Physiol Mol Biol Plants (January—March 2016) 22(1):77-85
DOI 10.1007/s12298-015-0331-1

@ CrossMark

RESEARCH ARTICLE

DUFS38 protein superfamily is predicted to be chlorophyll

hydrolyzing enzymes in plants

Ashraf Gholizadeh'

Received: 29 June 2015 /Revised: 28 October 2015 /Accepted: 30 November 2015 /Published online: 18 December 2015

© Prof. H.S. Srivastava Foundation for Science and Society 2015

Abstract The possible hydrolytic activity towards chloro-
phyll molecules was predicted for DUF538 protein su-
perfamily in plants. It was examined by using computa-
tional as well as experimental tools including in vitro
chlorophyll degradation, antioxidant compounds produc-
tion and in vivo real-time gene expression tests.
Comparison of the computational data with the experi-
mental results indicated that DUF538 proteins might be
chlorophyll hydrolyzing enzyme (most probably
carboxyesterase) which degrade chlorophyll molecules
(66 % per 12 hrs) to produce new compounds (1.8 fold
per 12 hrs) with antioxidant properties. The relevance of
DUFS538 gene expression level with the chlorophyll
contents (2.8 fold increase per chlorophyll content of
50 %) of the drought-stressed leaves showed that chlo-
rophyll degradation by DUF538 is most probably in-
duced in response to stress stimuli. Despite membranous
chlorophyll catabolic pathways, DUF538-dependent re-
actions is predicted to be occurred in the cytosol of
the under stressed plants. We addressed as to whether
chlorophyll breakdown to antioxidant compounds by
DUF538 is a defense mechanism of plants against stress stim-
uli, in vivo? This question is going to be investigated in our
next research project.
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Abbreviations

DUF538 Domain of unknown function

NMR nuclear magnetic resonance

BPI Bactericidal permeability increasing

WSCP1  Water soluble chlorophyll binding protein 1

LPS Lipopolysaccharide

ROS Reactive oxygen species

MBP Maltose-binding protein

IPTG Isopropyl 3-D-thiogalactopyranoside

EDTA Ethylenediaminetetracetic

BME B-mercaptoethanol

BSA Bovine serum albumin

NBT Nitro blue tetrazolium

BCIP Bromo chloro indolyl phosphate

DMF Dimethyl formamide

FRAP Ferric reducing antioxidant power

TPTZ Tripyridyl triazine

RT-PCR  Reverse transcriptase-polymerase
chain reaction

Introduction

DUF538 protein superfamily consists of several plant proteins
of unknown functions. They have been distributed in wide
ranges of monocotyledonous and dicotyledonous plant spe-
cies (Gholizadeh 2011; Takahashi et al. 2013). Their molecu-
lar weights are about 19-21 kDa, encoding about 170 amino
acids. The only significant and recognizable conserved do-
main that has been reported for this protein superfamily is
named as DUF538. Recently, the three dimensional petal-
like structure of Arabidopsis thaliana DUF538 protein has
been determined by NMR and released to the universal pro-
tein databases (PDB ID: D1ydual). It has been shown to pos-
sess a protein structure dominated by B-strands.
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DUF538 domain containing proteins have been mostly
identified using genome annotation tools and cloned as in-
duced genes from plants challenged with various environmen-
tal stresses such as nutrient deficiency, crown gall, mixed elic-
itors, and mild drought (Gholizadeh and Baghbankohnehrouz
2010). On the basis of the high phosphorylation potential,
DUF538 proteins have been predicted to play important reg-
ulatory roles in different stress-challenged plants (Nakagami
etal. 2010). Our report has been revealed that the exogenously
applied fusion form of a DUF538 protein by using a plant
tissue abrading material activates the redox system of the plant
cells (Gholizadeh 2011).

In a recent study, DUF538 proteins have been predicted as
being potential homologues of BPI in mammalians immune
system (Gholizadeh and Baghbankohnehrouz 2013).
Thereby, they have been suggested to affect the bacte-
rial growth rates through the binding to the LPS mole-
cules on the outer leaflet of the bacterial membranes
somewhat similar to BPI in mammalians innate immune
system. Later on, by using the bioinformatic tools, a
tertiary structural similarity was predicted between the
BPI protein superfamily and the esterase-type hydrolases
or lipolytic enzymes of which carboxyesterease type B,
acyl-peptide hydrolase, entrochelin esterease, and perox-
isomal long chain acyl-coA hydrolase were the best
matches (Gholizadeh 2014). All of these hydrolases
were found to use lipids or their aromatic derivatives
as substrates and hydrolyze ester bonds. More recently,
the photoconvertible WSCP1 of Chenopodium album
was found to be a member of DUF538 superfamily
(Takahashi et al. 2013). It has been generally speculated
that WSCP1 are chloroplastic proteins and act as scav-
engers of free chlorophyll molecules, by transporting it
from the thylakoid membrane to the chloroplast enve-
lope, where the membrane bound chlorophyllase enzyme ca-
tabolize the chlorophylls (Noguchi et al. 1999; Satoh et al.
2001; Takahashi et al. 2013).

Considering all these information together, we hypothe-
sized that DUF538 members may function as hydrolase en-
zyme and degrade chlorophyll molecules upon forming com-
plex with them in stress-challenged plants. The relevance of
the chlorophyll breakdown and chlorosis to the leaf senes-
cence, fruit ripening and different stress responses has been
massively reported in plants. But, whether these processes are
only related to the hydrolytic activity of chloroplastic
chlorophyllase enzyme is not yet clear. Chlorophyllase (chlo-
rophyll-chlorophyllido hydrolase; EC 3.1.1.14), is the first
esterase-type enzyme in the chlorophyll degradation pathway
of chloroplasts (Eckardt 2009; Hortensteiner and Krautler
2011; Chairat et al. 2013). It is a hydrophobic protein localized
in the envelope membranes of chloroplasts. However, a cyto-
solic isoform of chlorophyllase has newly been detected in
Arabidopsis, pointing a novel chlorophyll catabolism pathway

@ Springer

in vacuoles, different from that in plastids (Schenk et al.
2007). Therefore, the relevance of all types of chlorophyll
breakdown processes to the chloroplastic membranous
chlorophyllase enzyme may not be necessarily true. Besides
this, correspondence of Arabidopsis cytosolic chlorophyllase
activity to the abiotic stress responses including
pathogen-induced protective responses through the signaling
of ROS is still obscure (Kariola et al. 2005; Roberts and Paul
20006).

Keeping these in view, the present results suggest a differ-
ent type of chlorophyll catabolic reactions correspond to
DUF538 protein superfamily and antioxidative system in
stress-challenged plants. Despite chloroplastic membranous
catabolic reactions, DUF538-dependent pathway is reliably
predicted to occur in the cytosol of the stressed plants. We
hope the overall results of this study will open a new field in
the area of chlorophyll breakdown process in the photosyn-
thetic system of plants.

Materials and methods

Materials The leaf extract of Celosia cristata plant was
considered as test material for chlorophyll assay. The seeds
of this plant were taken from our laboratory stock. Bacteria
(E. coli strain TB1) harboring MBP-fused DUF538 were
taken from already prepared laboratory stock (Gholizadeh
2011). Materials and columns for fusion protein isolation
and purification were provided in protein fusion and pu-
rification system kit (Cat. No. ES8000S; NEW
ENGLAND, Bio Lab). Antibody against MBP provided
in protein fusion and purification system kit (Cat. No.
E8000S; NEW ENGLAND, Bio Lab). TRIzol reagent
used for total RNA extraction was purchased from
Gibco BRL, USA (Cat. No. 15,596-013). The mRNA
purification kit was from QIAGEN, USA (Cat.
No0.70022). Chemicals used for the cDNA synthesis
was provided from Promega cDNA synthesis kit (Cat. No.
C4360, USA). All the other chemicals used for this study were
of molecular biology grade.

Computational analysis Ortholog cluster analysis was per-
formed by OC server at www.genome.ad.jp. BLAST and
CLASTALW servers at http://www.ncbi.nlm.blast.com/
and http://www.genome.ad.jp/were used for the amino
acid sequence analysis and alignments, respectively.
The online PSIPRED v 2.0 server was used for secondary
structure predictions. Protein tertiary structure
predictions were done using the internet-based Phyre v 2.0
server. Predictions of the functional similarities and
binding sites were performed by using [-TASSER serv-
er. The presence of signal peptide was predicted by
using SignalP server.


http://www.genome.ad.jp/
http://www.ncbi.nlm.blast.com/
http://www.genome.ad.jp/

Physiol Mol Biol Plants (January—March 2016) 22(1):77-85

79

Extraction and purification of fused DUF538 For the ex-
traction of fused DUF538 product from recombinant bacteria,
the cells were grown in 500 mL of rich broth medium (sup-
plemented with glucose and ampicillin). The fused product
was inductively expressed by the addition of IPTG (0.3 mM
final concentration) for an incubation period of 8 h. Then after,
the cells were harvested and precipitated by centrifugation at
4000 x g for 10 min, followed by dissolving the pellet in
25 mL of extraction buffer (consisted of 20 mM of Tris-Cl,
200 mM of NaCl, 1 mM of EDTA, 1 mM of sodium azide,
and 10 mM of BME), freezing in the same extraction buffer at
—20 °C and then sonicating in short pulses of 15 s. The
sonicated sample was finally centrifuged at 10,000 x g at
4 °C for 20 min, and the obtained supernatant was used as
crude protein extract of fused DUF538 protein. The purifica-
tion process was carried out by using the single-step affinity
column chromatography. For this purpose, columns having
the dimensions of 2.5 cm X 45 cm were packed with amylase
resins (specific for the maltose-binding protein). The bound
MBP-fused DUF538 protein was eluted out from the amylase
column by using the specific elution buffer consisted of the
crude protein extraction buffer plus 10 mM maltose. The
homogeneity of the eluted product was analyzed by separating
it on 10 % polyacrylamide gel using SDS-PAGE (Laemmli
1970).

Western blotting This analysis was carried out on the induced
protein extract using anti-body against maltose-binding pro-
tein provided. For this, About 10-15 pg of total protein extract
was separated on 10 % SDS-PAGE and transferred onto ni-
trocellulose membrane using blotting buffer containing
0.025 M Tris-Cl pH 8.3, 0.192 M Glycine and 20 %
ethanol. The blot was then kept in TBS-BSA buffer
(0.02 M Tris-Cl, pH 7.5, 0.5 M NaCl, 1 % BSA) over-
night at 4 °C and then incubated for 2 h with specific antise-
rum (anti-MAL) at 1: 500 ratios in the same buffer at
37 °C for 1 h. After washing with TBS-T (TBS +
0.05 % Tween 20) the membrane was incubated for
1 h with alkaline phosphate conjugated goat-rabbit antibody
(GAR™*P) diluted 1:20,000 in TBS-BSA buffer. After exten-
sively washes, the signal band was visualized using a substrate
solution containing 0.33 mg/ml NBT and 0.165 mg/ml BCIP
in 0.1 M Tris-Cl buffer, pH 9.5 containing 0.1 M NaCl and
5 mM MgCl,.

Chlorophyll extraction and estimation The chlorophyll
content of the test leaf extract was detected according to meth-
od of Moran (1982) with some modifications. The harvested
fresh leaf materials (about 200 mg) were chapped and
treated with 4 ml of ethanol and DMF (at the rate
1/100) at 4 °C for 48 h. DMF was then removed from
the mixture by using a rotary evaporator. The dried
sample was dissolved in 100 % methanol and its Chlorophyll

(a, b, pchl and total) contents were quantified according to the
following equations:

Ca = 12.65A664-2.99A647-0.04A625
Cb = —5.48A664 + 23.44A647-0.97A625
Cp = —3.49A664-5.25A647 + 28.3A625
CT=Ca+Cb+Cp

Where: Ca, Cb, Cp and CT represent the concentrations of
a, b, proto and total chlorophylls.

Data on the graph shows the changes of total chlorophyll
contents.

Reconstitution of fused DUF538 and chlorophyll degrada-
tion assay The purified fused product (2—12 pg/ml) of
DUF538 was dissolved in aqueous buffer (consisted of
20 mM of Tris-Cl, 200 mM of NaCl, 1 mM of EDTA) and
then mixed with chlorophyll extracts in final concentration of
20 % methanol. The mixture was incubated under laboratory
temperature and light conditions for 12 h. The total chloro-
phyll content of the test and controls were examined in time-
dependent manner at 2 h time intervals. MBP-treated mixture
was also considered as a different control to evaluate the pos-
sible effect of MBP on chlorophyll. Changes in the chloro-
phyll contents of test sample were estimated and presented in
time-course and concentration dependent experiments.

Total antioxidant assay The total antioxidant ability of each
test sample was determined using FRAP assay (Benzie and
Strain 1999). For this assessment, to 1 ml of chlorophyll ex-
tract, 0.1 M phosphate buffer (pH 7.0), 3 ml of FRAP reagent
(consisting of 10 mM TPTZ, 20 mM FeCl;. 6H,0 and
300 mM sodium acetate buffer (pH 3.6) in the ratio of 1: 1:
10) was added and the reaction mixture was incubated at
37 °C for 4 min. The assessment was carried out
spectrophotometerically at Aso3. Antioxidant potential of the
samples was determined against the standard curve of ferrous
sulphate (Fe, 100—1000 uM). Ascorbic acid (100 uM) served
as a positive control and BSA considered as negative control.
FRAP values were calculated as follows: FRAP value (pumol
100 mg 1) = Aso; of test sample/Asqs of standard) x FRAP
value (umol Fe" 100 mg ™) of standard. Changes in the FRAP
values of the samples were presented as the percentage data on
the graph.

Real-time quantitative RT-PCR assay Total cellular RNA
from drought stress-challenged leaf tissues of Celosia cristata
plants were separately isolated using Trizol reagent protocol.
Poly (A") RNA was purified from the total cellular RNA using
oligo-dT columns according to the kit manufacturer. Single
and double-stranded cDNAs were then synthesized according
to the protocol of Promega cDNA synthesis kit. The integrities
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of the total RNA, purified mRNA and synthesized double
strand cDNAs were analyzed by electrophoresis using 1 %
non-denaturing agarose gel. The quantities of the cDNA in
the starting test materials were measured spectrophotometri-
cally for the next experiments. The relative expression levels
of DUF538 in the test leaf materials having 3 different scores
of chlorosis were analyzed by real-time RT-PCR using iQ
SYBR Green supermix (Bio Rad, USA) on Bio Rad
Miniopticon Real Time PCR Detection System. All the ex-
pression data were normalized by adjusting the expression
level of actin gene in test samples and the relative expressions
were calculated using the 2"*““" value (Livak and Schmittgen
2001). The specific primer pair and the PCR conditions have
been presented in our previous work (Gholizadeh 2011).

Statistics Each experiment was carried out with three replica-
tions using the same starting materials and experimental con-
ditions. Data points on the graphs represent the mean values +
SD of replicates.

Results and discussion
Distribution of DUF538 in nature

To date, numbers of DUF538 superfamily have been reported
in different plant species. Most of these sequences have been
reported as unknown putative or hypothetical proteins, while
the others characterized as induced proteins in stress-
challenged plants such as tomato crown gall-induced protein
(GenBank, BG131101), tomato mixed elicitor, BTI-
induced protein (GenBank, AW040635), tomato nutrient
deficient roots-induced protein (GenBank, BFT415717)
and Populous mild-drought stress-induced protein
(GenBank, CU232042). Our ortholog cluster analysis
results showed that DUF538 superfamily is distributed
widely in dicot and monocot plants (appended as appendix).
Basal magnoliophyta, ferns and mosses were also found to
have got this protein. But, animals, green algae, red algae,
fungi, protests and prokaryotes were not found to contain
DUF538 proteins.

The distribution pattern of DUF538 in eukaryotic
photosynthesizing organisms implies that the functional
properties of this protein superfamily might be con-
served and it might play an important role in photosyn-
thetic apparatus. Despite this, the nomination of DUF538 pro-
tein family as the potential structural and functional ho-
mologue of BPI protein in plants, not only provide a
basis to study the potent biological functions of this
protein family in the innate immune system of mammalians
but also it open a new gate to investigate the homologues of
DUF538 members in these organisms, too (Gholizadeh and
Baghbankohnehrouz 2013).
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Structure-function prediction of DUF538

DUF538 proteins are recently known to have the structural
and functional signatures of bactericidal permeability increas-
ing proteins in the immune system of mammalians
(Gholizadeh and Baghbankohnehrouz 2013) and the water
soluble chlorophyll binding proteins 1 in the photosynthetic
apparatus of plants (Takahashi et al. 2013). Later on, finding
of structural similarity between BPI and esterase type hydro-
lase enzymes (Gholizadeh 2014) helped us to make this idea
that DUF538 protein superfamily may be a member of hydro-
lases and degrades chlorophyll molecules in stress-challenged
plants (considering DUF538 domain containing protein super-
family as stress-related proteins in plants). As an early step
towards understanding the possible functions of DUF538 pro-
teins, we tried to identify the potential domains and folds
present in their structures using computational tools. The like-
ly tertiary structures of a DUF538 (Acc. no: AJ535713), a
WSCP1 (Acc no: K4PX49), a BPI homologue of lipid ester-
ase (Acc. no: P38139), a chlorophyllase (Acc. no: Q9LER9)
were predicted and compared by using the online Phyre v 2.0
computational server (Fig. 1). Interestingly, the obtained re-
sults showed that they can be the putative matches to each
other. It was predicted that the regions dominated by the B3-
strands are the homologues parts between DUF538,
WSCPI1, esterase and chlorophyllase. As it is clear on
the figure, the B-stranded regions considerably exhibit
the similar patterns and orientations. It seemed that

DUF538

Chlorophylase

Fig. 1 Computational 3D structure prediction. The three dimensional
structures of a DUF538, a WSCPI, a lipid esterase and a chlorophyllase
were predicted by using Phyre 2 server and compared
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these proteins contain the hydrolase fold characteristic
of enzymes that catalyze ester hydrolysis. Despite the
structural similarity, chrorophyllase and WSCP (a signal pep-
tide predicted by SignalP) are chloroplastic proteins, while
lipid esterase and DUF538 (no signal peptide predicted by
SignalP) are cytoplamic proteins.

In a different computational analysis, the functional homo-
logues of DUF538 were performed by using the online I-
TASSER server. Based on the results obtained, the first and
the best functional match for the DUF538 superfamily was
predicted to be carboxyesterase (EC 3.1.1.1) family.
Predicted binding site for DUF538 by using the same server
showed that this protein superfamily like carboxyesterases
might act on aromatic compounds. Carboxyesterases or
carboxylic-ester hydrolases catalyze carboxylic esters to alco-
hols and carboxylates. They are widely distributed in eukary-
otes, and many of them participate in aromatic toxin or drug
catabolism in mammalians. Considering chlorophyll as an ar-
omatic carboxylic ester, the predicted function for DUF538
can be acceptable.

Esterase activity of DUF538 towards chlorophylls

Following the computational-based predictions concerning
the structural and functional similarity between DUF538 and
esterase-type hydrolase enzymes, we extended our research
work by experimental tools to gain a better understanding of
the predicted structures. Usually, for experimental studies, the
efficient production and purification of correctly folded pro-
tein of interest in a heterologous system is the important step.
In this study, the already prepared recombinant bacteria har-
boring MBP-fused DUF538 protein (Gholizadeh 2011) were
used as the starting experimental material and processed for
the next steps. The selection of MBP tag was due to its high
level protein expression and folding enhancement property as
compared to other fusion tags. As the first step, transformed
recombinant TB1 cells were allowed to grow under the in-
duced condition using 0.3 mM final concentration of IPTG.
Total crude proteins were extracted and the purification pro-
cess was carried out by maltose affinity chromatography. The
purified product was subjected to SDS-PAGE analysis and
validated by Western blotting using the antibody against
MBP (Fig. 2).

As the second step, the purified fusion form of DUF538
was subjected to chlorophyll degradation test. This was
assessed by the addition of a defined amount of
homogenously purified fused DUF538 to the solution of chlo-
rophyll extract in 20 % final concentration of methanol. The
total chlorophyll content of the test sample containing MBP-
fused DUF538 was measured against non-treated control at
2 h time intervals. MBP-treated mixture was also considered
as another control sample to evaluate the possible effects of
MBP on chlorophyll contents. Time course study of

R NR

|“ PFP :

Fig.2 SDS-PAGE analysis of induced fused DUF538. The crude extract
and the purified protein along with western analysis result were presented.
FP, fusion protein; R, crude protein from bacteria carrying DUF538
containing recombinant vector; NR, crude protein from bacteria
do not carrying recombinant vector; PFP, purified fusion protein;
WS, Western signal

FP -
(66 kD)

chlorophyll breakdown showed a steady decrease in chloro-
phyll contents in test and control samples with time (Fig. 3).
However, the high values of changes in chlorophyll contents
were detected in fusion protein containing test sample. Data
showed that the chlorophyll contents of the test and control
samples are decreased to 44 % and 83 % after 12 h, respec-
tively. This means that DUF538 doubles the chlorophyll
breakdown process in test sample in compare to controls in-
cluding MBP-treated and non-treated solutions. MBP-
containing control sample was showed the same pattern of
chlorophyll change as for non-treated control. This revealed
that MBP is not involved in the chlorophyll breakdown
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Fig. 3 Time course and concentration dependent experiments for
chlorophyll degradation. Closed triangle, MBP containing solutions;
Closed squires, MBP-fused DUF538 containing samples
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process (Fig. 3). Parallel to the time course study, the concen-
tration dependent experiment was also performed using dif-
ferent concentrations of purified fused DUF538. Data showed
that the chlorophyll content of the test sample is decreased as
the concentration of fused protein is increased in the test so-
lution (Fig. 3). This result, together with the time course ex-
periment and the computational data, not only confirms the
chlorophyll binding capacity of DUF538 as predicted by
Takahashi group (2013), but also it reflects the hydrolase ac-
tivity of DUF538 towards chlorophyll molecules. Now, the
question is this: how do DUF538 bind to the chloroplasts
while it is a cytosolic protein.

The relevance of the chlorophyll breakdown and chlorosis
occurrence to the leaf senescence, fruit ripening and stress
responses has been massively reported in plants. But, whether
this process is only via the hydrolytic activity of chloroplastic
chlorophyllase enzyme is not yet clear. Chlorophyllase is gen-
erally known as the first enzyme in the chlorophyll degrada-
tion pathway (Eckardt 2009; Chairat et al. 2013). But, its
relevance to all chlorophyll breakdown processes is unclear.
Fang group has reported that the loss of chlorophylls in
senescing leaves is not directly related to the activity of
Chlorophyllase enzyme (Fang et al. 1998). It has been also
shown that plant leaf chlorosis elicited by Diuraphis noxia
feeding is different from the chlorophyll degradation via
chlorophyllase enzyme (Ni et al. 2001). Similarly, it was con-
cluded that Arabidopsis thaliana chlorophyllases 1 and 2 are
not required for senescence-related chlorophyll breakdown in
vivo and proposed that genuine chlorophyllase has not
yet been molecularly identified (Schenk et al. 2007).
Despite these, the oppose reports have indicated the
activity of Chlorophyllase correspond with lower chlo-
rophyll levels in senescing leaves, fruit ripening with
ethylene (Kura-Hotta et al. 1987; Trebitsh et al. 1993)
and unfavourable environmental conditions like drought
stress (Majumdar et al. 1991). This controversy shows that
the chlorophyll catabolism is still the obscure process in
plants and needs to be more identified.

Based on our present bioinformatics and experimental data
along with the considering of DUF538 as a common stress-
related protein in photosynthesizing organisms, a different
type of metabolic reaction or pathway is proposed for the
chlorophyll degradation in the cytosol of stress-challenged
plants. Firstly, because of the difference in the ortholog cluster
data of chlorophyllase and DUF538 and the presence of
chlorophyllase (not DUF538) in algae, the proposing a differ-
ent specific way of chlorophyll catabolism in plants might be
acceptable. Secondly, the present computational and experi-
mental data suggest that DUF538 proteins containing
esterase-type hydrolase characteristic of enzymes might be
function as a hydrolytic enzyme in chlorophyll metabolism,
in vivo. Chlorophyllase is a type of ester hydrolase that catab-
olize the hydrolysis of chlorophyll molecule to phytol and
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chlorophyllide. But, chlorophyll molecules are bicarboxylic
esters consisting of two different ester bounds, the one is
related to phytyl group and the other is concerned to methyl
group. Therefore, the carboxyesterase activity of cytosolic
DUF538 towards methyl ester group of chlorophyll molecules
is going to be studied in the future investigations.

Antioxidation is parallel to chlorophyll breakdown

Arabidopsis chlorophyllase enzyme has been reported to play an
important role in pathogen-induced chlorophyll breakdown and
in prevention of chlorophyll-derived ROS accumulation in dam-
aged tissues (Kariola et al. 2005; Roberts and Paul 2006).
However, the exact function of chlorophyllase in this process,
and the possible involvement of respective chlorophyll catabo-
lites are still remained unknown. Usually, for protection against
ROS, plants develop adaptive antioxidative strategy to reduce
oxidative damage resulting from various stress stimuli. In
general, they exhibit different types of antioxidative profiling in
response to different types of environmental stresses (Larson
1988; Saleh and Plieth 2009). But, no specific profiling of anti-
oxidation system has still been reported with regard to the chlo-
rophyll breakdown in plants. Therefore, parallel to chlorophyll
degradation assay, we extended our experiments to assess the
total antioxidant abilities of test samples. FRAP method which
is known as a simple and reproducible method was used for the
assessments. The obtained results showed that the FRAP values
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Fig. 4 Time course and concentration dependent experiments for
antioxidant ability of test solutions. Closed rectangulars, MBP containing
solutions; Closed squares, MBP-fused DUF538 containing samples
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Fig. 5 Parallel experiments concerning to in vivo chlorophyll breakdown
and DUF538 gene expression assays under drought stress conditions. 1, green
leaf; 2, leaf material with low score of chlorosis; 3, leaf material showing mild
score of chlorosis; 4, leaf material having high score of chlorosis

of the test sample containing fused DUF538 are considerablely
increased with time (Fig. 4). While, The FRAP values are not
varied in non-treated or MBP-treated controls. In compare to
controls, the test sample shows about 1.8 fold increase in
FRAP value after 12 h. Concentration-dependent experiment
results also showed the same pattern of antioxidative ability that
increases as the concentration of the purified DUF538 product is
increased (Fig. 4). This indicates that the chlorophyll loses via
DUF538 protein leads to the generation and accumulation of the
antioxidant compounds in the test solution. This result might be
in agreement with our previous report concerning the induction
of antioxidant capacities of test plants applied exogenously with
fused DUF538 (Gholizadeh 2011). Since, DUF538 itself has
not been detected as an antioxidant compound, therefore
the direct role of this protein in antioxidation process is
eliminated. Now, this question is raised: whether
DUF538 is considered as a component of the antioxidation
system in plants or the component of photosynthetic appara-
tus. This needs to be identified by more detailed researches.
Due to the cytosolic localization of DUF538 one may assume
that it is a component of antioxidative system in plants.

DUF538 gene expression is relevant to chlorophyll lose

The expression of Celosia leaf DUF5538 gene has been previ-
ously examined under drought stress conditions by using basic

RT-PCR method through a time-course experiment (Gholizadeh
and BaghbanKohnehrouz 2010). In this work, parallel to the
chlorophyll assays, the presence and the level of DUF538 gene
expression was analyzed in 3 different drought-stressed leaves of
Celosia plant using real time gene expression method. All data
were normalized by actin expression and related to the MBP-
containing control sample using 22" values. The results
showed that parallel to a decrease in chlorophyll content in each
test sample, an increase is detectable in the expression level of
DUF538 (Fig. 5). The expression levels of DUF538 gene
showed 1.2, 1.6 and 2.8 folds increase when the chlorophyll
contents of the drought-stressed leaf samples decreased to the
levels of 77 %, 68 % and 50 %, respectively. This experiment
result suggests that DUF538 protein superfamily may play an
important role in chlorophyll breakdown process, in vivo. The
relevance of the DUF538 gene expression level to the stress
severity and chlorophyll content in test leaf materials propose
that DUF538 members may be induced to act as defense
mechanism through the degradation of chlorophyll molecules
under stress conditions. The present results may be in accord
with the previous reports suggesting the possible presence of
different chlorophyllases in the cytosol of plant cells (Kariola
et al. 2005; Roberts and Paul 2006; Schenk et al. 2007). But
how these potent cytosolic chlorophyllases access the
chlorophyll molecules remains obscure. We propose that the
small chloroplastic chlorophyll catabolites may enter to the
cytosol for further hydrolysis by other chlorophyllases. This
proposal is recommended to be investigated in the future.

Conclusion

The present study for the first ever time reports the involve-
ment of DUF538 protein superfamily in the chlorophyll
breakdown process, in vitro. Although, their structural simi-
larity to WSCP1 and their chlorophyll binding capacities were
predicted recently, but our bioinformatics and experimental
data not only confirmed the reconstitution of DUF538 pro-
teins with chlorophyll molecules, but also proposed its
esterase-type hydrolytic activity toward chlorophyll mole-
cules. The relevance of the chlorophyll breakdown to the an-
tioxidant ability of the DUF538 protein containing sample and
to the DUF538 gene expression under drought stress condi-
tions may suggest that stress-induced DUF538 degrades
chlorophyll molecules to the antioxidant compounds to
defend cytosol of plants against stress conditions, in vivo,
which need to be validated further. The present work will open
new avenues for functional studies on DUF538 members with
regard to the photosynthetic system of plants.
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Appendix

® Eukaryotes
OAnimals
® pjants
® Eudicots

Rue family

Mallow family

Pea family

Rose family

Spurge family
Willow family

Grape family

® Monocots
Grass family

® Ferns
® \osses

O Green algae
O Red algae
O Fungi

O Protists

O Prokaryotes

Mustard family
ath: Arabidopsis thaliana (thale cress)
aly: Arabidopsis lyrata (lyrate rockcress)
crb: Capsella rubella
eus: Eutrema salsugineum

cit: Citrus sinensis (Valencia orange)
cic: Citrus clementina (mandarin orange)

tcc: Theobroma cacao (cacao)

gmx: Glycine max (soybean)

pvu: Phaseolus vulgaris (common bean)
mtr: Medicago truncatula (barrel medic)
cam: Cicer arietinum (chickpea)

fve: Fragaria vesca (woodland strawberry)
pper: Prunus persica (peach)

Cucumber family
csv: Cucumis sativus (cucumber)

rcu: Ricinus communis (castor bean)
pop: Populus trichocarpa (black cottonwood)

vvi: Vitis vinifera (wine grape)
Nightshade family

sly: Solanum lycopersicum (tomato)

sot: Solanum tuberosum (potato)

osa: Oryza sativa japonica (Japanese rice) (RefSeq)
dosa: Oryza sativa japonica (Japanese rice) (RAPDB)
obr: Oryza brachyantha (malo sina)
bdi: Brachypodium distachyon
sbi: Sorghum bicolor (sorghum)
zma: Zea mays (maize)
sita: Setaria italica (foxtail millet)
® Basal Magnoliophyta
Amborella family
atr: Amborella trichopoda

smo: Selaginella moellendorffii

ppp: Physcomitrella patens subsp. patens

Fig. 6 Analysis of DUF538 distribution in nature. Ortholog cluster was analyzed by OC server at www.genome.ad.jp. Organisms sequence include

Eudicots, Monocots, Basal Magnoliophyta, Ferns and Mosses
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