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and a putative zinc finger
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ABSTRACT

The transcription unit of the gene for the variant
specific glycoprotein (VSG) AnTat 1.3A of
Trypanosoma brucei contains several associated genes
(ESAGs, for Expression Site-Associated Genes), 7 of
which have already been described (1). We report here
the characterization of a further ESAG, which we term
ESAG 8, present 1 kb downstream from the putative
adenylate cyclase gene ESAG 4. ESAG 8 encodes a 70
kd protein whose sequence indicates that it is probably
not exposed at the cell surface. With the exception of
the N-terminal domain which contains a presumptive
DNA-binding zinc finger, the ESAG 8 protein consists
exclusively of leucine-rich repeats of 23 amino acids,
typical of protein-interacting domains such as the RAS-
interacting region of the yeast adenylate cyclase. ESA-
G 8 transcripts are only found in bloostream forms, and
their level is particularly low, suggesting a high rate of
degradation. The ESAG 8 protein may be involved in
stage-specific regulatory processes, such as gene
expression control or adenylate cyclase activation.

INTRODUCTION

African trypanosomes, such as Trypanosoma brucei, escape the
immune response of their mammalian host by periodically
changing their variant surface glycoprotein (VSG). Only one VSG
gene is expressed at any one time, from a repertoire of several
hundred different sequences, and antigenic variation is achieved
either by the alternate use of different VSG gene expression sites,
or by different DNA rearrangement events (reviewed in 2, 3).
The expression site of the VSG gene contains a battery of other

genes (ESAGs), which belong to a 45-60 kb polycistronic
transcription unit (1, 4). The function of ESAGs is not known,
but it seems that most of them encode membrane proteins. This
is the case for ESAG 4, which appears to synthesize a

transmembrane protein homologous to all known eukaryotic
adenylate/guanylate cyclases (1, 5). The function of ESAG 4 may
correspond to a calcium-stimulable adenylate cyclase, found only
in bloodstream forms of the parasite (6, 7). The relationship,
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if any, between VSG and adenylate cyclase is not clear, but
stimulation of adenylate cyclase activity seems to be linked to
the release of the VSG (8).

In a previous study, the 5.5 kb region between ESAG 4 and
ESAG 3 did not appear to be transcribed into stable
polyadenylated RNAs, and was therefore not characterized further
(1). We report here the presence of an additional ESAG (ESAG
8) in this region. The poor abundance of ESAG 8 transcripts
suggests a regulatory role for this gene. This is supported by
the amino acid sequence of the corresponding protein, which
shows motifs typical of protein-interacting domains, as well as

a possible DNA-binding zinc finger.

MATERIALS AND METHODS

T. brucei bloodstream forms were from the AnTat 1.3A clone.
Procyclic forms were derived from the AnTat 1. lB clone (7).
The procedures for DNA and RNA isolation, Southern and

Northern blot hybridization as well as DNA cloning, were as

described (32). cDNA libraries were constructed in lambda gtlO
according to Gubler and Hoffman (33), using the Amersham
cDNA synthesis and cloning kits. The sequences of DNA
fragments, subcloned in bacteriophage M13 derivatives, were

determined on both strands by the method of Sanger et al. (34),
using a modified T7 DNA polymerase (Sequenase, United States
Biochemical Corp.).

RESULTS
Nucleotide sequence of ESAG 8
The nucleotide sequence of the beginning of the AnTat 1.3A VSG
gene expression site was determined from the promoter region
down to a 3' HindI site located about 450 bp downstream from
ESAG 4 (1). A 2,517 bp HindllI-Pvull fragment starting at this
HindHI site was sub-cloned from a plasmid encompassing the
intergenic region between ESAG 4 and ESAG 3 (pES200.8), and
its nucleotide sequence is presented in Fig. 1. This region contains
an open reading frame of 630 codons starting from the ATG at

position 538. As we show below that this region is transcribed
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Fig. 1. Nucleotide sequence of ESAG 8 and its environment, and translation of the major open reading frame. The HindHI site at the beginning is that boxed at

the end of the 18.6 kb sequence from the AnTat 1.3A VSG gene expression site, presented in ref. (Fig. 2, GenBank number M20871). The 3' splice site of

the ESAG 8 mRNA could be determined from sequencing of a 2.18 kb cDNA, and is indicated by the arrow marked '3' SS'. The terminal sequence between the

PvuIl site (underlined) and the poly(A) tail is only from the cDNA. The map of the AnTat 1.3A VSG gene expression site, with indication of the HindIII and PvuII

sites underlined in the sequence, is shown below. The abbreviations for restriction endonuclease sites are: D=Dral; H=HindIII; Pv=PvuII; X=XhoI.

into a fully processed RNA, we propose to name it ESAG 8.
This gene is located about 1 kb downstream from ESAG 4 (see
map in Fig. 1).

The ESAG 8-encoded protein
Translation of the ESAG 8 open reading frame predicts a protein
of approximately 70 kd, with no evidence for signal peptide or
putative membrane-spanning domains, as determined by
hydropathy analysis (Fig. 2). This protein is characterized by
a high leucine and cysteine content: 18 and 6%, respectively.
Many of these residues can be aligned, revealing an internal
tandem repetition of 21 conserved and 2 to 3 degenerate repeats
of 23 amino acids (Fig. 3). The repeats can be subdivided into
two alternating types (A and B), whose consensus sequences are
presented at the bottom of Fig. 3 (soimie residues characteristic
of type A are encircled in Fig. 3). Overall, it appears that between
the regularly spaced hydrophobic residues, the protein exhibits
many interspersed charged amino acids, both basic and acidic.

Fig. 2. Hydropathy analysis of the ESAG 8-encoded protein. The hydropathy
profile has been determined according to Kyte and Doolittle (35), with a window
of 6 amino acids. The relative level of hydrophobicity or hydrophilicity is
represented by positive or negative values, respectively.
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Fig. 3. Internal organization of the ESAG 8-encoded protein. Conserved amino
acids allow the alignment of 21 to 24 repeats of 23 amino acids. The key residues
defining the consensus sequences are boxed. Encircled amino acids are the most
characteristic of the consensus subtype A; the consensus sequences for A and
B subtypes are shown below. In these sequences, amino acids in upper case are
conserved in at least 50% of the repeats, while those in lower case are present
in at least three repeats; ae and + stem for aliphatic and basic amino acids,
respectively. In the N-terminal region, the cysteines are highlighted by lozenges;
these residues are organized in pairs reminiscent of some DNA-binding zinc
fingers. Clusters of basic residues are underlined.

The N-terminal region, which does not contain leucine repeats,
is rich in cysteines (lozenges in Fig. 3). In particular, this region
contains three C-X2-C motives, with a spacing similar to that
of DNA- or RNA-binding zinc fingers of both C4 and C6 types
(C-X2-C-X13-C-X2-C, and C-X2-C-X6-C-X6-C-X2-C-X6-C,
respectively) (9). The full pattern (C-X2-C-X13-C-X4-C-X2-C-
X6-C-X2-C) does not exactly match any of the zinc finger
consensus sequences described so far, but falls within the range
of observed deviations (10). Clusters of basic residues are present
in the direct vicinity (underlined in Fig. 3), and may correspond
to nuclear localization signals.

The ESAG 8 protein belongs to the family of 'leucine-rich
repeats'
The 23 amino acid-repeats of the ESAG 8 protein can be aligned
with the 'leucine-rich' repeats found in a growing number of
proteins, particularly surface glycoproteins (Fig. 4). A notable
difference between ESAG 8 and the majority of these proteins
is the replacement of a highly conserved asparagine by a cysteine
at the end of the repeat. Such a substitution has also been observed
in one other case, in half of the alternating repeats of the
ribonuclease inhibitor, which is so far the only cytosolic protein
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Fig. 4. The leucine-rich repeat family. The consensus sequences for the repeated
leucine-rich domain of several proteins are aligned so as to maximize homologies
(same abbreviations as for Fig. 3). The key hydrophobic residues are indicated
by vertical arrows. The number of repeats for each consensus is shown at the
right, the asterisk indicating that the LRG consensus is for a pool of five sequences.
ES8 = ESAG 8 (Fig. 3); PRI = placental ribonuclease inhibitor (24, 25); SC-
AC = Saccharomyces cerevisiae adenylate cyclase (11); LRG = consensus of
five serum glycoproteins: GP MO2 (14), Ibca (15), Ib,B (16), V (17) and IX (18);
TOLL = Drosophila toll protein (13); CHAO = Drosophila chaoptin (12); hPGI
= human proteoglycan I (19); PG40 = proteoglycan PG40 (20); OMgp =
oligodendrocyte-myelin glycoprotein (21); LCGR = lutropin-choriogonadotropin
receptor (23); CD14 = monocyte/granulocyte glycoprotein CD14 (22).

known to exhibit leucine-rich repeats (Fig. 4). In most cases,
there are more than 10 copies of the tandem repeats, making up
a substantial portion of the protein. In ESAG 8, the repeats
constitute the majority of the protein. The function of this domain
would appear to be interaction with other proteins, as discussed
below.

Transcription of ESAG 8
The level of transcription in the region of the AnTat 1.3A VSG
gene expression site encompassing ESAG 8 has been analysed
previously (1). Run-on transcription assays indicated that this
region was transcribed at a level comparable to that of other
regions from the same transcription unit, but Northern blot
hybridization data showed that the level of steady-state transcripts
was very low. Fig. 5 shows that, upon long exposure of the
autoradiograms, polyadenylated transcripts of about 1.7 and 2.2
kb can be revealed by the ESAG 8 probe, in bloodstream forms
only. These transcripts are at least ten fold-less abundant than
those of ESAG 4 (1), and about 6-fold less abundant than the
actin mRNA (Fig. 5). A full-size ESAG 8 cDNA was cloned
into lambda gtlO. The size of this cDNA (2.18 kb) is in
accordance with that of one of the two major ESAG 8 transcripts
(Fig. 5, arrowhead), and its nucleotide sequence was found to
be identical to that of the gene. The sites of 3' splicing and
polyadenylation of this ESAG 8 mRNA are indicated in Fig. 1.
The origin of the 1.7 kb transcript is unknown.

The ESAG 8 family
Like the other ESAGs, ESAG 8 belongs to a family of several
related sequences in different sub-species of the T. brucei group.
Under relaxed hybridization conditions, ESAG 8-related DNA
fragments can also be detected in T. congolense. DNA from other
kinetoplastids, such as T. vivax, T. cruzi, Crithidia fasciculata
and Leishmania donovani, does not seem to hybridize with the
ESAG 8 probe (data not shown).

tvDeg
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Fig. 5. Steady-state transcripts of ESAG 8. Northern blots of poly(A) + RNA
from bloodstream (b) and procyclic (p) trypanosomes were hybridized with either
a 0.57 kb XhoI-DraI fragment from ESAG 8 (ES8) (restriction sites underlined
in Fig. 1), or a 1.6 kb Sall fragment encompassing a T. brucei actin gene (A-
CT), as a control for equal loading of the two RNA samples (36). The arrowhead
points to ESAG 8 transcripts with a size (2.2 kb) similar to a cloned cDNA
extending from the spliced leader to the poly(A) tail. The exposure of the
autoradiograms was 6-fold longer for ESAG 8 than for actin.

ESAG 4

RAS-ID CATAL SCAC

ESAG 8 1 2 3 4 5 amino acids(xlOO)

5 10 kb

Fig. 6. Relationship between ESAG 8 and genes for adenylate cyclase. Panel
A shows the extent of sequence homology between yeast adenylate cyclase (SC
AC) and the proteins encoded by ESAG 4 and ESAG 8. The regions homologous
to ESAG 4 and ESAG 8 correspond respectively to domains for the adenylate
cyclase catalytic activity (CATAL)(28) and responsiveness to RAS (RAS-ID, for
RAS-interacting domain)(29, 30). Panel B shows the arrangement of ESAG 4
and ESAG 8 in the AnTat 1.3A VSG gene expression site (1), highlighting the
proximity of ESAG 8 to a putative gene for adenylate cyclase (ESAG 4: see ref.
5). Numbered boxes correspond to the ESAG open reading frarms, and V indicates
the VSG gene. The vertical bar at the end of the map corresponds to the
chromosome end, while the horizontal arrow at the beginning shows the start

of transcription.

DISCUSSION

We report here the characterization of an eighth non-VSG gene

(ESAG) from the 45 kb AnTat 1.3A expression site of T brucei.
The discovery of ESAG 8 came as a surprise, as this region from
the VSG expression site did not appear to be transcribed into
stable polyadenylated RNA (1). Following the present work, a

sequence of about 3 kb downstream from ESAG 8 still remains
to be examined in detail, so we cannot exclude the possibility

that additional ESAGs are also present between ESAG 8 and
ESAG 3.
The nucleotide sequence of ESAG 8 predicts a protein of 70

kd. With the exception of the N-terminal region, which may
contain a C7 zinc finger, this protein is almost entirely made up
of leucine-rich repeats of 23 amino acids. These repeats can be
aligned with those found in a variety of proteins, such as adenylate
cyclase from yeast (11), chaoptin and the toll protein from
Drosophila (12, 13), many serum glycoproteins and
proteoglycans (14-20), the oligodendrocyte-myelin glycoprotein
(21), the monocyte/granulocyte cell surface glycoprotein CD14
(22), the lutropin-choriogonadotropin receptor (23) and the
placental ribonuclease inhibitor (24, 25). With the exception of
the latter, all these proteins are either extracellular, or bound to
the plasma membrane. They appear to be involved in either
adhesion to, or interaction with, other proteins.

Interestingly, the repeats of the ESAG 8 protein contain a
conserved cysteine at a position where asparagine is frequently
found. This particularity is shared with only one other protein,
the placental ribonuclease inhibitor, where the cysteine is found
in half of the repeats, alternating with asparagine. In the
ribonuclease inhibitor, this residue seems to be important, since
the integrity of the free sulthydryl groups is essential for protein
activity (24, 26). Free sulfhydryl groups could not exist if the
protein were exposed outside the cell (27). As the majority of
proteins with leucine-rich repeats are extracellular or bound to
the plasma membrane, this would explain the absence of cysteine
from these repeats. In the ESAG 8 protein, most of the repeats
contain a conserved cysteine instead of asparagine. Based on the
above considerations, it can be suggested that this protein is not
exposed at the cell surface. This hypothesis is in accordance with
the hydropathy analysis of the protein, which does not reveal
any hydrophobic region characteristic of membrane-interacting
domains.
The particularly low level of ESAG 8 transcripts suggests a

regulatory function for this gene. The presence of a putative
DNA-binding zinc finger, close to a cluster of basic residues
perhaps involved in nuclear targeting, suggests a possible
interaction of the ESAG 8 protein with DNA. As ESAG 8 is
specific to the bloodstream form, an obvious function in this
respect would be an involvement in stage-specific control of gene
expression. However, as one of many other possibilities, the
ESAG 8 protein could also be involved in the control of adenylate
cyclase activity of bloodstream forms. This hypothesis stems from
the comparison of the adenylate cyclase from Saccharomyces
cerevisiae with the ESAG 8 protein. Besides the C-terminal
catalytic domain, which is homologous to the third half of the
ESAG 4-encoded protein (1, 5, 28), the yeast adenylate cyclase
contains a domain with tandem leucine-rich repeats homologous
to the ESAG 8 protein (11). Thus the yeast adenylate cyclase
contains domains corresponding to both ESAG 4 and ESAG 8
polypeptides (Fig. 6A). Whether this observation can be related
to the close proximity of ESAG 4 and ESAG 8 in the VSG gene
expression site (Fig. 6B) is open to conjecture. In the yeast
adenylate cyclase, the leucine-rich domain has been shown to
be crucial for interaction with RAS (29, 30). Therefore, it may
be hypothesized that ESAG 8 encodes a G protein-interacting
domain, perhaps required for adenylate cyclase activity of the
ESAG 4 protein. As transient activity assays of plasmid constructs
transfected into trypanosomes is now feasible (31), the two main
hypotheses concerning the function of the ESAG 8 protein, either
DNA binding or control of adenylate cyclase, are amenable to
direct experimental verification.
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