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Abstract
Experiments initiated in the early 1960s on fermentative bacteria led to the discovery of ferredoxin-dependent
alpha-ketocarboxylation reactions that were later found to be key to a new cycle for the assimilation of carbon
dioxide in photosynthetic bacteria (the reductive carboxylic acid or reverse citric cycle). The latter finding set the
stage for the discovery of a regulatory system, the ferredoxin/thioredoxin system, functional in photosynthesis in
chloroplasts and oxygen-evolving photosynthetic prokaryotes. The chloroplast research led to a description of the
extraplastidic NADP/thioredoxin system that is now known to function in heterotrophic plant processes such as
seed germination and self-incompatibility. Extensions of the fundamental research have begun to open doors to the
broad application of thioredoxin in technology and medicine.

Background
In the early 1960s, the discovery of ferredoxinlinked carboxylation reactions in fermentative bacteria (Bachofen et al. 1964) led to the elucidation of
a cycle for the assimilation of carbon dioxide that
was independent of the Calvin–Benson cycle – the
mechanism that was then considered essential for the
growth of all autotrophic cells. The new cycle, named
the reductive carboxylic acid or reverse citric acid
cycle (Evans et al. 1966), was found in photosynthetic bacteria and was especially prominent in the
green sulfur bacterium Chlorobium limicola (formerly
Chlorobium thiosulfatophilum). The cycle depended
on reduced ferredoxin and specific enzymes to promote the synthesis of the alpha-keto acids pyruvate
and alpha-ketoglutarate (from CO2 and acetyl-CoA
and succinyl CoA, respectively) and on citrate lyase
to drive the citric acid cycle in the reverse direc-

tion. After many years of controversy, the reverse
citric acid cycle is now accepted by the scientific
community (Buchanan and Arnon 1990; Madigan et
al. 1997). One of the lingering points of contention
was whether Chlorobium contains the carboxylation
enzyme of the Calvin–Benson cycle, ribulose 1, 5biphosphatase carboxylase/oxygenase (Rubisco). Recent evidence has shown that Chlorobium lacks a
functional Rubisco gene and hence cannot operate the
Calvin-Benson cycle (Hanson and Tabita 2001). Interestingly, the organism has a Rubisco-like enzyme that
functions in another capacity, perhaps in the oxidation
of a sulfur derivative during growth.
The question arose as to whether the new cycle
occurs in oxygenic photosynthetic organisms, i.e.,
chloroplasts of higher plants. This question prompted
a search for the two ferredoxin-linked carboxylation
reactions that serve as markers of the cycle. Although
the experiments were unsuccessful, they prompted an
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Figure 1. Early investigators who studied the ferredoxin-thioredoxin system in Hilgard Hall at Berkeley during the 1960s, 1970s and 1980s.

observation which, it turns out, led to experiments that
shaped the future careers of each of us (Figure 1).

Discovery
The search for ferredoxin-linked carboxylation reactions in chloroplasts led to the observation that CO2

fixation in the presence of fructose 1,6-bisphosphate
was stimulated by reduced ferredoxin (Figure 2). An
analysis of this phenomenon revealed that ferredoxin
activated fructose 1,6-bisphosphatase (then called
fructose diphosphatase) in preparations from isolated
chloroplasts (Buchanan et al. 1967). The ferredoxinlinked activation of this enzyme, a member of the
Calvin–Benson cycle, was an unexpected finding,
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Table 1. Demonstration of the requirement for assimilation regulatory proteins, ARPa and ARPb , for activation of fructose
1,6-bisphosphatase by ferredoxin. In this experiment, the
ferredoxin-dependent activation of fructose 1,6-bisphosphatase
was measured directly (Schürmann et al. 1976). Conditions were
as in Figure 2 except that 14 CO2 was omitted and released Pi
was measured. ARPa was later identified as FTR and ARPb as
thioredoxin f as described in the text
Treatment

Control
ARPa
ARPb
ARPa + ARPb

Figure 2. Early experiment showing the role of thioredoxin in enzyme regulation. The ferredoxin-dependent fixation of 14 CO2 was
measured in an illuminated reconstituted chloroplast fraction containing stroma plus thylakoid membranes. The reaction mixture contained Tris buffer, pH 8.0, fructose 1,6-bisphosphate, ATP, Mg++
and ferredoxin. At the indicated times, aliquots were removed
and fixed (acid-nonvolatile) radioactivity was measured. Paper
chromatography analyses showed that radioactivity was recovered
primarily in 3-phosphoglycerate. The results were interpreted as
showing (1) an activation of chloroplast fructose 1,6-bisphosphatase
by ferredoxin; (2) recombination of the newly generated fructose
6-phosphate to form ribulose 1,5-bisphosphate in the presence of
ATP; and (3) fixation of 14 CO2 into ribulose 1,5-bisphosphate
to form 14 C-3-phosphoglycerate. Enzymes of the Calvin–Benson
cycle present in the stromal fraction catalyzed the formation and
carboxylation of ribulose 1-5-bisphosphate. Note that the Mg++
was added only to 1 mM; the effect of ferredoxin was less pronounced at higher Mg++ concentrations owing to its ability to
activate partially the oxidized (less active) form of fructose 1,6-bisphosphatase independently of reduction (unpublished data of B. B.
Buchanan, P. P. Kalberer and D. I. Arnon, 1967).

in that the reaction does not involve oxidation or
reduction (Equation (1)).
Fructose 1,6-bisphosphate + H2 O
→ Fructose 6-phosphate + Pi

(1)

This property provided the first clue that ferredoxin
might function in a new type of enzyme regulation –
a possibility consistent with the findings that fructose
1,6-bisphosphatase was activated by light (Pedersen et
al. 1966). During this period, NADP-glyceraldehyde
3-phosphate dehydrogenase was also shown to be
activated by light via noncyclic electron transport
(Müller et al. 1969). This conclusion superseded the
earlier interpretation that the observed effect of light
was to promote the synthesis of this enzyme (Ziegler
and Ziegler 1965).

Pi released
(nmol per min)
0
14
0
73

Experiments on the purification of crude protein
preparations revealed that ferredoxin did not react with
the fructose 1,6-bisphosphatase enzyme directly but
that an additional protein fraction (termed the protein
factor) was required (Buchanan et al. 1971). Efforts
to purify the protein factor resulted in a loss of activity when partially purified preparations were passed
through a size exclusion column. However, the activity
could be restored when fractions representing proteins
of two different sizes were combined. It turned out that
the protein factor consisted of two types of proteins, a
larger one with an apparent molecular mass of about
30 kDa, named ‘assimilation regulatory protein A’
(ARPa ), and a smaller protein of about 12 kDa, ‘assimilation regulatory protein B’ (ARPb ), both necessary
for the activation of FBPase (Table 1; Schürmann et
al. 1976). It was eventually shown that the assimilation regulatory protein B is a thioredoxin, and the
protein A counterpart is the enzyme catalyzing its reduction by reduced ferredoxin, ferredoxin:thioredoxin
reductase (FTR; Buchanan and Wolosiuk 1976; Wolosiuk and Buchanan 1977; Buchanan 1980). At the
time, thioredoxin was known to occur in bacteria
and animals but was not known to have a regulatory function (Holmgren 1985). The original view that
oxidized glutathione was involved in deactivation (oxidation) of thioredoxin-activated enzymes (Wolosiuk
and Buchanan 1977) has yielded to evidence that
oxygen serves primarily in this capacity (Schürmann
1983; Schürmann and Kobayashi 1984). It became
clear that these three chloroplast proteins functioned
in what is now known as the ferredoxin/thioredoxin
system – a reductive mechanism that links light to
the regulation of enzymes of photosynthetic CO2 as-
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similation (Buchanan 1980) (Equations (2–4)) [Fd –
ferredoxin; Trx – thioredoxin; E – target enzyme].
H2 O + 2Fdox

light
>
thylakoids
(2)
−
+
2Fdred + 2H + 1/2O2

+
2Fd−
red + 2H + Trxox −→ 2Fdox + Trxred
FTR

−S−S−

(3)

−SH HS−

Eox + Trxred −→ Ered + Trxox
−S−S

−SH HS−

INACTIVE/
ACTIVE

−SH HS−

−S−S−

(4)

ACTIVE/
INACTIVE

Taken together, these two reactions (Equations
(3) and (4)) constituted the first evidence for a cascade of thiol/disulfide exchanges involved in enzyme
regulation. The new mechanism also raised the possibility, later documented (Hertig and Wolosiuk 1980),
to modulate enzyme activation independently of catalysis by the concerted action of reduced thioredoxin,
metabolites, and Mg++ or H+ , all of which change
in light-dark transition (Buchanan 1980, 1991). Functioning together, these light-induced changes regulate
synthetic and opposing degradatory pathways so that
the cell can optimize available resources. The elucidation of this and other regulatory systems that link light
to enzyme activity during photosynthesis (Buchanan
1980) changed the long-held view that the sole contribution of light was to provide the reductant (NADPH)
and energy (ATP) for the CO2 assimilation reactions
(Trebst et al. 1958). Accordingly, the terminology
separating photosynthesis into ‘light’ and ‘dark’ reactions that stems from the work of F.F. Blackman at the
beginning of the last century (Blackman 1905) was
slowly reevaluated. As a result, the term ‘dark reactions’ has to a large extent disappeared from textbooks
and been replaced by ‘carbon reactions.’

Progress
Following recognition of the importance of the
ferredoxin/thioredoxin system, decisive progress has
been made in elucidating the structural and physical
properties of its components as well as its target enzymes. Early work showed that chloroplasts contain
two different thioredoxins, each showing selectivity

toward different enzymes: thioredoxin f (named for
its capability to activate fructose 1,6-bisphosphatase)
and thioredoxin m (named for its capability to activate
NADP-malate dehydrogenase) (Jacquot et al. 1976,
1978; Kagawa and Hatch 1977; Buchanan et al. 1978;
Wolosiuk et al. 1979). A recent illustration describing the structures of the members of the system (Dai
et al. 2000a) is shown in Figure 3 (ferredoxin, FTR
and thioredoxins f and m). In addition to ferredoxin,
FTR, and the thioredoxins, the structures of two target
enzymes have also been determined, NADP-malate
dehydrogenase (Carr et al. 1999; Johansson et al.
1999) and fructose 1,6-bisphosphatase (Chiadmi et al.
1999), and the mechanism by which they are activated
is understood (Ruelland and Miginiac-Maslow et al.
1999; Dai et al. 2000a, b). The two thioredoxins have
also been found to have different evolutionary histories: thioredoxin m is of prokaryotic and thioredoxin f
of eukaryotic origin (Hartman et al. 1990; Meyer et al.
1999; Schürmann and Jacquot 2000).
The ferredoxin/thioredoxin system has been shown
to function similarly in the different types of plant photosynthesis (C3 , C4 , CAM) and to control, either directly or indirectly, the activity of each of the five regulatory enzymes of the Calvin–Benson cycle: fructose
1,6-bisphosphatase, sedoheptulose 1,7-bisphosphatase
(an enzyme discovered in connection with studies
on thioredoxin; Breazeale et al. 1978), phosphoribulokinase, NADP-glyceraldehyde 3-phosphate dehydrogenase, and Rubisco. Each of these enzymes is
specific for thioredoxin f under certain conditions
(Buchanan et al. 1980; Schürmann and Jacquot 2000).
Regulatory enzymes of a number of other fundamental chloroplast processes were also found to be
linked to thioredoxin: oxidative pentose phosphate
cycle (glucose 6-phosphate dehydrogenase), ATP synthesis (ATP synthase), C4 photosynthesis (NADPmalate dehydrogenase), malate valve (NADP-malate
dehydrogenase), and fatty acid synthesis (acetyl-CoA
carboxylase; Buchanan 1980, 1991; Scheibe 1991;
Jacquot et al. 1997; Dai et al. 2000a, b; Schürmann
and Jacquot 2000; Schürmann and Buchanan 2001).
Except for glucose 6-phosphate dehydrogenase and
NADP-malate dehydrogenase, which are active with
thioredoxin m, these enzymes show a strong preference for thioredoxin f. In addition, aside from glucose 6-phosphate dehydrogenase, which is reductively
deactivated by thioredoxin, each of the above enzymes resembles those of the Calvin–Benson cycle in
undergoing an activation on reduction by thioredoxin
(Buchanan 1980; Schürmann and Jacquot 2000). Fi-
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Figure 3. The photosynthetic ferredoxin/thioredoxin system. Electrons from the photooxidation of water are transported via the photosynthetic
electron transport chain to the iron–sulfur protein ferredoxin (Fd). The enzyme FTR combines the electrons from ferredoxin with protons from
the medium to reduce the disulfide group of thioredoxin (Trx) f or m. Finally, the reduced thioredoxins, in turn, reduce specific disulfide group
on the target enzymes, converting them, in the case of biosynthetic enzymes, from an inactive to an active form. Enzymes of carbohydrate
degradation behave in the opposite manner, i.e., they are inactive in the reduced state (in the light) and active when oxidized (in the dark) (Dai
et al. 2000a). For a color version of this figure, see section in the front of the issue.

nally, while most of the work has been done with
chloroplasts, oxygenic prokaryotes such as cyanobacteria use the ferredoxin/thioredoxin system for linking
light to the regulation of key processes (Buchanan
1980; Schürmann and Jacquot 2000). It is anticipated that emerging techniques aimed at identifying
new thioredoxin target proteins will facilitate work in
photosynthesis as well as other processes (Meyer et al.
1999; Motohashi et al. 2001; Yano et al. 2001).
Typical of new fields, all paths exploring proteinmediated activation of chloroplast enzymes by light
were not successful and, in some cases, were culsde-sac. For example, the ‘Light Effect Mediator’ or
LEM system, originally thought to represent a purely
membrane-based regulatory system that was independent of ferredoxin (Anderson and Avron 1976),
was later ascribed to the binding of the components of the ferredoxin/thioredoxin system to thylakoids
(Droux et al. 1987; Ford et al. 1987). Similarly,

membrane-bound ferredoxin and thioredoxin led to
the description of a soluble protein named ‘ferralterin’ that was believed to function independently of
ferredoxin and thioredoxin in the light activation of
enzymes (Lara et al. 1980; de la Torre et al. 1982; Ford
et al. 1987). By using thoroughly washed thylakoid
membranes, ferralterin was later shown to be identical
with ferredoxin:thioredoxin reductase (Droux et al.
1987). Although not establishing lasting new directions, the work on these problems was profitable in
that it clarified certain properties of components of the
ferredoxin/thioredoxin system (de la Torre et al. 1982)
and stimulated research, thereby facilitating arrival
at the present picture of the ferredoxin/thioredoxin
system.
Despite the strides made in our understanding of
the ferredoxin/thioredoxin system, several outstanding
problems remain. For example, structural and functional studies are needed to establish the mechanism
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by which thioredoxin-activated enzymes become inactive in the dark. In addition, our understanding of
the noncovalent interactions of the protein components of the system with one another and with thylakoid
membranes remains limited (Hirasawa et al. 1988).

Beyond chloroplasts
The research with the chloroplast ferredoxin/thioredoxin system led one of us (BBB) to investigate the
NADP-linked thioredoxin system that had been extensively studied in bacterial and animals cells. While
known to occur in plants (Wagner et al. 1978; Berstermann et al. 1983; Follmann and Häberlein 1995–
1996), neither the cellular location nor the properties of the protein components of the plant system
were known at the time. Experiments showed that
the participating thioredoxin was of a new type [originally called thioredoxin c (Wolosiuk et al. 1979)
and later renamed thioredoxin h] that, as in bacterial and animal cells, was linked to the flavoprotein
NADP-thioredoxin reductase (NTR; Johnson et al.
1987; Florencio et al. 1988; Marcus et al. 1991). The
plant NADP/thioredoxin system can be summarized as
shown in Equation (5).

Concluding comments
Research initiated with chloroplasts in the mid-1960s
established a function for thioredoxin in enzyme regulation. Since that time, thioredoxin has been shown
to represent a family of proteins and to play a regulatory role in all types of cells. In plants, thioredoxins
regulate CO2 assimilation and related processes in
photosynthesis and a growing number of heterotrophic
processes whose identity is just beginning to unfold.
Ongoing research in a number of laboratories is taking
thioredoxin to a new level in showing its potential as a
tool in technology and medicine. In addition to documenting the importance of thioredoxin, the results
during the past four decades demonstrate that we still
have much to learn about the catalytic capability of
this protein.
Note added in proof
Recent work has demonstrated the occurrence of a new
type of thioredoxin (designated ‘o’) and an associated
NTR in plant mitochondria, thus opening the door
to elucidating thioredoxin function in that organelle
(Laloi et al. 2001).

NTR

NADPH + thioredoxin hox −→
NADP + thioredoxinhred

References
(5)

The three-dimensional structures of both thioredoxin h (Mittard et al. 1997) and NTR (Jacquot et al.
1994; Dai et al. 1996) have been determined.
Cell fractionation experiments revealed that thioredoxin h, which like thioredoxin f is related to eukaryotic counterparts (Meyer et al. 1999), was extraplastidic and occurred in the cytosol, endoplasmic
reticulum, and mitochondrion (Marcus et al. 1991).
Current evidence suggests that the NADP/thioredoxin
system is present in all plant cells, photosynthetic as
well as nonphotosynthetic, and that it functions in a
range of processes, including the regulation of seed
germination (Besse et al. 1996; Lozano et al. 1996;
Besse and Buchanan 1997; Buchanan 2001) and selfincompatibility (Bower et al. 1996; Li et al. 1997;
Cabrillac et al. 2001). The seed work has opened the
door to emerging new technologies, including ones applicable to the improvement of major foods (Buchanan
et al. 1994, 1998; Buchanan 2001). Parallel progress
is being made on the application of thioredoxin (Nakamura et al. 1997) and NTR (Mustacich and Powis
2000) to medical problems (Buchanan et al. 1994).
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