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Abstract

Background and Objective: Chlorophyllase catalyzes the hydrolysis of chlorophylls to
chlorophyllide and phytol. Recently, several applications including removal of chlorophylls
from vegetable oils, use in laundry detergents and production of chlorophyllides have been
described for chlorophyllase. However, there is little information about the biochemical
characteristics of chlorophyllases.

Material and Methods: 35 chlorophyllase protein sequences were obtained from the
National Centre for Biotechnology Information database. All of the sequences were analyzed
using bioinformatics tools for their conserved domain, phylogenetic relationships and
biochemical characteristics.

Results and Conclusion: The overall domain architecture of chlorophyllases consisted of
the esterases/lipases superfamily domain over their full length and the alpha/beta hydrolase
family domain over the middle part of their sequences. Plant chlorophyllases could be
classified into 4 clades. Molecular weight and pl of the chlorophyllases ranged 32.65-37.77
kDa and 4.80-8.97, respectively. The most stable chlorophyllase is probably obtained from
Malus domestica. Chlorophyllases form Solanum pennellii, Triticum aestivum, Triticum
urartu, Arabidopsis lyrata, Pachira macrocarpa, Prunus mume and Malus domestica were
predicted to be soluble upon overexpression in Escherichia coli, Beta vulgaris and
Chenopodium album chlorophyllases were predicted to form no disulfide bond.
Chlorophyllases from Jatropha curcas, Amborella trichopod, Setaria italica, Piper betle,
Triticum urartu and Arabidopsis thaliana were predicted to be in non-N-glycosylated form.
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1. Introduction

Chlorophyll is a green spectrum pigment found in
cyanobacteria, algae and plants and chlorophyllase or
chlorophyll chlorophyllidohydrolase (EC 3.1.1.14) is the
key enzyme in chlorophyll metabolism. It hydrolyzes
chlorophyll to chlorophyllide and phytol. Chlorophyllases
can be found in plants, algae or cyanobacteria. In plant
physiology, it plays an important role in leaf senescence
and fruit ripening [1]. The catalytic activity of chloro-
phyllase has potential industrial and agricultural applic-
ations, as well. In this context, the application of chloro-
phyllase could be useful in removal of green pigments
from edible oils to improve their oxidative stability [2].
Other application of the enzyme is the use in laundry
detergents [3]. In addition, the products of chlorophyllase,
chlorophyllides and their derivatives (such as pheophytin)
have been demonstrated to have antiviral, antioxidant,
antimutagenic, and anticarcinogenic activities in vitro [4].
Accordingly, in recent years, trends for purification of

natural chlorophyllases or recombinant production of the
enzyme have been increased [4-6,9].

Nucleotide sequences of several plant chlorophyllases
have been determined, and some of them are characterized
biochemically. Recombinant production of some chloro-
phyllases including those from Chenopodium (C.) album
(Lamb's Quarters) [7], Triticum (T.) aestivum (wheat) [3],
Pachira (P.) macrocarpa (Guiana Chestnut) [8],
Cyanothece spp. (cyanobacteria) [4] and Chlamydomonas
(C.) reinhardtii, (algae) [9] has been studied previously.
Moreover, Khalyfa et al. and Tsuchiya et al. isolated
cholorophyllase from Phaeodactylum (P.) tricornutum and
C. album, respectively. Talat and Wang performed a
comparative bioinformatics analysis of the chloroplast
genomes of a wild diploid Gossypium and two cultivated
allotetraploid species [10-12]. However, to our knowledge,
little (or in most cases no) information exists about the
biochemical properties, phylogenetic relationships and
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heterologous expression of plant chlorophyllases. In this
work, we characterized plant chlorophyllases (as one of the
main sources of chlorophyllase) using different bio-
informatics tools. Obviously, this information could be
useful in screening chlorophyllases and development of
heterologous expression systems for overproduction of
plant chlorophyllases.

2. Materials and Methods

2.1. Chlorophyllase sequences

Amino acid sequences of plant chlorophyllases were
acquired by a search of the word “chlorophyllase” in the
National Centre for Biotechnology Information (NCBI)
database (National Institutes of Health, Maryland, USA)
via the Entrez cross-database search system (http://www-
.ncbi.nlm.nih.gov/).

2.2. Putative conserved domains

Recognition of putative conserved domains within the
chlorophyllases was carried out using the NCBI conserved
domain database (CDD, National Institutes of Health,

Maryland, USA) [13].

2.3. Multiple alignments and distance trees
Chlorophyllase protein sequences were multiple aligned
by Clustalw (European Molecular Biology Laboratory,

Table 1. Plant chlorophyllases and their properties

Heidelberg, Germany) [14]. Distance trees, based on the
neighbor-joining method and bootstrapping analysis, were
drawn by using Mega 5 (The Biodesign Institute, Arizona,
USA) [15].

2.4. In silico biochemical characteristics

Number of cystein residues, aliphatic index, molecular
weight, pl, instability index, and grand average of
hydropathicity (GRAVY) were predicted by ProtParam
tool (Swiss Institute of Bioinformatics, Geneva,
Switzerland) [16]. Prediction of solubility upon
overexpression in Escherichia (E.) coli was performed
using SOLpro (Institute for Genomics and Bioinformatics,
University of California, CA, USA) [17]. Formation of
disulfide bond was predicted using Dlpro (Institute for
Genomics and Bioinformatics, University of California,
CA, USA) [18]. NetNGlyc 1.0 (Bio-Centrum, Technical
University of Denmark, Lyngby, Denmarkwas used to
predict potential N-glycosylation sites in chlorophyllase
sequences) [19].

3. Results and Discussion

3.1. Chlorophyllases
Our search on the Gene Bank resulted in 35 plant
chlorophyllase sequences, which are shown in Table 1.

Source Accession no. Substrate Localization Recombinant production
Amborella tauschii EMT19932 Chlorophyll a Chloroplast No
Amborella trichopoda XP_006838958 chlorophyll a Chloroplast No
Arabidopsis lyrata EFH69319 chlorophyll a Chloroplast No
Arabidopsis thaliana NP_564094 chlorophyll a Outside the Chloroplast No
Beta vulgaris XP_010669258 chlorophyll a Chloroplast membrane No
Brassica napus CDX96924 chlorophyll a Chloroplast No
Brassica oleracea AAN51934 chlorophyll a Chloroplast No
Chenopodium album BAA93635 chlorophyll a Vacuole E. coli
Citrus limon ACI06105 chlorophyll a Chloroplast No
Citrus sinensis NP_001275819 chlorophyll a Chloroplastmembrane No
Citrus unshiu BAB47176 chlorophyll a Plastid No
Cucumis sativus XP_004145391 chlorophyll a Plastid No
Elaeis guineensis XP_010934773 chlorophyll a Chloroplast No
Ginkgo biloba AAP44978 chlorophyll a Thylakoid membrane No
Jatropha curcas KDP40227 chlorophyll a Chloroplast No
Malus domestica XP_008355440 chlorophyll a Chloroplast No
Medicago truncatula KEH41056 chlorophyll a Chloroplast No
Oryza sativa AAP53795 chlorophyll a Chloroplast No
Pachira macrocarpa ACO050429 chlorophyll a Chloroplast E. coli
Phoenix dactylifera XP_008775648 chlorophyll a Chloroplast No
Picea sitchensis ACN40275 chlorophyll a Chloroplast No
Picrorhiza kurrooa AHZ35334 chlorophyll a Chloroplast No
Piper betle AAP92160 chlorophyll a Chloroplast No
Populus trichocarpa EEF01923 chlorophyll a Chloroplast No
Prunus mume XP_008235366 chlorophyll a Chloroplast No
Pyrus x bretschneideri AE019902 chlorophyll a Chloroplast No
Sesamum indicum XP_011090675 chlorophyll a Chloroplast No
Setaria italica XP_004983205 chlorophyll a Chloroplast No
Solanum lycopersicum XP_010326690 chlorophyll a Chloroplast No
Solanum pennellii ADZ24715 chlorophyll a Chloroplast No
Solanum tuberosum XP_006363484 chlorophyll a Chloroplast No
Triticum aestivum AHJ14565, BT009214 chlorophyll a Chloroplast E. coli
Triticum urartu EMS62705 chlorophyll a Chloroplast No
Vitis vinifera XP_002271936 chlorophyll a Chloroplast No
Zea mays NP_001130783 chlorophyll a Chloroplast No
168 Appl Food Biotechnol, Vol. 4, No. 3 (2017)
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Chlorophyllase gene is located in the nucleus and the
expressed enzyme is localized in the chloroplast
(chloroplast membrane, thylakoid membrane), outside the
chloroplastor vacuole (Table 1) [20]. Chlorophyllases
accept chlorophyll a as the main substrate; however, it
canhydrolyze pheophytins, as well. During the last decade,
chlorophyllase (as a crude extract, purified or recombinant
protein) from several plant and algae has been investigated
in enzymatic hydrolysis of chlorophyll or its derivatives
[3,7,10]. Evidently, in most of the studied flowering plants,
more than one isoform of chlorophyllase existed Tsuchiya
et al. and Chen et al. isolated two chlorophyllase isozymes
from C. album and P. macrocarpa, respectively. Based on
the Table 1, only three types of plant chlorophyllases (from
T. aestivum, C. album and P. macrocarpa) have been
recombinantly expressed [7,8].
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3.2. Conserved domain search

To find the conserved domains within the chloroph-
yllases, the sequences were analyzed using CDD suite. All
the chlorophyllase sequences shared similar conserved
domains. Figure 1A shows the domain architecture of the
C. album chlorophyllase as a representative. The overall
domain architecture of plant chlorophyllases consisted of
the esterases/lipases superfamily domain (cl21494) over
the full length of sequences (with E-values ranging from 0
to 9.81823e™%%), and the alpha/beta hydrolase family
domain (pfam12695) over the middle part of the sequences
(with E-values ranging from 0.00438209 to 8.87331e™).
The alignment of C. album chlorophyllase with estera-
ses/lipases superfamily domain is shown in Figure 1B.
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Cdd:pfam07224 1 SSEKTTDVFHKGNYQTTNITVARSSRY SPPPPKPLIITPKEAGTYPVVLFLHGTMLSNEFYSLFFNHIASHGFIVVAPQ 80
90 100 110 120 130 140 150 160
T T OO0 [T IO SO AU IO I
Qi 7415999 109 LFRLFPPKIPSQQDEIDMAASVANWMPLYLQVVLQryvTGVEGDLEKLAISGHSRGGKSAFALALGFSnikLDVTFSALI 188
Cdd:pfam07224 81 LYRLFPP--PSQQDEIDSAAEVANWLPLGLQVVLP---TGVEANLSKLALSGHSRGGKTAFALALGYS---LDVTFSALI 152
170 180 190 200 210 220 230 240
T T OO TN O VN RN A
Qi 7415999 189 GVDPVAGRSVDDRTLPHVLTYKPNSFNLSIPVTVIGSGLG---NHTISCAPNHVSHQQFYDECKENSSHFVITKYGHMDM 265
Cdd:pfam07224 153 GVDPVAGTSKDDRTDPHVLTYKPNSFNLSIPVTVIGSGLGarnNHTPPCAPTGVNHEEFFDECKENSAHFVATDYGHMDM 232

250 260 270 280 290 300 310

Qi 7415999 266 LNEFRLSPIAVTMSLMCAQSFRPKATMRRTLGGIMVAFLNAYFRDDGRQYYAIIANRSLAPTNLFAEKKGFNFGF 340
Cdd:pfam07224 233 LDDDRLGPIGVTSSCMCKNGFEPRAPMRRFVGGIVVAFLKAYFRDDGREYRAIIKDPSLAPTKLSAEKEGASFGF 307

C 10 20 30 40 5 60 70 80
T T OO TV IO U RN I
Qi 7415999 76 VLLFIHGTMLSNEDY SLFFNYIASHGFIVVAPKL frifppKLPSQQDEIDMAASVANWMPLY LgvvlgryvtgveGDLEK 155
Cdd:pfam12695 1 LVVLLHGAGGDPEAYAPLARALASRGYNVLAPDY ------ PGHGASLGAPDAEAVLADAALLL------------ IDPER 62
90 100 110 120 130 140 150 160
T T OO0 [T IO SO O RN I
Qi 7415999 156 LAISGHSRGGKSAFALALGFSNIKIdvtfsALIGVDPVagrsVDDRTLPHVItykpnsfnlSIPVTVIGSGLGNHTIsca 235
Cdd:pfam12695 63 IVLVGHSLGGAVALLLAARDPRIK------ GVVLLAPY----PDTDALAKL---------- KVPVLIIHGTRDGVV----118
170 180

Qi 7415999 236 pNHVSHQQFYDECKENSSHFVITKYGH 262
Cdd:pfam12695 119 -PPEEAEALY AALPGPAELVVIEGAGH 144

Figure 1. Domain architecture of Chenopodium album (Accession no. BAA93635) chlorophyllase. A) The overall domain organization
of plant chlorophyllases consisted of the esterases/lipases superfamily domain (cl21494) over the full length of sequences, and the
alpha/beta hydrolase family domain (pfam12695) over the middle part of the sequences. B) Alignment of Chenopodium album
chlorophyllase sequence with the consensus sequence of esterases/lipases superfamily (pfam07224, a member of the superfamily cl21494;
domain consensus length: 307, E-value: 0e*®, Bitscore: 529.41). C) Alignment of Chenopodium album chlorophyllase sequence with the
consensus sequence of alpha/beta hydrolase family (domain consensus length: 145, E-value: 3.30e™®, Bitscore: 53.88).
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Esterases/lipases superfamily enzymes (which include
fungal lipases, cholinesterases, etc.) act on carboxylic
esters. The catalytic apparatus involves three residues
(catalytic triad): a serine, a glutamate or aspartate, and a
histidine. These catalytic residues are responsible for the
nucleophilic attack on the carbonyl carbon atom of the
ester bond. In contrast with the other members of
alpha/beta hydrolase fold family, p-nitrobenzyl esterase
and acetylcholine esterase have a glutamate instead of
aspartate at their active site [13]. The esterases/lipases
super family domain of chlorophyllases may propose a
lipolytic activity for them. However, no report has been
published on the lipolytic activity of chlorophyllases.

The pfam12695, alpha/beta hydrolase superfamily,
contains a diverse range of alpha/beta hydrolase enzymes.
The alignment of C. album chlorophyllase with alpha/beta
hydrolase family domain is shown in Figure 1C. These
enzymes all have a nucleophile histidine acid catalytic
triad evolved to operate efficiently on substrates with
different chemical compositions or physicochemical
properties and in various biological contexts [21].

3.3. Multiple alignments and distance trees

All the chlorophyllase sequences were aligned over their
full length using Clustalw to verify sequence conservation
among them. Amino acid conservation between 35 plant
chlorophyllase sequences was about 50%. In addition, the
domain conservation between all the plant chlorophyllase
sequences was about 90%. Multiple sequence alignment of
plant chlorophyllases showed that all the sequences shared
the lipase motif GXSXG (Figure 2). More exactly, the
consensus sequence for this motif was found to be GHSRG
in plant chlorophyllases (Figure 2). Multiple aligned
sequences were also used for bootstrap neighbor-joining
tree construction. The phylogenetic tree revealed that
chlorophyllase sequences were divided into four clades
(Figure 3). The chlorophyllases grouped in clade | were
from the plants belonging to Fabaceae, Brassicaceae,
Solanaceae and Poaceae families. The chlorophyllase from
Piper (p.) betle (Piperaceae family) was grouped in clade
Il. The chlorophyllases from Citrus (C.) sinensis, C.
unshiu, and C. limon were grouped in clade Ill. These
plants belonged to Rutaceae family. Finally, the
chlorophyllases from Brassicaceae, Pinaceae, Cocoeae,
Rosaceae, Vitaceae, Poaceae and Amaranthaceae families
were grouped in clade 1V.

110 120 120 140 150
Aegilops tauschii PVPGH:R HTAFSLALGHAKTQ- - - - - - - LTFSALIGLDPVAGTGKS - - - - - Q
Amborella trichopoda A | HSRGAKTAFALALG-I1STTT- - - - - TLEYSALLAIDPVDGPAPG - - - - - QQ
Arabidopsis lyrata LVGHSER KTAFAVALGHAATLD - - - -PSITFSALIGIDPVAGTHNKFMR - - - - -
Arabidopsis thaliana LVGHSR KTAFAVALGHAATLD----PSITFSALIGIDPVAGTHNKYIR- - - - -
Beta vulgaris Al H:R KEAFALALGMEKTKLHN- - - - - FNISALIGVDPVAGPDHNH- - - - - Q
Brassica napus ALTGHSR KTAFAVALKKFGYSS5 - - - -~ ELKISALIGVDPVDGTGKG - - - - - KQ
Brassica oleracea ALTGHER KTAFAVALKKFGYSS - - - - - ELKISAIIGVDPVDGTGKG - - - - - KQ
Chenopodium album Al H:ER KEAFALALGFENIKLD - - - - - VTFEALIGVDPVAGRESVD - - - - - DR
Citrus limon AVMGHE:R QTAFALSLR- - - - - - - - - - - - YGFGAVIGLDPVAGTEKTTG- - - - -
Citrus sinensis AVMGHESR QTAFALSLR- - - -- - YGFGAVIGLDPVAGTEKTTG - - - - -
Citrus unshiu AVMGHER QTAFALSLR- - - -- - YGFGAVIGLDPVAGTEKTTG - - - - -
Cucumis sativus ALAGHSR KTSFALALQKSS - - - - - - - - - - KLEALIGLDPVDGTGSG- - - - - KQ
Elaeis guineensis ALAGH:ER HAAFSLALGHAETK- - - - - - - LKFSLLMGIDPVAGPSKC - - - - - caQ
Ginkgo biloba VLAGHER KVAFALALGRV:EQP- - - - - - LKEYSALVGLDPVDGMGKD - - - - - QaQ
Jatropha curcas CIAGHER KAAFALALRKTATT - - - - - - - LKFEAIIGVDPVDGMDKG - - - - - KQ
Malus domestica ALAGHSR KTAFAIALGRAKT:S - - - - - LELKISLLIGIDPVAGANRYCR- - - - -
Medicago truncatula AL H:R KTSFAITALRKLNITID- - - - - LKFZAILGIDPVDGLGEG - - - - - 1Q
Oryza sativa | HSR KVAFALALGHANVELR A ATIAALVAVDPVDGFAAG- - - - - KQ
Pachira macrocarpa ALVGHE:ER KTAFALALGRAKTA- - - - - - - QNFSALVGIDPVAGN-RFGE- - - - -
Phoenix dactylifera LAGHSR KVAFALALGHAKTA - - - - - - - LNFEALMG IDPVDGMDKG - - - - - KQ
Picea sitchensis AMAGHER KVAFGLALDRT:QTT- - - - - ELKFSALVGVDPVDGMARG - - - - - RQ
Picrorhiza kurrooa VLAGHSR KVAFALALNKEHTTESP - - - - - LKFSALIGIDPVDGMDKG - - - - - KQ
Piper betle TLAGHSR KAAFCMLLGLA PLT----- Var LIGVDPVAGFQIPGINYKME
Populus trichocarpa LAGHSR KTAFALALEKAAAT - - - - - - - LKFSALIGVDPVDGMDKG - - - - - KQ
Prunus mume AL HSR KAAFALALGHAKTA- - - - - LELKFEVLIGIDPVAGANQHCT - - - - -
Pyrus x bretschneideri AL H:ER KTAFAIALGRAKT: - - - - - LELKITEVLIGIDPVAGANRYCR - - - - -
Sesamum indicum LAGHSR KVAFALALTKS - - - - - - - - - - LKLEALIGIDPVDGMDIG - - - - - KaQ
Setaria italica v H:R KVAFALALGHAK- - - - - - - LAIPLAALVAVDPVDGMGMG - - - - - RQ
Solanum lycopersicum LAGHSR KAAFALTLGKVTHNVTT----DLKFX---GIDPVDGLGHNG- - - - - KQ
Solanum pennellii LAGHSR KAAFSLALGRLATIST-- - -DLEKFEALIGVDPVDGMEKG - - - - - KQ
Solanum tuberosum VLAGHER KAAFALALGKVANVTT----NLKFSALIGIDPVDGVDKG - - - - - 1Q
Triticum aestivum ALAGHER HTAFSLALGHAKTQ- - - - - - - LTFEALIGLDPVAGTGKS - - - - - Q
Triticum urartu ALAGHSR HTAFSLALGHAKTQ- - - - - - - LTFSALIGLDPVAGTGKS - - - - - Q
Vitis vinifera ALAGHER YLAFALALGNANVSE - - - - - MHLKFLTLIGIDPVAGANKCMK - - - - -
Zea mays I H:R KVAFALALGHAKA- - - - - KLAVPLAAVVAVDPVDGMGVG - - - - - KQ

Figure 2. Multiple alignment of plant chlorophyllases. The red line represents the conserved GHSRG lipase motif.
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Figure 3. Phylogenetic analysis of plant chlorophyllases. The un-rooted phylogenetic tree was constructed in MEGAS using the Neighbor-
Joining method. Each color represents a clade: Red clade, I; Black line, clade IlI; Blueclade 1I; and Yellow, clade IV

As determined by CDD analysis, all the chlorophyllase
sequences shared similarity to the esterases/lipases
superfamily (cl21494) and alpha/beta hydrolase family
(pfam12695). To further analyze the similarity between
chlorophyllases, the sequences were multiple-aligned with
the consensus sequence of esterases/lipases superfamily
(over their full length) or alpha/beta hydrolase family (over
their partial sequences having similarity to pfam12695),
separately and subjected to tree construction (Figures 4 and
5). Alignment of the chlorophyllases with the cl21494
domain resulted in the formation of four distinct clades.
Accordingly, the 121494 domain was grouped in clade |
together with the chlorophyllases from Solanum (S.)
ycopersicum, S. tuberosum, S. pennellii, Phoenix (P.)
dactylifera, G. biloba, Amborella (A.) trichopoda,

Picrorhiza (P ) kurrooa, Sesamum (S.) indicum, Jatropha

(J.) curcas, Populus (P.) trichocarpa, Medicago (M.)

truncatula, Brassica (B.) napus, B. oleracea, Cucumis (C.)

Nsativus, Picea (P.) sitchensis, Oryza (O.) sativa, Setaria
(S.) italic and Zea (Z.) mays (Figure 4). This means that
these sequences had higher similarities to the consensus
sequence of esterases/lipases superfamily (cl21494).

As shown in Fig. 5, alignment of the chlorophyllases’
partial sequences with the pfam12695 domain resulted in
the formation of a tree with seven distinct clades, and the
pfam12695 domain was grouped in cladelll together with
the chlorophyllase from B. napus, B. oleracea, Prunus (P.)
mume, A. tauschii, T. aestivum and T. urartu. The similar-
ity between the members of each clade may reflect their
evolutionary relatedness and the similarity between their
functions.

3.4. Physicochemical properties prediction

Biochemical characteristics of plant chlorophyllases
predicted using ProtParam are shown in Table 2. Amino
acid count of plant chlorophyllases lied between 296 and

367. The enzymes from B. napus and O. sativa had the
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shortest and the longest sequences, respectively.
Accordingly, the lowest molecular weight (32.65 kDa) was
found to be for Brassica napus chlorophyllase, and the
highest molecular weight (37.77 kDa) was for the
chlorophyllase of O. sativa (Table 2).

Vitis (V.) vinifera chlorophyllase was predicted to have
the lowest pl (4.80), and Chenopodium album had the
highest pl (8.97, Table 2). Based on their pl value, plant
chlorophyllases can be divided into three groups: acidic
chlorophyllases, having pl<6, including chlorophyllase
from P. sitchensis, P. betle, A. tauschii, T. aestivum, C.
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unshiu, C. limon, V. vinifera, Arabidopsis (A.) lyrata, A.
thaliana, and P. macrocarpa; neutral chlorophyllases,
having pl=6-8, including those from S. lycopersicum, S.
tuberosum, S. pennellii, P. kurrooa, Sesamum (S.) indicum,
Cucumis (C.) sativus, Phoenix (P.) dactylifera, Medicago
(M.) truncatula, B. oleracea, A. trichopoda, O. sativa,
Setaria (S.) italic, Z. mays, G. biloba, T. urartu, Elaeis (E.)
guineensis, C. sinensis, P. mume, Malus (M.) domestica
and P. bretschneideri; and alkaline chlorophyllases, having
pI>8, including those from C. album, Beta vulgaris, J.
curcas, P. trichocarpa and S. lycopersicum.
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Figure 4. Phylogenetic analysis of plant chlorophyllases sequences aligned with esterases/lipases superfamily (c121494) domain consensus
sequence. Each color represents a clade: Red, clade I; Blue, clade Il; and Green, clade IlI.
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Figure 5. Phylogenetic analysis of partial plant chlorophyllase sequences aligned with alpha/beta hydrolase family (pfam12695) domain
consensus sequence. Each color represents a clade: Red, clade I; Blue, clade I1; and Yellow, clade III.

Chlorophyllases from E. guineensis and C. limon had the
highest and the lowest aliphatic indices among the
chlorophyllases, respectively. The aliphatic index of protein is the
relative volume occupied by aliphatic side chains (e.g. alanine,
valine, isoleucine, and leucine) [22]. Total number of amino
acids alanine, valine, isoleucine, and leucine from E
guineensis and C. limon chlorophyllases were 99 and 88,
respectively. It has been found that a direct correlation
exists between the aliphatic index and thermostability of
proteins [22]. Enzymes with higher thermostability could
be used in higher reaction temperatures, which leads to the
acceleration of reaction (by decrease of diffusional

limitations). In addition, half-life of thermostable enzymes
is, generally, greater than that of thermolabile enzymes
[23]. Table 2 shows the instability index of the proteins. As
indicated, P. x bretschneideri and M. domestica provide
the most unstable and stable plant chlorophyllases,
respectively. Stable enzymes are of interest as they can be
used for a longer time in biocatalysis [23]. Tsuchiya et al.
[7] and Chen et al. found that C. album and P. macrocarpa
chloro-phyllases overexpressed in E. coli were stable
which con-firms our prediction [8].
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Table 2. Predicted physicochemical properties of plant chlorophyllases

Chlorophyllase Accession no. Length MW (KDa) pl Instability index  Aliphaticindex GRAVY
Aegilops tauschii EMT19932 319 33.91 5.71 40.06 (unstable) 319 33914.1
Amborella trichopoda  XP_006838958 314 33.71 7.13  37.07 (stable) 314 33713.7
Arabidopsis lyrata EFH69319 324 34.84 5.33  42.95 (unstable) 82.78 0.028
Arabidopsis thaliana NP_564094 324 34.85 5.44  44.02 (unstable) 85.77 0.027
Beta vulgaris XP_010669258 337 37.20 8.86 37.77 (stable) 337 37200.9
Brassica napus CDX96924 296 32.65 5.64 36.96 (stable) 85.91 -0.121
Brassica oleracea AAN51934 321 35.24 6.25 39.10 (stable) 321 35236.5
Chenopodium album BAA93635 347 38.71 8.97 38.22 (stable) 347 38706.7
Citrus limon ACI06105 329 35.29 5.90 37.96 (stable) 329 35286.0
Citrus sinensis NP_001275819 329 35.25 6.06 36.13 (stable) 83.92 0.018
Citrus unshiu BABA47176 329 35.25 5.75 36.62 (stable) 83.62 -0.006
Cucumis sativus XP_004145391 316 33.91 6.86 47.56 (unstable) 316 33908.1
Elaeis guineensis XP_010934773 307 33.23 6.06 37.36 (stable) 307 33232.4
Ginkgo biloba AAP44978 342 37.18 6.66 40.79 (unstable) 342 37181.6
Jatropha curcas KDP40227 320 34.36 8.08 44.74 (unstable) 84.12 -0.014
Malus domestica XP_008355440 323 34.73 7.52 39.94 (stable) 87.86 0.107
Medicago truncatula KEH41056 306 33.91 6.16 32.39 (stable) 94.93 0.108
Oryza sativa AAP53795 367 37.77 6.59 38.76 (stable) 367 37768.4
Pachira macrocarpa ACO50429 313 33.78 5.66 36.62 (stable) 313 33780.5
Phoenix dactylifera XP_008775648 316 34.54 6.56 35.86 (stable) 316 34539.1
Picea sitchensis ACN40275 329 35.72 5.81 40.29 (unstable) 329 35719.7
Picrorhiza kurrooa AHZ35334 315 34.56 6.79 32.55 (stable) 315 34559.6
Piper betle AAP92160 306 33.01 5.89 37.34 (stable) 306 33005.9
Populus trichocarpa EEF01923 334 36.06 8.35 36.60 (stable) 334 36058.9
Prunus mume XP_008235366 319 34.16 6.05 44.17 (unstable) 90.47 0.120
Pyrus x bretschneideri  AEO19902 302 32.31 6.32 47.97 (unstable) 302 32315.3
Sesamum indicum XP_011090675 315 34.06 7.60 36.29 (stable) 315 34065.2
Setaria italica XP_004983205 347 35.38 7.19 40.34 (unstable) 347 35377.8
Solanum lycopersicum  XP_010326690 314 34.36 8.17 41.23 (unstable) 88.41 -0.077
Solanum pennellii ADZ24715 315 34.39 6.82 39.24 (stable) 315 34386.7
Solanum tuberosum XP_006363484 318 34.77 6.70 39.57 (stable) 94.06 0.022
Triticum aestivum AHJ14565 319 33.84 5.71 38.25 (stable) 90.94 0.117
Triticum urartu EMS62705 303 32.44 6.94 37.65 (stable) 303 32437.6
Vitis vinifera XP_002271936 315 33.26 4.80 30.17 (stable) 315 33257.6
Zea mays NP_001130783 346 35.99 7.77  36.19 (stable) 346 35988.3

MW, molecular weight; pl, isoelectric point; GRAVY, grand average of hydropathicity

The GRAVY value for a protein or a peptide is
calculated by adding the hydropathy values for each
residue and dividing by the length of the sequence. As
shown in Table 2, the GRAVY of plant chlorophyllase
from O. sativa is more hydrophilic than the other
chlorophyllases. In addition, C. unshiu chlorophyllase is
less hydrophilic than the other chlorophyllases.

3.5. Solubility upon overexpression

The success of modern biotechnology results from the
ability to express foreign or heterologous genes in a host
organism. However, transcription and translation of a
recombinant gene do not always lead to the accumulation
of a correctly folded fully active protein [24], especially
when overexpressed in E. coli [25]. Idicula-Thomas and
Balaji and Bertone et al. suggest that the primary structure
of a protein and host/vector-dependent factors may be the
determining factors in the inherent propensity of a protein
to inclusion body formation [26,27]. The most important
primary structure-dependent determinants of propensity to
inclusion body formation include hydrophobicity [28],
aliphatic index, instability index, molecular weight, acidic
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residues count, serine composition, Asn, Thr, and Tyr
content, and tripeptide composition [26,27,29].

In this study, the SOLpro tool was used to predict the
solubility of plant chlorophyllases upon overexpression in
E. coli [17]. The chlorophyllases from M. domesticaand C.
unshiu were predicted to have the highest probabilities of
solubility and insolubility, respectively (Table 3). Of 35
plant chlorophyllases, only eight sequences (S. pennellii, T.
aestivum, T. urartu, A. lyrata, P. macrocarpa, P. mume
and M. domestica) were predicted to be soluble while the
other 28 plant chlorophyllases were predicted to be
insoluble upon overexpression in E. coli. In fact, as discus-
sed before, chlorophyllases localize in the chloroplast, in
some cases, they are known to be membrane-associated
proteins. This type of localization requires a more hydro-
phobic protein sequence, which though helping the
protein’s travel to the membrane, leads to the lower protein
solubility. Insoluble proteins are more prone to inclusion
body formation; however, the activity of insoluble proteins
can be recovered from inclusion bodies by re-folding
techniques [25,26].
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Table 3. Prediction of solubility upon overexpression, disulfide bond formation and N-glycosylation of plant chlorophyllase upon

expression in E. coli

Chlorophyllase Accession no. Solubility on Cys  Disulfide bonds N-glycosylation®
overexpresssion®

Aegilops tauschii EMT19932 Insoluble (0.670372) 7 3 (220-234,262-264,270-277) 1(11)

Amborella trichopoda XP_006838958 Insoluble (0.500000) 6 2 (75-97,212-226) 0

Arabidopsis lyrata EFH69319 Soluble (0.530532) 6 2 (49-92,215-229) 1(36)

Arabidopsis thaliana NP_564094 Insoluble (0.551266) 6 2 (49-92,215-229) 0

Beta vulgaris XP_010669258 Insoluble (0.700899) 3 1 (235-253) 4 (198,213,257,311)

Brassica napus CDX96924 Insoluble (0.637278) 6 2 (194-208,272-281) 1 (106)

Brassica oleracea AAN51934 Insoluble (0.748598) 8 3(28-30,219-233,297-306) 1(131)

Chenopodium album BAA93635 Insoluble (0.788478) 3 1(234-248) 4 (215,229,251,321)

Citrus limon ACI06105 Insoluble (0.823975) 5 2 (209-213,263-276) 5 (77,137,229,249,264)

Citrus sinensis NP_001275819 Insoluble (0.811271) 5 2 (209-213,263-276) 5 (77,137,229,249,267)

Citrus unshiu BAB47176 Insoluble (0.850124) 5 2 (209-213,263-276) 5(77,137,229,249,267)

Cucumis sativus XP_004145391  Insoluble (0.510869) 6 2 (38-39,215-229) 2 (109,103)

Elaeis guineensis XP_010934773 Insoluble (0.587407) 8 3(168-169,208-226,252-258) 2

Ginkgo biloba AAP44978 Insoluble (0.729898) 8 3 (28-44,214-223,271-341) 3 (24,35,103)

Jatropha curcas KDP40227 Insoluble (0.769768) 7 2 (38-140,234-239) 0

Malus domestica XP_008355440  Soluble (0.861276) 12 5 (25-29,96-102,180-215,220- 2 (7,270)
234,238-266)

Medicago truncatula KEH41056 Insoluble (0.742705) 4 2 (206-220,252-254) 2 (115,144)

Oryza sativa AAP53795 Insoluble (0.793297) 8 3 (56-86,272-277,306-340) 2 (189,364)

Pachira macrocarpa ACO050429 Soluble (0.707594) 6 2 (206-209,259-272) 3 (34,156,246)

Phoenix dactylifera XP_008775648 Insoluble (0.753297) 6 2 (45-124,207-221) 2 (12,151)

Picea sitchensis ACN40275 Insoluble (0.572077) 8 3(90-107,212-226,260-284) 0

Picrorhiza kurrooa AHZ35334 Insoluble (0.677170) 7 3 (24-29,213-227,228-261) 4 (4,16,125,147)

Piper betle AAP92160 Insoluble (0.572077) 8 3(90-107,212-226,260-284) 4 (20,23,111,173)

Populus trichocarpa EEF01923 Insoluble ( 0.623300) 7 2 (50-72,234-248) 1 (149)

Prunus mume XP_008235366  Soluble (0.685624) 10 4 (32-35,176-211,216-230,234-262) 2 (191,266)

Pyrus x bretschneideri AEO019902 Insoluble (0.614554) 11 4 (8-18,75-159,194-199,213-217) 1 (249)

Sesamum indicum XP_011090675  Insoluble (0.696239) 9 3 (34-39,214-228,262-267) 3(2,21,131)

Setaria italica XP_004983205 Insoluble (0.729457) 7 3 (14-20,235-246,257-286) 0

Solanum lycopersicum  XP_010326690 Insoluble (0.654519) 5 2 (213-227,232-261) 4 (20,35,154,289)

Solanum pennellii ADZ24715 Soluble (0.646704) 8 3 (11-32,214-228,229-233) 1(290)

Solanum tuberosum XP_006363484 Insoluble (0.634907) 7 3(217-231,232-236,263-265) 4

Triticum aestivum AHJ14565 Soluble (0.581306) 7 3 (220-234,262-264,270-277) 1(11)

Triticum urartu EMS62705 Soluble (0.563515) 7 3 (218-222,246-248,254-261) 0

Vitis vinifera XP_002271936 Insoluble (0.776868) 16 6 (30-59,166-170,205-207,221- 1 (144)
225,244-247,260-273)

Zea mays NP_001130783 Insoluble (0.812731) 4 2 (51-238,259-288) 1(151)

a) Probability values are presented within parentheses. b) The position of disulfide bonds is written within the parentheses. c¢) The position of N-

glycosylation sites is written within the parentheses.

3.6. Disulfide bond formation

The result of connecting the thiol groups of two cysteine
amino acids is formation of disulfides bond on the
polypeptide chains. These bonds are responsible for
stabilizing the globular structure and correct conformation
of the protein [30]. In addition, extracellular proteins often
have several disulfide bonds, whereas intracellular proteins
usually lack them. Disulfide bonds’ prediction can be
useful in selecting recombinant expression system [30].
Table 3 shows the prediction by Dlpro of disulfide bond
formation for different chlorophyllases. Chlorophyllases
from Beta vulgaris and C. album were predicted to have
the lowest number (only one) of disulfide bonds (Table 3).
Enzymes from V. vinifera and M. domestica contained the
highest amount of cysteine residues, 16 and 12,
respectively, and the highest disulfide bonds, 6 and 5,
respectively. This means that according to our prediction,
recombinant production of these chlorophyllases might be
performed using expression systems that provide a suitable
redox medium for disulfide bond formation. In this

Appl Food Biotechnol, Vol. 4, No. 3 (2017)

context, yeast extracellular or E. coli
expression systems may be of interest.

preplasmic

3.7. Potential glycosylation sites

Glycosylation is one of the most common and
structurally diverse forms of post-translational alteration of
proteins. The bacterial host lacks post-translational
modification systems such as glycosylation, but species
from animals, plants and fungi have the ability to
glycosylate proteins [31]. Glycosylation may increase the
stability of the protein, and in some cases, decrease the
biological activity because of masking of the active site
[31]. There are two basic types of protein glycosylation: N-
glycosylation and O-glycosylation [27]. N-glycans are
produced from a 14-mer precursor structure that is added
to asparagine residues in the consensus sequence Asn-X-
Ser/Thr, where X can be any amino acid except proline. O-
glycans are present on Serine or Threonine residues and do
not present a linear consensus sequence from which their
position in a protein can be detected. Comparing to O-
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glycosylation, N-glycosylation is more effective in
molecular weight increase [32].

Table 3 shows the potential N-glycosylation sites of
plant chlorophyllases predicted by NetNglyc. Chloro-
phyllases from J. curcas, A. trichopoda, S. italica, P. betle,
T. urartu and A. thaliana have no potential N-
glycosylation site. The highest numbers of N-glycosylation
site were found for chlorophyllases from C. sinensis (5
potential sites), Citrus unshiu (5 potential sites), C. limon
(5 potential sites), S. lycopersicum (4 potential sites), S.
tuberosum (4 potential sites), P. kurrooa (4 potential sites),
P. betle, C. album (4 potential sites), and B. vulgaris (4
potential sites). These enzymes together with the other
chlorophyllases, which were predicted to contain one to
three N-glycosylation sites, may be N-glycosylated if
secreted by yeast hosts.

Shemer et al. and Jacob-Wilk et al. suggested that the
chlorophyllase from citrus fruit (C. sinensis) may be a
glycoprotein [20,33]. Terpstra showed that the chloroph-
yllase from P. tricomutum (diatom) contains at least three
different glycopeptides that play a role in the enzymatic
activity [34]. However, Jacob-Wilk et al. reported that
glycosylation is not a prerequisite for the hydrolytic act-
ivity of E. coli-produced citrus chlorophyllase [33]. There
is still little information on the dependence of different
plant chlorophyllases on posttranslational glycosylation.
Laboratory experiments are suggested to address the issue.

4. Conclusion

In this study, 35plant chlorophyllase sequences were
evaluated using different bioinformatics tools. Generally,
plant chlorophyllases were similar in terms of their domain
structure (the esterases/lipases superfamily domain (cl214
94) over their full length, and the alpha/beta hydrolase
family domain (pfam12695) over their middle part
sequences). Plant chlorophyllases could be classified into
four clades based on the similarity among their sequences.
Based on their pl value, plant chlorophyllases could be
divided into acidic, neutral and basic enzymes. V. vinifera
chlorophyllase was predicted to have the lowest pl (4.80)
and the chlorophyllase from C. album was predicted to
have the highest pl (8.97). The chlorophyllases form S.
pennellii, T. aestivum, T. urartu, A. lyrata, P. macrocarpa,
P.mume and M. domestica were predicted to be soluble
upon overexpression in E. coli. The enzyme from V.
vinifera was found to have the highest number of disulfide
bond. The chlorophyllases from J. curcas, A. trichopoda,
S. italica, P. betle, T. urartu and A. thaliana were predicted
to be in non-N-glycosylated form. However, due to the
possible for-mation of more than two disulfide bonds in
these proteins, expression using E. coli preplasmic system
is suggested for these enzymes. Also due to the prediction
of some glycosylation sites or some disulfide bonds in the
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other enzymes, yeast extracellular expression system is
recommended for these enzymes.
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