtii (h: Chlamydh = X78822;
m: Chlamydm = X62335). Red algae: Cyanidium caldaria (m: Ccal-
daria = Z21723); Porphyra purpurea (m: Ppurpurea = U38804).
Cyanobacteria: Anabena sp. (Anabenal = M14736, Anabena2 =
M22997); Anacystis nidulans (Anidulans = J04475); Synechocystis
sp. PCC6803 open reading frames sll1057, slr0233, slr0623,
slr1139). Photosynthetic bacteria: Chlorobium limicola (Climicola =
P10472); Chromatium vinosum (Cvinosum = P09857); Rhodobacter
sphaeroides (Rsphaeroides = M33806); Rhodospirillum rubrum
(Rrubrum = P10473). Non-photosynthetic eukaryotes: Mus musculus
(Mouse = NMO011660; mitochondrial, Mousemito = NM019913); Bos
taurus (mitochondrial, Bovinemito = D87741); Saccharomyces cere-
visiae (mitochondrial, Yeastmito = NC001135); Drosophila melano-
gaster (Drosophila = AF143404); Homo sapiens (Human = X77584).
Non photosynthetic prokaryotes: Escherichia coli (Ecolil =P00274).
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Chloroplastic thioredoxins

The FTR/Trx system represents one mechanism by which
light regulates the activity of various chloroplastic pro-
teins [9] and thereby a range of biochemical processes
(fig. 1 A). Through the interaction with key enzymes, the
FTR/Trx system acts like a switch between anabolic and
catabolic pathways of the chloroplast, thus preventing fu-
tile cycling [9, 29, 41].

Many of the thioredoxin-regulated enzymes are involved
in carbon metabolism. Three of them, FBPase, sedohep-
tulose-1,7-bisphosphatase (SBPase) and phosphoribu-
lokinase (PRK) belong to the Calvin cycle (table 1).
NADP-MDH is a key enzyme of carbon assimilation in C4
plants and participates in exporting reducing equivalents
from the chloroplast in C3 plants [69]. Rubisco activase
regulates the activity of ribulose 1,5-bisphosphate car-
boxylase/oxygenase, the enzyme that initiates photosyn-
thetic carbon assimilation in C3 plants, whereas glucose-
6-phosphate dehydrogenase (G6PDH) is involved in the
oxidative pentose-phosphate pathway. The CF, y subunit
contains the catalytic sites of the ATP synthase which pro-
vides ATP for the chloroplast. All enzymes with the excep-
tion of GOPDH are activated by reduced thioredoxin.

For many target enzymes, the regulatory cysteines that
form the redox-active disulfide bridge have been identi-
fied by site-directed mutagenesis. In addition, structural
data from X-ray crystallography have verified the posi-
tion of the disulfide bonds in FBPase [59] and NADP-
MDH [67]. A comparison of the amino acid sequences re-
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vealed no cysteine-containing consensus motif in thiore-
doxin-regulated enzymes (tablel). Nor are the regulatory
cysteines necessarily part of the active site of the en-
zymes. Presently, PRK is the only example of a thiore-
doxin-regulated enzyme with regulatory cysteines at its
active site.

Comparisons of the position of regulatory disulfides in the
protein sequences of redox-regulated enzymes and their
non-redox-regulated counterparts has provided insight into
the evolution of redox regulation. These comparisons have
revealed that the regulatory cysteines are either positioned
in a sequence block which has diverged between the two
isoforms, but is flanked by conserved areas, as in for ex-
ample FBPase and G6PDH, or are located on extensions
which are present in the redox-regulated but absent in the
redox-independent isozymes, examples being NADP-
MDH, Rubisco activase and GAPDH [68, 70].

Interaction with target proteins
Since this topic has been reviewed recently [29, 58, 70],
only certain interacting proteins are discussed in detail.

FBPase

In chloroplastic FBPases, three cysteines are located in a
solvent-exposed structure of about 14—19 amino acids,
called the 170’s loop [71], which is missing in the cyto-
plasmic isoforms. Mutations of these three cysteines
resulted in partial or total loss of activation [72—74]. Re-
cent crystallography of the oxidised form of the pea FB-

Table 1. Characteristics of chloroplast enzymes modulated by thioredoxins. The cysteines of the regulatory site are in bold. n.d., not de-

termined
Target enzyme Structure Biochemical E, Activator Regulatory Plant References

pathway site
Fructose-1,6- homotetramer Calvincycle  —305mV  Trx f, also ECX,,CIVNVCQ pea 58,59
bisphosphatase changes in 153 173

pH and [Mg*]

Sedoheptulose-1,7- homodimer Calvincycle  —-300mV  Trx f SCGGTACV wheat 60
bisphosphatase 52 57
Phosphoribulo- homodimer Calvincycle  —-295mV  Trx m/f GCX,;CL spinach 61-63
kinase 16 55
CF,-ATP syn- subunit photophos- -280mV  Trxf ICDINGNCV pea 58, 64
thase y subunit phorylation 198 204
Glucose-6-phos-  homotetramer oxidative pen- n.d. inactivated CRIDKREDC potato 65
phate dehydro- tose-phosphate by Trx m 149 157
genase pathway
NADP-malate homodimer C3 plants: =330 mV  Trx f/m ECFGVECT sorghum 66, 67
dehydrogenase redox shuttle 24 29

C4 plants: KCX,,CI

carbon 365 377

assimilation
Rubisco- monomer Calvincycle  n.d. Trx f GCX,;CV Arabidopsis 68
activase (indirectly) 392 411

(long form)
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Pase revealed a disulfide bond between the Cys'>3 and
Cys!'?, whereas the third cysteine is present as a free
sulthydryl located on the buried side of the following he-
lix [59]. The Cys'3 (155 in spinach) has been identified
as the one forming the transient mixed disulfide bond
with Cys* of thioredoxin f[75].

The presence of a highly negative potential in the 170’
loop is of considerable interest as it may explain the pref-
erential interaction of FBPase with thioredoxin f. The dis-
tribution of positive charges around the active site of
thioredoxin f differs from that of thioredoxin m and may
be the most significant difference between the two thiore-
doxins. Furthermore when 17 amino acids (from L'** to
E'%) of the 170’ loop of the pea enzyme were removed,
thioredoxin f binding was prevented and thioredoxin
modulation lost, indicating that the region is essential for
the interaction between the two proteins [76]. However,
the replacement of the 170’s loop of the pea enzyme by
that of wheat, thereby reducing the number of net nega-
tive charges from seven to three, did not seem to affect
significantly the interaction with thioredoxin, although
its activity was reduced. More detailed analyses will be
necessary to determine the role of each charged residue in
the binding with thioredoxin [76].

NADP-MDH

Among the redox-regulated enzymes of the chloroplast,
NADP-MDH is the most extensively studied and has a
complex activation mechanism [for recent reviews see
refs 77, 78]. The activity of this homodimeric enzyme is
strictly redox regulated and the enzyme is inactive in the
dark. Results obtained by chemical modification and site-
directed mutagenesis of the cysteine residues together
with the recently published three-dimensional structures
of sorghum [67] and Flaveria [79] have shown that five
of the eight conserved cysteines present in NADP-MDH
are involved in the reductive activation of the enzyme.
Two N-terminal cysteines (Cys** and Cys?’, sorghum
numbering) form a disulfide bridge as do two C-terminal
cysteines (Cys’®® and Cys?”’), while an internally located
cysteine (Cys??7) is proposed to form a transient disulfide
with one of the N-terminal cysteines during the activation
process [80, 81]. The removal of the N-terminal disulfide
yielded a dithiol-dependant enzyme which was much
more rapidly activated by thioredoxin than the wild-type
protein [82]. Substitution of the C-terminal cysteines did
not affect the activation kinetics but the activation process
was no longer inhibited by NADP and the mutant enzyme
remained thioredoxin dependent for full activity. How-
ever, in the oxidized state, the mutant enzyme was weakly
active and showed a tenfold-increased K, for oxalacetate
[83] indicating that the opening of the disulfide bridge
had improved access to the active site. Combining N-ter-
minal and C-terminal mutations resulted in a perma-
nently active, thioredoxin-independent enzyme [83, 84].

Plant thioredoxins: the multiplicity conundrum

The model of activation that is currently discussed as-
sumes that the C-terminal disulfide is responsible for ob-
structing the active site. In the oxidised configuration, the
C-terminal end of the enzyme reaches into the active-site
and acts as an internal inhibitor through the interaction of
the last two residues (Glu’®® and Val®® in sorghum) with
the active site residues and the positively charged
NADP*. Upon reduction of the C-terminal disulfide, the
C terminus is released, allowing the substrate access to
the active site. The role of the N-terminal disulfide is less
well understood. Given its location at the dimer interface,
it has been proposed to rigidify the structure in an unfa-
vorable conformation. Its reduction would loosen the in-
teraction between the subunits, providing the enzyme
with the necessary flexibility for catalytic activity.

ATP synthase

The structural basis for thiol regulation of the chloroplas-
tic ATP synthase is a sequence motif of nine amino acids
including the two regulatory cysteines in the y subunit of
CF,, the hydrophilic, membrane-attached moiety of the
synthase. The identity of the regulatory cysteines was
confirmed by mutagenesis [85, 86] and by inserting the
nine-amino-acid motif into the ATP synthase of Syne-
chocystis, thereby conferring thioredoxin sensitivity to
the recombinant enzyme [87, 88]. The chloroplastic ATP
synthase is a latent enzyme which is activated by the pro-
ton gradient (Apy") upon illumination of the thylakoid
membrane. The regulatory segment of the y subunit is
thought to become accessible to thiol modulation due to
a proton-gradient-induced conformational change and
activation of the ATP synthase. Reduction of the disulfide
lowers the Apy" threshold for the activation of the en-
zyme, hence allowing ATP synthesis at lower proton gra-
dients. Recently, the structure of spinach chloroplast ATP
synthase was determined to 3.2-A resolution [89]. Unfor-
tunately, the structure of the y subunit could not be clearly
resolved because of the threefold crystallographic sym-
metry in the complex.

The importance of amino acid residues downstream of
the two regulatory cysteines for ATPase activity and in-
teraction with thioredoxins was investigated by Konno et
al. [90] using substitution and deletion mutants of the y
subunit. The substitution of three negatively charged
amino acids just adjacent to the regulatory cysteines (E?!°
D?!"E22 spinach numbering) with alanines resulted in re-
dox insensitivity, without changing the ATPase activity of
the reconstituted chimaeric F, complex used in the exper-
iment. The deletion of these three amino acids, however,
led to inactivation of the complex in the presence of
dithiothreitol (DTT). Thioredoxins m and f both acceler-
ated this inactivation. The ATPase activity of this mutant
in the reduced state was similar to that of the wild-type
complex in its oxidized form and vice versa, indicating
that the deletion of the charged amino acids had an in-
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verse effect on the redox regulation of the y subunit. All
other mutants were neither significantly activated nor in-
activated by reduction, but showed increased ATPase ac-
tivity in both the oxidized and the reduced state.

G6PDH

Of the cytosolic and chloroplastic isoforms of G6PDH,
only the chloroplastic ones are redox regulated by thiore-
doxin [65]. Congruent with its role in a dissimilatory path-
way, chloroplastic G6PDH is inactivated when reduced by
thioredoxin, preventing futile cycling between carbohy-
drate synthesis and catabolism. Mutations of all six cys-
teines of the potato enzyme revealed that Cys'*’ and Cys'>’
are likely to form the regulatory disulfide bridge [65] as
these mutants were insensitive to redox regulation and their
K,,s for glucose-6-phosphate were increased by about 20-
fold. Homology modeling based on the Leuconostoc en-
zyme suggested that the two regulatory cysteines are lo-
cated on an exposed loop on the surface of the protein [65]
and thus easily accessible to thioredoxin.

Recently, a second plastidic isoform of G6PDH, P2, has
been isolated from potato [91]. A comparison of the P2
protein sequence with that of the P1 isoform of potato re-
vealed that the regulatory cysteines were present at the
same positions. The recombinant P2 isoform was suscepti-
ble to redox regulation, however, in contrast to P1, which
was completely inactivated, P2 activity decreased to about
50% in the presence of saturating concentrations of re-
duced thioredoxin. The physiological need for two Go6PDH
isoforms in the chloroplast is not yet fully understood.
GO6PDH is an excellent example of evolutionary conver-
gence. The GOPDH enzymes of cyanobacteria, although
also redox regulated [92, 93] are distinct from their
chloroplastic counterparts [94]. Not only are the regula-
tory cysteines at different positions from the chloroplas-
tic enzymes, but the enzymes seem to have a different
evolutionary origin as suggested in a recent study [94].
The chloroplastic enzymes possibly evolved from a copy
of cytoplasmic G6PDHs recruited into the chloroplast.
Subsequently, the redox regulation had to be reinvented
for the chloroplastic isoform, resulting in an enzyme with
a regulatory disulfide bridge at a different position. How-
ever, given that the introduction of the loop ("*CRID-
KRENC', potato) containing the regulatory cysteines of
chloroplastic G6PDH into the cytosolic isoform did not
result in a redox-sensitive enzyme [65], a closer analysis
to identify all the necessary structural components for the
thioredoxin-G6PDH interaction is required.

Potential target proteins
Glyceraldehyde 3-phosphate dehydrogenase

Chloroplastic glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) is a heterotetrameric (2A2B) enzyme of
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the Calvin cycle. The A and B subunits are similar to each
other, except that B subunits have a C-terminal extension
(28—-30 amino acids) containing two cysteine residues.
When purified from darkened leaves, the enzyme occurs
as hexadecameric aggregates that exhibit low affinity
to the substrate 1,3-bisphosphoglycerate (1,3PGA) [95].
Exposure of the hexadecamer to a reductant, such as
DTT, decreases the K,, for the substrate and destabilizes
the hexadecameric form. The binding of 1,3PGA to the
reduced hexadecamers has been suggested to lead to dis-
sociation and yields fully activated tetramers [96].
Removal of the C-terminal extension of the B subunit re-
sulted in an enzyme which existed only as a tetramer, was
insensitive to DTT, showed high affinity for 1,3PGA and
exhibited full catalytic activity [95, 97, 98]. A very recent
study by Qi et al. [99] provided evidence that the cysteine
residues in the C-terminal extension of the B subunit
(Cys** and Cys®®3, pea GAPDH) do form a disulfide
bridge, whereas other cysteines present in the A and B
subunits do not. However, whether thioredoxin is indeed
the reductant of GAPDH is unclear, since when tested in
vitro, low concentrations of glutathione or DTT were as
effective as thioredoxin f[100].

Acetyl CoA carboxylase

Acetyl Coa carboxylase (ACCase) catalyzes the first
committed step in de novo fatty acid biosynthesis. With
the exception of the grasses, plants contain two isoforms
of ACCase, a multifunctional eukaryotic form in the cy-
tosol, and a prokaryotic, multisubunit form in the plastid.
In vitro, the activity of the prokaryotic but not the eu-
karyotic ACCase is influenced by pH, Mg?* concentration
and the presence of dithiols [101]. Reduced thioredoxin
activated the enzyme more efficiently than DTT alone,
and thioredoxin f'was more effective than thioredoxin m
and E. coli thioredoxin. Of the proteins that make up the
ACCase multienzyme, the activity of carboxyltransferase
was influenced by DTT whereas that of biotin carboxy-
lase was not [102]. Recently, Kozaki and co-workers
[103] succeeded in expressing an active carboxyltrans-
ferase in E. coli. The activity of the recombinant enzyme
was redox dependent, and thioredoxin f proved to be a
more efficient activator than DTT. It will be interesting to
determine which of the 13 cysteines in carboxyltrans-
ferase are the regulatory residues.

Enzymes involved in nitrogen metabolism

When the activities of chloroplastic nitrate reductase
(NiR), glutamate synthetase and Fd-dependent glutamate
synthase (Fd-GOGAT) were tested for regulation by
thioredoxin, Fd-GOGAT was found to be significantly
stimulated by DTT, but not by reduced glutathione
(GSH). Thioredoxin m was more efficient than thiore-
doxin f'in the activation of the spinach enzymes which
showed an increased reaction velocity upon reduction
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[104]. Neither NiR nor glutamate synthetase from
spinach and soybean exhibited thioredoxin-dependent ac-
tivation. In contrast to the latter finding, Choi et al. [105]
reported that the chloroplastic glutamate synthetase iso-
form from Canvalia lineata was activated by DTT and to
a lesser degree by GSH and f-mercaptoethanol. Further-
more, glutamate synthetase was among the enzymes iso-
lated in a recent trap experiment that used resin-bound
mutant thioredoxin m (Cys*' — Ser) to capture target pro-
teins. Its isolation indicates that the interaction between
thioredoxin and glutamate synthetase needs revisiting
[106].

ADP-glucose pyrophosphorylase

Thioredoxin was recently proposed to be involved in
the fine regulation of ADP-glucose pyrophosphorylase
(AGPPase) in photosynthetic tissues [107]. AGPPase is a
heterotetrameric enzyme that catalyzes the first commit-
ted step in starch biosynthesis. Reduction of the enzyme
leads to an opening of the intermolecular disulfide bridge
between the small subunits and a concomitant increase in
affinity to 3-phosphoglycerate, the main activator of the
enzyme. The regulatory cysteine (Cys'?, potato number-
ing) is located in a region that is highly conserved in
chloroplastic AGPPases of both monocots and dicots
[108].

LHCII

Investigating the regulation of photosystem II protein
phosphorylation, Carlberg and co-workers [109] ob-
served that the addition of thiol-reducing compounds had
a strong inhibitory effect on the phosphorylation of
LHCII proteins (the chlorophyll a/b-binding proteins of
the PSII antenna). Both thioredoxins f and m inhibited
phosphorylation, with thioredoxin f being slightly more
effective at lower concentrations. Thioredoxin has been
proposed to reduce and thereby inactivate the LHCII ki-
nase rather than interacting directly with the LHCII pro-
teins [110].

Peroxiredoxins

Among the chloroplastic proteins captured by immobi-
lized thioredoxin m4 ¢ resin [106] were two different
thioredoxin-dependent peroxiredoxins (Prx), a 2-Cys-Prx
and a homologue to PrxQ, a novel peroxiredoxin first iso-
lated from Sedum lineare [111]. Peroxiredoxins of the 2-
Cys-type are posttranslationally imported into the chloro-
plast [112, 113] where they protect the photosynthetic
apparatus from oxidative damage [114]. Biochemical
analysis of recombinant 2-Cys-Prx showed that the re-
duction of H,0O, required all components of the yeast
thioredoxin system (yeast thioredoxin, yeast NTR and
NADPH). The interaction of these peroxiredoxins with
the chloroplastic thioredoxin system remains to be veri-
fied.

Plant thioredoxins: the multiplicity conundrum

The recently isolated PrxQ protein from S. lineare was
identified as the first plant member of the Bep (bacterio-
ferritin co-migratory protein) group of peroxiredoxins. It
not only showed highest sequence similarity to proteins
of the Bcp group, but was also able to reduce H,O, with
the assistance of the NTR/Trx system (but not GSH) of E.
coli, and complemented the hypersensitivity of an E. coli
bcp mutant to organic peroxides [111]. Measurement of
the peroxidase activity of recombinant PrxQ of Ara-
bidopsis in the presence of thioredoxin m and E. coli NTR
demonstrated that thioredoxin m can indeed reduce PrxQ.
No activity was observed in the presence of mutant
thioredoxin 4,5 [106].

Specificity or redundancy?

The physiological need for two different thioredoxins in
the chloroplast was initially explained by their selective
interaction with target proteins under the conditions
tested. Despite their similar tertiary structure [37] and
midpoint oxidation-reduction potential (E,, of thiore-
doxin m is =300 mV and of thioredoxin fis —290 mV
[115]), early studies suggested that thioredoxin f was
more effective in the activation of FBPase, SBPase and
PRK, whereas thioredoxin m preferentially reduced
NADP-MDH and G6PDH [9-12]. More recent results,
however, question the strict separation of interactions.
Regarding the reduction of NADP-MDH, thioredoxin f
appeared to be more efficient than thioredoxin m [116].
In contrast to prior results with spinach thioredoxin m
[117], Lopez Jaramillo et al. [118] showed that thiore-
doxin m of pea was capable of activating FBPase, though
not very efficiently. Recently, Geck and Hartmann [119]
examined the activation of PRK and found that thiore-
doxin m is twofold more effective than thioredoxin f,
whereas thioredoxin f'appeared slightly more efficient in
the reduction of the CF,-y subunit of the chloroplastic
ATPase [64, 90]. Of the two isoforms of G6PDH isolated
from potato, P1 appeared to be specifically and com-
pletely inactivated by thioredoxin m, whereas the P2 iso-
form responded equally to both thioredoxins [91].
Site-directed mutagenesis studies have provided some in-
sight into the structural features of the thioredoxin fand
m proteins that are relevant for the specificity of protein-
protein interaction. The importance of the third cysteine
specific for thioredoxin f(Cys”, spinach; see fig. 3) was
demonstrated by changing the cysteine to serine or ala-
nine. Both mutants showed impaired interaction with FB-
Pase and NADP-MDH, resulting in reduced activation of
the enzymes [42].

When amino acids in the region 74—77 of spinach thiore-
doxin f (see fig. 3) were deleted or substituted to those
presented in thioredoxin m at the equivalent position, a
decrease in activity with FBPase and an increase with
NADP-MDH was observed [116]. The same mutants
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showed weakened interaction with PRK, which was,
however, compensated for by an increased activation rate,
so that the overall efficiency was either unchanged or re-
duced by about twofold [119]. Similarly, the thioredoxin
fmutant T1051 and the double mutant V89I/T105I (these
amino acids are located at a putative hydrophobic contact
surface) showed reduced affinity for FBPase, in the dou-
ble mutant down to about 1/50 of the wild type [119],
whereas both mutants activated PRK more efficiently
than the wild-type protein [119]. Again, the amino acid
changes created proteins which had amino acids substi-
tuted for those present in thioredoxin m.

The contribution of the charged amino acids in the inter-
actions between thioredoxins and their target proteins
was investigated by generating several thioredoxin m mu-
tants. Replacing positively charged amino acids with neg-
atively charged ones led to a decrease in FBPase activa-
tion as well as reduced affinity to the enzyme [120] as did
the introduction of a negative charge directly upsteam of
the active site [121].

Considering the diversity of the proteins with which
thioredoxins interact, further analyses will be required to
fully elucidate the specificity between the thioredoxins
and their target molecules.

Mitochondrial thioredoxins

The mitochondria of plants and animals contain a distinct
thioredoxin system comprising an NADPH-dependant
thioredoxin reductase and specific thioredoxins [54,
122—-124]. Evidence for this system in plants comes from
the isolation of mitochondrial thioredoxin proteins [125],
and the identification of a mitochondrial-specific protein
utilizing NADPH and plant thioredoxins as substrates
[54]. However, unlike other organisms, the genes encod-
ing plant mitochondrial NTRs and thioredoxins have not
been identified.

In animals, thioredoxins of mitochondria have been
shown to be involved in the regulation of mitochondrial
2-oxoacid dehydrogenase complexes [126, 127] and
thioredoxin-dependant peroxidases [128, 129], functions
that could also apply to mitochondrial thioredoxins in
plants. In addition, plant mitochondria contain biochem-
ical pathways and enzymes not found in the mitochondria
of other organisms, for example the alternative oxidase,
some of which have been proffered as possible regulatory
targets for mitochondrial thioredoxins [130].

Cytosolic thioredoxins
Thioredoxins in seed germination

Germination of cereal seeds involves the reduction of
seed storage proteins [131, 132]. Evidence for the in-
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volvement of thioredoxins in seed germination is based
largely on the observation that thioredoxins from plant
and bacterial sources have the biochemical capacity to re-
duce seed storage proteins and inactivate amylolytic en-
zyme inhibitors as determined by in vitro studies [133].
For example, wheat and E. coli thioredoxins were found
to reduce and inactivate a-amylase and trypsin inhibitor
proteins from several plant species [134, 135]. Thiore-
doxin also reduced a seed-specific serine protease, thio-
calsin, that following reduction was activated by calcium
[136]. Reduced thiocalsin was able to cleave thioredoxin-
reduced gliadins and glutenins. More direct evidence for
thioredoxin-mediated regulation of seed enzymes has
come from a transformation experiment in which barley
transgenic lines, overexpressing thioredoxin % in seed,
displayed a fourfold increase in the activity of pullanase
(limit dextrinase), an enzyme that cleaves a-1, 6 linkages
in starch [137].

Examination of the level of thioredoxin protein in the en-
dosperm of wheat revealed a progressive reduction dur-
ing germination and that this process was enhanced by
gibberellic acid (GA;) [131]. In contrast to the en-
dosperm, the level of thioredoxin protein present in wheat
aleurone and scutellum remained unchanged during ger-
mination [26]. Moreover, GA; did not have an effect on
the level of thioredoxin in these localities, indicating the
presence of multiple differentially regulated thioredoxins
in seed. The thioredoxins isolated by Serrato and co-
workers [26] were predominantly localized in the nucleus
of scutellum and aleurone cells and at a lower level in en-
dosperm. The thioredoxin proteins of both studies are
possibly the same, and the GA;-associated disappearance
of thioredoxin in the endosperm described by Lozano et
al. [131] may be due to the action of GA;-regulated pro-
teases.

The presence of thioredoxin in the nucleus of aleurone
cells is an interesting discovery reminiscent of observa-
tions in animal cells where thioredoxins have been shown
to interact with transcriptional factors [138].
Thioredoxin / is not apparently the only native protein
with a capacity to reduce seed proteins in vitro. Kobrehel
et al. [134] reported that the a-amylase inhibitors DSG-1
(from durum wheat) and CM-1 (from bread wheat) as
well as a corn kernel trypsin inhibitor and two puro-
thionin proteins (a-1 and B from durum wheat) were all
more effectively reduced by E. coli glutaredoxin, a redox-
active protein similar to thioredoxin, than by the E. coli
thioredoxin system. Furthermore, Kobrehel et al. [133]
found that wheat gliadins and glutenins can also be re-
duced by E. coli glutaredoxin, albeit less effectively than
by thioredoxin. Since the publication of this work,
glutaredoxins have been cloned from the seeds of rice
[139] and cotyledons of castor bean [140] and are repre-
sented in EST seed libraries from wheat and maize. Con-
sequently, future research into the redox-regulated



1052 U. Baumann and J. Juttner

processes of germination will need to consider the possi-
ble involvement of multiple cellular reductants.

Thioredoxin / in the companion cell-sieve element
complex

Thioredoxins % represent a common [28], and often pre-
dominant [27], component of the large number of pro-
teins present in the phloem sap of plants [141, 142].
Glutaredoxin has also been identified in the sieve tube ex-
udate of four dicotyledonous species [28, 140], suggest-
ing that redox systems are an integral component of func-
tional sieve tube complexes.

Mature sieve tubes are enucleate and contain no cellular
organelles yet require a functional plasma membrane
[143]. Consequently, sieve tubes are thought to be sup-
ported by proteins synthesized in neighboring companion
cells and transferred via plasmodesmata [28]. Microin-
jection studies with mesophyll cells from rice [144], Cu-
curbita and Ricinus [145] have revealed that recombinant
thioredoxin 4 and glutaredoxin have the capacity to me-
diate their own transport through plasmodesmata. To de-
termine the structural motifs required for cell-cell trans-
port, Ishiwitari et al. [144] generated two thioredoxin 4
mutants incapable of plasmodesmatal movement. In both
cases, mutations involved the modification of charged
residues predicted to project from the protein surface, im-
plying that surface charge topology is important for the
binding and/or transport of thioredoxins through plas-
modesmata.

Within sieve tubes, numerous roles have been proposed
for thioredoxins including oxidative protection and main-
tenance of sieve tube proteins, differentiation of vascular
tissue and as a messenger molecule; however, as yet, no
evidence has emerged to support any of these proposals.

Thioredoxins in self-incompatibility

A role for thioredoxins in the self-incompatibility (SI) re-
sponse of plants was first reported when two h-like
thioredoxin proteins (THL-1 and THL-2) were found to
interact with the kinase domain of the SI locus receptor
kinase (SRK), the female component of the Brassica SI
system [146]. Mutational studies have demonstrated that
the interaction is dependent upon a functional thioredoxin
active site and the presence of a conserved cysteine in the
N terminus of the SRK [147]. Recently, SI in Brassica
oleracea was shown to involve the phosphorylation of
SRK, and a protein present in stigma extract is able to in-
hibit SRK phosphorylation [148]. Exposure of SRK and
stigma extract to the SI protein component of incompati-
ble pollen results in phosphorylation, suggesting that the
inhibitor protein prevents spontaneous activation of the
SI signaling pathway. Thioredoxin has been proposed as
a candidate for the stigma inhibitor, since THL-1 and
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Spirulina thioredoxin were found to inhibit SRK phos-
phorylation in vitro [148]. Furthermore, the depletion of
thioredoxins from stigma extract was reported to abolish
the inhibitory effect of SRK phosphorylation. However,
an interesting finding arising from this research has been
the observation that a functional, reduced active site is re-
quired for thioredoxin-mediated inhibition of SRK phos-
phorylation, yet SRK inhibition appears to involve direct
binding of the inhibitor. How thioredoxin might form an
inhibitory complex with SRK through the active site re-
mains as yet unexplained.

Conclusions

In contrast to the situation in animals, few of the putative
functions ascribed to thioredoxins in plants have been
verified. This is particularly evident within the /4 class,
where no single biological function has been unambigu-
ously attributed to a thioredoxin 4. The difficulties asso-
ciated with determining plant thioredoxin function are
compounded by the fact that plants contain approxi-
mately four to five times as many thioredoxins as have
been identified in animals. There is currently no inclusive
set of genomic and biochemical data of the thioredoxins
for one plant species. Determination of the actual cellu-
lar location of the protein product of all thioredoxin genes
will provide a more logical basis for the analyses of
thioredoxin functions.

The temporal and spatial regulation of thioredoxin ex-
pression is largely unknown. New technologies such as
microarrays could reveal the regulation of thioredoxin ex-
pression in different tissues, at specific developmental
stages and under different environmental conditions.
The presence of multiple thioredoxins of the same type
raises the question of functional redundancy. Gene
knockout experiments targeting individual thioredoxins
could provide insight into the degree of redundancy
within and between thioredoxin classes.

Transformation experiments using a thioredoxin with a
mutated second cysteine (which will form a stable mixed
disulfide with interacting proteins) may provide a method
for clarifying the specificity of existing thioredoxin-tar-
get protein interactions in vivo and could, additionally, al-
low the identification of new targets, particularly with re-
gard to thioredoxins 4.
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Note added in proof

Recent work has described the first isolation of genes encoding the
mitochondrial thioredoxin and NTR from plants [149]. The thiore-
doxin (AtTrx-ol) and NTR (AtNTRA) were isolated from Ara-
bidopsis thaliana and contain typical N-terminal mitochondrial tar-
get signals. The subcellular location of both ArTrx-ol and AINTRA
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was confirmed by Western blot analysis of cellular fractions and by
in-vitro mitochondrial import experiments.
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