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Abstract Chlorophyllase (Chlase) was one of first plant
enzymes to be characterized biochemically, but its phylo-
genetic position and tertiary structure remain unknown. In
this study, two isoforms of the Chlase gene, PmCLHI and
PmCLH?2, were cloned from Pachira macrocarpa (Pm),
and they shared 84 % identity in amino acid sequences. An
unrooted phylogenetic tree classified 38 selected PmCLH
homologous sequences into four clades, and PmCLHs were
placed in the same clade as Arabidopsis AtCLH1. More-
over, the recombinant PmCLHs exhibited chlorophyll
degradation activity in vitro. Tertiary structure modeling
revealed that the catalytic triad of PmCLHs and AfCLHs
were located on surface-exposed loops and clustered as a
catalytic domain. Expressions of PmCLHs were not trans-
criptionally active in all tissues, and PmCLHI and
PmCLH2 were more abundant in young and old leaves,
respectively. Multi-band patterns were observed in both
young and old leaves of P. macrocarpa according to a
Western blot analysis, suggesting that posttranslational
modification was required for PmCLH maturation. In
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conclusion, we present the first report on the evolution and
tertiary structural modeling of Chlase. We also provide
evidence that mRNA and protein levels of PmCLHs are
unequally expressed in young and old leaves of P.
macrocarpa.
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Abbreviations

Chlase Chlorophyllase

Chl Chlorophyll

PPH Pheophytinase

Chlide Chlorophyllide

Pheide Pheophorbide

RT-qPCR Real-time reverse-transcription quantitative

polymerase chain reaction

Introduction

Chlorophyll (Chl) is the most abundant photosynthetic
pigment in higher plants, and is bound to Chl a/b-binding
proteins, cytochrome b6 and early-light-inducible proteins
embedded in thylakoid membranes of chloroplasts for their
functions in photosynthesis (Bruno and Wetzel 2004).
More than one Chl degradation pathway has been eluci-
dated upon different physiological and developmental
conditions, including chlorophyllase (Chlase) degrading
Chl to phytol and chlorophyllide (Chlide), leading to a rate-
limiting step in the Chl-degradation pathway (Harpaz-Saad
et al. 2007). In addition, pheophytinase (PPH), which is
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responsible for converting Mg”"-free Chl to pheophorbide
(pheide), may lead to another Chl degradation pathway in
senescing leaves (Schelbert et al. 2009). Both proposed
pathways show that Chl is cleaved into several intermedi-
ate catabolites in chloroplasts. Although biological func-
tions of Chlase in Chl degradation and cell damage were
reported (Kariola et al. 2005), only a few identified Chlases
were proven to be localized in chloroplasts. For example,
two Chlases identified from two woody plants, citrus and
ginkgo, were demonstrated to directly transit peptides from
their chloroplast target (Jacob-Wilk et al. 1999; Okazawa
et al. 2006), and Chlase activity in the herbaceous plant,
barley, was detected in chloroplasts (Matile et al. 1997). In
Arabidopsis, the AtCLH isoform, located in chloroplasts,
was experimentally demonstrated (Schenk et al. 2007). To
better understand the molecular and physiological basis of
Chlase in Chl degradation, structural elucidation and
functional characterization of Chlase from diverse species
should be done.

Many Chlase genes were cloned and annotated from
diverse species and genome projects. Comparison of
deduced amino acid sequences of Chlase reveals that the
lipase motif and catalytic triad are highly conserved among
all known Chlases isolated from different species. How-
ever, the homology of whole amino acid sequences among
these Chlases is low (Tsuchiya et al. 1999; Takamiya et al.
2000). Integration of these data trends implies that Chlase
gene evolution, especially sequences encoding the N-ter-
minal transit peptide domain, may play a role in its phys-
iological function and ubcellular location. Furthermore,
growing evidence indicates that Chlase may function as a
dimeric protein in vivo (Nishiyama et al. 1994), and its
enzymatic properties in vitro varied among species (Hiba
and Selim 1997; Yang et al. 2004; Arkus et al. 2005;
Yunyu et al. 2006). The important catalytic triad on the
primary structure of Chlase was completely identified, but
topological features of active sites on the tertiary structure
remain unclear. To reveal the diverse enzymatic properties
of Chlase, additional efforts to elucidate the subsequent
tertiary structure are needed.

No information is available regarding the biological
function of Chlase in evergreen plants. We thus compared
Chlase activities of seven selected evergreen plants and
found that P. macrocarpa contained significantly higher
Chlase activities than the others, and the activities were
localized in the subcellular fraction of the chloroplast
envelope (unpublished data). Accordingly, two full-length
genes of Chlase isoforms were cloned from P. macrocarpa,
which share a high degree of identity throughout the entire
amino acid sequences, belong to the same clade, and
exhibit Chlase activities in vitro. The tertiary structure
modeling of Chlase demonstrated the catalytic triad on
surface-exposed loops and a cluster as a catalytic domain.
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The differential expression patterns of the two gene and
protein levels of the Chlase isoforms from various tissues
suggest that these two isoforms have different biological
functions in vivo.

Materials and methods
Plant material and preparation of acetone powder

Pachira macrocarpa was purchased from local gardens;
the liquid-nitrogen-frozen leaves were ground up with a
mortar and pestle and then homogenized with pre-chilled
acetone (—20 °C). After centrifuging the homogenate at
3,000g and 4 °C for 5 min, the precipitate was collected.
The cold acetone extraction was repeated, and the sample
was homogenized several times to remove all traces of chls
and carotenoids. The acetone powder was dried with
nitrogen and stored at —20 °C until use.

Assay of Chlase activity

To determine Chlase activity, 100 mg of acetone powder
was homogenized with 5 ml extraction buffer, containing
5 mM potassium phosphate (pH 7.0), 50 mM KCl, and
0.24 % Triton X-100 for 1 h at 30 °C. The supernatant,
after centrifuging at 15,000g for 15 min, was used for the
enzyme assay. The assay of Chase activity followed a
modified method of McFeeters et al. (1971). The standard
reaction mixture contained 0.1 ml of substrate (1 pumol/ml
chl a or b), 0.1 ml of the above supernatant, and 0.8 ml of
reaction buffer containing 100 mM sodium phosphate (pH
7.0), and 0.24 % Triton X-100. The mixture was incubated
for 60 min at 30 °C, and the reaction was stopped with
1.0 ml of 10 mM KOH. After reacting, 1 ml of the mixture
was further mixed with 5 ml of a hexane/acetone (3:2, v/v)
solvent to eliminate the interference of chl. The product,
chlorophyllide a or b, in the acetone phase was determined
by a Hitachi U-2000 spectrophotometer using an extinction
coefficient of 74.9 mM ™' cm™" at 667 nm or 47.2 mM ™"
ecm~ ' at 650 nm for chlorophyllide a or b, respectively
(Trebitsh et al. 1993). One unit of Chlase a or b degradation
activity was defined as the amount of enzyme needed to
catalyze the production of 1 pmol of chlorophyllide a or b
per minute.

Statistical analysis

Different plants as replicates were calculated to determine
the average Chlase activity, and a completely randomized
design with at least three replications was used. Data were
analyzed by SAS 8.2 (SAS Institute, Cary, NC, USA). For
significance levels, means of the Chlase a, b, and a+b
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activities of the seven evergreen plants were separated by
the least significant difference (LSD) at p < 0.05. More-
over, means of the Chlase a, b, and a+Db activities between
the envelope and thylakoid membrane were compared
using an unpaired ¢ test at a 0.05 probability level.

RNA isolation

Total RNA was isolated from 1 g of shoots, young leaves,
and old leaves of P. macrocarpa with a Qiagen RNeasy
plant Mini Kit (Valencia, CA, USA), and then poly At
mRNA was extracted from the total RNA with a Qiagen
Oligotex Mini Kit according to the vendor’s instructions.
Concentrations of total RNA and messenger (m)RNA were
determined by a NanoDrop ND-1000 spectrophotometer
(Paris, France) at 260 nm.

Real-time reverse-transcription quantitative polymerase
chain reaction (RT-qPCR) and quantification of RNA
levels

RT-qPCR analysis was employed to quantify and validate
relative changes in the expressions of Chlase genes. Total
RNA of P. macrocarpa from shoots, young leaves, and old
leaves was isolated as described above. The first-strand
complementary (c) DNA synthesis was performed with an
Oligo (dT) primer using RETROscript Reverse Transcrip-
tion for the RT-PCR kit (Ambion, Austin, TX, USA). The
cDNA was diluted 1:5 for the real-time PCRs which were
carried out in 384-well plates in a Light Cycler 480 (Roche,
Basel, Switzerland). The gene-specific primers for
PmCLHI1 (1F: 5-TCAACGAGTGCAAACCTCCG-3’ and
IR: 5'-AGCCCATAATCCATATATGCTC-3) and
PmCLH2 (2F: 5-GAGTCCAAGGGCTGCATGC-3’ and
2R: 5-CTAATGTAACCTTTGTACGG-3') were used in
the RT-qPCR. The correct size of the amplified region for
each primer was checked by agarose gel electrophoresis.
Each RT-qPCR (20 pl) contained 1 pl of the diluted
cDNA, 9 pl of water, 2 pl of primer mix (10x), 4 ul of 5x
SYBR green I, 1.6 pl MgCl,, 0.4 pl of the enzyme mix,
and 2 pl of resolution solution (Roche RNA Amplification
Kit). The amplification program consisted of one cycle at
95 °C for 5 min for pre-incubation, followed by 40 cycles
at 95 °C for 30 s, 58 °C for 10 s, and 72 °C for 20 s. After
amplification, a melting-curve analysis was run using the
program of one cycle at 95 °C for 5 s, 65 °C for 10 s, and
95 °C with 0 s held in the step-acquisition mode, followed
by cooling at 40 °C for 30 s. Three replicates were per-
formed for each cDNA sample, and template-free and
negative controls were used. To normalize the total amount
of cDNA in each reaction, the Rubisco gene of P. mac-
rocarpa (unpublished data) was co-amplified as the internal
control using primers of RubiscoF (5-GTGGTGGTT

CAATCATGTTCCC-3’) and RubiscoR (5-TTTCCTT
GCTCATTCGGTCTG-3'). Data were analyzed with the
PCR efficiency correction using Light Cycler 480 Relative
Quantification software V1.01 (Roche) based on relative
standard curves describing the PCR efficiencies of the
Chlase and reference genes. These relative RNA quantities
of RNA samples are presented as “expression” values in
Table 2, and these values allowed comparisons of relative
RNA amounts among tissues.

Molecular cloning of full-length genes of PmCLHs

To obtain partial sequences of Chlase genes from P. mac-
rocarpa, a pair of degenerate primers (CLHS5: 5'-
TTCDCATGGHTWCATHSTYRTHGCYCC-3'and CLH3:
5-TCRTCHARNAWRTCMRWRTgNCC RTA-3') was
designed based on highly conserved amino acid sequences
of Chlase. Total RNA was extracted from leaves of P.
macrocarpa using an RNeasy Mini Kit (Qiagen, Hilden,
Germany). An aliquot of 1 pg total RNA was reverse-tran-
scribed into cDNA with an oligo d(T),g primer. PCR frag-
ments were subcloned into a pGEM-T Easy vector
(Promega, Madison, W1, USA), and sequences were verified
by sequencing. To clone full-length Chlase genes from P.
macrocarpa, a 5 and 3 RACE (rapid amplification of
cDNA ends) was conducted according to the manufacturer’s
instructions. Primers used in the 5’ and 3’ RACE (Pm1F: 5'-
ATCGACCCATGTTGCTGGG-3', PmIR: 5'-TCAAAGTT
GCCTAACGTAATCT-3, Pm2F: 5-GAGTCCAAGGGCT
GCATGC-3, and Pm2R: 5-CAAATAATCTTCCCTCAC
CT-3') were designed based on cloned partial Chlase genes.
PCR conditions used in the 3’ and 5 RACE were the same
and were conducted as follows: 94 °C for 3 min followed by
35 cycles of amplification (94 °C for 30 s, 60 °C for 30 s,
and 72 °C for 1 min), and a final extension at 72 °C for
3 min. All amplicons were subcloned into the pGEM-T
Easy vector, and sequences were verified by sequencing.

Expression of PmCLHs in Escherichia coli

Full-length and truncated version of PmCLHs cDNAs were
constructed, respectively, in the pET-24a or pET-28a
expression vector under the control of the T7 promoter.
EcoRI and Xhol sites were added to the primers (PmCLHI,
full-length forward primer: 5'-ATATGAATTCATGCC
TTCGGTTTTTGTATCC-3'; truncated forward primer: 5'-
ATATGAATTCCCTCCTAAGCCACTTTTGATT-3’ and
reverse primer: 5-ATATCTCGAGAAGTTGCCTAACG
TAATCTTTG-3'; PmCLH2, full-length forward primer:
5'-ATATGAATTCATGGCACAGCTATTGGAAACT-3;
truncated forward primer: 5-ATATGAATTCCCTCC-
TAAGCCACTGTTGATT-3' and reverse primer: 5'-
ATATCTCGAGAACATTGAACTGAACTTGATC-3') to
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«Fig. 1 Comparative sequence analysis of Pachira macrocarpa
chlorophyllases (PmCLHs) from primary sequence alignments to
three-dimensional structure modeling. a Multiple amino acid
sequence alignments of chlorophyllase (Chlase) from Pachira
macrocarpa (PmCLH1 and PmCLH2), Arabidopsis thaliana
(AtCLHI1 and ArCLH2), Brassica oleracea (BoCLH1), Zea mays
(ZmCLH2), Piper betle (PbCLH), and Ginkgo biloba (GbCLH).
Conserved amino acids among Chlases are highlighted by dark
squares, and similar amino acids are indicated in gray. The
N-terminal truncated site of PmCLHs in the recombinant protein
is shown by a downward arrow. Predicted secondary structural
elements are shown as a-helices and B-strands above the sequences.
The catalytic triad and lipase motif are, respectively, indicated by
red asterisks and underlining. b Ribbon schematic of the predicted
tertiary structures of PmCLHs and AfCLHs. The diagrams were
constructed using the I-TASSER structure modeling algorithm. The
conserved catalytic triads (serine, aspartic acid, and histidine) of
PmCLHs and ArCLHs are indicated

amplify the inserted fragments. The PCR fragments were
digested with EcoRI and Xhol and subsequently ligated to
an EcoRI-Xhol-digested pET-24a or pET-28a T7 expres-
sion vector (Novagen, Darmstadt, Germany). All con-
structed plasmid DNA was transformed into E. coli strain
BL21 (DE3) for protein overexpression. Cells were culti-
vated at 37 °C, and the recombinant PmCLHs were
induced by the addition of isopropyl thio-B-galactoside
(IPTG) to a final concentration of 1 mM. Cells were har-
vested by centrifugation, and cell pellets were resuspended
in extraction buffer (5 mM KH,PO,, 5 mM K,HPO,,
50 mM KCL, and 0.24 % Triton X-100) and sonicated to
disrupt the cells. To determine protein concentration, ten-
fold serial dilution of whole-lysate was prepared. Thus, the
interference of Triton X-100 in Bradford assay could be
excluded. Aliquots of soluble E. coli total protein were
quantified by the Bradford dye-binding assay (Biorad,
Hercules, CA) for the following assays and analyzed by
sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Recombinant full-length PmCLHs were
overexpressed in E. coli, and total soluble proteins were
used for Chlase activity assays. Chl a and b (1 pmol/ml)
degradation kinetics of PmCLH1 and PmCLH2 were
determined separately.

Antibody preparation and Western blot analysis

Previously, recombinant fusion proteins were used as
source of enzyme on Chase activity assay (Beneditti and
Arruda 2002; Tsuchiya et al. 2003). In the study, we used
the His-tagged PmCLHs in enzymatic activity assay. Hi-
tagged PmCLHs were expressed in E. coli, and Chlase
activity in the lysates was measured. The lysate of E. coli
carrying the empty vector pET28a was used as negative
control. To generate specific antibodies for detecting
PmCLHs, recombinant PmCLH1 was purified by a nickel-

affinity column and then used to immunize rabbits for

polyclonal antibody generation. Recombinant PmCLH1
was eluted from SDS-PAGE according to Chuang et al.
(1996) to generate polyclonal antibodies in rabbits. Pro-
teins were separated by 12.5 % SDS-PAGE and stained
with Coomassie brilliant blue R-250. Proteins separated by
SDS-PAGE were transferred to nitrocellulose membranes
and blocked with 3 % bovine serum albumin (BSA)
(Sigma-Aldrich, Saint Louis, MO, USA). Membranes were
than separately hybridized with antibodies including anti-
PmCLHI1, anti-LC2B, anti-AfTic110, and anti-Toc75. After
washing, membranes were probed with an anti-rabbit sec-
ondary antibody conjugated with alkaline phosphatase, and
then a 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro
blue tetrazolium (NBT) (Sigma-Aldrich) signal was
developed on the membranes.

Structural analyses

To predict subcellular localization of proteins, the ChloroP
1.1 server (Emanuelsson et al. 1999), TargetP 1.1 server
(Emanuelsson et al. 2000), Predotar (Small et al. 2004),
and WoLF PSORT (Horton et al. 2007) were used. For
secondary and tertiary structure predictions and modeling,
the I-TASSER server (Zhang 2008) was used.

Phylogenetic analysis

Phylogenetic analyses of Chlase sequences were preformed
with MEGA4 software (Tamura et al. 2007). Thirty-eight
Chlase homologous amino acid sequences (Supplemental
Table S1) from different species acquired from the NCBI
database were aligned by Clustal W (Thompson et al.
1994). The evolutionary history and a bootstrap consensus
tree were reconstructed using the Neighbor-joining (NJ)
method (Saitou and Nei 1987) from 500 replicates. The
optimal tree with the sum of branch lengths (7.74374846)
was drawn to scale (Fig. 2). The branch lengths were the
same units as those of the evolutionary distances for the
phylogenetic tree. All positions containing alignment gaps
and missing data were eliminated in the pairwise sequence
comparisons (pairwise deletion option), and 340 positions
were used.

Results

Molecular cloning and tertiary structural modeling
of Chlase from P. macrocarpa

To clone the Chlase gene from P. macrocarpa, a degen-
erate PCR followed by 5’ and 3’ RACE cloning methods
was applied. Two putative Chlase clones, tentatively
named PmCLHI (accession no. FJ754215) and PmCLH?2
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(accession no. FJ754216), were subcloned and sequenced.
Sequencing results revealed that the full-length cDNAs of
PmCLHI and PmCLH2 were, respectively, 1,189 and
1,309 bp long. The polypeptide sequence deduced from the
cDNA of PmCLHI encoded a putative protein of 339
amino acid residues and had a predicted molecular weight
of 36.69 kDa. The PmCLH?2 gene encoded 314 amino acid
residues with a predicted molecular mass of 33.78 kDa.
PmCLHI1 and PmCLH2 shared 84 % identity for the entire
amino acid sequence. Figure la demonstrates comparisons
of the homologous polypeptide sequences, consensus cat-
alytic triads, and lipase motifs in PmCLHs and selected
Chlases. The subcellular localization of PmCLHs was
predicted using four web-based prediction programs and
showed that PmCLH1 was localized in chloroplasts,
whereas PmCLH2 might be a cytoplasmic protein
(Table 1). Furthermore, protein structural modeling of
PmCLHs was analyzed by the I-TASSER program to
locate the active site architecture of Chlase. The model was
generated by threading the amino acid sequences of
PmCLHs and ArfCLHs into the three-dimensional tertiary
structure of their closest homologue, Streptomyces exfoli-
atus lipase (Wei et al. 1998). The sequence identity and
similarity between S. exfoliatus lipase and PmCLHI1 were
14 and 72 %, respectively, whereas PmCLH2 shared 15 %
identity and 78 % similarity with the template from the
overall sequence. Obviously, the catalytic triad composed
of serine, histidine, and aspartic acid was located on sur-
face-exposed loops and clustered as a catalytic domain
(Fig. 1b). Comparison of the tertiary structures of PmCLHs
and ArCHLs indicated that the essential features of these
four structures were quite similar, especially as to the
active site architecture.

Sequence homology and phylogenetic analysis
of PmCLHs

To further classify the phylogenetic position of cloned
PmCLHs, an unrooted phylogenetic tree was constructed
on the basis of the alignment of PmCLH-homologous
sequences from moss, angiosperms, and gymnosperms.
The tree was built by the NJ method using full-length
amino acid sequences, revealing that 38 selected sequences
were divided into four clades (Fig. 2). Sequences from
Picea sitchensis, Ginkgo biloba, and Physcomitrella patens
ssp. patens were clustered together in clade I, the most
ancient clade in this study. The remaining sequences from
a wide range of angiosperm species were divided into
monocots (clade II) and dicots (clades III and IV), and both
PmCLH1 and PmCLH2 were in clade III (Fig. 2). Inter-
estingly, many dicot species contained more than one
Chlase homolog, for instance, Arabidopsis thaliana,
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Table 1 Prediction of Pachira macrocarpa chlorophyllase (PmCLH)
subcellular localization

Program PmCLH1 Score PmCLH2 Score
ChloroP cTP 0.54 cTP 0.52
TargetP cTP 0.35 cTP 0.19
mTP 0.05 mTP 0.06
Sp 0.34 SP 0.02
Other 0.13 Other 0.80
Predotar cTP 0.86 cTP 0.21
mTP 0.12 mTP 0.01
Other 0.12 Other 0.79
WoLF PSORT chlo 8.0 cyto 13.0
nucl 2.0
cyto 2.0
extr 1.0

Programs: ChloroP, http://www.cbs.dtu.dk/services/ChloroP/; Tar-
getP, http://www.cbs.dtu.dk/services/TargetP/; Predotar, http://urgi.
versailles.inra.fr/predotar/; WoLF PSORT, http://wolfpsort.org/

cTP chloroplast transit peptide, mTP mitochondrial targeting peptide,
SP secretory pathway, chlo chloroplast, nucl nuclear, cyto cytoplas-
mic, extr extracellular

Glycine max, Brassica oleracea, Vitis vinifera, and Popu-
lus trichocarpa, that were classified into different clades.

Recombinant PmCLHs show Chl degradation activities
in vitro

Based on the results of the amino acid sequence analysis
and phylogenetic classification of PmCLHs, spatial local-
ization and enzymatic activity were examined to evaluate
the physiological functions of PmCLHs in plant cells. To
eliminate the hydrophobic effect of transit peptide on the
Chlase activity assay, if any, we performed the assay with
wild type and N-terminal truncated PmCLHs versions
based on sequence alignment as shown in Fig. 1 and in the
case of GbCLH reported by Okazawa et al. (2006). Thus,
four recombinant expression plasmids were constructed
and transformed into E. coli to produce recombinant
PmCLHs (Fig. 3a). To generate specific antibodies for
detecting PmCLHs, recombinant PmCLH1 was purified by
a nickel-affinity column, and then used to immunize rabbits
for polyclonal antibody generation. According to the
results of the Western blot analysis, the predicted molec-
ular mass of each His-tagged PmCLHs fusion protein was
detected as a major signal from crude E. coli lysates, along
with minor additional bands present in IPTG-induced cell
lysates but absent from non-induced BL21 total proteins
(Fig. 3b). This may have been caused by partial degrada-
tion of the recombinant PmCLHs during expression.
Therefore, the in vitro Chlase activity assay was subse-
quently conducted using IPTG-induced E. coli lysates as
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Fig. 2 Phylogenetic analysis of
Pachira macrocarpa
chlorophyllase (PmCLH) and its
homologous proteins. The
unrooted phylogenetic tree was
constructed in MEGA4 using
the Neighbor-joining method
with 500 bootstrap replicates of
the ClustalW alignment.
Evolutionary distances were
estimated using the Poisson
correction model. Numbers
indicate the occurrence of a
given branch in 500 bootstrap
replicates of the given dataset.
The scale bar represents 0.1
amino acid substitutions per site
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the source of the recombinant PmCLHs as well as Chl a
and b as substrates. Results show that both the full-length
PmCLH1 and PmCLH2 exhibited significantly higher
abilities to degrade Chl a and b compared with the trun-
cated PmCLHs (Fig. 4c, d). Moreover, PmCLHI1 showed
significant higher Chl-degradation activity than PmCLH2
(Fig. 4a, b). The results indicate that Chl b was recognized
and degraded with greater efficiency than Chl a in both
PmCLH1 and PmCLH2.

Differential mRNA and protein expressions
of PmCLHs in various tissues

A quantitative PCR was conducted to assess the mRNA
expressions of PmCLHs from shoots and two different
maturation stages of leaves. We normalized the expression
level of the PmCLH gene using Rubisco transcript levels
determined in the same quantitative PCR reaction. The
transcription level of PmCLHI in young leaves was sig-
nificantly higher than those in old leaves and shoots
(Table 2). However, PmCLH2 gene transcription in old
leaves was four- and fivefold significantly higher than those
of young leaves and shoots, respectively. Moreover, the
expression of PmCLHI was significantly induced in young

PmCLH1
100

PmCLH2

97 68

RcCLH1

CaCLH
'%CL fy

<\‘VSICLH
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leaves compared with PmCLH?2. No significant differences
in old leaves or shoots in response to PmCLH genes were
observed. Protein expression patterns of PmCLHs between
young and old leaves by the Western blot analysis using
polyclonal antibodies raised against PmCLH1 were also
compared. Many signals were shown in young leaves
consisting of two molecular mass bands at 53 and 75 kDa,
one expected molecular mass at 37 kDa, and three
molecular weights at between 30 and 34 kDa. In contrast,
two strong signals at a molecular mass of 32 kDa and three
minor signals spanning molecular masses from 37 to
53 kDa were observed in old leaves (Fig. 5).

Discussion

In this study, seven evergreen plants were screened for
Chlase activity. Pachira macrocarpa showed significantly
higher Chlase activity compared with other plants. Two
Chlase homologous genes, PmCLHI and PmCLH2, were
cloned from leaves of P. macrocarpa and their mRNA
showed differential expression levels in young and old
leaves. Both PmCLHs contained predictable transit peptide
sequences, and they played roles in Chl degradation
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Fig. 3 Fusion protein construction, expression, and Western blot
analysis of Pachira macrocarpa chlorophyllases (PmCLHs). a His-
taq fusion constructions of PmCLHs, including both full-length
PmCLHs (F-PmCLHs) and truncated PmCLHs (T-PmCLHs), were
cloned into pET24a or pET28a expression vectors as indicated.
b Recombinant PmCLHs were overexpressed in E. coli strain BL21
induced by 1 mM IPTG. Total protein of 5 pg of E. coli was loaded
and resolved in a 12.5 % SDS-PAGE (upper panel). Recombinant
PmCLHs using polyclonal antibodies raised against PmCLH1 were
analyzed by Western blotting (lower panel)

activities in vitro. Furthermore, the in vitro enzymatic
activity assay also revealed that PmCLHs degraded Chl b
more efficiently than Chl a, and thus this may be further
support for their close phylogenetic relationship.

The advantage of genetic engineering techniques is in
understanding how the function of Chlase in vivo has
evolved. AtfCLHs (A. thaliana) and Chlase 1 (Citrus sin-
ensis) genes are commonly used in transgenic plants to
reveal the function and location of Chlase. Accordingly, it
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was suggested that Chlase functions as a Chl scavenger and
in pathogen defense in plants (Hortensteiner 2006). How-
ever, some controversial issues on Chlase activity in
maturing fruit and its intracellular localization remain to be
resolved (Yamauchi et al. 1997; Distefano et al. 2009).
There is no doubt that molecular cloning and functional
characterization of Chlase from diverse species are
important in elucidating the biological functions of Chlase.
In this study, PmCLH genes were cloned from an evergreen
plant, P. macrocarpa, and PmCLH in vitro activities were
analyzed in greater detail. Based on the q-PCR results,
expression patterns of PmCLHs greatly differed in different
tissues of P. macrocarpa. Although PmCLH transcripts
were detected in all tissues, the PmCLHI gene was most
strongly active and regulated in young leaves of P. mac-
rocarpa (Table 2). Tissue specificity or signal responsive-
ness of gene expression often reflects the function of the
corresponding gene products in plant development and
signaling. It is also known that Chl contents in young and
old leaves differ, and Chlase plays a role in Chl biosyn-
thesis (Fiedor et al. 1992). Different expression patterns of
PmCLHjs in different tissues suggest that they may engage
in different biological functions. Furthermore, PmCLH
proteins expressed in young and old leaves exhibited
multiple bands over a wide range of molecular weights on
the Western blots (Fig. 5). This may have been caused by
posttranslational modification such as glycosylation
(Terpstra 1981) or N-terminal processing (Azoulay-Shemer
et al. 2008). In addition, Banas et al. (2011) reported that
the levels of mRNA of two enzymes were involved in
chlorophyll catabolism in Arabidopsis, and products of
AtCLHI and ArCLH2 genes were increased upon illumi-
nation with white light. In our study, the involvement of
light in the regulation of PmCLHI and PmCLH2 expres-
sion and its relation to senescence were unclear, but the
fundamental differences in the tissues of their transcription
suggest that these enzymes play different roles in the
metabolism of Chl. The enzyme expression is strongly
tissue controlled, at least at the level of RNA.
Phylogenetic analysis of 38 selected Chlase isozymes
classified them into four major taxonomic clades in this
study. Chlase sequences acquired from ancestor species
such as moss, ginkgo, and Sitka spruce clustered together
in clade I; monocot species including rice, maize, and
sorghum formed clade II; and dicot species were further
classified into clades III and IV. PmCLHs were grouped
together in clade III (Fig. 2). AtfCLH1 was also located in
this clade, and its gene expression was reported to be
upregulated by methyl jasmonate (Tsuchiya et al. 1999). It
is known that the function of Chlase is associated with the
physiological states of leaf senescence, fruit maturity, and
damage control in plants (Kariola et al. 2005; Harpaz-Saad
et al. 2007; Azoulay-Shemer et al. 2008). Evidently, in
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Fig. 4 Characterization of PmCLH1
in vitro recombinant Pachira A 1004 B 100 - PmCLH2
macrocarpa chlorophyllase 90 T 3 90 -
(PmCLH) activities. 80 - 80 4
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Table 2 Real-time PCR of Pachira macrocarpa chlorophyllase
(PmCLH) transcript responses from shoots, young leaves, and old
leaves of P. macrocarpa

Gene Tissue

Old leaf Young leaf Shoot
PmCLHI 0.13%8 0.49%4 0.01%¢
PmCLH?2 0.16* 0.04%B 0.03%8

Relative amounts were calculated and normalized with respected to
Rubisco RNA. Comparisons with the same lowercase letters do not
significantly differ (p < 0.05) between PmCLH genes, according to a
t test. Among the three tissues, means with the same capital letters do
not significantly differ by the least significant difference (LSD) test at
p < 0.05 with a completely randomized design. Each value is the
mean of three replicates

most of the studied flowering plants, more than one iso-
zyme of Chlase exists (Trebitsh et al. 1993; Tsuchiya et al.
1997). The exact physiological significance of each iso-
zyme in the same species remains unclear. The phyloge-
netic analysis in this study to some extent implies
evolutionary and functional constraints of Chlase iso-
zymes. Thus, it may be inferred that clade III Chlase iso-
zymes play vital roles in plant defense.

Several lines of evidence suggested that Chlase is an
intrinsic membrane protein and it may contain transit
peptides at the N-terminal for chloroplast targeting (Terp-
stra 1978). Prediction of PmCLH subcellular localization

revealed that PmCLHs may target distinct subcellular
compartments, in which PmCLH] is a potential chloroplast
protein and PmCLH2 may exist as a cytoplasmic protein
(Table 2). Even though there may be differences in dis-
tributions in cells, their enzymatic activities show that they
effectively act on Chls and have a higher preference
towards Chl b in vitro (Fig. 4). The substrate preference of
full-length PmCLHs was the same as Chlase isolated from
an alga (Phaeodactylum tricornutum) (Khalyfa et al. 1995);
however, N-terminal-truncated PmCLHs exhibited func-
tional inactivity unlike the in vitro activity of Chlase
cloned from citrus (Citrus sinensis) (Harpaz-Saad et al.
2007; Azoulay-Shemer et al. 2008). Accordingly, it is
thought that the N-terminal region of PmCLHs contains an
important domain for their localization and activity. Fur-
thermore, surfactants, such as Triton X-100, are commonly
used in Chlase activity assays to facilitate protein solubi-
lization. The influence of different concentrations of Triton
X-100 on the relative Chlase activity was widely investi-
gated (Moll and Stegwee 1978; Yang et al. 2007).
According to our enzymatic assay, both PmCLHs effi-
ciently degraded Chls at a final concentration of Triton
X-100 of 0.24 %. When Triton X-100 was removed from
the reaction buffer, the activities of PmCLHs remained
stable but showed a marked change in the substrate pref-
erence, especially PmCLH2 (Fig. 4). It is likely that both
surfactant-Chl and surfactant-Chlase interactions influence

@ Springer
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leaves leaves

SDS-PAGE

Westemn
Ab: PmCLH1

Fig. 5 Western blot analysis of total proteins extracted from young
and old leaves of Pachira macrocarpa, and hybridized to polyclonal
antibodies raised against PmCLH1. Samples containing 20 pg of total
proteins were loaded into a 12.5 % SDS-PAGE (left panel). The
duplicate SDS-PAGE was then transferred to a Nylon membrane and
hybridized to polyclonal antibodies raised against PmCLH1 (right
panel)

the substrate preference of PmCLHs (Michalski et al. 1987;
Fiedor et al. 1992).

It is known that Chlase contains a lipase motif and plays
a role as a serine hydrolase (Tsuchiya et al. 2003). How-
ever, the crystal structure or three-dimensional structural
model analysis of Chlase has never been carried out.
Herein, we constructed the predicted tertiary structures of
PmCLHs and ArCLHs using the I-TASSER program. The
data revealed that PmCLHs and ArCLHs shared a highly
similar folding topology, eight p-strands (nine in
PmCLH2) flanked by 68 a-helices, and the catalytic triad
located at the C-terminal end of the central B-strand
(Fig. 1). The folding structure adapted to a specific o/
hydrolase fold commonly exists in hydrolytic enzymes
(Ollis et al. 1992). The o/ hydrolase fold also forms the
core structure of several lipases (Kim et al. 1997). Struc-
tural analysis of lipase indicated that a surface loop, named
the lid-domain, controls accessibility of the substrate to the
catalytic site (Miled et al. 2000). Surprisingly, a similar
surface loop structure was found in our modeling, includ-
ing residues 255-279 in PmCLH1, 240-264 in PmCLH2,
244-271 in At*CLH]1, and 245-269 in Ar*CLH2 (Fig. 1a, b).
Thus, we propose that the lid-like structure located
downstream of the conserved catalytic histidine residue is
important for controlling substrate access to the active site
of Chlase.

@ Springer
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