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Structural basis of redox signaling in photosynthesis: structure
and function of ferredoxin:thioredoxin reductase and target enzymes
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Abstract

The role of the ferredoxin:thioredoxin system in the reversible light activation of chloroplast enzymes by thiol-
disulfide interchange with thioredoxins is now well established. Recent fruitful collaboration between biochemists
and structural biologists, reflected by the shared authorship of the paper, allowed to solve the structures of all of the
components of the system, including several target enzymes, thus providing a structural basis for the elucidation
of the activation mechanism at a molecular level. In the present Review, these structural data are analyzed in
conjunction with the information that was obtained previously through biochemical and site-directed mutagenesis
approaches. The unique 4Fe—4S cluster enzyme ferredoxin:thioredoxin reductase (FTR) uses photosynthetically
reduced ferredoxin as an electron donor to reduce the disulfide bridge of different thioredoxin isoforms. Thioredox-
ins in turn reduce regulatory disulfides of various target enzymes. This process triggers conformational changes
on these enzymes, allowing them to reach optimal activity. No common activation mechanism can be put forward
for these enzymes, as every thioredoxin-regulated protein undergoes specific structural modifications. It is thus
important to solve the structures of the individual target enzymes in order to fully understand the molecular
mechanism of the redox regulation of each of them.

Abbreviations: FBPase — fructose-1,6-bisphosphatase; Fd — ferredoxin; FTR — ferredoxin:thioredoxin reductase;
GAPDH - glyceraldehyde-3 phosphate dehydrogenase; NADP-MDH — NADP-malate dehydrogenase; NEM —
N-ethyl maleimide; Trx — thioredoxin

Introduction

Photosynthetic organisms depend on light as a sub-
strate providing the energy for the transformation of
water and CO; into carbohydrates, which then serve as
building blocks and energy source in the cellular meta-
bolism. However, light is only available during the day
and even during this period the light quantity as well

as quality vary, for instance due to shading. Photosyn-
thetic organisms have therefore developed a number
of intricate regulatory mechanisms, which allow them
to adapt to short-term as well as long-term changes in
light conditions and to optimize their light-dependent
metabolism. The signals provoking the adaptations are
coming from the light perceived by photosynthetic
pigments in the thylakoids and they are transmitted
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under various forms to different targets within the
chloroplast.

One of these signals changing as a function of light
is the redox potential in the stroma, which depends
on the electron pressure built up by the light-driven
electron transport. The mechanism, which senses the
changes in redox potential, transforms this electronic
signal into a biochemical signal in the form of di-
sulfide/dithiol interchanges and transmits it to targets
in the stroma, is known as the ferredoxin/thioredoxin
system (Buchanan et al. 2002). This system is
composed of three soluble chloroplast proteins,
ferredoxin, ferredoxin:thioredoxin reductase (FTR)
and thioredoxins (Schiirmann 2003). In the light,
ferredoxin is reduced by the photosynthetic electron
transport and transmits electrons to various enzymes
like ferredoxin:NADP™ reductase, ferredoxin:nitrite
reductase, sulfite reductase, glutamate synthase and
FTR (Knaff 1996). The FTR, the central enzyme of
the ferredoxin/thioredoxin regulatory system, trans-
forms the electron signal into a disulfide/dithiol signal
(Figure 1). This ‘biochemical’ signal is then trans-
ferred by thioredoxins through disulfide/dithiol inter-
changes to different target proteins, which, depending
on their function in the metabolism, are activated or
deactivated by reduction. This reduction is accompa-
nied by a covalent modification of the target protein,
which is entirely reversible upon reoxidation.

The activity of a number of chloroplast enzymes
has been shown to be modified by reduction with
thioredoxins. These enzymes are members of the
reductive pentose phosphate cycle (FBPase, sedo-
heptulose 1,7-bisphosphatase, phosphoribulokinase,
glyceraldehyde 3-phosphate dehydrogenase) and of
the oxidative pentose phosphate cycle (glucose 6-
phosphate dehydrogenase), or they are involved in
activation of the ATP synthesis (ATP synthase) and
of ribulose 1,5-bisphosphate carboxylase (Rubisco ac-
tivase), and in the export of reducing equivalents
through the ‘malate valve’ (NADP-malate dehy-
drogenase, NADP-MDH) or they participate in the

Figure 1 Light-induced enzyme regulation in chloroplasts through
the FTR system. Upon illumination, the photosynthetic elec-
tron-transfer chain is initiated by the reduction of ferredoxin (Fd)
by Photosystem I (PS I). Ferredoxin can then reduce FTR, which
in turn reduces the chloroplast thioredoxins m and f (Trx). Finally,
the thioredoxins activate (in one case deactivate) target enzymes,
here exemplified by malate dehydrogenase (MDH) and fructose
1,6-bisphosphatase (FBPase), thereby changing the metabolism to
anabolic pathways. In the figure, the oxidized thioredoxins are in
red and reduced thioredoxins in green.

metabolism of nitrogen, lipids and starch (Ruelland
and Miginiac-Maslow 1999; Schiirmann and Jacquot
2000; Schiirmann and Buchanan 2001). Recent pro-
teomic approaches revealed new putative targets and
confirmed enzymes known to interact with thioredox-
ins (Motohashi et al. 2001; Balmer et al. 2003). A
common feature of these enzymes is the presence of
a redox-active disulfide bridge, which can be reduced
by chloroplast thioredoxins (Schiirmann and Jacquot
2000). This reduction proceeds via a transient, cova-
lent heterodimer formation between thioredoxin and
target enzyme. Such heterodimers have been demon-
strated for phosphoribulokinase (Brandes et al. 1996),
FBPase (Balmer and Schiirmann 2001) and NADP-
MDH (Goyer et al. 1999).

The regulatory aspects of the light-dependent
chloroplast enzymes have been quite extensively stud-
ied (for reviews see Buchanan 1992; Wolosiuk et al.
1993; Miginiac-Maslow et al. 1997); however, struc-
tural information has not been available. During the
past decade, the structures of the members of the
ferredoxin/thioredoxin system and of two well-studied
target enzymes have been solved. This has brought
significant progress in the understanding of the system
at the molecular level.

Reduced ferredoxin is produced in the light
reaction of photosynthesis

In oxygenic photosynthesis of cyanobacteria and
plants, PS I is one of the two pigment-containing
reaction centers located in the thylakoid membrane
(Barber and Andersson 1994). Upon illumination,
the electron emitted from the excited P700* near the
lumenal side of the thylakoid membrane is transferred
across the membrane to the [4Fe—4S] clusters of sub-
unit PsaC on the stromal side (Antonkine et al. 2003).
The [4Fe—4S] clusters in turn reduce the [2Fe-2S]
cluster of soluble ferredoxin. After being reduced by
PsaC, ferredoxins can function as general soluble elec-
tron donors in the stroma, which initialize a number
of important biological processes (Knaff 1996). A
well-known function is the transfer of electrons to
NADP™ through the flavoenzyme ferredoxin:NADP™
reductase. NADPH then provides the reducing power
for the synthesis of carbohydrates.

Plant ferredoxins have a single [2Fe-2S] cluster,
which operates at low redox potential, typically
—400mV. Several three-dimensional structures of
plant-type ferredoxins are now available (Figure 1)



and share the same fold with a five-stranded B-sheet,
2-3 a-helices and a long loop containing three or
four cysteine ligands to the iron atoms. Inorganic
sulfide ions and cysteine residues tetrahedrally co-
ordinate the two irons. All plant-type ferredoxins pos-
sess a fully conserved cluster-binding sequence motif
CX4CX,CX5y_33C. The iron—sulfur clusters of all are
located towards the outer edge of the molecule in the
loop.

Thioredoxin f (Trx-f) and m (Trx-m)

Thioredoxins are small ubiquitous redox proteins with
a number of important cellular functions (Powis and
Montfort 2001). Only two thioredoxins have been im-
plicated in the ferredoxin:thioredoxin system, Trx-f
and Trx-m and they were distinguished and named ac-
cording to their target enzyme specificity (Schiirmann
and Jacquot 2000). Whereas Trx-f displayed a high
specificity towards chloroplast FBPase, Trx-m interac-
ted very efficiently with NADP-MDH. A comparison
of the efficiency of the two thioredoxins in reducing
carbon metabolism enzymes suggests however, that
Trx-f functions primarily in enzyme activation and
Trx-m in enzyme deactivation (Schiirmann 2003).
Trx-f and Trx-m are o/B-proteins which have
a central five-stranded P-sheet surrounded by four
helices with a redox-active disulfide at the N-terminus
of a2 (Capitani et al. 2000) (Figure 1). In addition,
Trx-f has an extra N-terminal helix. Their overall
structure is similar in spite of the low sequence sim-
ilarities; the primary structures of the two chloroplast
thioredoxins are only 30% identical. Trx-f has a sub-
stantially different distribution of polar, charged and
hydrophobic residues around the active site with re-
spect to Trx-m. The active site of Trx-f is surrounded
by a number of positive charges which may be in-
volved in orienting Trx-f correctly when it interacts
with its target proteins. A difference between Trx-f
and Trx-m is the presence of a third cysteine, which
is conserved in all Trx-fs. In the crystal structure, this

Figure 2 The FTR heterodimer. (A) The catalytic subunit (dark
gray) has an overall o-helical structure with loops between
the helices containing the iron—sulfur ligands and redox-active
cysteines. The variable subunit (light gray) is heart shaped with the
B-barrel forming the main body and with two loops forming the up-
per, outer parts of the heart. (B) FTR is an unusually thin molecule,
a concave disk with dimensions 40 x 50 A but only 10A across
the center of the molecule where the iron—sulfur cluster center is
located.




Figure 3 The active site of FTR. The irons of the iron—sulfur center are coordinated by cysteines 55, 74, 76 and 85. The active site disulfide
bridge is between residues 57 and 87 (to the right). Cys 87 is in van der Waals contact with the iron center.

Cys73 is exposed on the surface, 9.7 A away from
the accessible active-site Cys46 (Capitani et al. 2000).
Mutagenesis studies show that this residue may parti-
cipate in the interactions with the target enzyme (del
Val et al. 1999).

FTR

FTR transduces the general redox signal from ferre-
doxin to thioredoxins. It is an iron—sulfur protein with
a redox-active disulfide bridge that utilizes a [4Fe—4S]
cluster to mediate electron transfer from the one-
electron donor, the [2Fe—2S]?* cluster of ferredoxin,
to the two-electron acceptor, the disulfide bridge of
thioredoxin. Reduced thioredoxin then transfers the
electrons to target enzymes via thiol/disulfide inter-
change reactions. It reduces the chloroplastic f- and
m-type thioredoxins.

Most biochemical investigations have been done
on the spinach enzyme, whereas the only three-
dimensional structure of FTR is from the cyanobac-
terium Synechocystis sp. PCC6803 (Dai et al. 2000).
This FTR shows no functional difference to the

spinach enzyme but it is significantly more stable
(Schwendtmayer et al. 1998). Sequences for the FTRs
are available from several species which indicates that
the cyanobacterium FTR-structure is a good proto-
type for all FTRs. FTR is a heterodimer composed
of a 13 kDa catalytic subunit with conserved sequence
between species and a variable subunit of similar or
smaller size. The catalytic subunit contains a redox
active disulfide and a [4Fe—4S]-center.

The FTR-variable subunit is an open p-barrel
structure, which contains five antiparallel strands
(Figure 2). The catalytic subunit has an a-helical struc-
ture containing five helices. The N-terminal half of the
subunit, together with the C-terminal helix, forms an
a-helical cap on top of the iron—sulfur center while the
intervening 40 residues contain all the iron ligands and
redox active cysteines. This part contains two addi-
tional short helices and intervening loops. The helical
structure of the catalytic subunit of FTR distinguishes
it from most other [4Fe—4S] proteins.

The FTR heterodimer is an unusually thin mo-
lecule, a concave disk with dimensions 40A x50A
with only 10 A across the center of the molecule where
the iron—sulfur center is located (Figure 2B). The in-
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Figure 4 (A) Suggested mechanism of action (Dai et al. 2000), in which Cys87 coordinates the iron in the intermediate stage. The tight
interaction by Cys87 with one of the irons of the cluster in the FTR structure implicates that Cys87 coordinates the iron in a five-coordinated
cluster. (B) The FTR mechanism has been explained in a donor—acceptor approach involving the active-site disulfide and the unique Fe site of
the [4Fe—4S] cluster (Jameson et al. 2003). Partial bonding of the disulfide to the unique iron in the resting state of the cluster promotes charge
build-up on that iron, making it an electron donor with increased ferrous character and polarizes the S—S bond making the interactive sulfur an
electron acceptor (left panel). The one-electron reduced state is modeled by the NEM-modified form (right panel). The binding of an additional
cysteine to the unique Fe reverses the donor—acceptor properties, and charge is drawn away from the iron. (The residue numbers are according
to the spinach sequence.) Reprinted with permission from Jameson et al. (2003) © American Chemical Society.



teractions between the catalytic and variable chains
involve the very thin center of the molecule where only
a small hydrophobic core is formed. Instead, most of
the interactions between the subunits occur between
charged and polar residues forming hydrogen bonds.

The iron—-sulfur center and active-site disulfide
bridge are both located in the catalytic subunit. The
irons of the iron—sulfur center (Figure 3) are coordi-
nated by cysteines 55, 74, 76 and 85. All iron ligands
are located in short sequence motifs CXC, which
constitutes a unique arrangement with the fingerprint
CPCX16CPCXgCHC. Both cysteines in the central
CPC motif are ligands to the iron—sulfur center while
in the other two motifs the liganding cysteines are con-
nected to the redox-active cysteines in one CPC and
one CHC motif where the second cysteines in these
motifs are forming the disulfide bridge. The active-
site disulfide bridge is in van der Waals contact with
the iron center, primarily the sulfur atom of Cys87
contacts the iron atom bound by Cys55 (Figure 3). The
sulfur atom of Cys87 is at 3.1 A distance to the iron
bound by Cys55 and to the sulfur atom of this cysteine.
The closest sulfide ion of the cluster is 3.4 A away
from Cys87. Replacement of Cys87 (Cys84 in the
spinach FTR) by Ser completely destabilizes the Fe—S
center rendering the protein labile and impossible
to purify (Manieri et al. 2003). The iron center is
surrounded exclusively by hydrophobic residues all
coming from the catalytic subunit.

Redox states of FTR

The iron center of FTR has some unusual proper-
ties. Spectroscopic investigations have shown that
the stable redox state of the [4Fe—4S] cluster is
2+. Reduction of the center by one electron from
ferredoxin results in an oxidized [4Fe—4S]?t cluster
where the electron from ferredoxin plus one electron
from the iron center have reduced the disulfide of
FTR. However, in the reduced disulfide, only one of
the cysteines, Cys57 is a free thiol whereas the other
cysteine, Cys87, is coordinated to the iron center.
Thus, the cluster stabilizes the one-electron-reduced
reaction intermediate. An additional electron from
a second ferredoxin is necessary to reduce the iron
center back to 24 and free Cys87.

Two configurations for the one-electron-reduced
intermediate have been suggested; either a disulfide
bridge with a sulfide ion in the cluster or a five-
coordinated iron where the fifth ligand should be

Cys87. Staples et al. (1998) favored the intermediate
forming a disulfide with a sulfide ion of the cluster
because the sulfide ion should be a good nucleophile
for the reaction. Dai et al. (2000) instead favored that
Cys87 in the intermediate stage coordinates the iron
(Figure 4A) because of its close connections with one
of the irons of the cluster in the FTR and redox prop-
erties of similar five-coordinated model compounds.
Recent Mossbauer studies also appear to favor such
a five-coordinated intermediate (Figure 4B) (Jameson
et al. 2003).

Spectroscopic studies demonstrated that alkyla-
tion of one of the active-site cysteines with N-
ethylmaleimide resulted in similar spectroscopic
signals as those obtained when native FTR was re-
duced to a one-electron-reduced FTR reaction inter-
mediate (Staples et al. 1998). This species is thus a
good model for the intermediate and has been used in
further studies.

Mechanism of action of FTR

The reduction of a disulfide is a two-electron process
whereas ferredoxin is a one-electron carrier. The initial
electron delivered from a ferredoxin molecule can be
transferred via the iron—sulfur center directly to the
disulfide that is in close contact with one iron atom
of the cluster. Thereby, the intermediate with a free
Cys57 and with Cys87 coordinated to the oxidized
iron-center is formed. Cys57 at the molecular surface
of FTR can then act as a nucleophile attacking the
thioredoxin disulfide in the first step of the reaction.
His86 and Arg58 are very close to the disulfide bridge
(3.9 and 5.6 A, respectively) and might increase the
nucleophilicity of the cysteine.

In analogy with known mechanisms, the reduction
of thioredoxin proceeds via a mixed disulfide between
thioredoxin and FTR (Staples et al. 1996, 1998). Such
an intermediate complex would cover one of the sides
of the flat FTR molecule and the second electron for
the reduction should be delivered by the next incom-
ing ferredoxin, which has to dock on the opposite
side of the flat disk-like heterodimer. The thin FTR
molecule seems ideally suited for electron transfer
between ferredoxin and thioredoxin.

A thioredoxin—-FTR complex was originally mo-
deled using the cyanobacterial Anabaena thioredoxin
(Saarinen et al. 1995) by forming a mixed disulf-
ide with the exposed cysteine covalently bound to
Cys57 of FTR. Cys57 lies in a concave face of FTR



Figure 5 Modeling of the electron-transport chain from ferredoxin to thioredoxin. The disc-shaped structure of the FTR allows docking of a
ferredoxin on one side of the molecule (to the left), while thioredoxin binds to the other side and forms a heterodisulfide with the enzyme (to
the right). This intermediate can be reduced by an electron from a second ferredoxin molecule. The iron—sulfur centers and disulfide bridges

are shown in ball- and stick-representation.

that can give favorable interactions to the docked
thioredoxin. The concave shape of the opposite side
is complementary to ferredoxin, and ferredoxins from
different organisms could be docked to FTR. Posi-
tively charged residues of FTR could be matched with
negatively charged residues of ferredoxin. The dock-
ing of ferredoxin to FTR is roughly consistent with
chemical modification studies of acidic residues where
binding to FTR inhibits modification of ferredoxin
residues Asp34, Asp65, Glu92, Glu93, Glu94 and the
C-terminus (De Pascalis et al. 1994). These residues
form a surface around the [2Fe-2S] cluster directed
towards FTR in the model.

Pro75 connects the iron—sulfur ligands on the ferre-
doxin side of the disk-formed FTR molecule in a CPC
motif. The main chain of this motif is exposed towards
the ferredoxin side and docking of a ferredoxin to this
site should give a short through-bond electron trans-

fer route from the bound ferredoxin to the iron—sulfur
center. The short distance through the enzyme from
the ferredoxin docking site through the iron—sulfur
center to the closely associated Cys87 of the active site
disulfide seem ideally suited for its purpose.

Some hydrophobic residues around the Fe-S
cluster might also be involved in this interaction. The
thioredoxin interaction area is different and contains
more hydrophobic residues and three histidines one of
them very close to the active site. Glu84 about 12 A
away is the only negatively charged residue not too
far from the disulfide in FTR, which may fit with a
positively charged residue in thioredoxin.

The second electron delivered by a new ferredoxin
molecule to the ferredoxin-binding site reduces the
iron—sulfur center back to its original 2+ oxidation
state while Cys87 becomes a nucleophilic thiol that
can attack the heterodisulfide bridge between FTR



and thioredoxin and thereby release the fully reduced
thioredoxin. Such a mechanism is entirely compatible
with the disk-shaped structure of FTR, which would
allow docking of a second ferredoxin molecule on one
side of the molecule, while thioredoxin is bound to
the other side via the intermolecular disulfide bridge
(Figure 5).

All known biological disulfide reductions ex-
cept the one by FTR and homologues are catalyzed
by flavoproteins or by thiol-disulfide exchange re-
actions (Williams 1992). The FTR is completely
different from the bacterial, plant and mammalian
thioredoxin reductases which are flavoproteins re-
duced by NADPH (Williams 1992; Dai et al. 1996;
Jacquot et al. 1997). The unique property of the FTR
iron—sulfur center to be able to cleave a disulfide does
not appear to be due to an unusual geometry of the
iron center since the iron—sulfur cluster is very sim-
ilar to other [4Fe—4S] clusters. The environment of
the iron—sulfur cluster is neither exceptional having,
on average, one hydrogen bond per liganding cysteine
and otherwise a surrounding hydrophobic environ-
ment. The only unusual feature of the iron center is
the close proximity of the active-site disulfide bridge.

Mossbauer investigations have demonstrated that
a partial bonding of the disulfide in the resting state
to the iron—sulfur cluster promotes charge buildup on
the close iron (Figure 4B) making it an electron donor
with increased ferrous character (Jameson et al. 2003).
The system is therefore primed and ready to accept an
electron from ferredoxin to break the disulfide bond
(Figure 4B). The binding of an additional cysteine to
the iron makes it more ferric and charge is drawn away
from the iron.

Redox-potential measurements on the compon-
ents of the ferredoxin/thioredoxin system have
shown that there is sufficient thermodynamic driv-
ing force to transfer electrons from ferredoxin to
the Trxs. The potential difference between ferredoxin
(Em,7.0=—420mV), FTR (—=320mV) and Trxs m or
f (=300 resp. —290mV) are large enough to keep
both chloroplast Trxs essentially reduced in the light
(Hirasawa et al. 1999).

FTR from different species

The sequences of the catalytic subunits of FTR are
highly conserved among all known species. All lig-
ands to the iron—sulfur center and the surrounding
hydrophobic residues are conserved as well as the

active-site cysteines. Several residues in the catalytic
subunit, which participate in subunit interactions, are
conserved.

The surfaces on both sides of the molecule that
should form the main interaction area with ferredoxin
on one side and thioredoxin at the other are highly
conserved. The ferredoxin interaction area contains
three positively charged residues at about 10 A from
the cluster. They might be responsible for the correct
orientation of the negatively charged ferredoxin when
it is docked. Some hydrophobic residues around the
Fe-S cluster might also be involved in this interaction.
The thioredoxin interaction area is different and con-
tains more hydrophobic residues and three histidines,
one of them very close to the active site. Glu84 about
12 A away is the only negatively charged residue not
too far from the disulfide in FTR, which may fit with
a positively charged residue in thioredoxin.

The plant enzymes have extensions in the N-
terminal, but besides this, few differences exist
in chain length in the variable chain. The long
N-terminus in the spinach variable chain has been
shown with deletion mutants in vitro (16 or 24 residues
deleted respectively) not to be important for catalysis.
This is consistent with the position of the N-terminus
in Synechocystis FTR on the side farthest away from
the catalytic subunit. However, removal of the exten-
ded N-terminus of the spinach FTR has a beneficial
effect on the structure of the protein, rendering it
significantly more stable (Manieri et al. 2003).

All conserved residues in the variable chain are
either internal or glycines that are conserved for struc-
tural reasons and residues in the interaction area with
the catalytic subunit. Residues in a long loop form
most of these interactions but also involve a few
residues at the ends of the other strands. Among the
conserved residues are those, which make hydrogen
bonds to the catalytic subunit.

Target enzymes

Since redox regulation by the ferredoxin/thioredoxin
system proceeds through thiol-disulfide interchange
with thioredoxins, a regulatory disulfide, which can
be reduced by thioredoxin, has to be present in the
target enzymes. For several target enzymes, involved
in the photosynthetic carbon assimilation, the reg-
ulatory cysteines have been located in the primary
structure and the principal activator thioredoxin de-
termined (Schiirmann and Jacquot 2000; Schiirmann



and Buchanan 2001). Structural information is avail-
able for two of the target enzymes, FBPase and
NADP-MDH (Villeret et al. 1995; Carr et al. 1999;
Chiadmi et al. 1999; Johansson et al. 1999) as well
as for the constitutively active A-form of the glyceral-
dehyde phosphate dehydrogenase (GAPDH) (Fermani
et al. 2001).

The combination of biochemical and structural ap-
proaches has proved to be particularly useful to get
an insight into the intramolecular events leading to the
activation of these enzymes. The foundation for light
activation is emerging as we are beginning to grasp
the underlying processes taking place during the final
activating steps of the redox cascade.

NADP-MDH

Among the target enzymes, one of the most complex
activation mechanisms is displayed by NADP-MDH
(EC.1.1.1.82) that reduces oxaloacetate into malate.
NADP-MDH is found in chloroplasts of C3 and C4
plants. In C; plants, it is not directly implicated
in carbon fixation, but functions in a shuttle mech-
anism exporting excess of reducing equivalents to
the cytosol. In C4 plants, in which the primary
CO,-fixation product is oxaloacetate, the mesophyll
chloroplast NADP-MDH belongs to the photosyn-
thetic machinery. Malate is exported to the bundle
sheath chloroplasts where it is reoxidized and de-
carboxylated by NADP-malic enzyme, generating
NADPH and CO; for the operation of the Calvin
cycle (Hatch 1987). As this CO; trapping and con-
centrating mechanism is highly energy dependent,
its strict control is very important. For the homodi-
meric NADP-MDH, this control is accomplished by
the thioredoxin-mediated reversible breaking of two
different regulatory disulfides per monomer: an N-
terminal one, linking Cys24 and Cys29 (Sorghum
numbering) and a C-terminal one, linking Cys365
and Cys377. Both disulfides are located in sequence
extensions specific for the redox-regulated NADP-
dependent isoform and missing in the constitutively
active NAD-dependent isoforms.

Both disulfides are reduced rapidly (Miginiac-
Maslow et al. 1990). However, site-directed muta-
genesis studies showed that their roles in activation
are quite different. Substitution of the N-terminal
cysteines results in an acceleration of the activa-
tion rate (Issakidis et al. 1992), suggesting that a
rate-limiting slow conformational change follows the
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breaking of the N-terminal disulfide. Substitution of
the C-terminal cysteines confers some activity on the
oxidized protein, with a very poor Km for oxaloacetate
but unchanged activation rate (Issakidis et al. 1994).
This mutation makes the catalytic histidine access-
ible to specific derivatizing reagents (Lemaire et al.
1994) indicating that the breaking of the C-terminal
disulfide gives access to the active site (Issakidis
et al. 1996). Additional mutations shed some light on
the mechanism whereby the active site is blocked in
the oxidized enzyme. Substitution of the penultim-
ate C-terminal Glu for Gln, or deletion of the two
C-terminal residues, combined with the mutation of
the N-terminal disulfide, yields a fully active oxidized
protein (Ruelland et al. 1998), suggesting the impli-
cation of the negatively charged Glu in blocking the
active site. The positively charged partner of this Glu
was shown to be Arg204, a residue involved in binding
oxaloacetate in all malate dehydrogenases (Schepens
et al. 2000b), indicating a direct interaction of the
C-terminus with active-site residues.

An additional redox effect modulates the activ-
ity of NADP-MDH. The activation is inhibited by
NADP*, but not by NAD'T. When the cofactor
specificity was changed from NADPH to NADH
(Schepens et al. 2000a), the inhibitory effect was shif-
ted from NADP' to NAD™, demonstrating that it
occurs through the binding of the oxidized cofactor to
the active site. No inhibition was observed with acti-
vated WT protein, nor with proteins mutated either on
the penultimate Glu, or on the C-terminal disulfide.

The determination of the three-dimensional struc-
ture of oxidized NADP-MDH from sorghum
(Johansson et al. 1999) and Flaveria (Carr et al. 1999)
provided structural support for the biochemical obser-
vations, yielding convergent and fully coherent results
(Figure 6). The two subunits of NADP-MDH are
oriented head-to-tail. The N-terminal extensions are
located at the subunit interface area, making hydro-
phobic interactions with both monomers, thus rigid-
ifying the structure of the dimer. Disulfide reduction
probably loosens the interaction, conferring on the
catalytic domain the flexibility necessary for optimal
catalytic efficiency. The C-terminal extensions are po-
sitioned on the outside and each extension is pulled
back by the C-terminal disulfide towards the active
site where the two most C-terminal residues occupy
the place of oxaloacetate, acting as internal inhibi-
tors, a process termed ‘intrasteric inhibition’ (Kobe
and Kemp 1999). In the Sorghum structure, the penul-
timate Glu388 interacts with Arg204. In the Flaveria



structure, a molecule of NADP™ is present and its
positively charged nicotinamide ring interacts with
Glu388 and anchors it more tightly to the active site.
This feature explains why, in the presence of NADP,
the activation is slowed down and why the inhibitory
effect of the oxidized cofactor is suppressed when the
two most C-terminal residues are deleted or displaced
by the reduction of the C-terminal disulfide. The
three-dimensional structure also reveals that Cys207,
proposed to be involved in the formation of a transient
disulfide during activation (Ruelland et al. 1997), is
located close to the subunit interface and to the N-
terminal Cys24 of the neighboring subunit. Thus, if
this transient disulfide is formed, it must cross-link the
two subunits. An inter-subunit disulfide has been iden-
tified on non-reducing SDS-PAGE on a mutated MDH
(Goyer et al. 2001). Whether it is physiological or due
to the mutation of Cys29, remains to be determined.

Attempts to crystallize the active form of the en-
zyme failed so far. However, two-dimensional pro-
ton NMR experiments, performed with a monomeric
N-terminal truncated NADP-MDH, revealed that the
C-terminal extension (a 15-amino-acid stretch span-
ning from Ala375 to Val389) became mobile in the
activated form (Krimm et al. 1999). This result could
be further confirmed and extended with N'3 labeled,
dimeric, full-length NADP-MDH (manuscript in pre-
paration). This indicates that upon reduction of the
C-terminal disulfide, the C-terminal extension is ex-
pelled from the active site and becomes flexible. The
Cys365 member of this disulfide belongs to the core
part of the molecule, thus, when the disulfide forms
again upon oxidation, it should be able to pull back
the extension into the active site.

A detailed review of the regulatory properties of
NADP-MDH has been published recently (Miginiac-
Maslow and Lancelin 2002). The major redox-
regulatory mechanism of NADP-MDH is obviously
the auto-inhibition by the C-terminal extension. The
events linked to the reduction of the N-terminal disulf-
ide, although not yet fully understood, superimpose
a kinetic fine-tuning on this regulation. Another fine-
tuning is provided by the Trx redox state. Indeed,
the redox potentials of the two regulatory disulfides
of NADP-MDH are not identical: the N-terminal di-
sulfide is isopotential with Trx, while the C-terminal
disulfide is more electronegative, and would require
an excess of reduced Trx to be reduced (Hirasawa
et al. 2000). This supplementary degree of sophistic-
ation is an evolutionary trait proper to higher plants.
In this respect, it can be noted that NADP-MDH of
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the green alga Chlamydomonas has no cysteines in its
N-terminal extension (Gomez et al. 2002). Prelimi-
nary experiments showed that this MDH has faster
activation kinetics, without the lag phase specific
for the higher plant enzymes (Lemaire et al. 2003).
The NADP-dependent, light-activated enzyme does
neither exist in prokaryotes, nor in red algae or diat-
oms (Ocheretina et al. 2000). As its main function is
the export of reducing equivalents from the chloroplast
to the cytosol, this seems to constitute an adapta-
tive mechanism in most photosynthetic eukaryotes,
especially C4-type plants.

It was long considered as a dogma that the activa-
tion of NADP-MDH exhibits little specificity towards
a given Trx isoform. Therefore, MDH activation was
used as a standard test in Trx purification procedures.
With the development of genome sequencing projects,
new chloroplast Trxs could be identified (Meyer et al.
2002; Lemaire et al. 2003). Some of them were shown
to be unable to activate NADP-MDH while being ac-
tive donors of reducing equivalents to peroxiredoxins
(Collin et al. 2003; Lemaire et al. 2003). Thus, the
very conserved Trx active-site WCGPC is not the only
determinant of the interaction of Trx with NADP-
MDH; some more specific features have still to be
defined.

Fructose-1,6-bisphosphatase

Chloroplastic FBPase (EC 3.1.3.11) belongs to the
Calvin-cycle enzymes and catalyzes the hydrolysis of
fructose-1,6-bisphosphate into fructose-6-phosphate.
It has long been recognized as a regulatory step of the
photosynthetic CO;-assimilation pathway and as be-
ing activated in the light by the ferredoxin/thioredoxin
cascade (Schiirmann and Jacquot 2000).

However, thioredoxin is not the only modulator of
its activity, several other factors linked to light induced
changes in the chloroplast stroma increase its catalytic
efficiency: (a) raise of the stromal pH from 7 in the
dark to 8 in the light, close to the optimal pH for
catalysis; (b) increase in Mg concentration, and (c)
build-up of the substrate concentration, which has a
stabilizing effect on the enzyme. A long-time puzz-
ling observation was that in vitro, the activation by
reduced thioredoxin could be mimicked by increasing
Mg concentration in the reaction medium.

FBPases exist also in the cytosol. These cytoso-
lic isoforms are redox-independent, but are instead
allosterically regulated by AMP. Compared to these



Figure 6
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isoforms, the chloroplastic redox-regulated FBPases
bear an insertion of 14-19 residues in their amino-
acid sequence, featuring three conserved cysteine
residues. Site-directed mutagenesis of these cysteines
showed that one of them, namely Cys153, was in-
volved in a regulatory disulfide with either Cys175
or Cysl78 (pea numbering). Indeed, a fully ac-
tive, redox-independent enzyme could be obtained
either by mutating Cys153 alone, or by mutating
either Cys173 or Cys178 (Jacquot et al. 1997). The
definite answer was provided by structural approaches.
When the three-dimensional structure of the tetrameric
oxidized pea FBPase was determined by X-ray crys-
tallography (Figure 7), a disulfide linking Cys153 and
Cys173 could be localized (Chiadmi et al. 1999), sug-
gesting that the Cys153—Cys178 disulfide was formed
only when Cys173 was mutated, due to its proxim-
ity to the latter Cys. The analyses of a correspond-
ing spinach mutant FBPase by CD spectroscopy and
SH-titrations strongly support this hypothesis (Balmer
etal. 2001). A structure of spinach chloroplast FBPase
had been published previously (Villeret et al. 1995).
In this structure, no disulfide was visible and its gen-
eral features suggested that it represented a reduced
(activated) form of the enzyme. This allows compar-
ing both structures and identifying the modifications
induced by reducing the disulfide. The comparison
with the structure of the pig-gluconeogenic FBPase
active site provides the same kind of information
as well. When these active sites are superimposed,
most critical catalytic residues occupy similar posi-
tions, with the exception of Glul05 (GIu97 in the
pig enzyme), the ligand of the catalytic Mg ions.
This residue is pushed away from the active site,

Figure 6 The dimeric NADP-dependent MDH from Flaveria
bidentis (Carr et al. 1999). The two subunits are in lilac and yellow.
In red are the N- and C-terminal extensions, specific for all chloro-
plastic NADP-MDHs. In each of the extensions is one regulatory
disulfide bridge present. The N-terminal extensions (top and bot-
tom) are sitting like wedges between the subunits, thereby locking
the domains relative to each other. The C-terminal extensions (at
the left and right side of the molecule) are folding back into the
active sites and the disulfides stabilize this conformation. The very
C-termini are interacting with residues of the active site and with the
NADP™.

Figure 7 Oxidized tetrameric pea chloroplastic FBPase (Chiadmi
et al. 1999). The disulfide between Cys153 and Cys173 is shown.

Figure 8 The three-dimensional structure of the constitutively ac-
tive A4 tetramer of photosynthetic glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) of Spinacia oleracea (Fermani et al.
2001; Falini et al. 2003).
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as a consequence of the displacement of two beta-
strands of the N-terminal beta-sheet, which makes the
active site dysfunctional for the catalytic Mg ions.
This observation explains why, by strongly increasing
the Mg ion concentration in the reaction medium, the
catalytic activity can be ‘rescued’ and made redox-
independent. The reduction of the disulfide destabili-
zes the insertion and releases the beta strands, allowing
the active site to reach a catalytically favorable con-
formation. The conclusions drawn from the structural
analyses are corroborated by studies of the Mg?™ de-
pendency of the activity of oxidized, reduced and
mutant FBPases, which show that the opening of the
regulatory disulfide, either by reduction or mutation,
decreases the Sp s for Mngr by a factor of 20 to the
same low value (Balmer et al. 2001).

Chloroplastic FBPase exhibits strict specificity for
Trx-f as has recently been reconfirmed with the two
isoforms of Trx-f, which are present in Arabidopsis
chloroplasts (Collin et al. 2003).

The regulatory disulfide of FBPase has a somewhat
more negative redox potential than Trx-f (Balmer et al.
2001), however, the difference in potential is smaller
than what is observed for the C-terminal disulfide of
NADP-MDH. This nevertheless means that for full ac-
tivation of FBPase an excess of reduced Trx-f has to
be present in the stroma.

A detailed survey of the catalytical properties
of chloroplast FBPases has been published recently
(Chueca et al. 2002).

Glyceraldehyde-3 phosphate dehydrogenase

The photosynthetic GAPDH is another Calvin-cycle
enzyme belonging to a wide group of GAPDHs
found in most organisms displaying oxygenic pho-
tosynthesis. GAPDH catalyze the reaction where
glyceraldehyde-3 phosphate is converted into 1,3-
bisphosphoglycerate. There are two chloroplastic
forms of this enzyme which both are tetrameric and
composed of two kinds of subunits: A- and B-subunits.

The subunits are assembled into two different iso-
forms of this photosynthetic enzyme, having either A4
or A, B, stoichiometry. The minor A4 variant has been
defined as non-regulatory (Scagliarini et al. 1998), and
is thus constitutively active, as opposed to the major
regulatory (A,B,) isoform. The association behavior
and activity of this AB isoform is redox-regulated by
Trx-f. In addition, regulation by the protein factor
CP12 as well as by NAD and 1,3-bisphosphoglycerate



has also been reported (Wedel and Soll 1998; Lebreton
and Gontero 1999; Lebreton et al. 2003). These factors
have an effect on the oligomerization state of the en-
zyme and on its association with phophoribulokinase,
another Calvin-cycle enzyme.

A catalytic difference with respect to glycolytic
GAPDH, is that photosynthetic GAPDH exhibits dual
cofactor specificity toward pyridine nucleotides with
a preference for NADP(H) (Falini et al. 2003). The
enzyme is thus able to use either NADH or NADPH
as a cofactor, but only the NADPH-dependent activity
is redox-regulated.

The B-subunits, 80% homologous to A-subunits,
display a 28 amino-acid residue long C-terminal ex-
tension bearing two conserved cysteines that have
been shown to be implicated in the redox regulation,
where the C-terminal extension acts as an autoinhib-
itory domain regulated by thioredoxin and NAD (Qi
et al. 2001; Sparla et al. 2002).

The three-dimensional structure of the con-
stitutively active A4 tetramer has been solved with two
different cofactors NADP and NAD (Fermani et al.
2001; Falini et al. 2003). The overall structure is
very similar to that of other known glycolytic GAPDH
structures (Figure 8). As this A4 structure lacks the
regulatory extensions and there is so far no structure
available for the redox-regulated form, we still have no
proof of how the redox regulation takes place in detail.

Conclusions

The striking feature of the thioredoxin-regulated en-
zymes for which structures are available, is that
the regulatory disulfides are distant from the ac-
tive site but their oxido-reduction state triggers con-
formational changes having direct consequences on
the active-site structure. The structural data are then
very important to fully understand the intramolecu-
lar modifications linked to activation. There are only
few three-dimensional structures available so far for
thioredoxin-regulated enzymes and more structures
are needed to fully understand how the thioredoxin
affects its targets.
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