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Matrix metalloproteinases-9 (MMP-9) is an important cancer-associated, zinc-dependent endopeptidase. To investigate the natural selection hypothesis of MMP-9, the orthologous sequences from 12 vertebrates were compared and a
molecular evolution analysis was performed. Results suggest that amino acid residues present in the middle region of
the protein are more selectively constrained, whereas amino acid residues in the C-terminal region of the MMP-9
protein including exon 13 showed lowest conservation level in non-primate species, suggesting that it is an exon with
fast evolving rate compared to the others analyzed. InterProScan analysis shows that exon 13 was located in
hemopexin (PEX) domain of MMP-9. Positive selection was detected in PEX domain of MMP-9 protein between
human and other species, which indicates that selective pressure may play a role in shaping the function of MMP-9 in
the course of evolution.
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1.

Introduction

The matrix metalloproteinases (MMPs) are a large family of
more than 20 metallopeptidases, which includes gelatinases,
collagenases, stromelysins, matrilysins and membrane-type
MMPs (Rawlings et al. 2010). MMP-9 is a 92 kD gelatinase
with 13 exons (GenBank accession number: NM_004994.2)
(Nagase et al. 2006). MMP-9 can cleave extracellular matrix,
cytokines, growth factors and chemokines that in turn regulate
key signaling pathways, and is associated with the development and progression of tumor such as colorectal cancer, lung
cancer (Burg-Roderfeld et al. 2007; Vandooren et al. 2013).
Keywords.

Also, MMP-9 is a multi-domain enzyme in which the
hemopexin (PEX) domain, the O-glycosylated and the catalytic domains yield support for attachment, articulation and
catalysis, respectively. PEX domains have been found in two
types of proteins, vitronectin, and human MMPs except in
MMP-7, MMP-26 and MMP-23 (Tolosano and Altruda
2002). PEX domain of MMP-9, consisting of ~210 amino
acids, is involved in dimerization, cleavage of substrates, substrate specificity and interacts with inhibitors and cell surface
receptors (Vandooren et al. 2013). A peptide that selectively
binds to the PEX domain of MMP-9 was shown to prevent cell
migration and tumor cell growth in vivo (Bjorklund et al.
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2004). Phylogenetic analysis of different MMP family members were performed in previous study, but detailed evolutionary story of MMP-9 gene remains to be discussed.
In several cases, functional exons, especially conserved
domains, are subjected to a more purifying selection pressure
than the full-length sequences (Cruciani and Mikalsen 2007).
To investigate whether adaptive evolution occurred at the
level of individual exon of MMP-9 and separated lineages,
molecular evolution approaches and the software package
Phylogenetic Analyses by Maximum Likelihood (PAML)
(Yang 2007) were performed. And we found evidence of
adaptive evolution of human MMP-9 in the specific exon
which may have the potential to gain various functions.

2.

Materials and methods

2.1

Sequence data collection

MMP-9 DNA and protein sequences were downloaded from
the Ensembl and the National Center for Biotechnology
Information (NCBI), and verified subsequently by ESTBlast in NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Coding sequences of 12 species used in this study include
Homo sapiens (NM_ 0049 94.2 ), Pan troglod ytes
(XM_003316973.1), Gorilla gorilla (XM_004062322.1),
Macaca mulatta (NM_001266905.1), Canislupus familiaris
(NM_001003219.2), Felis catus (XM_003983412.1), Bos
taurus (NM_174744.2), Oryctolagus cuniculus
(NM_001082203.1), Mus musculus (NM_013599.2), Rattus
norvegicus (NM_031055.1), Gallus gallus (NM_204667.1)
and Danio rerio (NM_213123.1).

2.2

Evolutionary analysis

The alignments of the protein coding sequences of MMP-9 were
completed by MUSCLE program, an alignment tool implemented in MEGA 5 (Tamura et al. 2011). Then the aligned protein
coding sequences were translated to obtain codon alignments.
Every single exon homologs alignment was performed similarly. We manually inspected and modified alignment output to fit
the software requirements. The phylogenetic tree of MMP-9
protein-coding sequences was constructed with Maximum Likelihood method, which was implemented in MEGA5 (figure 1;
500 bootstrap replicates, condensed tree cut-off value: 50 %).

Figure 1. Phylogenetic tree and exon profile of the MMP-9 sequences from 12 species. The phylogenetic tree of MMP-9 protein
sequences were constructed with maximum likelihood method, which was implemented in MEGA5 (500 bootstrap replicates, and
consensus tree cutoff value 50%). Straight lines stand for genomes and Squares represent exons, and different colours correspond to
similarity to human exons.
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Table 1. Likelihood ratio tests between different CODEML models in PAML
Test
1
2

Model comparison
(alt vs. null)

d.f.a

−2lnΔLb

P-value

ωc

M3 vs. M0
M2a vs. M1a

4
2

12.57
4.24

<0.01
<0.1

2.5285
3.8541

a

Degrees of freedom, equal to the difference in the number of parameters between the models.
−2lnΔL (where ΔL is the difference in likelihood between the tested models) is distributed approximately as χ2 .
c
ω (dN/dS) of sites under selection.
b

2.3

Detection of positive selection

We used non-synonymous/synonymous substitution ratios
(ω=dN/dS, also known as Ka/Ks) to quantify the impact of
natural selection on molecular evolution of MMP-9 (Ohta
1992). The pair-wise computation of Ka/Ks between every exon
sequence and lineage-specific model of the likelihood method
were performed using the codeML program implemented in
PAML software package 4.4 (Yang 2007). Firstly, we focused
on the question that whether different lineages are evolving at
different rates. Different models were applied to test the data. A

model has one ω (H0) in all branches when another one has
different ω in a different branch. If different lineages are evolving at different rates, there will be variable ω among branches
in the tree. Then we focused on the positive selection. Statistically significant evidence of positive selection was inferred by a
likelihood ratio test (LRT). These values were compared to the
χ2 distribution with 2 degrees of freedom (table 1).
A model of the mouse MMP-9 was made using SWISSMODEL, an automated protein structure homolog-modeling
server. The DSSP program was used to assign secondary
structure elements based on known protein structures.

Figure 2. (a) The Ka/Ks ratios of the different exons of MMP-9 in mice and humans. The Y axis represents the Ka/Ks ratio and the X axis
represents different exons. (b) The Ka/Ks ratios of exon 13 of MMP-9 between humans and other species. The Y axis represents the Ka/Ks
ratio and the X axis represents different species. In some cases, zero synonymous substitutions resulted in a Ka/Ks ratio of infinity (N.A.) (c)
Lineage-specific Ka/Ks values of MMP-9 in species analyzed for the entire gene. Estimated Ka/Ks values from the branch-based model are
shown above branches and the estimated number of nonsynonymous and synonymous changes are shown in parentheses below branches.
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3.
3.1

Results and discussion

Phylogenetic tree and exon profile analysis

A phylogenetic tree based on amino acid sequence was generated to demonstrate the relationship of MMP-9 among 12
species (figure 1). Generally, genetic relationship between
rodents (e.g. mouse and rat) and primates is close (Murphy
et al. 2001), but the phylogenetic tree of MMP-9 gene showed
that their relationship was distant relatively, which was consistent with the previous study (Massova et al. 1998).
The conservation of individual exon based on the degree of
sequence similarity is usually analyzed by comparative genomics approaches. In the present study, MMP-9 exon profile
analysis comprised 12 species ranging from zebra fish to
human. All 13 exons analyzed were constitutive exons. The
phylogenetic tree also shows that internal exons were more
conserved than terminal ones (figure 1). Exon 4 exhibited the
highest degree of sequence conservation (termed as the identity level), and showed high sequence similarity. Exon 13
showed the lowest conservation level in non-primate species,
suggesting fast evolving rate compared to others analyzed.
There is no function of MMP-9 that is predicted to have
evolved under positive selection. Results of phylogenetic reconstruction and exon similarity analysis revealed frequent
amino acid substitutions in MMP9 (especially in its Cterminus) in the Most Recent Common Ancestor (MRCA) of
mammals.

3.2

Positive selection observed on exon 13

The non-synonymous to synonymous rate ratio Ka/Ks (also
known as dN/dS, or ω) represents the selective pressures. The
Ka/Ks ratios of > 1, = 1, and < 1 indicate positive selection, neutral
evolution, and purifying selection on the protein involved (Ohta
1992). In the case of Ka/Ks ratios > 1, fixation of nonsynonymous substitutions is faster than that of synonymous substitutions, which means that positive selection fixes amino acid
changes faster than silent ones. To further investigate the evolution
situation of exons, the pair-wise Ka/Ks ratio of each exon between
human and mouse was calculated (figure 2a), and it can be found
that Ka/Ks ratios of exon 13 was greater than 1 (1.2432), which
indicated that exon 13 had undergone high selective pressure.
Subsequently we analyzed Ka/Ks ratio of exon 13 between
human and other species (figure 2b). As the results showed,
except for three infinity data points (N.A.), only 1 out of 8 Ka/
Ks was greater than 1. It indicates that the rapid functional
evolution of exon 13 is associated with an adaptive evolutionary trend between Homo sapiens and Mus musculus.
To investigate the exact function of exon 13, protein domain of MMP-9 gene was predicted by InterProScan software
(Mulder and Apweiler 2007), and it is shown that exon 13 was
localized in PEX domain 513-706aa (IPR000585; figure 3) of
MMP-9. Evolution of PEX domain may reflect evolution of
substrate specificities and interactions with Tissue inhibitor of
metalloproteinase (TIMP) (Massova I et al. 1998). Thus, rapid
evolution of exon 13 might reflect a change in the functional

Figure 3. Secondary structure comparison of human (left) and mouse (right) MMP-9 proteins. The grey line represents the amino acid
region coded by exon 13; the red star marks the differences between two sequences.
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Figure 4. Protein domain analysis of MMP-9 by InterproScan. The bar on the top represents the full length ORF of MMP-9, and the
blocks represent the different exons. The different functional domains are listed below.

J. Biosci. 40(5), December 2015

890

Yang Liu et al.

role of the protein MMP-9 gene, which likely took place in the
common ancestor of current mammals.
The PEX domain of MMP-9 has four PEX-like repeats (figure 4), it forms a propeller with four blades. Each blade consists of
four antiparallel β-sheets and one α-helix (Morgunova et al.
2002). An intact, disulfide bridge at Position 704 in the
carboxyterminal part of the PEX domain is necessary for complex
formation (Piccard et al. 2007). The recombinant expressed PEX
domain of MMP-9 has been crystallized and characterized (PDB
ID: 1ITV), which showed it can dimerize by noncovalent and
mainly hydrophobic interactions at the 4th blade of this domain
(Cha et al. 2002). Data from alignment of 20 PEX domains of
human MMPs indicates those domains are slightly more homologous to the amino terminal domain of the hemopexin protein
than to the carboxy terminal one (Piccard et al. 2007).
Among different MMP family members, MMP-2 shares the
closest sequence similarity with MMP-9. By the fourth blade of
the PEX domain, MMP2 could recognize TIMP-2 (Morgunova
et al. 2002). In our study, evidence of positive selection was
found in the region of exon 13, the 4th repeat of PEX domain
(658-704aa). This result suggests that amino acid residues in this
region may evolve faster than others between rodents and human,
and the protein domain function of these species may also share
slight difference. To compare the corresponding part of human
and mouse secondary structures of MMP-9, the protein structure
of mouse MMP-9 was modeled by SWISS-MODEL and it can
be found that there existed an extra helix in human MMP-9
protein but not in the mouse protein, which is located exactly in
exon 13 (figure 3). In mouse MMP-9 protein, a turn took the
place of a helix and a beta strand was separated by a turn.
However, the effects of PEX domain of MMP-9 in vivo have
not yet been examined comprehensively. Interestingly, none of
the pair-wise Ka/Ks ratios of each exon of MMP2 and MMP11
between human and mouse was greater than 1(data not shown).
Given the observation we got above, exon 13 is more likely
to be associated with the susceptibility to specific enzymesubstrate interactions in humans. Thus, rapid evolution of exon
13 may have an influence on the function change of human
MMP-9 gene. The knowledge of the divergent interactions and
biological implications of PEX domain of MMP-9 could help
researchers to design inhibitors of the interaction of specific
substrates, thus creating ‘disease-specific’ inhibitors of cancer.
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