
Vitamin K epoxide reductase (VKOR) is an integral

membrane protein that is widely present in the endoplas-

mic reticulum of mammalian animals; it reduces vitamin

K to support the carboxylation and consequent activation

of vitamin K-dependent proteins involved in blood coag-

ulation, and it is the target of the most commonly used

oral anticoagulant warfarin [1].

Homologs of VKOR are present in internal thylakoid

membrane system of most photoautotrophic cyanobacte-

ria. Different from animal VKORs, the protein consists of

two distinct domains: an N-terminal membrane domain,

homologous to the catalytic subunit of mammalian

VKOR, and a C-terminal soluble Trx-like domain,

homologous to the disulfide bond formation protein

DsbA in Escherichia coli [2]. The fused protein was

demonstrated to be involved in disulfide bond formation

in oxygenic photosynthetic organisms and be required for

their optimal photoautotrophic growth [3]. Mutant

strains with deficiency of the encoding gene of VKOR

showed significant growth impairment under photoau-

totrophic conditions at normal light intensity [3].

Arabidopsis VKOR has been identified recently; it is

encoded by the At4g35760 gene and is similar with VKORs

from cyanobacteria, which also comprise an integral

domain and a soluble Trx-like moiety [4]. GFP-fusion
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Abstract—Homologs of vitamin K epoxide reductase (VKOR) exist widely in plants. However, only VKOR of Arabidopsis

thaliana has been the subject of many studies to date. In the present study, the coding region of a VKOR from Solanum lyco-

persicum (JF951971 in GenBank) was cloned; it contained a membrane domain (VKOR domain) and an additional soluble

thioredoxin-like (Trx-like) domain. Bioinformatic analysis showed that the first 47 amino acids in the N-terminus should

act as a transit peptide targeting the protein to the chloroplast. Western blot demonstrated that the protein is localized in

thylakoid membrane with the Trx-like domain facing the lumen. Modeling of three-dimensional structure showed that

SlVKOR has a similar conformation with Arabidopsis and cyanobacterial VKORs, with five transmembrane segments in the

VKOR domain and a typical Trx-like domain in the lumen. Functional assay showed that the full-length of SlVKOR with

Trx-like domain without the transit peptide could catalyze the formation of disulfide bonds. Similar transit peptides at the

N-terminus commonly exist in plant VKORs, most of them targeting to chloroplast according to prediction. Comparison of

sequences and structures from different plants indicated that all plant VKORs possess two domains, a transmembrane VKOR

domain and a soluble Trx-like domain, each having four conservative cysteines. The cysteines were predicted to be related

to the function of catalyzing the formation of disulfide bonds.
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experiments established that the 45 amino acids from the

N-terminus act as a transit peptide targeting the protein to

plastids [5, 6]. Through Western blot analysis, the protein

was demonstrated to be localized in the thylakoids [6].

As for the topology of Arabidopsis VKOR (AtVKOR-

DsbA), two similar models have been proposed. One pre-

dicted four transmembrane helices with one helix half-

inserted into the membrane, with both the N- and the C-

termini of the protein located in the oxidative lumen [6].

The other model implies five transmembrane helices with

the N-terminus facing the reductive stroma and the C-

terminus in the lumen [7]. Both models suggest that all

functional cysteines and the Trx-like domain are located

in the oxidative surroundings. These models are consis-

tent with the 3D structure of Synechococcus VKOR

revealed by X-ray crystallographic analysis [2].

It has been demonstrated that Arabidopsis VKOR can

catalyze disulfide bond formation, similarly to E. coli

DsbA and DsbB proteins [6, 7]. Eight conservative cys-

teines (four in the VKOR domain and four in the Trx-like

domain) are involved in disulfide bond formation [6]. The

bimodular Arabidopsis VKOR transfers electrons when

catalyzing the formation of disulfide bonds. The Trx-like

domain can function as an electron donor for its integral

VKOR partner, while the fused VKOR or individual

VKOR domain are equally effective in mediating dithio-

threitol-dependent reduction of phylloquinone and

menaquinone into their respective quinol forms [5]. The

soluble Trx-like domain of Arabidopsis VKOR was found

to have reduction, oxidation, and isomerization activities

in vitro, and it can promote the formation of disulfide

bonds in lumenal proteins [7, 8].

Homozygous Arabidopsis VKOR mutants have been

demonstrated to display severely defective growth [7, 8].

Mutant lines display more severely stunted growth, lighter

green, smaller size leaves, and shorter internodes com-

pared with wild type plants [7]. Arabidopsis VKOR is

required for the assembly of photosystem II and plays

important roles in redox regulation and in homeostasis of

reactive oxygen species [8].

Homologs of VKOR are widely found in plants.

However, to our best knowledge, only a few studies have

focused on VKOR of Arabidopsis thaliana to date. By

sequence comparison, the coding sequence of VKOR

from tomato (ABA41597) is quite different. Instead of

being a two-domain protein, the sequence of ABA41597

only encodes a short transmembrane region according to

the NCBI (National Center for Biotechnology

Information) data. In the present investigation, we cloned

the sequence of ABA41597 but found it to be a truncated

version. So we used RACE (Rapid Amplification of

cDNA Ends) to clone the full-length cDNA of VKOR

from Solanum lycopersicum and further analyzed its func-

tion and location. Using bioinformatic methods, we ana-

lyzed plant VKORs to get further insight into their func-

tion, location, and structure in the plant kingdom.

MATERIALS AND METHODS

Plant materials, strains, and growth conditions.

Yellow tomato selfing species (donated by Ms. Xizhen Ai)

were grown in soil in a greenhouse under a 16/8 h

light/dark cycle (120 µmol·m–2·s–1) at 26°C. Bacterial

strains and their relevant genotypes are shown in Table 1.

Cultures were grown in LB medium or M63 minimal

medium supplemented with glucose and appropriate

antibiotics [9].

Cloning of the SlVKOR gene. Homologs of the VKOR

amino acid sequence from tomato were identified

through NCBI Blast search against that of Arabidopsis

VKOR (At4g35760) registered in the GenBank library.

Total RNA extracted from tomato leaf tissues was used as

a template to amplify SlVKOR using primers P1 and P2

(Table 2). The sequencing result revealed that the gene

had no termination codon. Then we designed the inner

and outer primers and expanded SlVKOR 3′-end of the

sequence (primers as P3) using RACE technology. Finally

the full-length primers P4 and P5 were designed and the

full length of SlVKOR was cloned using cDNA as tem-

plate.

Suborganellar localization of SlVKOR. We first used

online software to predict the location of SlVKOR and

then separated thylakoid and stroma fractions from toma-

to plants. Fresh leaves of S. lycopersicum were homoge-

nized in 10 volumes of lysis buffer (20 mM

HEPES/KOH, pH 7.5, 10 mM EDTA) and incubated on

ice for 30 min. Stroma and thylakoid fractions were

obtained from the supernatant and the pellet after cen-

trifugation (42,000g, 30 min, 4°C) [10]; their proteins

were separated by SDS-PAGE, transferred to poly(vinyl-

idene difluoride) membrane, and visualized using anti-

VKOR (Genscript, China) and anti-Rubisco activase as a

control for stromal proteins or anti-D1 (Santa Cruz

Biotechnology, USA) as a control for thylakoid proteins.

Functional characterization of SlVKOR. The ability

of SlVKOR to catalyze the formation of disulfide bonds

Genotype

araD139A(ara-leu)7697 lacX74 рhoA∆[PvuII]
phoR malF3 galE galK thi rpsL F'lacIQ pro 

F-Dara-714galUgalKD(lac)X74 rpsL thi [25]

HK295∆dsbA(malF-lacZ102, Kmr)

HK295∆dsbB (malF-lacZ102, Kmr)

HK295∆dsbАB [26]

HK295∆dsbАB(malF-lacZ102, Kmr)

Strain

DHB4

HK295

HK361

HK325

HK329

Mer600

Table 1. Strains used in this study
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was estimated with a motility complementation assay.

Plasmid pTrc99a-SlVKOR encoding VKOR without the

transit peptide was constructed and introduced into Dsb

null strains as represented in Table 1. These strains were

stabbed on M63 minimal medium with 0.26% agar and

50 µM isopropyl-β-D-thiogalactopyranoside (IPTG),

which was specifically used for motility confirmation as

described previously [11]. The strains were incubated at

30°C for 3 days. To determine whether the expression of

the target gene can compensate for deficient E. coli disul-

fide bond formation, the diameters of the strains were

measured to characterize colony size.

To further confirm the function of the gene in disul-

fide bond formation, β-galactosidase activity was tested

as a complementation assay. Strains of Dsb null trans-

formed with pTrc99a-SlVKOR plasmid encoding VKOR

without transit peptide were streaked on M63 minimal

medium with 1.5% agar coated with 20 µg/ml x-gal and

1 mM IPTG and preincubated at 37°C for 2-3 h. The

strains were incubated at 37°C for 2 days. Blue color indi-

cated β-galactosidase activity and no disulfide bond for-

mation, whereas white color indicated disulfide bond for-

mation, as described previously [12].

Bioinformatic analysis of plant VKORs. The

sequences of plant VKORs were from the NCBI protein

databases. Alignments of multiple amino acid sequences

were carried out using the DNAMAN software. The loca-

tion and transit peptides of plant VKORs were predicted

using online software including PredSL (http://hannibal.

biol.uoa.gr/PredSL/), TargetP1.1 (http://www.cbs.dtu.

dk/services/TargetP/), and ChloroP1.1 (http://www.

cbs.dtu.dk/services/ChloroP/). The TMHMM server 2.0

(http://www.cbs.dtu.dk/services/TMHMM/) and SWISS-

MODEL online software [13-15] provided by ExPASy

(http://www.expasy.org/) were used to predict the sec-

ondary and tertiary structures, respectively. A phylogenet-

ic tree was built using the MEGA 5.2 software.

RESULTS

Full-length cDNA of SlVKOR was 1122 bp encoding

373 amino acids. We first used NCBI Blast analysis to

search for sequences of plant VKORs. More than 20

sequences from different plants including Arabidopsis,

Zea, Sorghum, Oryza, and others were found. Tomato

VKOR was unusual because its coding region

(ABA41597) was significantly shorter than the other plant

VKORs. According to the sequence of ABA41597, up-

and down-primers were designed to clone the ABA41597

sequence using the tomato cDNA library. Compared with

the sequence of ABA41597, the sequence we cloned

lacked an adenine base at position 639, which resulted in

a frame shift after the 214th amino acid and no termina-

tion codon at the respective position. The results suggest-

ed that the gene we cloned might be incomplete. So

RACE technology was used to clone the 3′-terminus. The

coding sequence with 1122 bp was obtained, and these

sequence data have been submitted to GenBank under

accession number JF951971. It was named SlVKOR.

Compared with the published tomato genome, the gene

was located in chromosome 2 of the S. lycopersicum (cul-

tivar Heinz 1706 chromosome 2), which contained seven

exons with 1122 bp ORF and encoded 373 amino acids.

The sequence of ABA41597 was a truncated version and

missannotated, since sequence comparison indicated an

extra adenine base in the fourth exon in ABA41597 with

chromosome 2 of S. lycopersicum. The coding region of

the ORF of SlVKOR and corresponding amino acid

sequence are shown in Fig. 1, where arrows mark the

positions of the introns.

A chloroplast transit peptide exists in the N-terminus

of SlVKOR, targeting the protein to thylakoids. PredSL,

TargetP, and ChloroP software were used to predict the

location of SlVKOR. As shown in Table 3, the first 47 or

53 amino acids from the N-terminus should be a transit

peptide targeting the protein to chloroplasts, which was

similar with the Arabidopsis VKOR. To determine the

suborganellar localization of SlVKOR, the fractions of

stroma and thylakoid of chloroplast were subjected to

Western blot analysis using antibody against Arabidopsis

VKOR, and the purity of the fractions was monitored by

the thylakoid D1 protein and the stromal rubisco activase.

The SlVKOR protein was exclusively detected in the thy-

lakoid fraction (Fig. 2), which demonstrated that

SlVKOR is localized in the thylakoids, just like VKOR

from A. thaliana [6].

A transmembrane VKOR domain with four or five

helices fused with a soluble Trx-like domain in SlVKOR.

Online TMHMM software was used to predict the mem-

brane topology of SlVKOR. The results showed that the

Sequence  

CCCTGGAATTCTGCTCATCAAGGCA-
GGTC

GCCGGAAGCTTTCACTGTATGAATT-
GTTTA

ATCCTAAGCACAAAGTTCACTGG

GCTTCTGTCTTATTGTCATTTAGTTT-
GTTCAT

GAAGGGTTTGGGCTTTCAAGAGGTG

GACTCTAGACGACATCGA

GGTGGTATCCAATTCTGAGCTGAT

GAAACTAAGTAAATACCAGAGGGCAG

Primer

P1

P2

Outer 1

Outer 2

Inner

P3

P4

P5

Table 2. Primers used in this study
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SlVKOR without transit peptide was a fusion protein con-

taining a transmembrane VKOR domain at the N-termi-

nus and a Trx-like domain at the C-terminus (Fig. 3a). In

the VKOR domain, three segments were predicted as

transmembrane helices with higher than 90% probabili-

ties: 126-148, 163-185, and 192-209. For the segment

224-243, the probability was higher than 60%. However,

the probability of the first segment of the N-terminus, 51-

107, to be helical was only about 50%. Arabidopsis VKOR

has four transmembrane segments with an additional half

inserted segment [6]. So the topology of SlVKOR may

resemble that of the Arabidopsis VKOR.

The three-dimensional structure of VKOR from

Synechococcus has been determined by X-ray crystallog-

raphy [2]. We simulated the tertiary structure of SlVKOR

via homology modeling through SWISS-MODEL using

the crystal three-dimensional structure diagram of VKOR

from Synechococcus as a template (the sequences of the

two VKORs were 26.2% identical). As shown in Fig. 3b,

SlVKOR is an integral protein composing five helices in

Fig. 1. SlVKOR cDNA and the corresponding amino acid sequence. Arrows mark the positions of the introns.
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N-terminus and a Trx-like domain containing a central

β-sheet with α-helices linked. This result is consistent

with the TMHMM prediction of SlVKOR and the data

on its Arabidopsis VKOR counterpart.

SlVKOR can promote the formation of disulfide bonds

in E. coli. To assess the role of SlVKOR in promoting the

formation of disulfide bonds, functional complementa-

tion assays were performed in disulfide bond formation-

deficient strains. In normal E. coli, the formation of pro-

tein disulfide bonds is catalyzed by the DsbA and DsbB

proteins [16, 17]. When the Dsb system was eliminated in

dsbA, dsbB, or double dsbAdsbB mutants, the cell lost its

motility on M63 minimal medium due to their inability to

introduce a single disulfide bonds critical for proper fold-

ing of FlgI, a flagellar motor protein in the periplasmic

space [18]. We used the diameter of each colony to quan-

titate the motility function. Expression of SlVKOR in

∆dsbAB and ∆dsbA mutant strains could restore the motil-

ity phenotype as shown in Figs. 4a and 4b. Similarly with

Arabidopsis VKOR, SlVKOR could replace the function

of membrane protein DsbB and Trx-like protein DsbA in

E. coli, which implied that the VKOR domain of SlVKOR

can promote the disulfide bond formation in FlgI through

oxidizing the Trx-like domain. However, expression of

SlVKOR in the strain of ∆dsbB had little effect on the

compensation of the motility phenotype. A speculated

explanation was that though the Trx-like domain of

SlVKOR could oxidize FlgI, as previously described, the

reduced E. coli DsbA in ∆dsbB mutant may disturb the

effects of the Trx-like domain of SlVKOR.

To provide further evidence for the proposed func-

tion, we also detected the β-galactosidase activity of Dsb

null strains containing β-galactosidase fused to a mem-

brane protein MalF in the genome [12]. When mutant

strains grew on minimal M63 medium, β-galactosidase

would remain enzymatically active because of deficiency

of the formation of disulfide bonds, as indicated by blue

color, while a normal E. coli colony was white [19]. As

shown in Fig. 4c, the colonies of ∆dsbA and ∆dsbAB

mutants with transformed SlVKOR were white, indicat-

ing that the expression of SlVKOR could compensate the

role in disulfide bond formation. However, in ∆dsbB the

colony still showed blue color, which was consistent with

the results indicated in the motility assay (Fig. 4a). From

these results, we concluded that SlVKOR could catalyze

disulfide bond formation in E. coli.

Amino acid sequences and evolutionary tree analysis

of plant VKORs. To study the evolutionary relationships

among different plant, cyanobacterial, and mammalian

VKORs, a phylogenetic tree was constructed using the

software MEGA 5.2 though the neighbor-joining method

(Fig. 5). The result clearly show that plant VKORs are

grouped as a main branch, quite different from the mam-

malian VKORs, while cyanobacterial VKORs are includ-

ed in the group of plant VKORs as a subgroup, indicating

their close genetic relationship.

Comparing the amino acid sequences of plant VKORs

obtained from the NCBI protein database, we found that

all these plant VKORs had transit peptides on the N-termi-

ni, and most of them targeted to chloroplasts with high

probabilities (up to 60%) by predictions using three differ-

ent methods (Table 3). Three different prediction methods

provided the same or similar length of the transit peptides,

mostly distributed in the 30-80 amino acids. The longest

was VKOR from Sorghum bicolor with 81 amino acids, and

that of Selaginella moellendorffii was the shortest one with

only 9 amino acids. As to VKOR from S. moellendorffii, the

ChlorP software could not give any prediction, while

TargetP predicted a transit peptide targeting to chloroplast

or mitochondrion with similar probabilities (0.23 and 0.29,

respectively). However, PredSL predicted that the transit

peptide was a secretion signal sequence. Experimental evi-

dences are further needed to identify the accurate defini-

tion of different plant VKORs.

A multiple sequence alignment of the sequences of

plant VKORs indicated high sequence identity (Fig. S1;

see Supplement to this paper on the website of

Biochemistry (Moscow) (http://protein.bio.msu.ru/

biokhimiya)). All plant VKORs have a VKOR domain

with five transmembrane helices and a soluble Trx-like

domain. There are four conservative cysteines in the

VKOR domain. The first pair of cysteines was located in a

soluble region between two transmembrane helices, and

the cysteines are separated by 6-8 amino acids. The sec-

ond pair of cysteines in the Cys-x-x-Cys motif was locat-

ed within or near the beginning of the fourth transmem-

brane helix. In the Trx-like domain, there were also four

conservative cysteines with vicinal cysteines in a similar

Cys-x-x-Cys motif and two other cysteines separated by

about 14 amino acids. The positions of conservative cys-

teines are marked in Fig. S1. The vicinal cysteines were

found in all Trx superfamily members and were incorpo-

rated in the active site of an oxidoreductase [20]. It has

been experimentally demonstrated that all eight conser-

vative cysteines in Arabidopsis VKOR are essential for the

Fig. 2. Suborganellar localization of SlVKOR by Western blotting.

Lanes 1 and 2, thylakoid; lanes 3 and 4, stroma.

Anti-VKOR-
DsbA

Anti-D1

37

Anti-Rubisco-
activase

Thylakoid                  Stroma

1                2                3            4

32

52

kDa
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Fig. 3. Membrane topology and three-dimensional structure of SlVKOR. a) Prediction of membrane topology of SlVKOR using TMHMM.

The top line shows the predicted topology. The blue and pink curves indicate the probabilities for the inside and outside loops, respectively.

The striped region shows the transmembrane helix. b) SlVKOR three-dimensional structure consisting of VKOR and Trx-like domain. Five

transmembrane helices (TM1-5) of the VKOR domain are colored in red.

Fig. 4. Complementation assay of dsb null strains. a) Complementation of the motility phenotype in dsb mutants by SlVKOR. The ∆dsb strains

(HK361(∆dsbA), HK320(∆dsbB), and HK329(∆dsbAB)) transformed with pTrc99a-SlVKOR were cultured on M63 medium containing 0.26% agar

and 0.2% glucose as carbon source. The spots representing different strains after 3 days of incubation at 30°C are shown. b) The diameters of the

colonies shown in (a). c) ∆dsb strains HK361(∆dsbA), HK325(∆dsbB), and Mer600(∆dsbAB) transformed with pTrc99a-SlVKOR were streaked on

a M63 medium X-Gal plate and incubated at 37°C for 2 days. Cells having defects in disulfide bond formation are stained with blue color.
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formation of disulfide bonds. Based on the above evi-

dence, we predicted that the eight conservative cysteines

in plant VKORs are also involved in an oxidoreduction

reaction. In addition to the conservative cysteines, an S or

T residue just after the first cysteine pair in plant VKORs

might be an active-site residue, which was also conserved

in an animal VKOR [4]. Two proline residues (marked in

Fig. S1) near the last pair of cysteines in the Trx-like

domain of plant VKORs may contribute to the stability

and structure of VKOR, since most of the thioredoxin-

superfamily members have these highly conserved cis-

proline residues that play important roles in their func-

tions and structures [21].

DISCUSSION

VKORs exist almost universally in plants, and most

plant VKORs are predicted to be localized in the chloro-

plast. The phylogenetic tree shows that VKOR can be

divided into two categories, animal VKORs and plant

VKORs (including cyanobacteria) (Fig. 5). Most VKORs

from mammals are transmembrane proteins located in

the integral endoplasmic reticulum membrane with three

or four predicted transmembrane α-helices [22, 23].

Unlike mammalian VKOR, photoautotrophic cyanobac-

terial VKORs exist in the internal thylakoid membrane

system [2, 3]. Likewise, Arabidopsis VKOR has been con-
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Table 3. Plant VKORs subcellular localization and signal peptide sequence prediction
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Fig. 5. Phylogenetic tree of different VKORs.



448 CHUN-MEI WAN et al.

BIOCHEMISTRY  (Moscow)   Vol.  79   No.  5   2014

firmed to be localized in the thylakoids of chloroplasts [5,

6]. In this study, it has also been demonstrated that VKOR

from tomato also exists in the thylakoids. From the pro-

tein database of NCBI, more than 20 plant VKORs have

been searched out from different plant species.

Bioinformatic analysis showed that all these plant VKORs

have transit peptides at the N-termini with about 30-80

amino acids and most plant VKORs are predicted to be

localized in the chloroplast (Table 3). Though plant

VKORs are likely located in chloroplasts, they are nuclear

encoded, synthesized on the ribosomes in the cytoplasm,

and imported into the organelle. The transit peptides

control the targeting process. On the stroma side of the

envelope, the chloroplast-targeting transit peptides are

removed. VKORs refold and integrate into the thylakoid

membrane. The results of the present study show that the

full-length of SlVKOR without its transit peptide is able to

catalyze the formation of disulfide bonds in E. coli, con-

sistent with the counterpart of Arabidopsis VKOR. With

the transit peptide, SlVKOR and Arabidopsis VKOR do

not possess the function of disulfide bond formation [6].

This implies the transit peptides of plant VKORs may

affect their conformation and activity.

All plant VKORs may have similar membrane topology

and similar residues in the active site. Membrane topolo-

gy of VKOR from Synechococcus illustrated that the

VKOR domain contains five transmembrane helices

(TM), and TM5 passes through the membrane to connect

with the fused periplasmic Trx-like domain according to

the crystal structure [2]. Using the alkaline phosphatase

sandwich fusion technique, the topological arrangement

of Arabidopsis VKOR was determined. Its integral mem-

brane domain also contains five transmembrane helices at

the N-terminus, but the first helix is partly inserted into

the thylakoid membrane, which is consistent with the

prediction of TMHMM [6, 7]. The SlVKOR sequence is

50% identical to that of Arabidopsis VKOR, and the

membrane topology of the VKOR domain of SlVKOR has

also been predicted to be similar to that of the Arabidopsis

VKOR. Using the TMHMM software to predict plant

VKORs, the results showed that most plant VKORs can

have a similar membrane topology with that of

Arabidopsis (data not shown).

Similar topology in plant VKORs determines the

arrangement of conservative cysteines in the correspon-

ding positions. Mutations of any of these cysteines of

VKOR from Synechococcus sp. and Arabidopsis led to the

loss of VKOR function. These results suggest the conser-

vative cysteines are essential active site residues involved

in catalyzing oxidoreduction reactions.

In contrast to animal and bacteria VKORs, an addi-

tional Trx-like domain is fused with the VKOR domain in

plant VKORs. In the Trx proteins, such as DsbA in E. coli,

there is only one pair of cysteines in a Cys-x-x-Cys motif

[24]. The Trx-like domains of plant VKORs also share this

active site motif. Studies have shown that the Cys-x-x-

Cys motif in all the members of the Trx superfamily is

necessary for the oxidoreduction reaction. Mutation of

either cysteine of this pair in the VKOR from

Synechococcus abolished disulfide bridge formation [2].

However, the Trx-like domain of plant VKORs has two

additional cysteines in a separated form separated by 14

amino acids. In Arabidopsis, all these four cysteines were

found to be essential for promoting disulfide bond forma-

tion in vivo [6], but the separated cysteines do not affect

the activity of the Trx-like domain in vitro (unpublished

data in our lab). Two adjacent active site cysteines (Cys-

x-x-Cys) in the Trx-like domain may directly promote

electron transfer in a thiol-disulfide exchange reaction,

and another pair of separated cysteines probably has a

role in maintaining structure [2].

VKORs from S. lycopersicum and A. thaliana can cat-

alyze disulfide bond formation, and all plant VKORs may be

involved in electron transfer. Arabidopsis VKOR and

SlVKOR have been determined to catalyze the formation

of disulfide bonds in vivo. Also, the Trx-like domain of

Arabidopsis VKOR has been demonstrated to be active in

catalyzing disulfide bond formation in chloroplast pro-

teins in vitro, for example, PsbO and FKBP13. PsbO is

critical for PSII assembly and activity [7], and FKBP13 is

a thylakoid lumenal peptidyl-prolyl isomerase. Both pro-

teins have disulfide bonds essential for their activities [8].

According to the topology of plant VKORs, the Trx-like

domains exist on the lumenal side of the thylakoid, so

some lumenal proteins with disulfide bonds may be tar-

gets of plant VKORs.

The soluble Trx-like domain of plant VKORs direct-

ly catalyzes the formation of disulfide bonds of substrates

and functions as an electron donor for its integral VKOR

domain in vitro [5, 8]. The VKOR domain or Arabidopsis

full-length VKOR can mediate the reduction of phyllo-

quinone and menaquinone into their respective quinol

forms [5]. They display strict specificity for the quinone

forms of naphthoquinone conjugates [5]. Unlike mam-

malian VKORs, the Arabidopsis VKOR does not reduce

phylloquinone epoxide into phylloquinone, and it is

resistant to inhibition by warfarin [5].

The VKOR gene should be an important functional

gene in plants since its absence severely affects the growth

of Arabidopsis [7, 8]. It has been demonstrated that

Arabidopsis VKOR is required for the assembly of PSII

and is involved in redox regulation and reactive oxygen

species homeostasis. As for plant VKORs, it is an intrigu-

ing prospect for future research to understand the mech-

anism of oxidative folding in the thylakoid lumen.
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