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Abstract Trypanosoma rangeli is a hemoflagellate parasite
which is able to infect humans. Distinct from Trypanosoma
cruzi, the causative agent of Chagas disease, T. rangeli is
non-pathogenic to the vertebrate host. The manner by which
the 7. rangeli interacts with the host is still unknown, but it
certainly depends on the surface molecules. Major surface
proteins (MSP) are GPI-anchored, zinc-dependent
metalloproteases present in the surface of all trypanosomatids
studied so far, which are implicated as virulence factors in
pathogenic trypanosomatids, such as Leishmania spp and T.
cruzi. The aims of this work were to generate the complete
sequence of a 7' rangeli MSP (TrMSP) gene and to determine
the 3D-structure of the predicted protein by homology model-
ing. The plasmid bearing a complete copy of a TrMSP gene
was completely sequenced and the predicted protein was
modeled using Modeller software. Results indicate that
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TrMSP open reading frame (ORF) codes for a predicted 588
amino acid protein and shows all elements required for its
posttranslational processing. Multiple sequence alignment of
TrMSP with other trypanosomatids’ MSPs showed an exten-
sive conservation of the N-terminal and central regions and a
more divergent C-terminal region. Leishmania major MSP
(LmMSP), which had its crystal structure previously
determined, has an overall 35 % identity with TrMSP.
This identity allowed the comparative molecular model-
ing of TrMSP, which demonstrated a high degree of
structural conservation between MSPs from other
trypanosomatids (TrypMSPs). All modeled MSPs have
a conserved folding pattern, apart from structural diver-
gences in the C-domain and discrete differences of
charge and topology in the catalytic cleft, and present
the same geometry of the canonical HEXXH zinc-
binding motif. The determination of surface charges of
the molecules revealed that TrMSP is a predominantly
positive protein, whereas LmMSP and Trypanosoma
cruzi MSP (TcMSP) are negative proteins, suggesting
that substrates recognized by TcMSP and LmMSP could
not interact with TrMSP. Moreover, the comparison
between TrMSP and TcMSP protein sequences has re-
vealed 45 non-neutral amino acid substitutions, which
can be further assessed through protein engineering. The
characteristics of TrMSP could explain, at least in part,
the lack of pathogenicity of T. rangeli to humans and
point to the necessity of identifying the biological tar-
gets of this enzyme.

Keywords Comparative modeling - Host-parasite

interaction - Major surface protease (MSP or gp63) -
Non-neutral substitutions - Trypanosoma rangeli
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Introduction

Trypanosoma cruzi is a flagellate protozoan that infects
humans and other mammals and is the etiologic agent of
Chagas disease in Central and South America. T cruzi is
transmitted by Triatomina of the genera Rhodnius and
Triatoma or, more rarely, by vertical transmission and trans-
plantation of organs and/or tissues [1]. Trypanosoma rangeli
is sympatric with 70 cruzi and transmitted by the same insect
vectors, however, it is harmless to the vertebrate host. Nev-
ertheless, 7. rangeli has great medical and epidemiological
importance, since it shares several antigenic determinants
with 7. cruzi, culminating in serum cross-reactivity in the
diagnosis of Chagas disease [2].

The surface proteins of trypanosomatids are fundamental
molecules for the host/parasite interaction. One of these mol-
ecules is the major surface protease (MSP), a zinc-dependent
metalloprotease, initially described in the genus Leishmania
as a 63 kDa glycoprotein (gp63) that can either be associated
with the membrane via a glycosylphosphastidylinositol an-
chor (GPI) [3] or secreted, without the attachment signal for
the GPI anchor [4]. The MSP catalytic site is composed by a
HEXXH motif coordinated by a Zn®" ion [5]. These proteases
have been implicated as virulence factors of Leishmania spp.,
given its interaction with a large variety of substrates. The
functions of MSPs include: i) complement system inactiva-
tion, through the cleavage of C3b in its inactive form, C3bi
[6]; ii) cleavage of the CD4 receptor of T lymphocytes inter-
fering with cell-mediated immunity [7]; iii) interaction with
macrophage receptors, ensuring the parasite entrance without
respiratory burst [8]; and iv) cleavage of mTOR (mamma-
lian target of rapamycin), a major translational control
element, generating a state of low responsiveness of the
infected macrophage, facilitating intracellular replication
of Leishmania [9].

Interestingly, the MSPs have been described in other
trypanosomatids such as Trypanosoma brucei and T. cruzi.
In T brucei, MSPs are responsible for the cleavage and
release of variant surface glycoproteins (VSG) in the anti-
genic switching mechanism [10]. In 7. cruzi, MSPs are
encoded by a gene family with approximately 251 copies
[11]. The molecular bases involved in the action of MSPs in
T. cruzi and its function are still unknown. However, neu-
tralization experiments with anti-MSP antibodies decreased
the infectivity of 7. cruzi in VERO cells by 50 %, suggesting
that MSPs are a virulence factor in this specie [12].

Although MSPs are encoded by gene families in all
sequenced trypanosomatids, there is only one solved crystal
structure: the MSP of L. major (PDB code: 1ILML) [5]. As
an alternative to crystallographic studies, protein structures
can be solved in silico, by comparative modeling. In some
cases, in silico modeling allows the generation of tridimen-
sional structure of proteins with resolution comparable to
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experimental results. The comparative modeling technique
predicts the three-dimensional structure of a protein based
on amino acid similarities with the sequence of a related
protein of known structure. This is considered to be the most
accurate computational method for structural characteriza-
tion of proteins [13].

Although the molecular bases of host/parasite interac-
tions in 7. rangeli are not known, it is presumable that
surface protein families present in other trypanosomatids
must have a fundamental role in the related mechanisms.
Despite its importance, functional details of most 7. rangeli
surface proteins are still unknown and comprehensive stud-
ies on protein structure could help the understanding of
processes that determine pathogenicity of trypanosomes in
the vertebrate host.

To our knowledge, there are no reports describing genes
encoding MSPs in 7. rangeli. The first evidence of MSPs
genes in this species arose from the construction of a geno-
mic library, where 12 gene fragments with a high percentage
of similarity with 7. cruzi MSPs were identified [14]. In this
paper, we report the first complete sequence of the gene
encoding a T rangeli MSP (TrMSP), obtained from a library
of clones through Genome Sequence Survey (GSS). From
the predicted protein sequence, we generated and validated
the three-dimensional model of TrMSP. Subsequently, we
evaluated the distribution of surface charges to better
characterize the model and predicted functionally impor-
tant residues that can be a target for further protein
engineering studies.

Materials and methods
Sequencing of a complete MSP gene in 7. rangeli

The nucleotide sequence of 7. rangeli (P07 strain) MSP
gene was obtained in a recently published library [14].
Bacterial clones containing plasmids with the forementioned
sequence and resistant to ampicilin were grown in LB me-
dium (20 g L™ tryptose, 5 g L' yeast extract, 8.5 mM NaCl)
in the presence of 50 pg mL™" ampicilin and incubated for
18 h at 37 °C under constant agitation. Cells were ruptured
through alcaline lysis and recombinant DNA purification
was performed as described elsewhere [15].

The only plasmid (2C01) comprising the complete
sequence of the MSP gene was sequenced through
primer walking with the following oligonucleotides: 1)
Tr2C01-PW1 5'-TGGAACATCGCTGCACGT-3'; 2)
Tr2C01-PW2 5'-CAGCACATCTCTGCAGG-3'; 3)
Tr2C01-PW3-5" GATTACTGCCCCATCATCGT-3'. All
sequencing reactions were performed using the Big
Dye Terminator Cycle Sequencing kit, version 3.1
(ABI PRISM™) and processed with the 3130 XL
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Genetic Analyzer (Applied Biosystems), according to
manufacturer instruction.

Computational analysis of predict TrMSP sequences

The search of cis elements involved in TrMSP processing
was performed using the following tools: 1) Signal IP 3.0
Server™ [16] for the identification of signal peptide; 2)
PredGPI™ [17] for the prediction of GPI anchor addition
site; 3): ProtParam™ [18] for the determination of MSP
isoeletric point. The amino acid sequences of different
MSPs were aligned using ClustalW and manually curated
(http://www.ebi.ac.uk/Tools/msa/clustalw/) [19].

Bioinformatics analysis of TrMSP structural characteristics

The complete 7. rangeli MSP sequence [GenBank JQ579649]
was submitted to BLAST [20] searches against publicly avail-
able databases in order to identify possible homologues and
determine similarity levels between the MSP of T rangeli and
other MSPs, especially those from trypanosomatids. The
criteria for detecting homology included e-value, alignment
scores and sequence coverage. Once the set of MSP homo-
logues in trypanosomatids was established, all subsequent
steps were simultaneously performed with all sequences.
Sequence alignments were generated, using Promals3D
[21] with default values and manually curated and second-
ary structure predictions were performed using PSI-PRED
[22]. The tertiary structure for TrMSP was not experimen-
tally determined and therefore three-dimensional models
were generated through comparative modeling for this pro-
tein and for the MSPs of all TrypMSPs. BLAST searches
against the PDB database were performed in order to iden-
tify a suitable structural template for all MSP proteins.
Sequence alignments between the target proteins and the
template were generated using Promals 3D and the conser-
vation of amino acids with similar physico-chemical prop-
erties and gap insertions were inspected with the support of
DNATagger, a visualization tool. Modeller (version 9.10)
[23] was used to generate a preliminary set of 100 candidate
structures for each MSP. The Zn>" atom and a conserved
water residue (corresponding to Zn>" 578 and water 663 in
ILML) were both included in the comparative modeling
protocol as well as all nine disulfide bridges present in the
template structure (Cys residues are conserved in all se-
quences). For each of the MSPs, all candidate structures
were ranked according to energetic and stereochemical fea-
tures obtained from Procheck [24] Ramachandran plots and
ProSA [25] Z-score values, respectively. We have defined a
proportionality score to assess the quality of candidate struc-
tures, consisting of a comparison between the stereochemi-
cal features analyzed by Procheck through the percentage of
residues in most favored regions of the Ramachandran plot

(R-value) and the energy evaluation represented by the
absolute ProSA Z-score value (P-value). As the R-value
should be as high as possible (positive and up to 100) and
the P-value should be as close to zero as possible (either
positive or negative), a reasonable evaluation seems to be
the ratio between R-value and P-value, a score we have
named S-value. The higher the S-value, the better the quality
of the candidate structure. From this evaluation, the best-
quality model for each of the proteins was defined as being
the candidate structure with highest S-value and used in
subsequent analysis. Subsequently, we performed loops
and side-chain modeling. Structures were minimized using
OPLS 2005 force field with additional parameters pro-
vided by Schrédinger (www.schrodinger.com) in the
MacroModel software. Validation results are showed in
Supplementary Table 1.

Assignment of TrypMSP surface charges

Surface charges for all surface models were assigned using the
PDB2PQR [26] server using the AMBER [27] force field and
naming scheme. PROPKA [28] was used for protonation,
considering the physiological pH (7.0). Results were submit-
ted to APBS calculations. All programs are available within
the Kryptonite server (http://kryptonite.nber.net/apppdb2pqr)
[29]. Visualization of the charged surfaces were performed in
PyMOL [30] using the APBS tools plugin.

Identification of non-neutral amino acid substitutions

A pairwise sequence alignment was built between TrMSP
and TcMSP (its closest homologue among TrypMSPs con-
sidered in this study) using Promals3D [21]. A Perl script
was used to identify all amino acids substitutions among
these two proteins and generate a mutation list as input for
SNAP [31], a neural-network based algorithm to evaluate
the effects of such substitutions to protein function. The
minimum reliability index for SNAP was set as 0 and the
minimum expected accuracy as 50 %.

Results and discussion

Identification of the TrMSP gene and analysis
of the predicted protein

The insert of pUC19-2C01 clone, isolated from the T.
rangeli genomic library was sequenced through primer
walking. From the determined consensus sequence it was
possible to identify a 1767 bp ORF that encodes a hypo-
thetical 588aa protein (Fig. 1) with a predicted pl of 7.13.
BLAST analysis with blastx revealed 58 % and 35 % iden-
tity between the predicted 7. rangeli protein and MSPs of T.
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atgcteceggetttgtegagtagegacagggetgettettgtgetgetttgetgggtgegttgetecttgggetatgtggaacategetgecacgtttgacgagaggatgeggaaggttget 120
*

ML RT ¢CRVATGILLLVL LWV UREGCSSzTG YV EWRCTTFDERMRKY A 40
gctttgeccagtgetgegegaggtgececgeggaagggacagggegegatgecaggegtacacegecggtgegtegtettgggagecgatacgecatcaaggttttcacggeggatttgaataat 240
AL VLTREVPFRRGYEEAMOAY T A As s WEPIRTIKTYTFTADTLNN 80
gaattcecgectattgcacagecgecgggggacattegtecagactatgagggtggtgtggegetgtgcaagacggeccatattettacteccagagaagaaggegettettgttgageggete 360
E F R Y C T AA G D I R PD Y E G GV A L CUE KT A AH I L TPEZ KU KA ATLTLV E R L 120
ataccggagtccattcagttgcacgecactegectecttgteecgteccaatggactttatttttgtggggeggattacctttggegettgtgtettetttacggteccegaggagecacagt 480
I P E $S I Q L HATURULILV RPMDV F I FV GR I TVF GACV F F TV P E E H S 160
gttgagagggtgcttggegetgacttcatectttacgttgecagecgggecgatggeggacaccaatgtggegtggggggtgeegtgetecgtecacgacecgacgggeggectgtecattggg 600
vV E R V L G A D VPF I L Y V A A G P MAD TNV A WGV P C s VT T D G R P V I G 200
gcecgetgaactttggecccgecagecacatetetgcagggeggggectggecgegegeecgecgcacatgagattgegecatgeecttgggttttecatetacgtetttgttggacgecacatggte 720
A L N F G P Q H I S A G R G L A R A A A HE I A HALSOGT F S I YV F YV GRUHMUV 240
actgcggtgeggggegttegeggecaaaccecctegeccatgtgetgtectcaaggaagacactgcagatgacgegaaagcacttcaattgegetgeecgecacectggecatggagetggaagae 840
T AV R G V R G K P LA H UV L S S R KTULOQMTRIEKHUFNUZGCMAAAZPUGMETLED 280
gagggcggggaggggacggcgeagtegcactgggageggecgaaacgegaaggatgagttgatggegggegtttecggecattggectactacteegecctgacgatggeggettttgaggac 960
E G G E G T A @Q s ﬁ W E R R N A KD EL MA GV S G I G Y Y s A L T M A A F E D 320
accgggtactatcgegecaactggggcatggaggagttgatggggtggggcagcaactetggectgegagttectggagaagaagtgegtggaaaacagcaccacacgatacccecgacatg 1080
T G Y Y R A NWGMEEULMGW WG S NS G CE F L E K KCV EN S T TR Y P DM 360
ttetgcactgaggttteccacgegecttecactgecacgtetgatcacectggegetgggggtttgecagtettgtttecattecaacaggegettgegecacagtacaggtactttgaacacege 1200
F ¢ T E VvV $S T R L H C T S D HULAUL GV C S L VS F Q Q A L AP QQQ Y R Y F E H R 400
gceettggtgectcacategtgagttgacggattactgecccatecategtetecactecaaagaaggeggetgcacgagecttttegacacegecgetggaagtegtgtgggacccaacteca 1320
A L G A S HREULTD Y CU®P I I VS L KEGGCT s L F DTAAG S RV G P N s 440
cggtgcctgaaggggaacggtcttegecatetatgcaatggaaattggggeggtectgegtggagacgtegtgecgagagteecgggcacggtgaaaatacgetacgetgggaatgatgegtgg 1440
R ¢C L K 6N G L R I Y A M E I G AV CV ET s CE s P G TV K I R Y A G ND AW 480
catttgtgccecggagggagecacgetteggeegggactececttecaceggeggegaaattgtetgeccaaagtacgaaagagtttgcaccacgttggegggtgecegecaacgeectttget 1560
H L C?PEGATULU RUZPGTLU®PVFTGGE I V CPI XK YEIRUVYVCTTULAGA AIRNATF A 520
cacgaaacctacacggcgcaggcagcagggaattttgtggeggaggctecacttegacaacacattgegecececgaggagececcaagecategeeccegttgegecaacgeccecgaggagaaa 1680
H E T ¥ T A Q A A G N F V A E A HF DNTULIRUPEEUPUP S HURUPV A Q R P E E K 560
geggtcecgacgttgecgtegettetgecctgecgtggetgecgttttttttttttttgttgtgtgetgecgetggaattggagtectaa 1767
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Fig. 1 Nucleotide sequence and the corresponding amino acid se-
quence of TrMSP protein. Symbols and lines are: dashed line—signal
peptide; dotted line - pro-peptide; asterisk—the probable cysteine
residue involved in the process of cysteine switch (Cys30);

cruzi (TcMSP) and L. major (LmMSP), respectively. The
coverage between TrMSP/TcMSP and TrMSP/LmMSP
were 92 % and 75 %, respectively. From these results, we
assumed that the ORF from clone pUC19-2CO01 does in fact
correspond to a 7. rangeli MSP.

MSPs suffer several post-translational modifications [5] and
human knowledge regarding protein processing is essential for
the proper prediction of tertiary structures of mature proteins.
These predictions are especially valuable in cases where there
is a low percentage of sequence identity between query and
template. Post-translational modifications of TrypMSPs,
such as the identification of the signal peptide, the
propeptide and the GPI-attachment site, were predicted
with the use of several software programs. According to
SignalP software prediction [16], residues 1 to 24 of the
predicted TrMSP protein correspond to a signal peptide
(Fig. 1). PredGPI software [17] indicates residue
Asp563 as the omega site for addition of the GPI
anchor (Fig. 1). Based on these data, we can infer that
the TrMSP protein has all elements required for its
localization in the outer surface of 7. rangeli.

@ Springer

arrowheads—probable signal peptide and pro-peptide cleavage sites;
continuous line—catalytic residues (His221, Glu222, His225, and
His290); arrow—GPI anchor signal sequence; bullet sign—omega site
(Asp563) for GPI anchor addition

Furthermore, the alignment of the amino acid sequences of
TrMSP and TcMSP revealed that the former has a conserved
N-terminus extension, the propeptide, which contains a cyste-
ine involved in a switch mechanism that controls enzymatic
activity, avoiding the degradation of intracellular components
by the newly synthesized enzyme (Fig. 1).

Conservation of MSP sequences

All MSPs studied to date, in different species, showed a high
degree of sequence conservation with all other MSPs [32-34].
The only exception is the predicted sequence of Leishmania
guyanensis MSP that apparently lacks the last five cysteine
residues, however, no studies on the viability or functionality
of this enzyme have been conducted [35]. In accordance to this
observation, multiple sequence alignment of MSPs from 7.
rangeli, T. cruzi, T. brucei (TbDMSP), L. major, and Crithidia
fasciculata (CEMSP) revealed a high amino acid conservation
between sequences, including the active residues HEXXH and
a third histidine residue involved in the formation of the
catalytic site (Supplementary Fig. 1). In general, approximately
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16 % of all residues are identical in all investigated MSPs,
including 18 cysteine, 12 glycine and seven proline residues,
which are conserved in all MSPs (Supplementary Fig. 1). The
multiple sequence alignment also revealed that TrMSP
is closest related to TcMSP, with 58 % identity between
amino acid sequences. Within the Leishmania genus,
TrMSP is closer to the LmMSP than to any other
MSP in this genus (Supplementary Fig. 2).

Comparative modeling of TrMSP

To generate a structural homology-based model of TrMSP
we selected as template the structure of leishmanolysin
(LmMSP, PDB code: 1LML) solved by X-ray diffraction
with a resolution of 1.86 A [5]. We performed several
searches of TrypMSPs amino acid sequences in PDB

DataBank, using the complete and partial regions of a few
identities as queries. However, no structure other than
leishmanolysin was retrieved. PDBReport indicated that
ILML has the quality features that enable it to be used as
template, with the following global quality results: first
generation packing quality of —0.77; second generation
packing quality of —0.801; Ramachandran plot appearance
of —1.307; chi-1/chi-2 rotamer normality of —0.929; back-
bone conformation of —0.877. Sequence alignment showed
that TrMSP has 35 % identity and 58 % similarity with
LmMSP residues. Gaps were closed by comparing the
TrypMSP sequences with 1LML via ClustalW and
Promals3D, both in the default mode. TrypMSP protein
sequences were manually processed by removing of ele-
ments lost during post-translational modifications, such as
signal peptide, propeptide, and the residues downstream of

TrMSPand TrypMSPs Other Metzincins

41?'

Fig. 2 Topological and structural analyses of TrMSP protein. A)
Topology of the TrMSP protein derived from PDBSum, evidencing
the secondary structure elements that compose the protein structure.
Structural subdomains are delimited inside dashed lines, as follows: C-
terminal domain in blue, central domain in green and N-terminal

domain in yellow. The twisted (3-sheet region is enlarged in a schematic
representation and compared with the correspondent region of other
metzincins, evidencing the absence of the second strand in TrMSP
when compared to other proteins from this family. Numbers indicate
the length range of each strand of segments between strands

@ Springer
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the omega-site, which are not represented in the template
ILML because this structure corresponds to the mature
protein [5].

Then, alignments were generated for models construc-
tion. After the generation of protein structures bearing the
zinc ion in the catalytic site and quality evaluation regarding
structural energy and stereochemical features, a three-
dimensional model for TrMSP was selected and further
submitted to molecular dynamics simulations for structural
stability assessment. The proposed protein structure is glob-
ular and comprised by 29 -strands and 14 «-helices,
according to PDBSum [36] data (accession number c834
and password 210521, Fig. 2, bottom panel).

Zinc-dependent metalloendopeptidases that present the
catalytic motif HEXXH can be grouped into three main
groups: gluzincins, aspzincins and metzincins, which in-
clude astacins, serralysins, adamalysins, MMPs, snapalysins
and leishmanolysins [37]. All families present a character-
istic catalytic domain formed by the two x-helices, named A
and B [38], packed against one side of a five-stranded
twisted (3-sheet [5] (in which the second strand is absent
in TrTMSP and LmMSP, Fig. 2, top panel). The HEXXH
motif is placed in the B o-helix and the side chains of both
histidines coordinate the zinc atom in the active site. In
contrast to the folding pattern of other metzincin family
members, TrMSP and LmMSP have only four (3-strands in
the catalytic module (Fig. 2). The missing 3-strand is re-
placed by an ~40-residue insertion in LmMSP and TrMSP.

The predicted TrMSP structure is compact and can be
divided into three main structural subdomains: N-terminal,
central and C-terminal (Fig. 3). The N-terminal subdomain
corresponds to residues Thr60 to Phe229 of the processed
protein and possesses a folding pattern similar to the cata-
lytic module of other zinc-proteases. This subdomain con-
tains the active residues from the catalytic site HEXXH
(His221, Glu222 and His225), the signature motif of zinc
proteases. This subdomain also bears a deep cleft in the
interface of the active site, which is located between the

Fig. 3 Protein structure of TrMSP as obtained by comparative model-
ing. Domains are colored according to the topology in Fig. 2 (C-
terminal domain in blue, central domain in green and N-terminal
domain in yellow). The catalytic site is enlarged for a more detailed
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N-terminal and central subdomains of TrMSP protein. The
HEXXH motif is located in an x-helix and the side chains of
the two histidines coordinate the zinc ion in the catalytic site
(Fig. 3). TrtMSP has four (3-strands in the catalytic cleft
(residues 70 to 74 and 169 to 204), different from other
metzincins, which have five [3-strands, but similar to
leishmanolysin which is the closest protein to TrMSP re-
garding sequence similarity which has already been classi-
fied. It is worth noticing that the antiparallel (3-strand (3-strand
IV) is still present in TrMSP, given its importance in the
catalytic mechanism [37]. The missing {3-strand ([3-strand II)
is replaced by an ~40-residues insertion in both LmMSP and
TrMSP. Additionally, the subdomain also bears a long «-helix
positioned in parallel to the shorter «-helix containing the
active residues.

The central subdomain corresponds to residues Ser230 to
Gly341 and has a compact folding pattern with anti-parallel
helices and anti-parallel 3-strands, forming its core (Fig. 3).
A single disulfide bond (Cys270-Cys342) is responsible for
linking the central- and carboxyl-subdomains. Members of the
metzincin family have the extended motif HEXXHXXGXXH,
where the glycine residue is part of a small loop that projects
the third histidine residue inside the catalytic site, placing its
side chain in coordination with the zinc atom. Interestingly,
TrMSP has a 61-residue insertion between the Gly228 of the
extended motif and the His290, which also coordinates with
the zinc atom (Fig. 3). A similar insertion is present in
snapalysins and leishmanolysin, making difficult the defini-
tion of the metzincins class based on sequence data alone [37].

The geometry of residues coordinating the zinc atom is
similar to that of other zinc proteases. The zinc atom is
coordinated by the side chains of His221, His225 e His290
at distances of 2.7 A, 2.3 A, and 2.7 A, respectively. In
addition to the three histidine residues in the catalytic site,
there is a water molecule in coordination with the zinc atom,
at a distance of 2.7 A (relative to the oxygen atom). This
water molecule is located very close to the zinc atom and is the
nucleophile responsible for attacking the substrate peptide

His290 J
“ His225

representation. The zinc atom and the catalytic water molecule are
displayed as gray and red spheres, respectively. Residues from the
catalytic site that coordinate the zinc ion are shown in licorice and
colored in darker shades
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bond. TrMSP active site seems to be pentacoordinated with
Glu222, at a distance of 1.901 A (Fig. 3).

The C-terminal subdomain, corresponds to the region
between amino acids Cys342 and Ala518. Within this
subdomain are located six out of nine disulfide bonds
of the structure which indicates an increased rigidity of
this domain. The GPI anchor is added in the last resi-
dues of the C-terminal and is characterized as a spiral
loop, similar to an o-helix.

Conservation of TrMSP tertiary structure

For comparison, we further investigated the conservation of
TrMSP tertiary structure compared with MSPs obtained
from other trypanosomatids (TrypMSPs). As the only ex-
perimentally solved structure available for comparison was
LmMSP (leishmanolysin, ILML), we determined structural
models of MSPs from C. fasciculata, T. brucei and T. cruzi
(CfMSP, TbMSP and TcMSP, respectively). All models
were constructed and refined by homology-based structural
modeling, with LmMSP as template and using the same
computational protocol employed for TrMSP. These protein
models are publicly available in the Protein Model Database
(PMDB) [39], under the ID numbers: PM0078813 for
TrMSP, PM0078814 for CfMSP, PM0078815for TbMSP,
and PM0078816 for TcMSP.

From the comparison between the obtained structures
(Fig. 4), we can observe that the MSPs from trypanosomatids
are highly conserved, sharing the N-terminal fold and central
domains, including the catalytic site. On the other hand, the C-
domain has structural divergences, although the overall fold-
ing pattern is conserved. The analysis of TrypMSPs surfaces
revealed that the cleft in the catalytic site is slightly different in
each protein, regarding charge and topology (Figs. 4 and 5).
These differences suggest that each MSP analyzed has
specificity for distinct substrates, and this is strongly
supported by the fact that MSPs have different functions
in each specie [10, 12, 40, 41].

Determination of surface partial charges of TrMSP

Considering that the enzyme/substrate interaction is
influenced not only by topological aspects, but also by the
complementarity of charges in the contact surface, we have
decided to investigate the map of surface partial charges of
LmMSP, CfMSP, TbMSP, TcMSP and TrMSP (Fig. 5).
Regarding the catalytic site, all TrypMSPs were mainly
positive, due to the positivity of the zinc atom and the
histidine residues. The overall surface charge, on the other
hand, is predominantly negative for LmMSP (—14e),
CfMSP (—19¢), TbMSP (—20e) and TcMSP (—21e). Surpris-
ingly, the analysis of TrMSP surface charges has revealed
substantial differences when compared to all other

TrypMSPs. For TrMSP, partial surface charges are more
electropositive (+2e), as presented in Fig. 5. This is a re-
markable finding, since TrypMSPs have their primary, sec-
ondary, and tertiary structures conserved over >200 Ma of
evolution and seem to differ solely in the distribution of
their surface charges. The negativity of the surface around
the catalytic sites of TrypMSP may play two roles: (i) to
prevent the binding of incorrect substrates in the catalytic
cleft by means of electrostatic repulsion and (ii) to facilitate
the interaction of specific substrates with the enzyme,
projecting these molecules into the catalytic cleft [42]. Tak-
ing these results together, the topology of the catalytic site
and, mainly, the differences in the electrostatic potential in
the surface of the catalytic cleft, we can suggest that sub-
strates recognized by other TrypMSPs would not interact
with TrMSP. This hypothesis is supported by and corrobo-
rates with the description of the distinct roles that MSPs play
in different species [10, 12, 41, 43].

Identification of important residues in TrMSP

Interestingly, among all TrypMSPs studied herein, TcMSP
is the closest homologue to TrMSP. The few differences
between these two proteins may account for the lack of
pathogenicity of 7. rangeli. To assess this hypothesis, we
have used prediction strategies to identify different residues
between the two proteins that may lead to structural (and
therefore functional) changes. After a pairwise sequence
alignment, we observed 257 amino acids substitutions be-
tween TcMSP and TrMSP (Fig. 6). From these substitutions,
45 were classified as non-neutral with an average expected
accuracy of 62 %, hypothetically indicating a localized
difference in the protein structure and function (Fig. 6).
These non-neutral substitutions are located along the TrMSP
protein sequence apparently randomly, although some re-
gions have a higher concentration of such residues. From the
45 non-neutral amino acids substitutions identified, 11
(~25 %) are of negative residues in TcMSP to non-
negative (either polar not charged, apolar or positively
charged) residues in TrMSP (and around 10 % of all 257
substitutions are of this type) and nine (20 %) are substitu-
tions of non-positive residues TcMSP to positive residues in
TrMSP (and around 7 % of all 257 substitutions are of this
type). From all 257 substitutions, more than 25 % (67
positions) are involved in the charge change (from highly
negative to slightly positive) of TrMSP when compared to
TcMSP. Especially, there is an increase in the number of
arginines and a drastic decrease in the number of aspartic
acid residues (Fig. 6). This is an interesting result, since
substitutions of charged residues are not frequent mutations
among homologous proteins [44] and we hypothesize that
such charge differences are the main divergence among
TrMSP and all other TrypMSPs studied here. Indeed, when
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Fig. 4 Structural comparison
among TrypMSPs from
Leishmania (1LML, green),
Chritidia fasciculata (cyan), T.
brucei (magenta), T. cruzi
(vellow) and T. rangeli (blue).
Catalytic regions are enlarged
for a more detailed view. Zinc
ions are represented as gray
spheres and the conserved
water molecule as red spheres.
Catalytic residues coordinating
the zinc ion are represented in
licorice and colored in orange
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Fig. 5 Analysis of surface
charges of TrypMSPs.
Structures of TrypMSPs from
Leishmania (1LML), Chritidia
fasciculata, T. brucei, T. cruzi
and 7! rangeli showing the
charge distribution in protein
surfaces. Solvent-accessible
residues are colored according
to their charge as described in
the scale below each structure
(varying from more negative, in
red to more positive, in blue).
The histogram indicates the
amount of charged residues in
each protein: H, K and R are

basic (positive) residues, while
D and E are acid (negative)
residues

consulting the BLOSUMG62 matrix [45], which is the refer-
ence for assessing the probability of amino acids substitu-
tions between homologous proteins, we observe that
substitutions from negative to non-negative residues and
from non-positive to positive are very unlikely in sequences
that have up to 62 % identical residues (TcMSP and TrMSP
have 58 % identical residues). BLOSUMS62 displays the
log-odds for each possible amino acid substitution, where

60 | EJUYR

M civsp
O TbmsP
B TcMsP

40
W TSP
30
20
) l] l]
0
H K R D E

positive scores indicate conservative substitutions and neg-
ative scores indicate non-conservative substitutions [46].
Events that substitute non-positive residues for arginine or
lysine residues have an average log-odd of —2, while sub-
stitutions of non-positive residues for histidine have an
average log-odd of —0.5. Considering the substitutions from
negative to non-negative residues, when aspartic acid or
glutamic acid residues are substituted by any non-negative

Acid  Basic
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DFIFV-GRITFGACVFFTVPEEHSVERVLGADFILYVAAGPMADTNVAWGVPCSVTTDGRPVIGALNFGPQHISAGR
TRPVVIPHTGLGMCENFTIPHKHHMVGVAGTDMILYANIFPTSG-PAAWAVLCFLLDDGRPFAAAVNFDPKQILVTING
LARAAAHETIAHALGFSIYVFVGRHMVTAVRGVRGKPLAHVLSSRKTLOMTRKHFNCAAAPGMELEDEGGEGTAOSHWE
DVRVAAHELGHALGFDVDYFVTLHMISEVPNVRGMPKVSVISTPNTKAMARQYHNCSTLEGIELEDEGGPGTVLSHWK
RRNAKDELMAGVSGIGYYSALTMAAFEDTGYYRANWGMEE LMGWGSNSGCEFLEKKCVENSTTRYPDMFCTEV - -STR
KRNMRDEMMTSDVGVGLYSALTLAAFEDMGVYVANYSAAEMLWWGNNSGCGLLEKKCLTDGITEYPDLFCNOFDDDEK
LHCTSDHLALGVCSLVSFQQALAPQYRYFEHRALGASHRELTDYCPIIVSLKEGGCTSLF - DTAAGSRVGPNSRCLKG
FFCTYDRLSLGYCRLKRHEEALPQEYQYFADPRVGG-DDLFMSRCPYVKAYSNGGCTNGDPSVMPGSVVGPNSRCVKG
NGLRIYAMEIGAVCVETSCESPGTVKIRYAGNDAWHLCPEGATLRPGLPFTGGEIVCPKYERVCTTLAGARNA
QDLQFDDKYIGDVCVDTRCGD -GTVSVRFLDDDAWQECQADETVTPPSGPWRGSIVCPQYADVCTAFPNISS -

Color key:
Amino acid substitutions

Non-neutral substitutions

Fig. 6 Pairwise sequence alignment between TrMSP and TcMSP. All amino
acid substitutions are shaded in green and those classified as non-neutral by
SNAP are marked with a yellow dot. Substitutions that change a non-positive
residue (in TcMSP) to a positive one (in TrMSP) are marked with a blue dot,
while substitutions that change a negative residue (in TcMSP) to a non-
negative one (in TrMSP) are marked with a red dot. Substitutions that change

amino acid, the mean log-odd is —2 and —1.5, respectively.
Taken together, these data indicate that the substitutions
leading to the more positive charge presented by TrMSP
go against the odds. This could be interpreted as a pressure
forcing TrMSP to have a positive surface, maybe as a result
of co-evolution between 7. rangeli and its hosts.

Conclusions

The complete sequence of a 7. rangeli MSP gene as well as the
amino acid sequence of the predicted protein was determined.
Three-dimensional models of mature TrMSP and its close
homologues from several another trypanosmatid species (C.
fasciculata, T. brucei, T. cruzi) were successfully built by
homology modeling using LmMSP (PDB code 1LML) as
structural template. TrypMSPs are highly conserved among
other trypanosomatid species at the sequence level and the
generated three-dimensional structures reveal an additional
conservation at the structural level among the modeled struc-
tures and between these and the experimentally solved
LmMSP structure (1LML). Interestingly, the major difference
between TrMSP and other TrypMSPs refers to the surface
partial charges. TrMSP has predominantly positive surface
charge, whereas LmMSP, CfIMSP, TbMSP and TcMSP have
negative surface charges. We have evaluated the amino acid
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@ Negative to non-negative substitutions
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anegative residue (in TcMSP) to a positive one (in TrMSP) are marked with a
double-colored dot (red and blue). The later are potential targets for further
protein engineer studies by site-directed mutagenesis to confirm their crucial
importance for parasite-host interactions. These substitutions of charged
residues are responsible for the more neutral (slightly positive) charges of
TrMSP when compared to its closer homologue TcMSP

differences among TrMSP and its closest homologue (in this
study) TcMSP. From all 257 positions where substitutions occur,
45 were assigned as non-neutral, indicating that these changes
may be involved in functional differences between TcMSP and
TrMSP. Protein engineering studies can be further performed to
confirm these predictions and characterize TcMSP sites that can
account for 7. cruzi pathogenicity to humans.

MSPs are important surface proteins that play an important
role in the host-parasite interaction in trypanosomatids. Differ-
ent from 7. brucei and T. cruzi, T. rangeli is not pathogenic to
humans and this may be (at least partially) due to differences in
MSPs. Considering these observations, the unique character-
istics of TrMSP could help to explain the lack of parasitism by
T. rangeli and further studies may elucidate the significance of
our results for protein interactions of MSPs. These results open
new possibilities to the study of T_ rangeli as a model organism
for the investigation of the molecular basis of parasitism in
trypanosomatids and drive attention to MSP molecules and
the differences among them as a key determinant for
pathogenicity.
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