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Background: The salivary glands of Lucilia sericata are the first organs to express specific endopeptidase enzymes.
These enzymes play a central role in wound healing, and they have potential to be used therapeutically.
Methods: Rapid amplification of cDNA ends and rapid amplification of genomic ends were used to identify the
coding sequence of MMP-1 from L. sericata. Different segments of MMP1 gene, namely the middle part, 3′ end,
and 5′ end, were cloned, sequenced, and analyzed using bioinformatics tools to determine the distinct features
of MMP-1 protein.
Results: Assembling the different segments revealed that the complete mRNA sequence of MMP-1 is 1932 bp
long. CDS is 1212 bp long and is responsible for the production of MMP-1 of 404 amino acid residues with a
predicted molecular weight of 45.1 kDa. The middle part, 3′ end, and 5′ end sequences were 933, 503, and
496 bp. In addition, it was revealed that the MMP-1 genomic sequence includes three exons and two introns.
Furthermore, the three-dimensional structure of L. sericata MMP-1 protein was evaluated, and its alignment
defined that it has high similarity to chain A of human MMP-2 with 100% confidence, 72% coverage, and 38%
identity according to the SWISS-MODEL modeling analysis.
Conclusions:MMP-1 of L. sericata has a close relationshipwith its homologs in invertebrates and other insects. The
present study significantly contributes to understanding the function, classification, and evolution of the
characterized MMP-1 from L. sericata and provides basic required information for the development of an
effective medical bioproduct.
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1. Introduction

Matrix metalloproteinases (MMPs) are a family of endopeptidases
that are prevalently known for their capability to break down the
components of extracellular matrix (ECM) by degrading type I, II, and
III native interstitial collagen [1]. A member of the MMP family,
collagenase, was identified for the first time in 1962 [2]. Later, its
primary structure, gene product, substrates, and therapeutic uses were
reported and reviewed [3].

Lucilia sericata has been indicated to have a Holarctic distribution,
but it can be found anywhere in the world, including in the
Neotropical zones. There are also some reports of its distribution in
Australia, Colombia, Argentina, Brazil, Chile, and Peru [3], as well as its
presence in Iran [4,5]. L. sericata is considered a synanthropic species
and has a close relation with human settlements and with a
idad Católica de Valparaíso.
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necrophagous insect from the family Calliphoridae [6–8]. L. sericata
has an important function in human medicine because it was the most
common larval species used for maggot debridement therapy in
ancient medicine for wound healing [9]. From the clinical point of
view, two major effects of larval therapy have been ascribed: their
secreted antibacterial compounds and their debriding mechanisms
[10]. With regard to the latter function, it can be speculated that when
the larvae spread out inside the wound, they secrete proteolytic
enzymes that enable them to degrade and ingest necrotic tissues [11].
In addition, it has been revealed that 82 genes are expressed by L.
sericata larvae at 4, 7, and 10 days during the regenerative process of
wound healing [12]. Furthermore, transcriptome analysis revealed
that one of the most important expressed transcripts is related to the
matrix metallopeptidase family [12]. This species of flies, L. sericata,
also plays a major role, as an agent of facultative myiasis, in humans
and animals [13].

MMPs are a family of endopeptidases that are usually famous for
their abilities to cleave the components of connective tissues in
physiological and pathological processes [14]. MMPs have expanded
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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Table 1
List of the primers used in this study.

Experiments Primer
name

Sequence (5′–3′)

Gene-specific primers LUF226 AGCCGTGCAGGACTTTCAAAG
LUF293 GAATTAATGTCACTGCCACGTTGTG
LUF353 CGTTCTAAGCGTTATGCACTCCAG
LUF566 GGTGATGGTGACGCTTTCGATG
R1138 TGCCCTTGAAGAAATATGTTTTGCCA
R1205 GTAAAACCTTCACTAATCTCTTTCGGGTA
R1289 GCCAGAATTTACTGCCCTTATAGAAGTA
R1525 TCTTGCAACCGAACCACCAG

3′ RACE F1146 CATATTTCTTCAAGGGCACCAAATATTG
F1200 GTGATTACCCGAAAGAGATTAGTGAAG
F1359 CCAAACCGATTTCGAATTGGGAAG

5′ genome walking GWA GATCAGGCGTCGCGTACCTCNNCTACTG
GWB GATCAGGCGTCGCGTACCTCNNCTACT
GWC GATCAGGCGTCGCGTACCTCNNCTAC
GWD GATCAGGCGTCGCGTACCTCNNCACGCA
GWE: GATCAGGCGTCGCGTACCTCNNCACGC
GWF GATCAGGCGTCGCGTACCTCNNCACG
GWG GATCAGGCGTCGCGTACCTCNNGAGAC
UAP-N1 CCTGTGAGCAGTCGTATCCACCGATC

AGGCGTCGCGTACCTC
UAP-N2 CCTGTGAGCAGTCGTATCCAC
Lu5–243 TGAAAGTCCTGCACGGCTTTG
Lu5–317 CACAACGTGGCAGTGACATTAATTC
Lu5–377 CCTGGAGTGCATAACGCTTAGAAC
Lu5–735 AAACCCAAAGAGTGACCAAATTCATG

Full length Forward ATGGAATTAATGTCACTGCCAC
Reverse CATTTGCAGTAAGTATTTCTCTGATA
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physiological roles in biology for the regulation of cellular functions
such as apoptosis, proliferation, differentiation, angiogenesis,
migration, invasion, metastasis, and host defense [15]. Depending on
their substrate specificities and sequence characteristics, MMPs are
categorized into six main subclasses, namely collagenase, gelatinase,
stromelysins, matrilysins, membrane-type MMPs, and others [16],
which all are the main proteolytic enzymes responsible for food
digestion in flies.

The ability to degrade different types of collagens (I, II, III, and IV) is
the unique feature of MMPs. The proteolytic activity of MMPs can
facilitate cell migration; produce specific substrate-cleavage fragments
with independent biological activity; regulate tissue architecture
through effects on the ECM and intracellular junctions; and activate,
deactivate, or modify the activity of signaling molecules. Because cells
have receptors for structural components of ECM, MMPs can also affect
cellular functions by regulating the ECM proteins and their effects on
cell interactions. In many cases, the cleavage of ECM substrates with
MMPs generates fragments with different biological activities,
compared to their precursors [17]. For instance, the cleavage of
laminin-5 or collagen IV leads to the exposure of cryptic sites that
promote cell migration. Degradation of type I collagen, which is
mediated by MMP-1, is necessary for epithelial cell migration and
wound healing in culture models [18]. The cleavage of ECM proteins by
MMPs can also release ECM-bound growth factors, including insulin
growth factors and fibroblast growth factors [19]. Recently, therapeutic
methods are based on non-invasive approaches have been emphasized
in medical society. In regenerative medicine, reducing the number of
invasive procedures is the main objective, and it is the focal point of
most related research studies. Collagenases catalyze the chemical
processes and break the peptide bonds in collagen [20]. In some
situations, collagen may be generated in more than the required
amount, accumulate in unsuitable sites, or may not degrade after the
specific time. In such cases, applying injectable collagenase or its
ointment can be helpful in the degradation of the undesirable collagen
deposits [21]. Furthermore, the therapeutic applications of collagenase
have been demonstrated, both in vitro and in vivo, in different
pathologic situations such as Peyronie's disease [22], glaucoma [23,24],
wound healing [25], intervertebral disc herniation [26], burns [27],
keloid [28], Dupuytren's disease [29], nipple pain [30], cellulite [31],
and lipoma [32]. Concerning the importance of collagenase and its
medical applications [33] and the fact that the only available
collagenase with bacterial origin in the market has some side effects,
this study was undertaken to identify and characterize collagenase-1
(MMP-1)- coding sequence (CDS) in L. sericata salivary gland
transcriptome to provide basic information for future application-based
studies.

2. Material and methods

2.1. Rearing of L. sericata larvae

Experimentswere performed on thefirst instar of L. sericatamaggots
from a colony that had been reared in the facilities of NNHB Company
established within the National Insectarium of Iran (NII), MVRG,
Pasteur Institute of Iran (PII), under constant conditions. Adults were
exposed to a 12-h light/dark cycle in a relative humidity of 40–50% at
18–25°C. The larvae were fed on ground chicken liver. Accurate
species identification was routinely confirmed using morphological
and molecular tools.

2.2. Primer design

Because the L. sericata genome has not been sequenced yet and on
the basis of our previous study [34], rapid amplification of cDNA ends
(RACE) and rapid amplification of genomic ends (RAGE) were selected
for the determination of L. sericata collagenase sequence. First, the
mRNA sequences of MMPs from different insects such as Musca
domestica (9XM_005179293.20), Tribolium castaneum (XM_
008195377.1), Culex quinquefasciatus (XM_001861678.1), Bombyx mori
(XM_004932241), and Drosophila melanogaster (NM_001259570.2)
were aligned using the MEGA software (version 6.0). After analysis,
four regions were chosen to design gene-specific primers (GSPs).
LUF226, LUF293, LUF353, and LUF566 as well as R1138, R1205, R1289,
and R1525 were designed as forward and reverse primers, respectively,
to determine the middle part of the target gene. In the next step, on
the basis of the middle part sequence of MMP1 mRNA molecule, GSPs
were designed for 3′ RACE (F1146, F1200, and F1359). The RAGE
method was used to determine the 5′ end sequence. GWA, GWB, GWC,
GWD, GWE, GWF, GWG, UAP-N1, UAP-N2, LU5–243, LU5–317, LU5–
377, and LU5–735 primers were used to perform RAGE in different
reactions (Table 1).

2.3. Dissection of the salivary glands

The first instar maggots were anesthetized on ice and decapitated
[35]. Dissection was performed in cold phosphate-buffered saline,
pH 7.4 (150 mM NaCl and 10 mM Na2HPO4). The salivary glands were
dissected 48 h post feeding on chicken liver. Six biological replicates,
each consisting of salivary glands from three maggots, were collected
for each time point and then kept at -70°C.

2.4. RNA extraction for standard reverse transcription-polymerase chain
reactions

Total RNAwas extracted from the salivary glands of the first instar of
maggots using the total RNA purification kit (Jena Bioscience,
Germany), and the extracted RNAs were treated by DNaseI
(Fermentas, USA), both according to the manufacturer's instruction.

2.5. Reverse transcription (cDNA synthesis)

The single-stranded cDNA was synthesized using AccuPower
RocketScript RT PreMix kit (Bioneer, Korea) following the
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manufacturer's instruction. Briefly, reverse transcription (RT) was
performed in a final volume of 20 μl by using random hexamer, linker,
or GSP (according to the next reaction) as the primers. RT reaction
was started with the following program: 10 min at 25°C, 60 min at
42°C, and 10 min at 70°C. All reagents were purchased from
Fermentas (USA). Finally, genomic DNA contamination was checked
using LUF226 and R1138 primers after the preparation of cDNA.

2.6. Polymerase chain reactions

All polymerase chain reactions (PCRs) were performed in a 20-μl
total volume for 35 cycles using 2 μl of synthesized cDNA or 150 ng
genomic DNA in each reaction as template. The reaction mixture
contained 400 nM of each primer, 1.5 mM MgCl2, 1 unit Taq DNA
polymerase, 0.2 mM dNTPs, 2 μl 10× reaction buffer, and 1.5 mM
MgCl2, and the final volume was adjusted to 20 μl with double
distilled water (DDW). The amplification program was set as follows:
5 min at 94°C; followed by 35 cycles of denaturation at 94°C for 30 s,
annealing at 58°C for 30 s, and extension at 72°C for 80s; and an
additional final extension at 72°C for 10 min.

The amplified ampliconswere purified using theDNAgel purification
kit (GF-1 Vivantis, Malaysia). The purified PCR products were adenine
(A) and thymine (T) (complementary base pairs), which were
TA-cloned into the pTG19-T vector (Vivantis, Malaysia) according to
the manufacturer's instruction. Recombinant clones were selected
using blue/white screening on Luria-Bertani agar plates containing
X-gal (1.6 μg/ml), IPTG (1.6 μg/ml), and ampicillin (2 μg/ml). White
colonies were confirmed by colony PCR using universal (M13 forward
and T7 promoter) and GSP primers. Four white colonies were picked
for sequencing (Macrogen, Korea) in both directions.

2.7. Middle part mRNA sequence determination of the MMP-1

Salivary gland RNAs were extracted, and cDNA was synthesized
using random hexamers, as described previously. To determine the
middle part sequence, primers were designed according to the
conserved regions of different MMP-1 mRNA sequences of five
different insects, obtained from the NCBI (GenBank accession Nos:
XM_005179293.2, XM_008195377.1, XM_001861678.1, NM
001123028.1, and NM_001259570.2; Tabel-1). Amplicons with size
close to the predicted range were cloned into the pTG19-T vector.
Plasmids were purified using the GeneJET Plasmid Miniprep Kit
(Fermentas, Canada) and sequenced using M13 forward and reverse
universal primers (Macrogen, Korea).

2.8. 3′ RACE

On the basis of the middle part sequence of the L. sericata MMP-1
mRNA molecule, the sequence of which was determined in the
previous step, three oligonucleotides were designed as GSPs. To
perform 3′ RACE reaction, first a linker was used to accomplish RT
according to Raz et al.'s study [34] (Table 1). Then, the outermost GSP
Fig. 1. Schematic illustration of the RA
(F1359) and outer primer were used as forward and reverse primers
to performed the first PCR [34]. Then, the product of the first reaction
was verified by internal GSPs (F1200, F1138, and F1146) and inner
primer as forward and reveres primers, respectively [34]. After the
confirmation, the first-round PCR product was TA-cloned, sequenced,
and analyzed as before.

2.9. Determining the 5′ end of L. sericata MMP-1 by RAGE

The RAGE method was used to determine the 5′ end sequence of L.
sericata MMP-1 DNA molecule. The schematic illustration is shown in
Fig. 1. From the repeated sequences in different organisms, seven
genome-walking primers (GWPs) were designed (Table 1). In the first
step, single-stranded DNA (ssDNA) molecules were synthesized using
the LU5–735 reveres primer in seven tubes from A to G separately.
One tube was allotted for each GWP with a final volume of 15 μl. Each
tube contained 1.5 μl PCR buffer 10×, 2 mM MgCl2, 0.2 mM dNTPs,
400 nM GWP, 5 μl cDNA, and 1 unit Taq DNA polymerase (Mix); the
final volume was adjusted to 15 μl with DDW. PCR was then set
according to the following program: 5 min at 94°C for one cycle,
followed by 25 cycles of denaturation at 94°C for 30 s, annealing at
59°C for 30 s, and extension at 72°C for 4 min. In the last cycle, the
PCR product was further incubated at 72°C for 10 min. Then to
confirm the ssDNA PCR products of each tube (A to G), these products
were run on 1% agarose gel. In an ideal situation, no amplicon should
be seen on the agarose gel. The second step was started without
delay: 1.6 μl GWP, 3.2 μl Mix, and 1 unit of Taq DNA polymerase
(5 U/μl) were added to each tube, which were labeled alphabetically
from A to G. Then the PCR assay was performed according to Table 2.
In the third step, PCR products of the previous step were diluted 1/25
(v/v), and 1 μl of diluted product was used as template for this step
with UAP-N1, Lu5-317, and Lu5-377 primers. PCR was performed with
the following program: 5 min at 94°C for one cycle, followed by
35 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s,
and extension at 72°C for 80 s. In the last cycle, the PCR product was
further incubated at 72°C for 10 min. In the fourth step, the previous
PCR products were diluted 1/25 and used as a template for PCR with
Lu5–243 and UAP-N2 primers in seven separate reactions with the
third-step PCR program. Finally, the PCR products of different GWPs
were analyzed on 1.5% agarose gel, and sharp products were
TA-cloned and sequenced.

2.10. Assembly of different fragments and total MMP-1 mRNA sequence
determination

After identification of the middle and 3′ and 5′ end sequences of L.
sericata collagenase, different fragments were assembled using the
DNA Laser gene software (version 7.0). Finally, the assembled
sequence was considered the full-length mRNA sequence of MMP-1 of
L. sericata. This sequence was analyzed, its CDS was determined, and
specific primers were designed to amplify the CDS and open reading
frame (ORF) of MMP-1 gene for gene structure analysis. Full-length
GE method to determine 5′ ends.



Table 2
PCR program to recognize 5′ ends in the RAGE method.

10 cycles from 2 to 3 7 cycles from 5 to 13

94°C 34°C 72°C 72°C 94°C 15°C 72°C 94°C 65°C 72°C 94°C 36°C 72°C 72°C
4 min 1 min 1 min 5 min 30 s 30 s 3 min 30 s 30 s 30 s 30 s 60 s 3 min 15 min

Fig. 2. Amplification of the middle part sequence of L. sericata MMP-1mRNA. Different
combinations of designed primers were evaluated to detect L. sericata MMP-1 middle
part: Lane 1: Ladder 100 bp, Lane 2: LUF226-R1205 (979 bp), Lane 3: LUF293-R1289
(996 bp), and Lane 4: LUF226-R1289(1063 bp).
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molecular characterization was performed by the software mentioned
in the “bioinformatics section”. The putative hemopexin and
zinc-binding domains were determined with the NCBI BLASTp online
tool.

2.11. Bioinformatics

All primers were designed using the GeneRunner software (version
4). Alignments were performed by the MEGA software (version 6.0),
and their specificity for PCR was checked by nucleotide BLAST on NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Moreover, ZincExplorer online
software was used to predict zinc-binding sites according to its related
protein sequence (http://protein.cau.edu.cn/ZincExplorer). Furthermore,
Phyre2 web portal was used for the identification of similar proteins
and determination of 3D structure.

To characterize the structural features of the protein coded by the
assembled sequence and ensure that our sequence is a member of
MMP-1 family enzymes, L. sericata MMP-1 was translated by
GeneRunner software (version 4.0), and the deduced sequence was
analyzed by different tools. First, protein BLAST was performed to
determine proteins with high similarity to identify and score their
characterization and classification. Similar proteins were selected to
perform an alignment with Clustal Omega, based on the ClustalW
method, to compare structural residues that are important for MMP
protein classification. The presence of signal peptide was analyzed by
SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/), Signal
BLAST (http://sigpep.services.came.sbg.ac.at/signalblast.html), and
Signal-3L 2.0 online tools. The potential cleavage site to create the
activated form of our target protein was predicted by PeptideCutter
(http://web.expasy.org/peptide_cutter/) and PROSPER (https://
prosper.erc.monash.edu.au/webserver.html), and its 3D structure was
predicted by SWISS-MODEL (https://swissmodel.expasy.org/) and
Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index)
servers.

The structural features of our target sequence was determined by
comparing it with a similar protein, which had been determined by
SWISS-MODEL and Phyre2 servers with a high confidence score
according to homology modeling. All alignments in this study were
performed by the ClustalW method. Superimposition of the target
protein with its fully characterized similar molecule and
root-mean-square deviation (RMSD) calculation were performed
using the DeepView/Swiss-pdbviewer (version 4.1.0) and UCSF
Chimera (version 1.11.2) software.

3. Results and discussion

3.1. Characterization of the middle part of L. sericata MMP-1 mRNA and
gene sequences

To determine the middle part sequence of L. sericata MMP-1 with
different primer combinations, PCR reactions, which were performed
using LUF226-R1205, LUF293-R1289, and LUF226-R1289 on the
synthesized cDNA, showed amplification of amplicons near to the
expected size of 979, 996, and 1063 bp, respectively (Fig. 2).
Sequencing of these fragments and BLAST analysis revealed their high
similarity (89%) with M. domestica MMP-14 mRNA sequence. The
middle part sequence characterized in this step was submitted to
GenBank (GenBank accession no: KP123435). L. sericata MMP-1
middle part mRNA sequence was aligned by Nucleotide BLAST, and it
was revealed that the sequence showed 82% similarity to M. domestica
MMP-14 mRNA sequence (XM_005179293). These steps were
performed based on our previous studies on Carboxypeptidase B1 and
Aminopeptidase N [34,36].

3.2. Characterization of the 3′ end of L. sericata MMP-1 mRNA sequence

cDNA molecules synthesized by the linker primer were used as a
template for primary PCR reactions with Outer as reverse and F1146,
F1200, and F1350 as forward primers. The combination of Outer
primer with all forward primers led to the amplification of amplicons
with a favorable length. The amplicon related to F1200 Outer primer
was confirmed using the inner primer as the reverse primer and by
using F1200 and F1350 internal primers as forward primers. Therefore,
the amplicon of the F1200 and Outer primer with 600-bp length (Fig.
3) was TA-cloned and sequenced, and its sequence was submitted to
GenBank (GenBank accession no: KR996759). The RACE is a suitable
method to detect 3′ ends of unknown genes and only requires
knowledge about the internal part of the target sequence [37,38].

3.3. 5′ end of L. sericata MMP-1 mRNA sequence characterization

In the first step, ssDNAmolecules were synthesized by Lu5-GSP, and
different GWPs were then used for dsDNA production and their
labeling. The other GSP (Lu5–377) in combination with UAP-N1
primer was used for the first nested PCR. The second nested PCR was
carried out by combining third GSP (Lu5–317) with UAP-N2 (Fig. 4).
Regarding the expected distance of 317 nucleotides from the 5′ end of
gene (600 bp), the PCR products with a size more than 600 bp were
selected for recovery from the agarose gel, TA cloning and sequencing.
Therefore, only GWC amplicon was selected for sequencing, and its
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Fig. 3. 3′ end characterization of the L. sericata MMP-1 mRNA sequence: After cDNA
synthesis by a linker primer, F1200 and F1350 primers combined with inner primer
were used for 3′ end characterization of the L. sericata MMP-1 mRNA sequence. The
amplicons of the F1200 and F1350 and the inner primer are indicated in lanes 1 and 2,
respectively. Lane 3 is the 100-bp DNA marker.

Fig. 5. PCR product of full-length DNA and mRNA of L. sericata MMP-1. 1) template 2)
100-bp marker.
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analysis revealed that this amplicon is related to L. sericata MMP-1 gene
sequence. The deduced sequence of 5′ end of L. sericata MMP-1 mRNA
was submitted to GenBank under accession no: KR996760. The RAGE
method for DNA amplification by random fragmentation has been
used by Makarov et al. [39].

3.4. Characterization of the L. sericata MMP-1 mRNA sequences

In accordance with our previous study, middle part, 3′ end, and 5′
end of the L. sericata MMP-1 mRNA sequence were identified stepwise
[34]. These sequences were assembled by MEGA 7.0 software, and the
total mRNA sequence of L. sericata MMP-1 was determined. On the
basis of the assembled sequences, the CDS of L. sericata MMP-1 was
determined and two specific primers were designed according to the
start and stop codons to amplify the ORF and CDS of the target gene.
We omitted the stop codon from the designed reverse primer. The
synthesized cDNA with random hexamers and the extracted genomic
DNA were used for the amplification of the CDS and ORF of L. sericata
MMP-1. Our results revealed that the amplicons of the mRNA and DNA
were 1212 bp (GenBank accession no: KY612612) and 1350 bp
Fig. 4. 5′ end of L. sericata MMP-1mRNA sequence characterization: (A) First PCR reaction with
from left to right, respectively. (B) The second PCR reaction on the product of LU5-377 and UAP-
selected for further analysis. 100-bp DNA marker (CinaClon, Iran).
(GenBank accession no: KY637052), respectively (Fig. 5). The
alignment of the mRNA and DNA sequences of the MMP-1
demonstrated that its gene has two introns, wherein the length of the
first and second introns is 68 bp and 65 bp, respectively.

3.5. Analysis of the cDNA and protein sequence of L. sericata MMP-1

The CDS of complete mRNA was started from nucleotides 494 to
1705. The comparison between mRNA and DNA sequences of L.
sericata MMP-1 revealed that the whole genome of MMP-1 contains
three exons and two introns. The first intron is located between
nucleotides 257 and 325 and the second one between nucleotides 887
and 952.

L. sericata MMP-1 contains a 1212-bp ORF that encodes a protein of
404 amino acid residues with a predicted molecular mass of 45.1 kDa
(Fig. 6). The CDS of L. sericata collagenase was TA-cloned in the
pTG-19 vector and then sequenced, and its amino acid sequence was
determined by GenRunner software. The BLAST result revealed that
the protein sequence is very similar to the MMPs of insects and
vertebrates, particularly MMP-2 in human and MMP-14 in M.
domestica (Fig. 7). The comparison of our target protein sequence with
similarly characterized related proteins identified a common catalytic
domain, which is common in MMPs of different insects and some
vertebrates (Fig. 5 and Fig. 6). Multiple predicted and hypothetical
the combination of LU5-377 and UAP-N1 primers on the product of GWA to G reactions
N1 primers with the combination of UAP-N2 and LU5-317. Only the amplicon of GWCwas



Fig. 6. Nucleotides and predicted amino acid sequence of L. sericata collagenase. Nucleotide and amino acid numbers are presented on the left. The amino acid sequence is shown as
middle-letter code above the nucleotide sequence. The cysteine switch site is marked with box line 1 of protein sequence, and pro-peptide domain 1 (7–13 aa) containing the
PRCGVRD conserved sequence is indicated in greyscale. The gray color region, known as the “active-site helix” encompasses part of the “zinc-binding consensus sequence”,
VAAHEXXHXXGXXHS, which is the characteristic of the metzincin super family. The amino acids that are predicted to include in the active site and are involved in zinc binding are
shown in boxes. Hemopexin-like repeats region (22-396AA) is shown by underline.
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protein alignments from L. sericata MMP-1 and characterized insect
MMPs showed highly conserved identity levels: 92% to MMP-14 from
Musca domestica (GenBank: XM_005179293.2), 91% to MMP-14 from
Stomoxys calcitrans (GenBank: XP_013100930.1), and 90% to MMP-14
isoform X1 from Ceratitis capitata (GenBank: XP_004526293.1).
Consequently, three repeats of fibronectintype-II domain inserted in
the catalytic domain of L. sericata MMP-1 were identified. These
findings indicate that L. sericata collagenase is an ortholog gene.
Further sequence analysis identified a conserved pro-peptide domain
with a cysteine-switch sequence (Fig. 6). There are a catalytic domain
with conserved fibronectin repeats and a hemopexin-like (HPX)
repeat domain with conserved metal-binding sites in the predicted
protein sequence (Fig. 6). MMPs have multiple domains, wherein one
of these domains is HPX domain [40]. The comparison between the
structure of the predicted L. sericata MMP-1 and fully characterized
similar proteins of the vertebrates and insects demonstrated that L.
sericata MMP-1 has all the structural features, which are typical for the
members of these families (Fig. 6). In addition, L. sericata collagenase
has PRCGVXD motif at positions 7–13, which is a conserved epitope in
pro-domain of MMPs [41] (Fig. 6). This motif has an important role in
enzyme latency [42]. This sequence maintains the latency of the
secreted pro-enzyme through a ‘cysteine switch’ (Fig. 6). Domain 2
(138–152 aa) includes the active site and the catalytic ‘Zn’-binding
region, VAAHEFGHSLGLSHS (Fig. 6). Some studies have revealed that



Fig. 7. Alignment of the substrate binding domain in zinc-peptidase MMP sequences of 12 organisms. Sequence comparison was performed using MEGA 6.0 software by the ClustalW
method. The amino acids involved in zinc ion interaction and binding to the substrate are highlighted in yellow. “zinc-binding consensus sequence”, VAAHEXXHXXGXXHS, is the
characteristic sequence in the met-zinc super family.
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the catalytic domain includes “HEXXHXXGXXH motif,” which is the
Zn2+ binding domain that supports the active site in MMP family
members [43,44].The position of hemopexin-like repeats is between
222 to 396 amino acids (Fig. 6). On the basis of these structural
features, we propose that this nucleotide sequence codes another
member of the MMP family. We also suggest the name L. sericata
collagenase for this protein because it is the first MMP characterized
in L. sericata, and its structure and sequence are very close to
collagenase enzymes. In addition, it contains three His residues, which
are involved in the coordination of the zinc atom at the active site and
the Ser residue (Fig. 9). This interaction is the specific criterion that is
Fig. 8. Superimposition of 3D structure of chain A inMMP-2 human andMMP-1 L. sericata. 3DM
sapiens containing four chains is shown (A–D).
important in distinguishing the MMPs from other metalloproteinases.
Furthermore, this catalytic domain has a Met residue [45].
3.6. Structural features of L. sericata collagenase

Amino acid composition of L. sericata collagenase is Ala (A) 7.9%, Arg
(R) 5.2%, Asn (N) 3.7%, Asp (D) 7.7%, Cys (C) 0.5%, Gln (Q) 2.0%, Glu (E)
3.5%, Gly (G) 10.1%, His (H) 2.0%, Ile (I) 3.7%, Leu (L) 6.7%, Lys (K) 7.9%,
Met (M) 1.2%, Phe (F) 6.9%, Pro (P) 6.7%, Ser (S) 7.7%, Thr (T) 4.5%,Trp
(W) 2.0%, Tyr (Y) 5.7% and Val (V) 4.5%.
MP-1 of L. sericata is similar to the chain A of humanMMP-2. The structure ofMMP-2 Homo
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Sequence analysis of the predicted protein suggests that it has
metallo-endopeptidase activity and zinc-binding site. The zinc-binding
sites were identified using Zinc Explorer software (http://protein.cau.
edu.cn/ZincExplorer/index.php?page=prediction). The zinc-binding
site of MMP-1 was predicted to have Cys9, His92, Asp94, His141,
His145, and His151 (Fig. 6). In addition, the 3D structure of L. sericata
MMP-1 was predicted and analyzed with the Phyre2, and its results
showed that the target sequence is similar to chain A of (72 kDa type
IV collagenase)MMP-2 of Homo sapiens with 100% confidence and 91%
coverage, based on the PDB header. Human MMP-2 has four chains,
including A, B, C, and D, in its 3D structure (Fig. 8).

A phylogenetic tree of MMPs was constructed on the basis of the
MMP-1 protein sequence of different insects, humans, and Clostridium
histolyticum by using the maximum likelihood method. Phylogenetic
analysis showed that insect MMPs and bacterial collagenase are
located in different phylogenetic groups as described by Kantor et al.
[46]. Additionally, this result indicated that the highest similar
physiological function and evolutionary relatedness were between the
M. domestica MMP-14 and L. sericata (Fig. 9). In this approach, an
initial tree is first constructed using a rapid but suboptimal method
such as the neighbor-loining method, and its branch lengths are
adjusted to maximize the likelihood of the data set for that tree
topology under the desired model of evolution based on similar
studies [47,48]. The phylogeny tree indicated a significant relationship
between insect MMPs. In addition, human and insect MMPs
considerably different from bacterial MMPs. Human MMP-1 had a
close relationship with insectMMP-1.

To qualify our target gene and its coded protein, its CDS was
translated with GeneRunner software (version 4). A protein BLAST
alignment was also performed for further comparison. At a glance, all
the selected proteins were related to MMP enzyme family. Further
comparison with PDB protein format revealed that our query is very
similar to the chain; A: PDB molecule of MMP-2 Homo sapiens (72 kDa
type IV collagenase; accession no. EC:3.4.24.24) that was well
characterized, and its 3D structure was released. Hence, MMP-2 Homo
sapiens with complete structural characteristics were selected as a
model to determine the structural features of our target protein. This
alignment revealed that the Cys9, His92, Asp94, His141, His145, and
His151 positions are involved in the construction of the enzyme active
site and they coordinate with the zinc ion, which acts as a co-factor,
and they are necessary for enzyme activity (Fig. 8).
Fig. 9. Phylogenetic tree of MMPs. MMPswere aligned using MEGA 6.0 software based on the C
phylogenetic tree revealed that insect and human MMPs are genetically different from those o
3.7. Three-dimensional structure prediction and superimposition

The 3D structure prediction was performed by SWISS-MODEL,
which predicts the protein structures by homology modeling.
According to the scores, the best matched result was related to human
MMP-2 (accession no: EC: 3.4.24.24). Hence, this model was selected
for superimposition. The predicted 3D structure was illustrated by
UCSF Chimera (Fig. 8). Our results revealed that MMP-1 of L. sericata is
similar to chain A of human MMP-2. Superimposition was performed
by DeepView/Swiss-pdbviewer (version 4.1.0) and UCSF Chimera
(version 1.11.2) software according to the previous study by Raz et al.
[34] (Fig. 8). We compared the root-mean-square deviation (RMSD) of
human MMP-2 with our target protein for structurally important
residues based on their carbon alpha atoms. In addition, the RMSD
was performed to determine the residues in the most important
domain among human MMP-2 and L. sericata MMP-1 (Table 3).
Superimposition and RMSD calculation of human MMP-1 and L.
sericata matrix metalloproteinase were performed according to
guidelines published by Koradi et al. [49].

3.8. Active site structure

In the active site of MMP-1 L. sericata, the central zinc ion interacts
with His 92, His 107, His 118, His 178, His 193, His 206, Asp 95, and
Asp 180 (Fig. 8); thus, it seems that these residues are similar to those
of human MMP-2. Superimposition of the active site between MMP-1
L. sericata and MMP-2 Homo sapiens revealed that six histidine
residues are joint to each other (Fig. 7). Accordingly, the result of the
current study is the first report of molecular characterization of L.
sericata collagenase. Moreover, the comparison of 3D structure of L.
sericata MMP-1 and human collagenase (MMP-2) revealed that they
have similar conformation, especially in zinc peptide and prodomain
regions. Zinc binding is very important for proper and stable
conformations of domains such that zinc finger proteins can function
correctly [50]. The biological roles of zinc metal have been
investigated, and it is shown that the exact prediction of zinc-binding
sites is not only important for functional annotation of proteins but
also helpful for 3D structure prediction [51,52]. All MMPs contain a
signal peptide, a pro-peptide, and a Zn2+-containing catalytic domain
of 160–170 amino acids in length. Except for MMP-7, 23, and 26, all
MMPs contain a proline-rich hinge region and a C-terminal
lustalWmethod by using sequences characterized from insects, humans, and bacteria. The
f bacteria.

http://protein.cau.edu.cn/ZincExplorer/index.php?page=prediction
http://protein.cau.edu.cn/ZincExplorer/index.php?page=prediction


Table 3
The RMSD of residues in an important domain (active site).

Amino acid HIS MMP-1 HIS MMP-1 HIS MMP-1 HIS Chain A HIS Chain A HIS Chain A ASP MMP-1 ASP Chain A

Position 92 107 118 178 193 206 94 180
RMSD 1.49 2.83 2.64 2.11 2.21 3.32 1.74 2.53
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hemopexin-like domain (PEX) [53]. Hemopexin is a heme-binding
protein that transports heme to the liver [54]. Our results revealed
that the hemopexin of L. sericata MMP-1 is located on amino acids 222
to 396. Following cleavage of distal to the highly conserved sequence
(PRCGXPD) in the pro-peptide, latent MMPs (zymogen) become
activated [55]. The alignment search revealed that the predicted
amino acid sequence shares significant similarity with collagenase
from various insects (Fig. 7). Phylogenetic analysis between L. sericata
MMP-1 and human MMPs suggested they have a very close
relationship with each other. This finding is similar to a previous
result reported for Tribolium castaneum [56] that indicated its
similarity with human MMP-2 (Fig. 9). The key feature of this enzyme
is its ability to cleave interstitial collagens I, II, and III at a specific site
at three-fourth distance from the N-terminus [57].

L. sericatamaggots are used for the treatment of chronicwounds; this
application is thought to be associated with the function of enzymes
secreted by maggots [12,58]. In addition, it has been mentioned that
the increment in the level of matrix metallopeptidase-9 is a
consequence of events during the wound healing process [12]. The
overexpression of MMP-2 during the extraction/secretion therapy
indicates its involvement in accelerated repair of the wound healing
process. Therefore, it is important to identify the coding sequence of
these enzymes to provide basic information for their biomedical
applications. As the collagenase enzyme plays an important role in
wound healing, the present study has focused on determining the
full-length CDS of L. sericata collagenase [59]. Maggot therapy can be
used for cutaneous infection, but it is currently used for problematic
wounds that are often poorly responsive to conventional drug
treatments [60]. Our findings showed that L. sericata MMP-1 has
striking structural similarities with MMP-2 of other organisms45. These
results strongly suggest that a conserved proteolytic system of tissue
remodeling can be fully reconstituted in invertebrates. Because
bacterial collagenases play an important role in pathogenesis, their
practical applications in the treatment of diseases such as Duputyren's
contracture, liver cirrhosis, Peyronie's disease, wound healing, burns,
cell isolation, and debridement have been considered safe, although
they have some side effects [61,62]. Hence, to overcome these
problems, it is required to screen novel sources of collagenase of
non-pathogenic origin. Owing to the impressive effects of L.
sericata-secreted enzymes in wound healing and the unique role of
collagenase in this process and regenerative medicine, it is highly
important to characterize a safe collagenase enzyme. This collagenase
can be considered as an appropriate alternative because it is
non-pathogenic. Therefore, the production of recombinant collagenase
from non-pathogenic organism such as L. sericata was assessed by our
team for its biomedical applications. By performing molecular
characterization of the L. sericata CDS and its structural analysis,
fundamental data were obtained for future studies to produce a safe
and an effective agent for regenerative medicine.

This is the first report of full molecular characterization of anMMP-1
L. sericata gene from a medically important insect. In this study, we
defined the CDS and ORF of the MMP-1 gene of L. sericata. The
alignment of MMP-1 with ClustalW revealed that its structurally
important residues are similar to well-characterized MMP-2 human
enzymes. In fact, the residues of active sites (His 193, Asp 180, and His
92) are the same between the proteins of the present study and
previously reported human MMP-2. Furthermore, after the modeling
of MMP-1, superimposition with other different templates and overall
RMSD value calculation revealed that the lowest score is related to
human MMP-2. These findings indicate that L. sericata MMP-1 has the
nearest structure to human MMP-2 family as compared to different
members of MMP family.
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