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Abstract 

Thioredoxins play key regulatory roles in chloroplasts by linking photosynthetic light reactions 

to a series of plastid functions. In addition to the established groups of thioredoxins, f, m, x, and 

y, novel plant thioredoxins were also considered to include WCRKC motif proteins, CDSP32, 

the APR proteins, the lilium proteins and HCF164. Despite their important roles, the subcellular 

locations of many novel thioredoxins has remained unknown. Here, we report a study of their 

subcellular location using the cDNA clone resources of TAIR. In addition to filling all gaps in 

the subcellular map of the established chloroplast thioredoxins f, m, x and y, we show that the 

members of the WCRKC family are targeted to the stroma and provide evidence for a stromal 

location of the lilium proteins. The combined data from this and related studies indicate a 

consistent stromal location of the known Arabidopsis chloroplast thioredoxins except for 

thylakoid-bound HCF164.  
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Introduction 

 

Disulfide bridges between cysteine residues are of structural and functional importance for many 

proteins. Some disulfide bonds play simple structural roles, while others switch between the thiol 

and disulfide states to trigger conformational changes that affect the enzymatic activity or 

stability of a protein. It is becoming increasingly evident that in living organisms, reversible 

thiol-disulfide exchange is a significant factor regulating protein function and cellular processes 

and pathways. Several highly conserved protein families are known to catalyze this type of 

reaction, including the well-studied disulfide reductase family of proteins called thioredoxins 

(Holmgren, 1989). Originally discovered in plants in the context of photosynthesis (Buchanan, 

1980), thioredoxins are now believed to participate in a wide range of physiological processes in 

plants and mammals (Buchanan and Balmer, 2005). They typically have a mass of 

approximately 12 kDa and contain a conserved disulfide domain that contains a WCGPC motif. 

The enzymes are active in their reduced-thiol form and reduce disulfide bonded cysteines in 

target proteins. 

 

Arabidopsis thaliana has at least 45 known genes that encode for thioredoxin and thioredoxin-

like proteins. Of these, 19 are predicted to be located in plastids and for some of these there is 

experimental evidence to support this premise (Meyer, 2005 and 2006). The chloroplastic 

thioredoxins are currently divided into four different types based on sequence similarity and their 
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capacity to activate selected target enzymes: The f-type thioredoxin has two isoforms which can 

efficiently activate both fructose-1,6-bisphosphatase and NADH-malate dehydrogenase, two 

classical thioredoxin targets (Collin et al. 2003). The m-type is encoded by four genes (Meyer et 

al., 2002), of which three isoforms can activate NADH-malate dehydrogenase, while the fourth 

(Trx-m3) is seemingly inactive towards this substrate (Collin et al., 2003). A third type, the x-

type, has only one isoform. It is a poor activator of NADH-malate dehydrogenase but is in 

contrast an efficient activator of 2-Cys peroxiredoxin (Collin et al., 2003). Recent work also 

revealed a novel y-type thioredoxin, consisting of two isoforms in Arabidopsis, both proteins 

being potent activators of fructose-1,6-bisphosphatase and plastidal peroxiredoxin Q (Lemaire et 

al., 2003, Collin et al. 2004). Subcellular location in the chloroplast was shown by confocal 

microscopy using GFP fusion proteins of at least one member of each thioredoxin type (Collin et 

al, 2003 and 2004). 

 

Besides these classical types of chloroplast thioredoxin, all having the typical WCGPC redox 

site, there are at least twelve additional genes encoding putative chloroplast proteins containing 

thioredoxin-like domains. They all exhibit an atypical amino acid sequence in the redox site, 

while several are also larger than the classical thioredoxins and may have multiple domains. 

Three types of these thioredoxins have been well classified: the three APR proteins contain two 

domains, an N-terminal adenylylsulphate reductase domain followed by a thioredoxin domain 

(Setya et al., 1996). CDSP 32, a chloroplastic drought-induced stress protein of 32 kDa, is a large 

chloroplastic thioredoxin involved in oxidative stress responses (Broin et al., 2000, Broin and 

Rey, 2003). Its stromal localisation has been determined by immunocytolocalisation in potato 

plants (Eymery and Rey, 1999). Finally, HCF164 is involved in assembly of the cytochrome b6f 
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complex and is anchored to the thylakoid membrane with its active site located on the luminal 

side (Lennartz et al., 2001). It has also recently been reported that HCF164 receives reducing 

equivalents from stromal thioredoxins across the thylakoid membrane and mediates reduction of 

luminal target proteins (Mothashi and Hisabori, 2006). Besides these three types of thioredoxin-

like proteins are seven genes encoding putative plastid thioredoxins where no redox activity has 

been reported so far (Meyer et al, 2005 and 2006). They are classified into two different families 

based on sequence similarity, the two-member WCRCK motif family and the five-member 

lilium family. 

 

Screening studies combining proteomic techniques with fluorescence 2D-gel electrophoresis and 

affinity chromatography have, in the last few years, enabled identification of more than 90 

potential thioredoxin target proteins in all chloroplast compartments ranging from the envelope 

to the lumen (Bartsch et al. 2008, Motohashi et al. 2001, Balmer et al. 2003, Balmer et al. 2006, 

Marchand et al. 2004, Marchand et al. 2006, Lemaire et al. 2007, Hall et al. 2008). The target 

proteins are involved in a wide range of different processes, including the Calvin cycle, oxidative 

stress response, transcription/translation and photosynthesis (Dietz, 2008). So far we know little 

about the biochemical pathways that these target proteins participate in, or which thioredoxins 

mediate their regulation.  

 

Although the plastidic localization of some selected members of the chloroplast thioredoxins has 

been previously determined (Collin et al., 2003 and 2004, Eymery and Rey, 1999), in many cases 

their exact location within the chloroplast remained unknown. According to the established 

model of chloroplast thioredoxin signalling, stromal target proteins are linked to the 
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photosynthetic electron flow via the classical redox chain mediated by ferredoxin, ferredoxin 

reductase and thioredoxin (Dietz, 2008). However, the presence of potential thioredoxin targets 

in the envelope and thylakoid membrane implies that these compartments could have their own 

thioredoxins or related proteins. In order to begin understanding this complex network of 

multiple chloroplast thioredoxins, their overlapping specificities and their interactions with target 

proteins it is clearly important to know the subcellular location of the chloroplast thioredoxins. In 

this work we addressed the sub-chloroplastic localization of all known thioredoxin and 

thioredoxin-like proteins encoded in the Arabidopsis genome where full-length cDNA clones 

were available. Using protein import experiments, we show that the subcellular location of the 

majority of chloroplast thioredoxins is the chloroplast stroma, even though there is clear 

evidence for thioredoxin-mediated processes in the lumen and the envelope (Motohashi and 

Hisbori, 2006, Marchand et al., 2004 and 2006, Goplan et al., 2004, Bartsch et al. 2008). Besides 

establishing the stromal location for all members of the f, m, x and y types, we also characterized 

the subcellular location of seven novel thioredoxin-like proteins of Arabidopsis chloroplasts. Our 

data provide the first experimental evidence that members of the WCRKC and lilium family 

indeed are targeted to chloroplasts.  



 6 

Material and Methods 

 

The cDNA clones were obtained from the Arabidopsis Biological Resource Center, Columbus, 

Ohio, USA (Yamada et al., 2003), and the insert sequences were confirmed by DNA sequencing. 

The following full length cDNA clones were used: Trx-f1 (At3g02730): U11428, Trx-f2 

(At5g16400): U10110, Trx-m1 (At1g03680): U20768, Trx-m2 (At4g03520): U09724, Trx-m3 

(At2g15570): 176D6T7, Trx-m4 (At3g15360): U12462, Trx-x (At1g50320): U09007, Trx-y1 

(At1g76760): S63183, Trx-y2 (At1g43560): U67492, APR1 (At4g04610): U14453, APR2 

(At1g62180): U09145, CDSP32 (At1g76080): 34H4T7, HCF164 (At4g37200): U21667, 

Lilium5 (At4g26160): U82250, WCRKC1 (At5g06690): 151M21T7 and WCRKC2 

(At5g04260): U18029. Precursors were synthesised in vitro by the method described previously 

(James et al., 1989) using RNA-polymerase for cDNA transcription followed by translation in a 

wheat germ cell-free system in the presence of a (35S)-methionine/(35S)-cysteine mix.  

 

For in vitro chloroplast import assays, pea seedlings (Pisum sativum, var. Kelvedon Wonder) 

were grown and then harvested at 9 days old. Chloroplasts were isolated from the leaf tips and 

used in import assays as described before (Brock et al, 1993). In brief, intact chloroplasts were 

isolated using Percoll step gradients and incubated with radiolabeled translation products in a 

light bath for 20 min. One aliquot of chloroplasts was then removed, pelleted and analyzed 

directly while the remainder was incubated with thermolysin at 72 µg/ml for 40 mins on ice to 

digest non-imported proteins. The chloroplasts were then pelleted and lysed in 10 mM Hepes-

KOH, pH 8,.0, 5 mM MgCl2 on ice for 10 min. Thylakoids were then pelleted at 10,000 x g for 
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20 min and the stromal fraction removed. Samples of thylakoid membranes were treated with 

trypsin (60 µg/ml for 30 mins on ice) to test for targeting to the lumen compartment. 



 8 

Results 

 

Analysis of the genome of Arabidopsis thaliana suggested that chloroplasts not only contained 

the classical f- and m-type thioredoxins but also many novel putative chloroplast thioredoxins of 

unknown functions (Meyer et al. 2005 and 2006). As knowledge of the subcellular location of 

these proteins is important to understand their function, we carried out an import study to 

determine, firstly, whether these thioredoxins were indeed targeted to chloroplasts and secondly, 

the chloroplast sub-compartment of any imported proteins. The thioredoxins chosen for this 

study were selected according to Meyer et al. (2005). Figure 1 shows partial multiple alignments 

of these thioredoxins and their known or putative catalytic sites. The classical chloroplast 

thioredoxins f, m, x and y share as a distinct common characteristic, the WCGPC motif, although 

the overall sequence homology between the individual groups is rather low (Fig. 1A). By 

contrast, the other chloroplast thioredoxins of Arabidopsis all have atypical sequence motifs at 

their putative catalytical sites (Fig. 1 B-D). There is no significant homology between the 

different families of the WCRKC thioredoxins, the lilium proteins and the adenylylsulfate 

reductases (APR). However, the CDSP32 drought-induced protein displayed homology to the 

WCRKC thioredoxins, although it does not have the WCRKC motif (Fig. 1B).  

 

Our study addressed, in the first place, the putative chloroplast thioredoxins of Arabidopsis. 

However, we considered also the members of the classical chloroplast thioredoxin f, m, x, and y, 

whose subcellular locations had not been determined in previous studies. In addition, we 

included HCF164 as it is the only known thylakoid membrane-bound thioredoxin-like protein 

and, thus, has a unique position within the chloroplast thioredoxins of Arabidopsis. Here, we 
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used established assays for the import and localization of proteins by intact chloroplasts. All of 

the available precursor proteins were analyzed and data are shown for representative members of 

each family. 

 

f-, x-, m-, and y-type thioredoxins are targeted to the chloroplast stroma 

 

In a previous study, it was shown that Trx-f1 fused to GFP was localized to the plastid (Collin et 

al., 2003) in transformed plant cells. In this study we tested whether Trx-f2 is targeted into 

chloroplasts, using a direct assay for the import of in vitro-synthesized proteins by isolated 

chloroplasts. Trx-f2 translates as a 20 kDa precursor protein (Fig. 2A, lane Tr) that efficiently 

imported into the isolated chloroplasts (lane C) to yield a mature protease-protected, and 

therefore imported, protein of 13 kDa (denoted 'mat', lane C+). Fractionation of the chloroplasts 

into stroma (lane S) and thylakoids (lane T) clearly shows the presence of the mature protein in 

the soluble, stromal fraction compared to a complete absence from the thylakoids. It is evident 

that imported mature-size Trx-f2 runs as a doublet of bands in the gel, and this may reflect the 

presence of multiple processing sites in this precursor (and possibly Trx-m1, see below). This is 

not uncommon with imported chloroplast proteins, and the same phenomenon has, for example, 

been observed in import experiments using the small subunit of Rubisco or the major light-

harvesting chlorophyll binding proteins (e.g., Viitanen et al, 1988).  

 

Trx-f1 has a similar import profile (data not shown), with a 20 kDa precursor protein also 

localised to the stroma and processed to a mature protein with an apparent mass of 12 kDa. 
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The m-type thioredoxin group is composed of four isoforms. As with f1, a GFP fusion 

previously demonstrated plastid localization for Trx-m2 and Trx-m3. Additionally, it was shown 

that this localization was dependent on an N-terminal transit peptide as mature Trx-m2 displayed 

a lack of chloroplast targeting (Collin et al., 2003). Based on a proteomics study, m1, m2 and m4 

were thought to be loosely associated with the stromal face of the thylakoid (Friso et al., 2004). 

To test this conclusion and analyze their localization in detail, all four isoforms were subjected to 

the chloroplast import assay. Trx-m1 is synthesized a 22 kDa translation product (Fig. 2B, lane 

Tr). This precursor successfully imports into chloroplasts (lane C) resulting in a protease-

protected mature protein of 13 kDa (lane C+). As seen with the f-type thioredoxins, the Trx-m1 

is clearly only present in the soluble, stromal chloroplast fraction (lane S). No association with 

the thylakoid could be detected. The isoforms trx-m2 (24k Da precursor, 13 kDa mature), and 

m4 (26 kDa precursor, 15 kDa mature) were imported into chloroplasts with the same 

localization in the stromal compartment (data not shown). Trx-m3 has been implicated in a 

different functional role to the other m-type members (Isskidis-Bourguet, et al., 2001). However 

Trx-m3 also showed the same localization in the stroma, translating as an 18 kDa precursor and 

producing an 11 kDa, soluble mature protein (data not shown). 

 

A plastid localisation of Trx-x was previously indicated by the visualisation of a GFP fusion 

protein (Collin et al. 2003). In agreement with this observation Trx-x displays import 

characteristics similar to the f-type and m-type thioredoxins (Fig. 2C). A translation product of 

21 kDa (lane Tr), imports into the chloroplasts and is processed to a 12 kDa form (lane C+). Its 

subcellular localization is clearly shown as the mature protein is confined to the stromal fraction 

(lane S). 



 11 

 

It has been shown that the expression patterns of the two y-type thioredoxins varies. Trx-y2 is 

expressed in leaf tissue whereas Trx-y1 is more abundant in the roots. In addition to this, GFP 

fusions of Trx-y2 show that it is plastid localised (Collin et al., 2004). To determine the 

localisation of Trx-y1, the protein was synthesized in vitro, producing a 20 kDa product (Fig. 

2D, lane Tr), and successfully imported into isolated chloroplasts. (Fig. 2D, lane C+). 

Chloroplast fractionation revealed that Trx-y1 was in the stroma as a 12 kDa mature protein (Fig. 

2D, lane S). To test whether Trx-y2 has a similar location, the 18 kDa translation product was 

also imported into isolated chloroplasts and shown to be localised to the stroma as a 12 kDa 

mature protein (data not shown). 

 

In summary, the classical f, m, x and y type thioredoxins have all been analyzed by chloroplast 

import to determine their sub-chloroplast localisation. Each member of the classical thioredoxin 

sub-types has been shown to localise exclusively to the soluble stromal compartment with no 

indication of any significant thylakoid membrane association under import conditions. To study 

whether this pattern of stromal localisation extended beyond the classical thioredoxins, the same 

systematic import approach was applied to the putative thioredoxin-like proteins of chloroplasts 

present in the Arabidopsis genome. 

 

Localization of the WCRKC putative thioredoxins 

 

This family has two members, WCRKC1 and WCRKC2, and both were predicted to be 

chloroplast-targeted on the basis of sequence analysis (Meyer et al. 2005). To assess their 
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locations directly, WCRKC1 was synthesized in vitro, generating a 25 kDa translation product 

(Fig. 3A, lane Tr). Upon incubation with chloroplasts, a relatively large proportion of the protein 

precursor accumulates at the chloroplast (Fig. 3A, lane C) and import in our in vitro system 

appears to be slow. Nevertheless, a low but significant proportion of the protein is translocated 

into the chloroplasts and processed to a 14 kDa mature protein (Fig. 3A, lane C+). Fractionation 

of the chloroplasts into stroma and thylakoids showed that the final destination of WCRKC1 was 

the stroma (lane S). This indicates that the protein is indeed targeted into the stroma, although the 

low-efficiency import does raise the possibility that the chloroplast may not be the only (or even 

the primary) destination) for this protein. Conversely, WCRKC2 is much more efficient in 

import (Fig. 3B). The 27 kDa WCRKC2 precursor is efficiently imported into the stroma (Fig. 

3B, lane S). Intriguingly, there appears to be a delay in transit peptide cleavage as both precursor 

protein and mature (18 kDa) are clearly present in the stroma. This is unusual behaviour for an 

imported stromal protein; transit peptides are almost invariably removed immediately upon 

import (our observations from numerous import assays). In addition to the precursor protein 

being present in the stromal fraction, a minor proportion of the precursor is associated with the 

thylakoid (Fig. 3B, lane T). This could point to a minor, non-specific hydrophobic interaction of 

the uncleaved transit peptide with the thylakoid membrane. 

 

Localisation of thioredoxin-like CDSP32 

 

The CDSP32 protein has been studied previously but not using chloroplast import assays. 

Translation of CDSP32 resulted in a 34 kDa precursor protein (Fig. 3C, lane Tr) that imported 

into isolated chloroplasts (Fig. 3C, lane C+). Consistent with earlier observations (Rey et al. 
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1998) CDSP32 protein was detected in the stromal fraction and had an apparent mass of 29 kDa 

(Fig. 3C, lane S). Previous work has shown by immunoblot analysis that the 32 kDa CDSP32 

protein is exclusively present in the stromal compartment (Rey et al., 1998), and this observation 

was later confirmed by immunocytolocalisation (Eymery and Rey, 1999).  

 

Localisation of the APR thioredoxin-like proteins 

 

It has been predicted, but not experimentally verified, that both APR1 and APR3 have a 

chloroplast transit peptide at the N-terminus. APR2 also possesses a truncated version of this 

peptide leading to the hypothesis that APR2 may be cytoplasmically or mitochondrially localised 

(Setya et al., 1996). In this study, import data were obtained to test the plastid location of these 

proteins. APR1 translates as a 50 kDa precursor protein (Fig. 4A, lane Tr) that is imported into 

isolated chloroplasts (lane C+) and confirming its localization in chloroplasts. The transit peptide 

is cleaved to yield a 42 kDa mature species. As shown with the classical Trx proteins, APR1 is 

only present in the stromal phase (lane S) upon fractionation. Due to high sequence homology, 

APR3 is likely to replicate the localisation of APR1. APR2 was also imported to determine 

whether it is in fact plastid-localised. The 50 kDa APR2 precursor protein is imported into the 

chloroplasts, and the resulting 42 kDa mature protein was found to be stromal (Fig. 4B), 

confirming that this member of the APR family functions in the chloroplast. 

 

Localisation of the lilium family of putative thioredoxins 
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The lilium family of putative thioredoxins was discovered from bioinformatic analysis of the 

Arabidopsis genome. Their members have an unconventional active site and have not yet been 

shown to possess redox activity (Meyer et al., 2005). We selected the At4g26160 gene product 

(lilium5) to test whether the lilium proteins do indeed represent a novel family of chloroplast 

thioredoxin-like proteins. Lilium5 translated as a 26 kDa pre-protein (Fig. 4C, lane Tr) and its 

plastid localisation was confirmed by a protease protected mature species of 15 kDa within the 

chloroplast (Fig. 4C, lane C+). Upon fractionation, lilium5 partitioned to the soluble stromal 

compartment (Fig. 4C, lane S). 

 

Localisation of thioredoxin-like HCF164 

 

HCF164 is a thioredoxin-like protein of 29 kDa and is so far the only known chloroplast 

thioredoxin associated with the thylakoid membrane (Lennartz et al., 2001). The precursor of 

HCF164 has a predicted bipartite transit peptide that targets this protein into the chloroplast and 

further to the thylakoid via the Tat pathway. However, unlike lumenal proteins imported via the 

Tat pathway, the second part of the bipartite transit peptide is not cleaved during import and 

functions instead as membrane anchor for the lumen-exposed thioredoxin domain of HCF164 

(Lennartz et al., 2001, Motohashi and Hisabori, 2006). Although its subcellular location in the 

thylakoid membrane is known, we included HCF164 in our import study because of its unusual 

bipartite transit peptide. Translation of HCF164 cDNA resulted in a precursor of approximately 

35 kDa (Fig. 4D, lane Tr) that is imported into isolated chloroplasts (lane C+). Following transit 

peptide cleavage, a mature protein of 29 kDa is absent from the stromal fraction (lane S) but 

clearly detected in the thylakoid fraction (lane T). According to the proposed lumenal location of 
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HCF164, one would expect that the major part of mature HCF164 was protected by the thylakoid 

membrane from protease treatment. However, upon treatment of the thylakoids with thermolysin 

digestion the 29kDa band was no longer detectable (Fig. 4D, lane T+). This might indicate an 

alternative topology as suggested by other studies (Lennartz et al., 2001, Motohashi and 

Hisabori, 2006). 

 

In summary, the results from this study show conclusively that the known groups of chloroplast 

thioredoxins of Arabidopsis, except for thylakoid bound HCF164, have a subcellular location in 

the chloroplast stroma. In addition to filling gaps on the subcellular map of thioredoxin f, m, x, 

and y, and APR, we showed chloroplast location of the WCRKC proteins and of At4g26160, 

which to our knowledge is the first member of the lilium proteins that was shown to be targeted 

to the chloroplast stroma. Finally, our data raise the possibility that the bulk of HCF164 is 

located on the stromal face of the thylakoid membrane, rather than in the lumen as previously 

proposed. 
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Discussion 

 

Recent work has expanded the concept of chloroplast redox regulation via thioredoxin-mediated 

disulfide exchange, beyond the chloroplast stroma to the envelope (Bartsch et al. 2008), the 

thylakoid membrane (Mata-Cabana et al. 2007, Balmer et al., 2006) and the thylakoid lumen 

(Marchand et al., 2004 and 2006, Gopalan et al., 2004). However, the thioredoxin targets 

indentified in these studies were detected by interactions with modified thioredoxins m and f, 

cytosolic thioredoxin h1 and bacterial thioredoxin, all of which share the classical WCGPC motif 

at their catalytical site. It appears that a function as molecular switch in the activation and 

deactivation of enzymes is mainly a property of thioredoxin m and f. Although thioredoxin x and 

y also have the WGCPC motif, they appear to be more involved in stress response than in 

regulation of enzymatic activities (Collin et al. 2003 and 2004). Relatively little is known of the 

functions of a surprisingly large group of chloroplast thioredoxins that have atypical catalytic 

sites. Studies on CDSP32 provided clear evidence for a role in oxidative stress response (Broin et 

al. 2000 and 2003, Rey et al. 2005). As for the chloroplastic adenylyl sulfate reductases, the 

thioredoxin domain is an integral part of the enzyme structure needed for their activity (Setya et 

al. 1996). However, the molecular functions and targets of the two WCRKC proteins and the five 

members of the lilium family are unknown.  

 

Although bioinformatics suggested that the 20 thioredoxins of Arabidopsis that were considered 

in this study were targeted to the chloroplast, experimental evidence was only available for 

thioredoxins f1, m2, m3, x, y2 and CDSP32 (Collin et al. 2003 and 2004, Rey et al 1998). Our 

study provides direct experimental evidence for the chloroplast location of the remaining 
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classical thioredoxins f2, m1, m4, and y1 and confirms previous results for the location of 

thioredoxins f1, m2, m3, x, y2, and CDSP32. We also confirm the predicted plastid location of 

APR1 and show that APR2 is indeed targeted to chloroplasts even though its putative signal 

peptide indicated a possible location in mitochondria or the cytoplasm (Setya et al. 1996). The 

experimental evidence for a plastid location of these proteins agrees well with previous 

observations that the three APR isoforms share similar means of regulation by both light and 

glucose levels (Kopriva et al. 1999; Hesse et al., 2003). Added to this, we show that the WCRKC 

proteins of Arabidopsis are targeted to chloroplasts, and we demonstrate a stromal location of the 

lilium protein At4g26160. However, we should add one note of caution: while the data provide 

very clear evidence for a chloroplastic location (no non-chloroplast proteins have ever been 

found to import into isolated chloroplasts, to our knowledge) they do not rule out the possibility 

that some of the proteins may also be targeted into, for example, the mitochondrion. In general, 

the proteins are synthesized with presequences that resemble those of other stromal proteins 

(hydrophilic, positively charged and enriched in hydroylated residues), with no evidence for 

hydrophobic lumen-targeting signal peptides at the C-termini of the presequences. Interestingly, 

some of the presequences are slightly larger than average stroma-targeting signals (some are over 

10 kDa, whereas most stroma-targeting peptides are in the region of 5-6 kDa). However, this is 

not necessarily significant, since chloroplast import signals vary enormously in length.  

 

 

A remarkable finding of this study was the observation that all these thioredoxins and 

thioredoxin–like proteins were targeted to the soluble chloroplast stroma; there are no indications 

for any association with the thylakoid or envelope membranes. The discovery of thioredoxin 
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target proteins in the chloroplast envelope and the thylakoid lumen suggests that thioredoxin 

mediated pathways are also present in these compartments. The thylakoid-bound thioredoxin-

like protein HCF164 might function in the transfer of redox equivalents from the chloroplast 

stroma to lumenal target proteins (Motohashi and Hisabori, 2006) and thylakoids might also have 

an oxidoreductase that could function in oxidative protein folding (Singh et al, 2008). Together 

with HCF164, such an oxidoreductase could provide the principal point of a thiol-mediated 

redox cycle that controls the function of luminal thioredoxin targets. However, the interaction 

partners of thioredoxin-targets in the thylakoid lumen and the envelope are currently not known 

and might also include other redox proteins than thioredoxins.  

 

The members of the lilium- and WCRKC-families are novel proteins whose molecular functions 

within the complex network of chloroplast pathways are not known (Meyer et al. 2005). 

Although no redox activity has been demonstrated for these proteins so far, sequence similarity 

to classic Trx proteins predicts that they contain Trx domains. One major difference, however, is 

that they all contain atypical redox sites. Especially noteworthy is the point that the characteristic 

proline residue located between the reactive cysteines is substituted in all members of these two 

families. While the lilium proteins have either a neutral glycine or serine residue in the 

corresponding position, the WCRKC proteins have two basic residues (arginine and lysine) 

located in the active site. These deviations in the active site may be important determinants of 

redox potential, active site cysteine pKa and also of target specificity (Mössner et al., 1998). 

Charged residues in the redox dipeptide have specifically been shown to affect substrate 

specificity and not redox potential (Lin et al., 2004). As a representative of the lilium family, 

lilium5 (At4g26160) is shown here to be imported to the soluble stromal fraction. The similar 
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length and lack of typical thylakoid targeting motifs in the signal peptides suggests that this is 

also the case for the remaining members of the lilium family, which is consistent with recent 

observations showing a chloroplast location of lilium proteins using GFP fusion proteins 

(Dangoor et al., 2008).  

 

In conclusion we provide evidence that the currently known members of the chloroplast 

thioredoxins of Arabidopsis, except for the thylakoid bound HCF164, are targeted to the stromal 

chloroplast compartment. These proteins did not reveal any membrane association indicating that 

they have functions in the network of soluble stromal protein complexes. The thioredoxins or 

related proteins that interact with thioredoxin targets in the envelope and the thylakoid 

membrane remain elusive and provide a challenge for future research. 

 

Acknowledgements 

This study was supported by grants from the J C Kempe Memorial Fund Foundation (M.H.), the 

Carl-Trygger Foundation (T.K.) and the Swedish Research Council for Environment, 

Agricultural Sciences and Spatial Planning (FORMAS, to W.P.S). 



 20 

References 

Balmer Y, Koller A, del Val G, Manieri W, Schurmann P, Buchanan BB: Proteomics gives 

insight into the regulatory function of chloroplast thioredoxins. Proc Natl Acad Sci U S A 100: 

370-5 (2003). 

 

Balmer Y, Vensel WH, Hurkman WJ, Buchanan BB: Thioredoxin target proteins in chloroplast 

thylakoid membranes. Antioxid Redox Signal 8: 1829-34 (2006). 

 

Bartsch S, Monnet J, Selbach K, Quigley F, Gray J, von Wettstein D, Reinbothe S, Reinbothe C: 

Three thioredoxin targets in the inner envelope membrane of chloroplasts function in protein 

import and chlorophyll metabolism. Proc Natl Acad Sci U S A 105: 4933-8 (2008). 

 

Brock IW, Hazell L, Michl D, Nielsen VS, Moller BL, Herrmann RG, Klosgen RB, Robinson C: 

Precursors of one integral and five lumenal thylakoid proteins are imported by isolated pea and 

barley thylakoids: optimisation of in vitro assays. Plant Mol Biol 23: 717-25 (1993). 

 

Broin M, Cuine S, Peltier G, Rey P: Involvement of CDSP 32, a drought-induced thioredoxin, in 

the response to oxidative stress in potato plants. FEBS Lett 467: 245-8 (2000). 

 

Broin M, Rey P: Potato plants lacking the CDSP32 plastidic thioredoxin exhibit overoxidation of 

the BAS1 2-cysteine peroxiredoxin and increased lipid Peroxidation in thylakoids under 

photooxidative stress. Plant Physiol 132: 1335-43 (2003). 

 



 21 

Buchanan BB: Role of Light in the Regulation of Chloroplast Enzymes. Annual Review of Plant 

Physiology and Plant Molecular Biology 31: 341-374 (1980). 

 

Buchanan BB, Balmer Y: Redox regulation: a broadening horizon. Annu Rev Plant Biol 56: 187-

220 (2005). 

 

Collin V, Issakidis-Bourguet E, Marchand C, Hirasawa M, Lancelin JM, Knaff DB, Miginiac-

Maslow M: The Arabidopsis plastidial thioredoxins: new functions and new insights into 

specificity. J Biol Chem 278: 23747-52 (2003). 

 

Collin V, Lamkemeyer P, Miginiac-Maslow M, Hirasawa M, Knaff DB, Dietz KJ, Issakidis-

Bourguet E: Characterization of plastidial thioredoxins from Arabidopsis belonging to the new y-

type. Plant Physiol 136: 4088-95 (2004). 

 

Dangoor I, Peled-Zehavi H, Levitan A, Pasand O, Danon A: A small family of chloroplast 

atypical thioredoxins. Plant Physiol: Epub ahead of print (2008). 

 

Dietz KJ: Redox signal integration: from stimulus to networks and genes. Physiol Plant 133: 

459-68 (2008). 

 

Eymery F, Rey P: Immunocytolocalization of CDSP 32 and CDSP 34, two chloroplastic 

drought-induced stress proteins in Solanum tuberosum plants. Plant Physiology and 

Biochemistry 37: 305-312 (1999). 



 22 

 

Friso G, Giacomelli L, Ytterberg AJ, Peltier JB, Rudella A, Sun Q, Wijk KJ: In-depth analysis of 

the thylakoid membrane proteome of Arabidopsis thaliana chloroplasts: new proteins, new 

functions, and a plastid proteome database. Plant Cell 16: 478-99 (2004). 

 

Gopalan G, He Z, Balmer Y, Romano P, Gupta R, Heroux A, Buchanan BB, Swaminathan K, 

Luan S: Structural analysis uncovers a role for redox in regulating FKBP13, an immunophilin of 

the chloroplast thylakoid lumen. Proc Natl Acad Sci U S A 101: 13945-50 (2004). 

 

Hall M, Schröder WP, Kieselbach T: Thioredoxin interactions of the chloroplast lumen of 

Arabidopsis thaliana indicate a redox regulation of the xanthophyll cycle. Photosynthesis. 

Energy from the Sun - 14th International Congress on Photosynthesis (Allen, J.F., Gantt, J.H., 

and Osmond B. Eds.): 1099-1102 (2008). 

 

Hesse H, Trachsel N, Suter M, Kopriva S, von Ballmoos P, Rennenberg H, Brunold C: Effect of 

glucose on assimilatory sulphate reduction in Arabidopsis thaliana roots. J Exp Bot 54: 1701-9 

(2003). 

 

Holmgren A: Thioredoxin and glutaredoxin systems. J Biol Chem 264: 13963-6 (1989). 

 

Issakidis-Bourguet E, Mouaheb N, Meyer Y, Miginiac-Maslow M: Heterologous 

complementation of yeast reveals a new putative function for chloroplast m-type thioredoxin. 

Plant Journal 25: 127-135 (2001). 



 23 

 

James HE, Bartling D, Musgrove JE, Kirwin PM, Herrmann RG, Robinson C: Transport of 

proteins into chloroplasts. Import and maturation of precursors to the 33-, 23-, and 16-kDa 

proteins of the photosynthetic oxygen-evolving complex. J Biol Chem 264: 19573-6 (1989). 

 

Kopriva S, Muheim R, Koprivova A, Trachsel N, Catalano C, Suter M, Brunold C: Light 

regulation of assimilatory sulphate reduction in Arabidopsis thaliana. Plant J 20: 37-44 (1999). 

 

Lemaire SD, Collin V, Keryer E, Quesada A, Miginiac-Maslow M: Characterization of 

thioredoxin y, a new type of thioredoxin identified in the genome of Chlamydomonas reinhardtii. 

FEBS Lett 543: 87-92 (2003). 

 

Lemaire SD, Michelet L, Zaffagnini M, Massot V, Issakidis-Bourguet E: Thioredoxins in 

chloroplasts. Curr Genet 51: 343-65 (2007). 

 

Lennartz K, Plucken H, Seidler A, Westhoff P, Bechtold N, Meierhoff K: HCF164 encodes a 

thioredoxin-like protein involved in the biogenesis of the cytochrome b(6)f complex in 

Arabidopsis. Plant Cell 13: 2539-51 (2001). 

 

Lin TY, Chen TS: A positive charge at position 33 of thioredoxin primarily affects its interaction 

with other proteins but not redox potential. Biochemistry 43: 945-52 (2004). 

 



 24 

Marchand C, Le Marechal P, Meyer Y, Decottignies P: Comparative proteomic approaches for 

the isolation of proteins interacting with thioredoxin. Proteomics 6: 6528-37 (2006). 

 

Marchand C, Le Marechal P, Meyer Y, Miginiac-Maslow M, Issakidis-Bourguet E, Decottignies 

P: New targets of Arabidopsis thioredoxins revealed by proteomic analysis. Proteomics 4: 2696-

706 (2004). 

 

Mata-Cabana A, Florencio FJ, Lindahl M: Membrane proteins from the cyanobacterium 

Synechocystis sp. PCC 6803 interacting with thioredoxin. Proteomics 7: 3953-63 (2007). 

 

Meyer Y, Reichheld JP, Vignols F: Thioredoxins in Arabidopsis and other plants. Photosynth 

Res 86: 419-33 (2005). 

 

Meyer Y, Riondet C, Constans L, Abdelgawwad MR, Reichheld JP, Vignols F: Evolution of 

redoxin genes in the green lineage. Photosynth Res 89: 179-92 (2006). 

 

Meyer Y, Vignols F, Reichheld JP: Classification of plant thioredoxins by sequence similarity 

and intron position. Methods Enzymol 347: 394-402 (2002). 

 

Mossner E, Huber-Wunderlich M, Glockshuber R: Characterization of Escherichia coli 

thioredoxin variants mimicking the active-sites of other thiol/disulfide oxidoreductases. Protein 

Sci 7: 1233-44 (1998). 

 



 25 

Motohashi K, Hisabori T: HCF164 receives reducing equivalents from stromal thioredoxin 

across the thylakoid membrane and mediates reduction of target proteins in the thylakoid lumen. 

J Biol Chem 281: 35039-47 (2006). 

 

Motohashi K, Kondoh A, Stumpp MT, Hisabori T: Comprehensive survey of proteins targeted 

by chloroplast thioredoxin. Proc Natl Acad Sci U S A 98: 11224-9 (2001). 

 

Rey P, Cuine S, Eymery F, Garin J, Court M, Jacquot JP, Rouhier N, Broin M: Analysis of the 

proteins targeted by CDSP32, a plastidic thioredoxin participating in oxidative stress responses. 

Plant J 41: 31-42 (2005). 

 

Rey P, Pruvot G, Becuwe N, Eymery F, Rumeau D, Peltier G: A novel thioredoxin-like protein 

located in the chloroplast is induced by water deficit in Solanum tuberosum L. plants. Plant J 13: 

97-107 (1998). 

 

Setya A, Murillo M, Leustek T: Sulfate reduction in higher plants: molecular evidence for a 

novel 5'-adenylylsulfate reductase. Proc Natl Acad Sci U S A 93: 13383-8 (1996). 

 

Singh AK, Bhattacharyya-Pakrasi M, Pakrasi HB: Identification of an atypical membrane protein 

involved in the formation of protein disulfide bonds in oxygenic photosynthetic organisms. J 

Biol Chem 283: 15762-70 (2008). 

 



 26 

Viitanen, P.V., Doran, E.R. and Dunsmuir, P. (1988). What is the role of the transit peptide in 

thylakoid integration of the light-harvesting chlorophyll a/b protein? J. Biol. Chem. 263, 15000-

15007 

 

Yamada K, Lim J, Dale JM, Chen H, Shinn P, Palm CJ, Southwick AM, Wu HC, Kim C, 

Nguyen M, Pham P, Cheuk R, Karlin-Newmann G, Liu SX, Lam B, Sakano H, Wu T, Yu G, 

Miranda M, Quach HL, Tripp M, Chang CH, Lee JM, Toriumi M, Chan MM, Tang CC, Onodera 

CS, Deng JM, Akiyama K, Ansari Y, Arakawa T, Banh J, Banno F, Bowser L, Brooks S, 

Carninci P, Chao Q, Choy N, Enju A, Goldsmith AD, Gurjal M, Hansen NF, Hayashizaki Y, 

Johnson-Hopson C, Hsuan VW, Iida K, Karnes M, Khan S, Koesema E, Ishida J, Jiang PX, 

Jones T, Kawai J, Kamiya A, Meyers C, Nakajima M, Narusaka M, Seki M, Sakurai T, Satou M, 

Tamse R, Vaysberg M, Wallender EK, Wong C, Yamamura Y, Yuan S, Shinozaki K, Davis RW, 

Theologis A, Ecker JR: Empirical analysis of transcriptional activity in the Arabidopsis genome. 

Science 302: 842-6 (2003). 

 

 



 27 

Figure Legends 

 

Figure 1 

The sequences of know or putative chloroplast thioredoxins of Arabidopsis thaliana (Meyer et 

al. 2005) were retrieved from TAIR and aligned using Clustal W. The alignments show (A) the 

thioredoxins m, f, y, and x sharing the classical WCGPC motif, and thioredoxins containing 

atypical motifs at the catalytical site including (B) the WCRKC proteins and CDSP32, (C) the 

lilium proteins, and (D) the 5’adenylylsulphate reductase APR1, APR2 and APR3.  

 

Figure 2  

The autoradiograms show chloroplast imports of thioredoxin f2, m1, y1 and x. The translated 

precursor (Tr) was imported into intact pea chloroplasts (C) and proteins that were not imported 

into the chloroplasts were digested using a treatment with the protease thermolysin (C+). 

Chloroplasts were further fractionated into stroma (S) and thylakoid (T) and import into the 

thylakoid membrane was probed using a treatment with thermolysin (T+).  

 

Figure 3 

The autoradiograms show chloroplast imports of the thioredoxin-like proteins WCRKC1, 

WCRKC2, and CDSP32. The translated precursor (Tr) was imported into intact pea chloroplasts 

(C) and proteins that were not imported into the chloroplasts were digested using a treatment 

with the protease thermolysin (C+). Chloroplasts were further fractionated into stroma (S) and 

thylakoid (T) and import into the thylakoid membrane was probed using a treatment with 

thermolysin (T+).  



 28 

 

Figure 4 

The autoradiograms show chloroplast imports of the thioredoxin-like proteins APR1, APR2, 

At4g26160 (lilium 5) and HCF164. The translated precursor (Tr) was imported into intact pea 

chloroplasts (C) and proteins that were not imported into the chloroplasts were digested using a 

treatment with the protease thermolysin (C+). Chloroplasts were further fractionated into stroma 

(S) and thylakoid (T) and import into the thylakoid membrane was probed using a treatment with 

thermolysin (T+).  
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A 
Trx-m1 -95-VFVDFWAPWCGPCKMIDPIVNELAQKYAGQFKFYKLNTDESPATPGQYGVRSIPTIMIFVNGEKK 159 

Trx-m2 101-VVVDFWAPWCGPCKMIDPLVNDLAQHYTGKIKFYKLNTDESPNTPGQYGVRSIPTIMIFVGGEKK 165 

Trx-m3 -87-VLVEFYTSWCGPCRMVHRIIDEIAGDYAGKLNCYLLNADNDLPVAEEYEIKAVPVVLLFKNGEKR 151 

Trx-m4 107-VLVEFWAPWCGPCRMIHPIVDQLAKDFAGKFKFYKINTDESPNTANRYGIRSVPTVIIFKGGEKK 171 

Trx-y1 -84-VLVDYYATWCGPCQFMVPILNEVSETLKDKIQVVKIDTEKYPSIANKYKIEALPTFILFKDGEPC 148 

Trx-y2 -79-VLVDFYATWCGPCQLMVPILNEVSETLKDIIAVVKIDTEKYPSLANKYQIEALPTFILFKDGKLW 143 

Trx-f1 -90-VVLDMYTQWCGPCKVIAPKYKALSEKYDDVVFLKLDCNPDNRPLAKELGIRVVPTFKILKDNKVV 154 

Trx-f2 100-VVLDMYTQWCGPCKVIAPKYKELSEKYQDMVFLKLDCNQDNKPLAKELGIRVVPTFKILKDNKVV 164 

Trx-x  -90-VLVEFVATWCGPCKLIYPAMEALSQEYGDKLTIVKIDHDANPKLIAEFKVYGLPHFILFKDGKEV 154 

       ----*.::--:-*****:.:----.-:--:--.-.---------------.--:--:*-.-::-..:   

Trx-m1 160 --DTIIGA 165 

Trx-m2 166 --DTIIGA 171 

Trx-m3 152 --ESIMGT 157 

Trx-m4 172 --DSIIGA 177 

Trx-y1 149 --DRFEGA 154 

Trx-y2 144 --DRFEGA 149 

Trx-f1 155 --KEVTGA 160 

Trx-f2 165 --KEVTGA 170 

Trx-x  155 PGSRREGA 162 

       ----------*:   

B 
WCRKC1 101-------INNVEELDAVLSHARQLSQPIIIEWMASWCRKCIYLKPKLEKLAAEYNNRAKFYYVD-- 157 

WCRKC2 -81-------ICGESHFDQVMEDAQKLGESVVIVWMAAWCRKCIYLKPKLEKLAAEFYPRLRFYHVD-- 137 

CDSP32 184-HSAVVQLHGRPDVEKLIDENRTGGKLIVLDVGLKHCGPCVKVYPTVLKLSRSMSETVVFARMNGD 248 

 ----------:-.--..:-::..-:--.:-:::------*--*:-:-*.:-**:-.------*-::---- 

WCRKC1 158-VNKVPQTLVKRGNISKMPTIQLWKEDEMKEEVIGGHKGWLVIEEVRELINKFV-- 210 

WCRKC2 138-VNAVPYRLVSRAGVTKMPTIQLWRDGQKQAEVIGGHKAHFVVNEVREMIENDSIT 192 

CDSP32 249-ENDSCMEFLKDMNVIEVPTFLFIRDGEIRGRYVGSGKGELIGEILRYSGVRVTY- 302 

       -----*-----::.--.:-::**:-:-::.:-:-.-:*.-*.-::-:-:*----.  

C 
Lilium 1 -89-KWWEKGLKDNMREISSAQELVDSLTNAGDKLVVVDFFSPGCGGCKALHPKICQFAEMNPDVQFLQ 153 

Lilium 2 -96-KWWERNA-PNMVDIHSTEEFLSALSGAGERLVIVEFYGTWCASCRALFPKLCKTAVEHPDIVFLK 159 

Lilium 3 -77-RWWEKSTNHNMLEIQSANHLVDSLLNAGDRLVVLDFYSPGCGGCKSLHPKICQLAETNPNVMFLK 141 

Lilium 4 -85-KWWEKELKPNMKSVTSPQDLVVSLRNAGDKLVVVDFFSPSCGGCKALHPKICKIAEKNPEVEFLQ 149 

At4g26160 -85-KWWERKAGPNMIDITSAEQFLNALKDAGDRLVIVDFYGTWCGSCRAMFPKLCKTAKEHPNILFLK 149 

 ----:***:----**-.: *.:.::-:*-.**::**:::*:..-*..*:::.**:*:-*--:*::-**:     

Lilium 1 154-VNYEEHKSMCYSLGVHVLPFFRFYRGSQGRVCSFSCTNATIKKFRDALAKHGPDRCSLGPTKGLE 218 

Lilium 2 160-VNFDENKPMCKSLNVRVLPFFHFYRGADGQLESFSCSLAKFQKIKDAIQLHNTDRCSLGPAKVPE 224 

Lilium 3 142-VNQEELRTMCHGLNVHVLPFFKFYRGAEGKVCSFSCTIATINKFKKALDKHGSERCSLGDAKGLD 206 

Lilium 4 150-VNYEEHRSLCQSLNIHVLPFFRFYRGSSGRVCSFSCTNATIRKFKEALEKHGREQCSIGETKGLE 214 

At4g26160 150-VNFDENKSLCKSLNVKVLPYFHFYRGADGQVESFSCSLAKFQKLREAIERHNVGSISNISSSASE 214 

 ----**-:*-:.:*-.*.::***:*:****:.*::-****:-*.:.*::.*:--*.----*--:.---: 

D 
APR1 291 SIGCEPCTKAVLPGQHEREGRWWWEDAKAKECGLHKGNVKENSD-DAKVNGESKSAVADIFKSEN 354 

APR3 283 SIGCEPCTRAVLPGQHEREGRWWWEDAKAKECGLHKGNIKENTNGNATANVNGTASVADIFNSEN 347 

APR2 283 SIGCEPCTRPVLPGQHEREGRWWWEDAKAKECGLHKGNIKEEDG----AADSKPAAVQEIFESNN 343 

---- --- ********:.****************************:**:-.----.--.--::* :**:*:* 

APR1 355 LVTLSRQGIENLMKLENRKEPWIVVLYAPWCPFCQAMEASYDELADKLAGSGIKVA 410 

APR3 348 VVNLSRQGIENLMKLENRKEAWIVVLYAPWCPFCQAMEASFDELADKLGGSGVKVA 403 

APR2 344 VVALSKGGVENLLKLENRKEAWLVVLYAPWCPFCQAMEASYIELAEKLAGKGVKVA 399 

---- --- :* **:-*:***:*******.*:*****************:-***:**.*.*:*** 
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