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a b s t r a c t

Trypanosoma brucei, the causative agent of African sleeping sickness, evades the immune response by
expressing a coat of variant surface glycoprotein (VSG). VSG is expressed from a single telomeric expres-
sion site (ES), along with a number of expression site associated genes (ESAGs). Thus far, the function of
most ESAGs is unknown. One ES contains the serum resistance associated gene (SRA), which confers resis-
tance to trypanosome lytic factor in T. b. rhodesiense. Only three other ESAGs – 5, 6 and 7 – are present in
this ES. ESAGs 6 and 7 encode a heterodimeric transferrin receptor, but the function of ESAG5 has not been
identified. We present here a bioinformatic analysis of ESAG5 and distinguish between T. brucei-specific
ESAGs and Genes Related to ESAG5 (GRESAGs), which occur outside of ESs in chromosomal-internal contexts.
Further, a genome-wide survey of these genes across kinetoplastids identifies a family of GRESAG5s in a
number of species. Analysis of phylogenetic relationships indicates that this family may have evolved from
a single ancestral copy. Predicted properties of (GR)ESAG5 proteins indicate a glycosylated protein contain-
ing either a signal peptide or transmembrane domain. Further analysis indicates a possible relationship to

the lipid transfer/lipopolysaccharide-binding family which includes the bactericidal/permeability increas-
ing (BPI) protein. Together, these results provide insights into the structure and evolution of an important
extended gene family, and present a number of testable hypotheses which will aid in elucidating the
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function of ESAG5.

. Introduction

Trypanosoma brucei is the causative agent of nagana in cattle
nd, for T. b. rhodesiense and T. b. gambiense, human trypanoso-
iasis. The parasite is able to evade the host immune system

y expressing a surface coat of a single variant surface glycopro-
ein (VSG [1]), which is switched at a rate of between 10−2 and
0−7 cell−1 generation−1 with culture-adapted strains exhibiting
he lower switch rates [2]. Cells which have switched VSG escape
he adaptive immune response directed against the previous coat

nd produce a new wave of infection. Since T. brucei is estimated
o have a repertoire of over 1000 VSG genes [3], infection can be
ustained over very long periods.

Abbreviations: BPI, Bactericidal/Permeability Increasing Protein; CETP,
holesteryl Ester Transfer Protein; ES, Expression Site; ESAG, Expression Site-
ssociated Gene; GRESAG, Gene Related to ESAG; HMM, Hidden Markov Model;
BP, Lipopolysaccharide Binding Protein; LT/LBP, Lipid Transfer/Lipopolysaccharide
inding Protein; PLTP, Phospholipid Transfer Protein; R-ES, Resistance Expression
ite; SRA, Serum Resistance-Associated Protein; VSG, Variant Surface Glycoprotein.
∗ Corresponding author. Tel.: +44 1865 285 455; fax: +44 1865 285 691.

E-mail address: keith.gull@path.ox.ac.uk (K. Gull).
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VSG is only expressed from telomeric expression sites (ESs).
here are around 20 ESs, but only one is fully active at any one
ime. The VSG coat is changed either by transcriptional switch-
ng from the active expression site to a previously silent one, or
y replacing the VSG in the active site with another from else-
here in the genome [4–7]. Each ES also contains a number

f expression site-associated genes (ESAGs). There are currently
2 known different ESAGs (including SRA); the function of most
emains elusive [8,9]. The best characterised are ESAGs 6 and 7
hich encode a heterodimeric transferrin receptor [10–12]. ESs are

ranscribed only in bloodstream form T. brucei; they remain silent
n procyclic forms [13]. Other kinetoplastids do not use this mech-
nism of antigenic variation and therefore do not have ESs in their
enomes.

Recent work has identified that slight variations in the
equences of ESAGs 6 and 7 from different ESs affects the affin-
ty of the receptor for the transferrin of different species in the
ost range. Growth of trypanosomes in the presence of trans-
errin from another species can cause the parasite to switch ES
14]. It has therefore been hypothesised that ESAGs allow the
arasite to adapt to different organisms in its wide host range
15,16]. These variations have also been theorised to allow effi-
ient uptake of transferrin in the presence of host antibodies to

http://www.sciencedirect.com/science/journal/01666851
mailto:keith.gull@path.ox.ac.uk
dx.doi.org/10.1016/j.molbiopara.2008.08.003
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SAG6/7 [14], though it now appears that under physiological con-
itions this may be unlikely [17,18]. It has been shown that certain
Ss, even when expressing different VSGs, can cause growth rate
ifferences in serum from different species [17], suggesting some
ossible role of ESs in host adaptation, though this role remains
lusive.

Most ESs contain up to 11 ESAGs, but one critical ES – the SRA ES
r R-ES – is truncated [19]. SRA is an ESAG found only in a single ES
f T. b. rhodesiense and confers resistance to a trypanolytic factor
resent in human serum associated with high-density lipopro-
ein (HDL) particles [20,21]. Therefore this ES must be expressed
uring human infection in order for the parasite to survive. It
ontains only three ESAGs—5, 6 and 7 [19]. While the function of
SAGs 6 and 7 is known, that of ESAG5 remains to be elucidated.
s these ESAGs are particularly implicated in human infection,

heir function may be essential to our understanding of the human
isease.

The recent release of the T. brucei genome has proven an invalu-
ble tool, and the telomere-sequencing project for the Lister 427
train [22] has also begun to release data. This means that for
he first time, a complete or near-complete repertoire of ESAG
equences is available. We have used this background to analyse
SAG5 sequences using a detailed bioinformatic approach, leading
o a number of testable hypotheses which can be used to clarify
unction. We have classified a number of ESAG5-like genes found in
oth ES and chromosomal-internal loci in T. brucei which fall into
wo distinct families. Syntenic homologues to these chromosome-
nternal genes can be found in other trypanosomatids, despite
he lack of ESs in these organisms. Although no ESAG5-like genes
ere found outside of the kinetoplastids, a number of predictions

ndicate that ESAG5 may be a distant relative of the lipid bind-
ng/transfer protein superfamily in mammals [23], which includes
actericidal/permeability-increasing protein (BPI) and lipopolysac-
haride binding protein (LBP).

. Materials and methods

.1. Identification of ESAG5 and related genes

The GeneDB databases for T. brucei, T. b. gambiense, T. con-
olense, T. vivax, T. cruzi, L. major, L. infantum and L. braziliensis
ere used to identify ESAG5 genes by annotation and BLAST simi-

arity searches. Sequence and annotation data were produced by
he Trypanosoma brucei Sequencing Group at the Sanger Insti-
ute and TIGR Sequencing Centres and can be obtained from
ttp://www.genedb.org. Potential homologues to T. brucei genes
ere confirmed by reciprocal BLAST and sequence alignments pro-
uced using MAFFT [24–26]. Consensus quality scoring was carried
ut using CLUSTALX [27].

Iterative searches were carried out using both position-specific
terated (PSI)-BLAST (NCBI [28]) and hidden Markov models
HMM). PSI-BLAST searches were carried out against the full NCBI
on-redundant protein database using an e-value threshold of
.005.

For iterative HMM searches, protein sequences annotated as
SAG5 from the T. brucei genome were aligned with MAFFT and
anually edited. The alignment was then used to generate a hidden
arkov model using Hmmer [29]. This model was used to search

he NCBI non-redundant protein database. The resultant protein
its with an e-value below 5 were integrated into a new alignment,

nd columns containing more than 50% gaps were removed to pre-
ent species- or clade-specific insertions biasing the results. This
lignment was used to generate a new model and a further round
f searches was carried out. Searching was terminated when no
urther hits below an e-value of 5 could be identified.
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.2. Analysis of ESAG5 proteins

A number of freely available programs were used to anal-
se ESAG5 proteins for motifs, domains or similarities to known
roteins, including InterProScan [30] which searches a range of
atabases including PROSITE [31] and Pfam [32]. The servers Sig-
alP 3.0 [33], TMHMM [34] and NetNGlyc [35] were used for
rotein property analysis, available from CBS at http://www.cbs.
tu.dk.Phobius [36,37] was used to further analyse protein
equences.

.3. Structural prediction of ESAG5

T. brucei ESAG5 protein sequences were submitted to both
D-PSSM and Phyre [38] to predict structural similarities to
nown proteins. Analysis of the same sequences via PSI-PRED
ttp://bioinf.cs.ucl.ac.uk/psipred/ [39,40] produced similar results.
oth secondary structure prediction and fold recognition was car-
ied out with these programs.

.4. Homology modelling of ESAG5 proteins

Predicted 3D models of all T. brucei GRESAG5 proteins and ESAG5
roteins from the T3 and 121 ESs were generated by the SWISS-
ODEL server [41] in reference to the crystal structure of human

PI [42,43]. The model was based on a MAFFT alignment of ESAG5s
ith a number of representative members of the BPI/LBP super-

amily including BPIs, LBPs, phospholipid transfer proteins (PLTPs),
holesterol ester transfer proteins (CETPs) and BPI-like proteins
rom a number of organisms including mammals, fish and plants.

.5. Phylogenetic analysis

Sequences identified as belonging to the ESAG5 family were
ligned with MAFFT version 5.662 [24] adopting the E-INS-i strat-
gy [25]. Alignments were manually edited, and regions containing
ore than 50% gaps, or those where low sequence conservation

recluded accurate alignment, were removed. These edited align-
ents were used to infer a minimum evolution phylogram using

AUP*4b10 [44] (heuristic search with tree-bisection and recon-
ection). For nucleotide-based inference, a general time-reversible
odel was used with gamma-distributed rate variation. Support

or the inferred topology was estimated from 100 bootstrap repli-
ate inferences with resampling using the above method and for
aximum parasimony.

. Results

.1. Identification of ESAG5 genes in Trypanosoma brucei

Genes found in the trypanosome ESs often have non-ES par-
logues at other loci, including chromosome-internal sites [45–47].
ere, we use the term ESAG5 to refer only to sequences located
ithin an ES. All other homologues are considered Gene Related to

SAG5 (GRESAG5s), according to precedent [46].
In order to identify ESAG5 genes, we conducted a survey of the

. brucei genome sequences using as query sequences the known
SAG5 sequences of the 221, VO2 and BN-2 expression sites [48]. At
he time of this study we identified 20 ESAG5 sequences in GeneDB,
ll from the 427 strain (Table 1); 3 previously published [48] plus 17

rom the Sanger Institute telomere-sequencing project. As sequenc-
ng is ongoing for telomeres, the full repertoire of ESAG5 genes is
nknown. Analysis of the gene sequences available indicates 13
on-identical sequences including three pseudogenes matching
he sequences of the �ESAG5s from the 221 and VO2 expression

http://www.genedb.org/
http://www.cbs.dtu.dk.phobius/
http://bioinf.cs.ucl.ac.uk/psipred/
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Table 1
ESAG5 genes in expression sites

A list of all known ESAG5 sequences from expression sites, including the relevant VSG information where known. Shading indicates a truncated protein. Where genes are
grouped, both sequence identity (across the whole ES) and VSG present in the expression site sequence suggest these may be duplicate database entries (duplicate clones from
the same expression site). Where the VSG is listed as ‘uncharacterised’, a VSG was present in the sequence but was not 100% identical to any sequence in GenBank. Sequences
where the VSG is marked ‘not present’ did not contain a VSG as part of the released sequence. All recently released expression site sequences [22] contain full-length ESAG5
genes, with the only predicted pseudogenes being the previously sequenced 221 and VO2 ESAG5 genes and the recently released Tb427.BES122.3. Tb427.BES134 is unusual
a s yet n
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s it appears to contain only ESAGs 7, 6, 5 and an ESAG3 pseudogene. aAs there is a
longside the proposed systematic name as suggested by G. Cross (full list can be fou
re those originally sequenced [48]. cThis ES contains ESAGs 7, 7, 6, 3 �, 4, 8, 3, 2, 11 �
een misannotated. dThis ES sequence contains ESAGs 7, 6, 5, 3�, 4 �, and 8 (no VSG

ites, and the Tb427.BES122. Sequence identity is high between
SAG5s (82–97% at protein level). Each of the pseudogenes contains
n independent mutation resulting in a truncated open reading
rame.

A tree of ESAG5 sequences was constructed to assess the rela-
ionships between genes, and in particular to analyse the location
f the ESAG5 sequence from the T. b. rhodesiense R-ES which con-
ains the SRA gene (Fig. 1). ESAG5 genes from the 427 strain fall
oughly into two groups with Tb427.BES4.3 (ES 121) and the R-
S ESAG5 sequences not falling directly into either group. In the

ase of the R-ES sequence, it should be noted that this is the only
ene not sequenced from the 427 strain and as such represents a
ery different isolate with a different culture history which may
ave been under very different selective pressure. The 121 ES con-
aining Tb427.BES4.3 is known to be capable of expression in a

t
t
i
a

o unified VSG nomenclature, both the clone and MITat reference have been listed
ttp://tryps.rockefeller.edu/Lister 427 vsg summary.html). bThese three sequences

1 all identical to the VO2 expression site. The predicted ESAG5 ORF appears to have
f which are identical to the MITat1.13 ESAGs.

enetically engineered laboratory strain [49]. The VO2 and 221 site
SAG5 pseudogenes (ESs both shown to be expressed in the Lis-
er 427 strain) occur within the same group, and are very closely
elated.

At present there is no available sequence data on ESs from other
frican trypanosomes. Other kinetoplastid parasites such as Leish-
ania do not contain ES structures.

.2. Identification of GRESAG5 genes in kinetoplastids
A number of ESAGs including ESAGs 2 and 4 have been shown
o have homologues outside of ESs [46,47]. Our survey of the
rypanosomatid genome sequences available from GeneDB also
dentified ESAG5-like sequences outside of ESs, the results of which
re shown in Table 2. These GRESAG5s were found in all kineto-

http://tryps.rockefeller.edu/Lister_427_vsg_summary.html
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Fig. 1. Unrooted minimum evolution tree of ESAG5 DNA sequences from expression sites. A multiple sequence alignment of ESAG5 DNA sequences made with MAFFT was
i t sequ
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mported into PAUP* and a minimum evolution tree constructed. Only non-redundan
-ES (the ESAG5 sequence from the expression site containing SRA), all sequences a
ranches (ME/MP, where ME is minimum evolution and MP maximum parsimony).
VO2), H25N7.16 (221) and Tb427.BES122.3 are pseudogenes, as indicated by �. The s

lastid parasites for which data is available, although numbers of
enes vary between organisms. GRESAG5s can be grouped accord-
ng to syntenic chromosomal location. Groups are indicated in rows
n Table 2. The genome of T. brucei contains seven GRESAG5s in
hromosomal-internal positions, on chromosomes 2, 4, 5, 7 and 9.
he genes on chromosomes 2 and 4 are situated within directional
ene clusters syntenic with other kinetoplastid parasites. Those
n chromosomes 5 and 9 are located in what appear to be sub-
elomeric regions, whereas GRESAG5 on chromosome 7 occurs at a
trand-switch region.

Table 3 shows the identity and similarity of a number of
GR)ESAG5 proteins, demonstrating the low identity of GRESAG5s
15–40%) compared with the higher identity of ESAG5s from
xpression sites. It should be noted that despite low identity,
imilarity levels are much higher (40–63%). To clarify relation-
hips between GRESAG5 proteins within and between species, a

hylogram containing both ESAG5 and GRESAG5 sequences was
onstructed (Fig. 2). This phylogram demonstrates that orthologous
roteins are also syntenic.

Leishmania ssp. and T. cruzi have only a single GRESAG5, syn-
enic to the GRESAG5 found on T. brucei chromosome 4. Only this

(
T
b
t
a

ences (identity < 100%) were included in the analysis. With the exception of Tbrhod
m the 427 strain. Topology support from 100 bootstrap replicates is shown beside
‘-’ is shown, the grouping is unsupported with that method. Sequences N19B2.175

ces Tb427.BES4.3 and Tbrhod R-ES do not appear to be related to either main group.

ene is conserved in all kinetoplastids (though in T. congolense
t appears to be a pseudogene) and as such appears to be the
ncestral gene. All of the African trypanosomes exhibit additional
RESAG5 gene expansions, which appear to be independent in each
rganism (for instance the chromosome 9 GRESAG5 in T. brucei,
he chromosome 4 GRESAG5 in T. vivax). In the case of T. con-
olense, expansion appears to have involved a gene at a position
ot found in T. brucei. The analysis presented here used con-
iguous sequence assemblies from the current genome release. It
hould be noted that due to the preliminary nature of this data,
ore GRESAG5 genes may be identified in these species in the

uture.
In T. brucei, the ES sequences share a common ancestor with

he sequence found on chromosome 7 (Tb927.7.6860) which is
he most closely related chromosome-internal copy. Interestingly,

non-syntenic gene located on T. b. gambiense chromosome 11

Tbgamb.38351) appears more closely related in sequence to the
. b. brucei chromosome 7 gene, while the syntenic copy found on T.
. gambiense chromosome 7 (Tbgamb.16666) is more closely related
o the ES genes. This implies some level of exchange between ESAGs
nd GRESAGs.
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Table 2
Non-telomeric GRESAG5 genes and their conservation in trypanosomatids

ESAG5-like sequences (named GRESAG5, Gene Related to ESAG5) were identified by BLAST. No BLAST hits were found outside of trypanosomatids. BLAST hits were manually
checked and sorted into groups according to chromosomal location and synteny, and these groups are presented in rows. Partial sequences are indicated in italics. In some
cases there are multiple sequences which appear to be the same gene; these are indicated in brackets. Genes below the bold line do not show any synteny with T. brucei
GRESAG5s. Grey shading indicates a pseudogene. The sequences from the preliminary genomes of T. congolense and T. vivax has been taken from contig data. A number of
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dditional reads identified by BLAST have not been included due to insufficient len
nd may represent a gene duplication event. The T. congolense congo1403h11.q1k 3 a
nterrupted by multiple frameshifts. They have been included for the sake of compl

We analysed the GRESAG5 repertoire of the Lister 427 strain,
or which genomic data from chromosome-internal regions is not
urrently available, by PCR and sequencing. We were able to specif-
cally amplify from 427 DNA fragments from all GRESAG5s except
he chromosome 7 copy (data not shown). However, this gene
ould be amplified from 927 genomic DNA with the same primer
ets. In addition, as only one of the chromosome 9 GRESAG5s
Tb09.244.2120) has been integrated into the current genome
ssembly while the others remain as additional unordered contigs,
e confirmed the presence of three distinct DNA sequences similar

o the chromosome 9 GRESAGs in the 427 strain. These are likely to
orm part of a subtelomeric array.

.3. Predicting properties of ESAG5/GRESAG5 proteins

After analyses of the (GR)ESAG5 gene family found in kinetoplas-
ids, we asked whether any related genes could be found in other
rganisms. Simple BLAST similarity searches failed to find likely

omologues in non-kinetoplastids. However searches for more dis-
antly related sequences using both PSI-BLAST and iterative hidden

arkov models identified (GR)ESAG5 as being possible members
f the human lipid binding/lipid transfer superfamily [50]. This
amily includes the BPI, LBP, PLTP and CETP among many oth-

w
t
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e
a

able 3
dentity and similarity of (GR)ESAG5 proteins

13J3.12 Tb427.BES5.3 Tb927.2.1920 Tb927.4.810

b427.BES5.3 83 (88)
b927.2.1920 24 (48) 25 (49)
b927.4.810 20 (43) 19 (42) 25 (49)
b927.5.340 23 (50) 23 (49) 39 (61) 26 (51)
b927.7.6860 70 (80) 69 (79) 28 (51) 22 (46)
b09.244.2120 26 (52) 27 (52) 40 (62) 26 (51)
c00.1047053508257.220 18 (42) 18 (43) 24 (46) 21 (46)
mjF34.3930 16 (40) 15 (40) 18 (43) 19 (48)

RESAG5 proteins from T. brucei were aligned with representative ESAG5 proteins (T
Tc00.1047053508257.220) and L. major (LmjF34.3930). This alignment was then used t
ndicated in brackets.
ut may form additional ESAG5 genes. The two T. vivax tviv1015 genes are adjacent,
ngo1549b02.p1k 4 encode the N- and C-terminal portions of an ESAG5 pseudogene
s.

rs. So far, BPI superfamily members have been described only
n metazoans and higher plants. Confirming the classification, the
eciprocal PSI-BLAST analysis starting from the human BPI proteins
lso identifies (GR)ESAG5s as superfamily members. This classifica-
ion is specific, as only BPI superfamily members and (GR)ESAG5s
ere identified. Moreover, the BPI superfamily genome assign-
ents on the Superfamily database (SF55394) includes GRESAG5

roteins from T. brucei, T. cruzi and Leishmania. The (GR)ESAG5 pro-
eins and the BPI family members are of similar sizes (∼480 aa)
nd, while no highly conserved regions can be identified, the pro-
eins can be aligned without significant stretches of insertions or
eletions.

Further analysis identified a stretch of hydrophobic amino acids
t the N-terminus of all (GR)ESAG5s predicted to be either a
ignal peptide (SignalP) or transmembrane domain (TMHMM),
hough strength of prediction for each varies between proteins
ith some appearing more likely to have a signal peptide than

ransmembrane domain (and vice versa). Use of the Phobius server,

hich is reported to have higher accuracy at discerning between

he two [37], indicates a signal peptide is more likely. There
re at least three very strongly predicted N-glycosylation sites in
very ESAG5 protein (NetNGlyc), though only one (found at ∼70
a) is conserved at the same position in all ESAG5 sequences

Tb927.5.340 Tb927.7.6860 Tb09.244.2120 Tc00.1047053508257.220

26 (52)
40 (63) 29 (56)
22 (45) 18 (41) 24 (48)
19 (45) 15 (40) 18 (47) 18 (43)

b427.BES4.3 and 13J3.12) as well as the more diverse GRESAG5s from T. cruzi
o calculate identity and similarity scores between proteins. Similarity scores are
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Fig. 2. Unrooted minimum evolution tree of ESAG5/GRESAG5 protein sequences in trypanosomatids. A minimum evolution tree was constructed in PAUP* from an alignment
made in MAFFT and edited with Seaview. All identified GRESAG5 sequences were included (listed in Table 2), and the 10 non-redundant ESAG5 proteins. Groups have been
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ighlighted based on both tree branching relationships and synteny of chromosoma
E is minimum evolution and MP maximum parsimony. Where ‘-’ is shown, the

ongolense and T. vivax) appear to have multiple GRESAG5s. Each of these organism
rganisms. Only a single group is represented in all trypanosomatids, suggesting th

nalysed. No single glycosylation site is conserved across the
RESAG5s.

.4. Structural properties of ESAG5/GRESAG5 proteins

The BPI superfamily is characterised by low sequence iden-
ity, but a conserved 3D structure [50]. For this reason, we used

variety of programs to predict secondary structures of (GR)ESAG5
roteins from T. brucei. The consensus between predictions was
ood. Interestingly, this secondary structure is highly similar to
PI (Fig. 3). The predictions have been aligned pairwise beginning
t amino acid 1. Both show a similar pattern of �-helices, �-

c
n
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tion. Topology support from 100 bootstrap replicates is indicated as ME/MP where
ing is not supported in that method. All the African trypanosomatids (T. brucei, T
ars to have an expansion of a single gene group, though the group differs between
group (corresponding to Tb927.4.810) may have been the ancestral gene.

trands and coil regions, indicating that they may form a similar 3D
tructure.

.5. Structural modelling and amino acid conservation

The ES ESAG5 proteins share a high level of sequence identity,
ith variation occurring throughout the protein. The CLUSTALX
onsensus quality score at each residue position of an alignment of
on-redundant ESAGs was used as a measure of variation (Fig. 4).
equence variations are not clustered in the primary sequence,
hough the C-terminal half of the protein exhibits more variability
han the N-terminal half. Where variations are found, the quality
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Fig. 3. Alignment of 2D structural prediction for ESAG5 and human BPI. The protein sequences of ESAG5 (13J3.12) and the human BPI protein (ID 1BP1 A; the protein sequence
from the crystal structure) were entered into the 2D structural prediction protein 3D-PSSM. A schematic representation of the results is shown to scale for both proteins
matched pairwise by amino acid (with each starting at 1 aa). The domains predicted by TMHMM/SignalP and InterProScan are indicated above the ESAG5 protein. TM/SP
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cal properties.

Human BPI family members are secreted proteins able to bind
ipid molecules. If ESAG5 is a distant relative, it may have similar
roperties. Therefore the location of sequence variations is poten-
ially important; in a surface-exposed or secreted protein, variation
ould be expected in domains exposed to antibodies, whereas
family of lipid-binding molecules might show variation around

inding sites to accommodate different substrate specificities.
As the high level of identity between ESAG5 proteins indicates

hey probably all form the same structure, and assuming the possi-
le relationship with BPI to be true (while recognising the caveats
ith such approaches), we used the 3D structure of human BPI as
template on which to model a possible ESAG5 structure using

WISS-MODEL. To analyse possible effects of ESAG5 variation on
his 3D model, positions where the CLUSTALX consensus quality
core is 60% or lower were mapped on to this 3D model. Fig. 5 shows
hat the more variable positions appear throughout the molecule,
ut there is a bias toward clustering around the putative lipid bind-

ng pockets and the tips of the boomerang-shaped molecule—the
ites which in BPI would bind phospholipids or interact with other
olecules such as LPS.
Bringing together these results, it is clear that a wider family
f related (GR)ESAG5 genes are present in a range of kinetoplas-
ids. This family probably arose from a single gene in a common
ncestor, and this gene remains conserved in every kinetoplas-
id organism for which sequence data is available. The proteins
ncoded by these genes have low sequence identity (15–40%)

E
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m
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ig. 4. Conservation of amino acids in 10 ESAG5 sequences from expression sites. An align
.3, Tb427.BES10.3, Tb427.BES29.4, Tb427.BES56.4, Tb427.BES65.3, Tb427.BES98.3, Tb427.B
cored for mutations and a graph of CLUSTALX q-scores drawn to indicate the positions of
ccur throughout the sequence, with no major hypervariable regions. Where mutations d
he same mutation occurs in multiple sequences (lower q-score). A lower q-score also ind
27, as predicted by TMHMM (SignalP prediction = 1–26 aa). The two BPI domains
o acid numbers vary between ESAG5 proteins). The box labelled SP is the 31aa BPI

ut higher similarity (40–65%) and are likely to form glycosy-
ated proteins which are either secreted or membrane-bound.
ensitive iterative searches and structural predictions indicate a
imilarity to the lipid transfer/lipopolysaccharride-binding family
LT/LBP).

. Discussion

Trypanosoma brucei ESAGs are genes co-expressed with VSG
rom the single active telomeric expression site. Because they are
xpressed in the host bloodstream, they may be relevant in infec-
ion and may be potential drug targets. One particular ES (that
ontaining SRA) is implicated in all cases of East African human
rypanosomiasis. Only three ESAGs are co-expressed with SRA [19],
ith ESAG5 the only one of unknown function.

With the recent release of genomic information from both
he 927 and 427 strains of T. b. brucei, much more information
bout kinetoplastid genes is available. We have used this data for
n in-depth bioinformatic analysis to assess diversity of ESAG5
nd ESAG5-like sequences in T. brucei and look for an indication
f function; in addition, we aimed to consolidate the informa-
ion available from the two strains and compare it with genome
equences available for other organisms. This has revealed that

SAG5 genes are part of a larger family within kinetoplastids, where
e define an additional sub-family of GRESAG5 genes not previ-

usly described. Moreover, our analysis indicates that (GR)ESAG5s
ay belong to a much larger superfamily, that containing the

actericidal/permeability-increasing protein (BPI).

ment of the 10 non-redundant ESAG5 sequences (13J3.12, Tb427.BES 4.3, Tb427.BES
ES134.4 from T. b. brucei and the R-ES ESAG5 sequence from T. b. rhodesiense) was
these mutations in the protein sequence. Mutations (indicated by a lower q-score)
o occur, they are most commonly either in a single sequence only (high q-score) or
icates mutations which introduce an amino acid of differing properties.
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Fig. 5. Sites of common mutations in an ESAG5 model. An alignment of ESAG5 and BPI protein sequences was input to SWISS-MODEL and a homology model for ESAG5
(Tb427.BES5.3) generated by threading onto the BPI crystal structure. Sites of variation, as indicated by CLUSTALX q-score, were then mapped on to this 3D model (please
refer to Fig. 4). (a) The side and top view of the ribbon diagram of ESAG5. A diagram of BPI is shown in (b) for comparison, from the same points of view. In both models, the
t ites. R
a odel in
o ffect b

g
t
f
d

wo phospholipids bound by the BPI protein are shown in teal to indicate binding s
re indicated in orange. Those with a q-score lower than 40 are shown in red. The m
n the tips of the molecule or around the binding pocket regions, where they may a
We define ESAG5 sequences as those located in ESs only. These
enes exhibit high levels of sequence identity and fall into at least
wo groups, though the full catalogue of genes has not yet been
ully sequenced. The ESAG5 found in the R-ES of T. b. rhodesiense
oes not fall into either group; whether this is due to its implied

r
s
m
T
h

esidues from the ESAG5 alignment which have a CLUSTALX q-score lower than 60
dicates that while variations occur throughout the protein, a majority occur either
inding affinity or interactions.
ole in human infection or the different history of the sequenced
train is unknown, but will be clarified as further genomic infor-
ation emerges. Such data may reveal the R-ES ESAG5 sequence of

. b. rhodesiense to have been influenced by its expression solely in
umans. The ESAG5 genes located in the 221 and VO2 expression
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ites are very closely related, and both feature mutations which
roduce truncated proteins; however, these mutations are differ-
nt in each protein and as such the two appear to have undergone
eparate pseudogenisation events. Since these two ESs are known
o be expressed in culture and both contain ESAG5s predicted to
e pseudogenes, this may indicate that ESAG5 is not required for
arasite survival under culture conditions (or that it may even be
isadvantageous). However, since low-level transcription of inac-
ive expression sites is known to contribute to the pool of ESAG6
nd 7 mRNA, it may be that similar transcription of ESAG5 from
lternative loci is able to rescue pseudogenised ESAG5 in the active
S [51].

Further, we have identified a family of ESAG5-like genes located
utside of ESs in T. brucei. In concordance with precedent [46], we
efer to these as GRESAG5. One member of this family, orthologous
o that found on T. brucei chromosome 4, is likely to be the ancestral
opy and is conserved in all sequenced trypanosomatid genomes.
ll African trypanosomes exhibit independent expansions of GRE-
AG5s, implying that positive selection may be occurring. These
RESAG5s form a diverse family, with low levels of sequence iden-

ity both within and between organisms (<40% at protein level).
Three GRESAG5s found only in T. b. brucei and T. b. gambiense

hare a common ancestor with ESAG5s from ESs, and display pecu-
iarities in their synteny. This has two possible explanations; firstly,
hat these genes represent an ESAG5 which recombined into an
ncestral expression site or secondly, that an ESAG5 from an expres-
ion site has recombined into a non-telomeric location. Whether
his situation occurs with other ESAGs is unknown; as further
enomic data becomes available the situation may become clearer.

The (GR)ESAG5 proteins are diverse, with no conserved regions,
nd the protein sequences themselves reveal little about the func-
ion. The first 30 amino acids are hydrophobic and form either a
ignal peptide or transmembrane domain. As the features of such
omains are very similar, in silico analysis cannot always differen-
iate between the two. A number of N-glycosylation sites are also
redicted across the length of the protein, though no single one
ppears conserved in every family member. These results indicate
hat ESAG5 encodes a glycosylated membrane-bound or secreted
rotein, as has been previously suggested [9].

The only domains predicted in a number of (GR)ESAG5
roteins are the BPI-like C- and/or N-terminal domains
bactericidal/permeability-increasing protein) [52,53]. This is
upported by our data from sensitive iterative searches and
econdary structure prediction. BPI is a member of the lipid
ransfer/lipopolysaccharide binding superfamily (LT/LBP [54,55])
hich also contains LBP [56], PLTP [57,58] and CETP [59,60] as well

s a number of recently discovered members [61]. These proteins
ave been identified only in metazoans and plants so far and have
iverse functions; BPI and LBP form part of the innate immune
esponse, binding bacterial LPS and affecting macrophages via
ransfer of LPS to CD14 [62,63]. In addition, BPI is able to exert
bactericidal effect on gram-negative bacteria involving disrup-

ion of the bacterial membrane [64]. CETP and PLTP are plasma
ipid-transfer proteins associated with high-density lipoprotein
emodelling and as such have mostly been characterised in the
ontext of atherosclerosis [65], though these proteins too can bind
PS [66].

The single common theme linking all members of the LT/LBP
uperfamily is the binding of lipids and/or lipopolysaccharide. Fam-
ly members have low sequence identity levels, with intra-family

dentities as low as 13%. Some family members have only been
dentified through sensitive iterative searches [61]. In this context,
ur identification of trypanosome (GR)ESAG5s as members of the
T/LBP superfamily is consistent with typical levels of intra-family
equence similarity.

A

E
a

l Parasitology 162 (2008) 112–122

As LT/LBP family members appear to form a similar structure
42,50,67], SWISS-MODEL was used to thread (GR)ESAG5 protein
equences onto the BPI crystal structure [42,43]. All (GR)ESAG5 pro-
eins were able to be threaded onto the BPI boomerang structure,
hough these theoretical models fall well beneath the 40% identity
imit below which inaccuracies are known to occur [68] and as such
hould be treated with caution. The amino acid variation found
etween ESAGs clusters around the sites of the BPI lipid-binding
ockets and tips of the classical BPI boomerang molecule. Variabil-

ty at the tips and at the surface may also be indicative of antibody
ecognition causing a selective pressure on these accessible regions.

Given our conjecture that (GR)ESAG5 is related to this family,
ne can discuss a number of possible areas of function. Firstly, it
ay be involved in lipid/sterol binding or transfer; the BPI super-

amily contains members which bind phospholipids, sterols and
ipoproteins. T. brucei is known to require lipoproteins from the
ost [69,70] and obtain cholesterol via receptor-mediated endo-
ytosis and lysosomal degradation of lipoprotein particles [69]. As
GR)ESAG5 is strongly predicted to be N-glycosylated, a property
inked with the endocytic pathway in trypanosomes [71], ESAG5
ould play a role in the uptake or metabolism of lipids. At present,
ew lipoprotein receptors have been characterised [72].

Secondly, BPI and LBP are known to interact with the MD-
/TLR-4/CD14 receptor complex on macrophages to influence the

nflammatory response, including up- or down-regulation of nitric
xide production [73]. The role of macrophages during T. bru-
ei infection is known to be significant, though the mechanisms
nvolved are not fully elucidated [74]. It is possible that try-
anosome factors may be involved in modulating these cells.

Finally, (GR)ESAG5 may have functions in parasite–parasite
ommunication or, for GRESAG5, in parasite–vector interactions.
PI is able to bind LPS and can disrupt the membranes of gram neg-
tive bacteria [75], possibly providing a competitive advantage to
. brucei during invasion.

It should be noted that, while ESAG5 sequences are highly
imilar, GRESAG5s are quite diverse and therefore may form

family with related but separate functions. As T. brucei has
wide host range, the slight differences between ESAG5 pro-

eins may produce a range of proteins with varying affinities,
inding to molecules within different species. Some evidence of
his has been suggested for ESAG6 and 7, where trypanosomes
witch the active ES in response to a change of transferrin
pecies [14,15], though the relevance in vivo remains unclear
17].

The results in this study provide a number of testable hypothe-
es as well as an analysis of currently available data on the ESAG5
roteins. ESAG5 may be, as postulated for other ESAGs, a surface or
ecreted protein; as such determining its glycosylation status and
ubcellular localisation will be important steps toward the eluci-
ation of a function. We theorise that ESAG5 may function as a
eceptor and may, because of its position in the R-ES, be critical
n human infection. Our analysis has revealed distinct differences
etween the ESAG5 and GRESAG5 gene sets. As GRESAG5 genes
re conserved throughout the kinetoplastids, their function is not
imited to the requirements of T. brucei; trypanosomatid organisms
ause a range of diseases and occupy a number of different niches
ithin the host, indicating a possible wider role for (GR)ESAG5
roteins.
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