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Abstract

The 6-kDa early secreted antigenic target (ESAT-6; EsxA) of Mycobacterium tuberculosis was
first identified as a potent T-cell antigen, and it is now recognized as a pore-forming toxin that is
essential for virulence of M. tuberculosis. ESAT-6 is secreted through the ESX-1 secretion system
(Type VII) of M. tuberculosis and has been implicated to mediate mycobacterial cytosolic
translocation within the host macrophages by rupturing the phagosomal membranes. Recent
studies have made significant progresses in understanding of the mechanism of ESAT-6 membrane
interaction and its role in M. tuberculosis pathogenesis, but important questions still remain to be
answered. Here, we summarize the current progress in study of ESAT-6 membrane interaction and
its roles in pathogenesis and discuss some of the key remaining questions for future investigation.

Pore-forming toxins

Pore-forming toxin (PFT) is the single largest category of virulence factors and the most
common family of bacterial toxins (Gilbert, 2002; Gonzalez et al., 2008; Los et al., 2013).
Generally, PFTs contribute to bacterial pathogenicity by forming pores and/or disrupting the
host cell membranes, including the plasma membrane and intracellular organelle
membranes. Actions of PFTs result in direct lysis of target cells, release of cellular contents,
delivery of intracellularly acting bacterial enzymes, bacterial escape from the intracellular
compartments (e.g. phagosome and lysosome) to the cytosol, and bacterial cell-to-cell
spreading. Due to the critical roles of FPTs in bacterial infection, PFTs become valuable
targets for development of novel therapeutics against bacterial pathogens. Studies that lead
to better understanding of the mechanism of PFTs action are of great interest for biomedical
scientists. Here we discuss 6-kDa early secreted antigenic target (ESAT-6), a newly
identified PFT from Mycobacterium tuberculosis.
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ESAT-6 is required for M. tuberculosis virulence

ESAT-6 was first identified as a potent T-cell antigen in the short-term culture filtrate of M.
tuberculosis (Andersen et al., 1995; Sgrensen et al., 1995). Since then ESAT-6 has been
intensively studied as a potential target for vaccine development against tuberculosis. In
parallel to the studies of ESAT-6 as a potential vaccine candidate, comparative and
functional genomics of virulent versus attenuated members of mycobacteria complex have
opened a novel venue into the roles of ESAT-6 in M. tuberculosis pathogenesis. Firstly,
subtractive hybridization experiments identified a chromosomal region, named “region of
difference 1” (RD1), which was present in virulent M. tuberculosis, but not in the attenuated
live vaccine M. bovis bacilli Calmette and Guerin (BCG) (Mahairas et al., 1996). This
finding was complemented by the results obtained from screening secreted antigens in
different mycobacterial strains, showing that wild type M. bovisand M. tuberculosis strains
have ESAT-6, but BCG does not (Harboe et al., 1996). Later, comparative genomics further
revealed that RD1 is part of the esx-1 locus, which encodes a novel bacterial secretion
system (Type VII secretion system) (Behr et al., 1999; Gordon et al., 1999; Pym et al., 2002;
2003). Within the esx-1 locus, esat-6 and cfp-10 (10-kDa culture filtrate protein, or EsxB)
are located under the control of a single operon (Berthet et al., 1998). While both ESAT-6
and CFP-10 lack N-terminal Sec or TAT signal sequences, it is believed that they are
exported as a heterodimer through the ESX-1 secretion system. This is evidenced by the fact
that ESAT-6 and CFP-10 are secreted in a co-dependent manner, and the anti-parallel four-
helix bundle of the heterodimer and the C-terminal Y-XXX-D/E secretion motif of CFP-10
are the common characteristics shared by the substrates of Type VI secretion system
(Atmakuri and Fortune, 2008; Fortune et al., 2005; E. N. G. Houben et al., 2014; Lightbody
et al., 2008; 2004; Renshaw et al., 2005; 2002; Veverka and Muskett, 2011).

Studies from several research groups have also demonstrated that deletion of RD1 from M.
tuberculosis and M. bovis resulted in attenuated mycobacterial growth in cultured
macrophages and in experimental animals, while introduction of RD1 into BCG increased
its virulence (Guinn et al., 2004; Hsu et al., 2003; Lewis et al., 2003; Pym et al., 2003; 2002;
Sassetti and Rubin, 2003; Stanley et al., 2003; Wards et al., 2000). More specifically, loss or
gain of mycobacterial virulence is closely linked to the ability of mycobacteria to produce
and secrete ESAT-6. Mycobacterial strains carrying the mutations that abolish production or
secretion of ESAT-6 exhibited attenuated virulence in infection of various animal models,
while introduction of ESX-1 or RD1 to restore ESAT-6 secretion resulted in increased
virulence of the avirulent vaccine strains BCG and M. microti (Guinn et al., 2004; Hsu et al.,
2003; Lewis et al., 2003; Pym et al., 2002; Wards et al., 2000). The ESX-1 secretion system
and release of mycobacterial antigens through ESX-1 have been extensively discussed in
several recent excellent reviews (Cambier et al., 2014; E. N. G. Houben et al., 2014;
Majlessi et al., 2015; Simeone et al., 2015a; Stanley and Cox, 2013).

Roles of ESAT-6 in M. tuberculosis pathogenesis

There is a widely accepted perception in the field that after being internalized into the host
macrophages, M. tuberculosis inhibits phagosome maturation, remains and replicates inside
the phagosomes (Kang et al., 2005; Orme, 2004; Pizarro-Cerda and Cossart, 2006). ESAT-6
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has been implicated to inhibit phagosome maturation. Mycobacterium marinumis a
pathogen that causes tuberculosis-like diseases in fish and contains a highly conserved
ESX-1 system. M. marinum primarily resides in a poorly acidified, non-lysosomal
compartment, but a mutant strain of M. marinum defective in secretion of ESAT-6 were
found to be mainly in acidified compartments (MacGurn and Cox, 2007; Tan et al., 2006).
Recently, however, a series of elegant studies have changed the perception and demonstrated
that at the later stage of infection mycobacteria gain access to the cytosol through rupturing
the phagosomal membranes. Using sophisticated cryo-electron microscopy van der Wel and
colleague showed that M. tuberculosis and M. leprae were able to translocate from the
phagolysosomal compartments into the cytosol of myeloid cells, and mycobacterial
cytosolic entry was dependent on secretion of ESAT-6 and CFP-10 (van der Wel et al.,
2007). Later, the same group showed that ESX-1-mediated mycobacterial cytosolic
translocation to the cytosol controlled virulence of mycobacteria (D. Houben et al., 2012). In
parallel to those studies, using a -lactamase-based FRET microscopy Brosch and Enninga
groups showed that wild type M. marinum induced phagosomal rupture and translocated to
the cytosol, while the ESAT-6 secretion-deficient strain did not. Similarly, wild type M.
tuberculosis translocated from the phagosome to the cytosol, while BCG did not.
Introduction of RD1 into BCG conferred it the ability to translocate to the cytosol, while
deletion of the C-terminus of ESAT-6, which abolished ESAT-6 secretion, disabled the
cytosolic translocation (Simeone et al., 2012). Subsequently, the results obtained in cultured
phagocytes were replicated in the infected mouse model, in which mycobacterial cytosolic
translocation was detected by a highly sensitive FRET-based flow cytometry (Simeone et al.,
2015b). Therefore, it is clear that ESAT-6 plays an essential role in phagosome rupture and
cytosolic translocation of mycobacteria.

Gaining cytosolic access has multiple consequences for mycobacterial infection, which
include mycobacterial replication in the cytosol and cell-to-cell spreading (Guinn et al.,
2004; Hsu et al., 2003) as well as host cell apoptosis (Aguilo et al., 2013), autophagy
induction or impairment (Romagnoli et al., 2012; Watson et al., 2012), type-1 interferon
release (Stanley et al., 2007), and T-cell response (Ryan et al., 2009). It is worth of
mentioning that several independent studies have recently made a significant progress in
understanding of the ESX-1-mediated host anti-mycobacterial immunity (Collins and
Collier, 1984; Wassermann et al., 2015; Watson et al., 2015). Upon cytosolic access
mycobacterial DNA is sensed by the nucleotidyl-transferase cGAS, which synthesizes the
second messenger cGAMP that in turn activates a series of downstream signaling pathways
(reviewed by (Majlessi and Brosch, 2015). One can imagine that ESAT-6 functions in
rupturing the phagosomal membrane to expose mycobacterial DNA to the host cytosolic
DNA-sensing mechanisms.

Evidence for ESAT-6 membrane-lytic and pore-forming activity

The membrane-lytic activity of ESAT-6 was first reported in a planar lipid bilayer study, in
which ESAT-6, either alone or in combination with CFP-10 resulted in major disruptions in
conductance, eventually resulting in total destruction of the artificial membranes (Hsu et al.,
2003). Later, membrane interaction of ESAT-6 and CFP-10 was tested in a floatation
gradient centrifugation experiment using biologically relevant liposomes, in which ESAT-6
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exhibited strong association with the liposomes containing 1,2-dimyristoryl-sn-glycero-3-
phosphocholine (DMPC) and cholesterol, but CFP-10 interaction with the membranes was
weaker and less specific. Moreover, the ESAT-6/CFP-10 heterodimer appeared to interact
with the membranes at acidic pH, but not at neutral pH. Finally, electron microscopy
revealed that ESAT-6 lysed liposomes, but CFP-10 did not (de Jonge et al., 2007). Using
PEG osmoprotection assay, Smith and colleague showed that either M. marinum or purified
ESAT-6 induced pore formation on the red blood cell membranes with estimated pore size ~
4.5 nm in diameter (Smith et al., 2008). Our recent systematic biochemical characterization
of the purified recombinant proteins found that ESAT-6, but not CFP-10, induced leakage of
liposomes in an acidic pH-dependent manner, which was accompanied by significant
conformational changes and increased surface hydrophobicity (De Leon et al., 2012). We
have also found that compared to ESAT-6 from M. tuberculosis (hereafter termed
MtbESAT-6), the orthologous ESAT-6 from non-pathogenic Mycobacterium smegmatis
(MsESAT-6) did not interact with the membranes, despite that they share over 72% sequence
identity. This finding has raised a notion that the ability of ESAT-6 to interact with
membranes is the major determinant for virulence phenotype of mycobacterial complex (De
Leon et al., 2012) (Figure 1). Most recently, we labeled ESAT-6 at various positions with
NBD (N,N-dimethyl-N-(iodoacetyl)-N-(7-nitrobenz-2-oxa-1,3-diazol) ethylenediamine,
which is an environmental sensitive dye that emits strong fluorescence when inserting into
lipid membrane. With the NBD-labeled ESAT-6, we mapped the trans-membrane domains
of ESAT-6 and presented the first direct evidence that ESAT-6 inserts into membranes and
forms a membrane-spanning pore (Ma et al., 2015).

mechanism of ESAT-6 pore formation

ESAT-6 is the prototype of ESAT-6/WXG100 superfamily, which is featured by ~100-
residues and a central conserved WXG motif (Pallen, 2002; Poulsen et al., 2014). To date,
MtbESAT-6 is the only member that has been reported to exhibit a pH-dependent membrane/
cell-lytic activity. The solution structure of the ESAT-6/CFP-10 heterodimer shows that
ESAT-6 contains N- and C-terminal flexible arms and a central helix-turn-helix motif
(Figure 2) (Poulsen et al., 2014; Renshaw et al., 2005). The length of Helix 1 and 2 is
approximately 50 A, which is equivalent to the depth of a typical lipid bilayer. The results
obtained from a fluorescence-based liposome leakage assay using the truncated ESAT-6
proteins with deletions of the N- and/or C-terminal flexible arms clearly showed that both N-
and C-terminal flexible arms were required for membrane interaction (Ma et al., 2015).
Consistent to the structure, the NBD fluorescence experiment showed that both Helix 1 and
2 inserted into the membrane and formed a membrane-spanning channel, but the N- and C-
terminal arms do not insert into the membranes. Instead, they may function in anchoring
protein to the membrane and supporting membrane insertion of the two helixes (Ma et al.,
2015) (Figure 2). Unlike many other pore-forming proteins that usually become unfolded (at
least in part) upon acidification, the spectra of circular dichroism and Trp fluorescence
suggested that upon acidification ESAT-6 became more folded with increased a-helical
content, especially at the C-terminus (Ma et al., 2015). Consistent to our finding, Poulsen
and colleague identified a conserved HxxxD/ExxHxxxH motif in the flexible C-terminal arm
of ESAT-6, which tends to adopt a a-helical structure (Ma et al., 2015; Poulsen et al., 2014).
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Unanswered Questions

Although significant progress has been made in understanding of the molecular mechanism
of ESAT-6 membrane interaction, a number of important questions remain to be answered.

What is the role of CFP-10 in ESAT-6 membrane interaction?

The genes of cfp-10and esat-6 are located within a di-cistronic operon in the M.
tuberculosis genome (Berthet et al., 1998). CFP-10 and ESAT-6 reportedly form a
heterodimer and are secreted through the ESX-1 system in a co-dependent manner (Fortune
et al., 2005; Renshaw et al., 2005; 2002). In planar lipid bilayer system, ESAT-6, but not
CFP-10, exhibited membrane-lytic activity (Hsu et al., 2003). Using native proteins
extracted from M. tuberculosis, de Jonge and colleague found that CFP-10 and ESAT-6 were
dissociated upon acidification, which supports a notion that CFP-10 functions as a
chaperone of ESAT-6, and it dissociates from ESAT-6 upon acidification, allowing ESAT-6
to interact with the phagosomal membrane (de Jonge et al., 2007).

Current data are conflicting as to whether or not the ESAT-6/CFP-10 heterodimer dissociates
at acidic pH. In our earlier report, the recombinant ESAT-6/CFP-10 heterodimer purified
from E. coliwas inactive in membrane disruption and showed no aggregation at acidic pH,
which suggests that ESAT-6 and CFP-10 did not dissociate at low pH (De Leon et al., 2012).
Consistent with our observations, the circular dichroism study by Lightbody et al. showed
that the complex formed by ESAT-6 and CFP-10 (proteins purified from £. coli) was too
stable to dissociate at low pH (Lightbody et al., 2008). One possible explanation for this
discrepancy could be that the mycobacterium-produced proteins possess unique properties
that are not present in the £. coli-produced proteins, allowing ESAT-6 and CFP-10 to
dissociate at low pH. These properties might include post-translational modifications, such
as N-a-acetylation of Thr-2 in ESAT-6 (Okkels et al., 2004). It has been shown that the
acetylated ESAT-6 has a weaker binding to CFP-10 than the non-acetylated ESAT-6 (Okkels
et al., 2004). Moreover, a recent study showed that homeostasis of N-a-acetylation of
ESAT-6 correlated with virulence of M. marinum (Medie et al., 2014). Thus, it will be
critical to test if N-a-acetylation of ESAT-6 is required for M. tuberculosis pathogenesis.
Moreover, biochemical characterization of the role of N-a-acetylation in ESAT-6 and
CFP-10 interaction using the native proteins produced from M. tuberculosis will provide
more physiological insights into the mechanism by which ESAT-6 dissociates from CFP-10
and inserts into the membranes.

Most recently, Refai and colleague found that the heterodimer of ESAT-6/CFP-10 (purified
from E. coli) was dissociated in the presence of the detergent amidosulfobetaine-14
(ASB-14). The ASB-treated and non-treated ESAT-6 showed two distinct conformational
states and presented opposing effects on mycobacterial infectivity, macrophage survival,
interferon -y secretion and pore formation (Refai et al., 2015). This observation suggests that
the heterodimer of ESAT-6/CFP-10 may be dissociated by a mechanism other than
acidification and N-a-acetylation.
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What are the oligomeric states of soluble ESAT-6 and ESAT-6 pore?

ESAT-6 has 95 amino acids with estimated molecular weight ~10 kDa. We have shown that
both Helix 1 and Helix 2 insert into the membrane and form a membrane-spanning pore (Ma
et al., 2015). Given the size and the reported structure of ESAT-6 monomer, it is reasonable
to believe that the putative ESAT-6 pore must be an oligomer. An earlier yeast two-hybrid
assay showed that ESAT-6 and CFP-10 were capable of forming both hetero- and homo-
dimers (Teutschbein et al., 2007). We also found that during purification CFP-10 or ESAT-6
was eluted in gel filtration at the positions equivalent to a homo-dimer or -trimer
(unpublished observation). Consistent to these observations, Refai et al. reported that
ESAT-6 formed dimers/multimers in native gel electrophoresis, size exclusion
chromatography and CD spectroscopy (Refai et al., 2015). Moreover, the homo-complexes
of ESAT-6 proteins appear to be resistant to chaotropic denaturants. A earlier study reported
that the ESAT-6 proteins purified from M. smegmatis formed homo-dimers and homo-
trimers, even when they were stored in 8 M urea-phosphate buffer (Daugelat et al., 2003).
The unusual stability of ESAT-6 homo-complexes in chaotropic denaturants may be able to
explain the seemingly conflicting results obtained in a recent FRET (Forster Resonance
Energy Transfer) study, which showed that ESAT-6 exclusively formed heterodimer with
CFP-10, and it did not form homodimer (Poulsen et al., 2014). It is very possible that
ESAT-6 forms homo-complexes during the processes of purification as well as fluorescence
labeling with either donor or acceptor fluorescence dyes. Because ESAT-6 homo-complexes
are too stable to dissociate, or dissociate at a very slow rate, little dissociation and molecular
exchange would occur between the donor-labeled and the acceptor-labeled ESAT-6 homo-
complexes, which would result in no detectable FRET signal. Therefore, current data
supports a model that ESAT-6 forms heterodimer with CFP-10, but in the absence of
CFP-10, ESAT-6 forms stable homo-complex. Determination of oligomeric states of the
soluble ESAT-6 homo-complex (pre-pore) and the membrane-spanning pore will provide
important insights into the mechanism of ESAT-6 pore formation.

Does ESAT-6 pore formation require host receptors?

Most of PFTs require specific cell surface receptors for their pore-forming action. To date,
the identified PFTs’ receptors include proteins, phospholipids, cholesterol, and
carbohydrates, etc. (Barth et al., 2004; Geny and Popoff, 2006; Gilbert, 2002; Gonzalez et
al., 2008; Los et al., 2013). Receptors not only serve as anchoring points for PFTs to attach
to the membrane, they are also actively involved in toxin assembly, trafficking, pore
formation and membrane translocation (Young and Collier, 2007). Therefore, although
ESAT-6 alone is sufficient to form pores or disrupt membranes in model membrane systems
(e.g. lipid bilayer and liposome), it is reasonable to believe that host cell surface receptor(s)
is involved in ESAT-6 pore formation. Using the fluorescently labeled ESAT-6/CFP-10
complex, Renshaw and colleague showed that the heterodimer specifically bound to the
surfaces of the cultured macrophages and monocytes, but not fibroblasts. The binding
appeared to be dependent on the C-terminal flexible arm of CFP-10 (Renshaw et al., 2005).
Moreover, ESAT-6 showed stronger interaction with the biologically relevant liposomal
preparations containing DMPC and cholesterol (de Jonge et al., 2007). These findings
suggest that specific host proteins or lipids may serve as receptors for ESAT-6 and/or
CFP-10. Recently, ESAT-6 was shown to directly bind to Toll-like receptor 2 (TLR2), which
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inhibited TLR signaling in cultured macrophages (Pathak et al., 2007). Most recently, using
yeast two-hybrid screening and other assays Sreejit et al. showed that ESAT-6 interacted
with beta-2-microglobulin (B2M), and the C-terminal six amino acids (90-95) were essential
for this interaction. ESAT-6 in complex with CFP-10 also interacted with $2M, which
affected antigen presentation function of macrophages (Sreejit et al., 2014). It would be
interesting to look into whether these host factors or other unidentified host factors serve as
receptors that mediate ESAT-6 pore formation.

Do ESAT-6 orthologs from other mycobacterial species have pore-forming activity?

Summary

While sharing 72% sequence identity with MtbESAT-6, MSESAT-6 is not active in
membrane interaction (De Leon et al., 2012). This study suggests that the pore-forming
activity of ESAT-6 appears to be an important factor determining virulence phenotypes of
mycobacterial species (Figure 1). Consistent with the hypothesis, the ESAT-6 orthologs from
pathogenic M. bovisand M. marinum share 100% and 92% sequence identity with
MtbESAT-6, respectively (Figure 3). Although there is no direct biochemical evidence that
MmESAT-6 possesses pore-forming activity, genetic knockout and complementation
experiments showed that M. marinum with deletion of ESAT-6 was incapable of rupturing
phagosomal membranes in macrophages (Simeone et al., 2012), and MtbESAT-6 can serve
as an equivalent replacement for MMESAT-6 to restore cytosolic translocation of M.
marinum (laboratory unpublished data). The ESAT-6 orthologs from pathogenic M. /leprea
and M. avium share lower sequence identity with MtbESAT-6, with 35% and 16%,
respectively. Most of the ESAT-6 orthologs are conserved at the central WXG motif and the
C-terminal HxxxD/ExxHxxxH motif (Poulsen et al., 2014). In order to further confirm the
hypothesis that ESAT-6 pore-forming activity determines mycobacterial virulence
phenotypes, it would be interesting to test if MIESAT-6 and MaESAT-6 have similar pore-
forming activity as MtbESAT-6.

As a newly recognized PFT from M. tuberculosis, ESAT-6 undergoes pH-dependent
conformational changes, inserts into the membrane and forms a membrane-spanning pore.
This pore-forming activity mediates M. tuberculosis translocation from the phagosome to
the cytosol, which activates a series of cellular responses and leads to significant
consequences of host-pathogen interaction. Therefore, ESAT-6 has become a major
therapeutic target against M. tuberculosis infection. Research studies that lead to a better
understanding of the mechanism of ESAT-6 membrane interaction and pore formation will
facilitate the development of novel drugs or vaccines against tuberculosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

ESAT-6, an essential virulence factor of M. tuberculosis, is a pore-forming
toxin.

We review the current understanding of ESAT-6 roles in pathogenesis

We discuss the remaining questions related to ESAT-6 pore-forming
activity.
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Figure 1. The pore-forming activity of ESAT-6 mediates mycobacterial cytosolic translocation
through rupturing phagosomal membranes

After being internalized into the phagosome, MtbESAT-6 ruptures phagosomal membranes,
which allows M. tuberculosis to translocate into and replicate in the cytosol. However, since
MSESAT-6 is not able to rupture the phagosomal membranes, M. smegmatis remains inside
the phagosome and later is killed upon phagolysosomal maturation.
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Figure 2. Model of ESAT-6 membrane insertion
A. ESAT-6 is composed of N- and C-terminal flexible arms and a central Helix-Turn-Helix

motif. B. The solution structure of ESAT-6 is downloaded from PDB (1WAS8) and displayed
in Swiss PDB viewer. C. The model of ESAT-6 membrane insertion. Helix 1 (H1) and Helix
2 (H2) insert into the membrane, and the N- and C-terminal arms attach to the surface of the
membrane supporting the structure.
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A WXG HxoxDIExxHxxxH
M_tuberculosis -MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTELAA [RGChGSEAYQGVQOKWD ATATELNNALQNLARTISEAGONMASTEGNVTGHAA- 95
M_bovis ~MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGXQSLTKLAAAWGGEGSEAYQGVQQEWD ATATELNNALQNLARTISEAGQAMASTEGNVTGMHA~ 95
M_marinum ~MTEQQWNFAGIEAASSAIQGNVTS IHSLLDEGXQSLEKLAAAWGGEGSEAYRGVQONWD STAQELNNSLONLARTISEAGOAMSSTEGNVTGMHA- 95
M_smegmatis ~MTEQVWNFAGIEGGASEIHGAVSTTAGLLDEGKASLTTLASAWGGIGSEAYQAVQARWD STSNELNLALONLAQTISEAGQTMAQTEAGVTGMHA- 95
M_leprea ~~MIQAWHFPALQGAVNELQGSQSRIDALLEQCQESLTKL( ESYSSVQRRFNONTEGINHALGDLVQAINHSAESTMOQTEAGVMSMHTG 95
M_avium MSDPITYNPGAVADFATDVASRAGQLQS IFDDTSNRTHALQEHFAGHGASGFFEAQAQML SGLQGLIDTIRQHGQTTSHVLDSAISTDQHIAGLY-~ 95

B

M_tu o
M_bovis 0

M_marinum 0.05263
M_ is 0.13317

_i—t—{:

M_leprea 0.34512
M_avium 0.5366

Figure 3. Sequence alignment of orthologous ESAT-6 proteins
A. The ESAT-6 sequences from M. tuberculosis, M. bovis, M. marinum, M. smegmatis, M.

leprea, and M. avium were aligned with ClustalW?2. The residues are colored according to
chemical natures: Red (hydrophobic), Green (polar), Blue (acidic), Magenta (basic). The
conserved WXG and HxxxD/ExxHxxxH motifs are boxed. B. The phylogenic tree was

calculated in ClustalW2.
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