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The genes for the variant surface glycoprotein (VSG) and procyclin are expressed in a mutually exclusive
manner during the life cycle of Trypanosoma brucei and synthesize the most abundant mRNAs specific to the
bloodstream and procyclic stages of the parasite, respectively. Genes belonging to the polycistronic transcrip-
tion unit of the VSG gene (expression site-associated genes [ESAGs]) are uniquely expressed in the bloodstream
form, but some members of ESAG families (genes related to ESAGs [GRESAGs]) are independently
transcribed outside the VSG gene expression site. We report here that a gene related to ESAG 2, GRESAG 2.1,
is present and expressed in a procyclin gene transcription unit (PARP A locus), which is polycistronic.
Members of the ESAG 2 family are thus present in the two major differentially stage-regulated transcription

units of this parasite.

The variant surface glycoprotein (VSG) and procyclin are
the major surface proteins of the bloodstream and procyclic
stages, respectively, of Trypanosoma brucei. Except during
differentiation of one life cycle stage to another, these two
proteins are never found expressed together (29).

There are several hundred different VSG genes in the
trypanosome genome, many of which are telomeric (34).
Only one VSG gene is expressed at a time, and the active
copy is always present at the 3’ end of a large, multigenic,
and telomeric transcription unit (13, 16, 27). The genes
belonging to this unit have been called expression site-
associated genes (ESAGs) (9). All ESAGs are members of
large multigene families (16, 27). Although ESAGs are only
expressed in bloodstream forms, at least some members of
ESAG families, genes related to ESAGs (GRESAGs), are
expressed elsewhere, under separate transcriptional control
a, 2, 27).

The procyclin genes exist in four to seven copies per
haploid genome, distributed in two or three clusters of two to
three tandemly linked genes, depending on the strain (14,
19-21, 28). All these genes appear to be transcribed (14, 21),
and evidence has been presented that at least one of the
procyclin gene loci (that for procyclic acidic repetitive
protein [PARP]B) is expressed as a small transcription unit
encompassing the two linked genes (31).

Expression of the VSG ESAGs and procyclin genes oc-
curs in a mutually exclusive manner, the latter solely in
procyclic forms and the former in bloodstream forms. How-
ever, a link between these transcription units has been found
in terms of the properties of the RNA polymerase involved.
In both cases the polymerase is resistant to 1 mg of a-aman-
itin per ml (6, 14, 15, 24, 30), whereas overall synthesis of
mRNAs from other protein-coding genes is sensitive to the
drug (4, 15). This property is also characteristic of the
transcription of telomeric sequences (32) and may be due to
a modification of RNA polymerase II (10). Another charac-
teristic which may be common to both transcription units is
that their expression seems to be controlled primarily at the
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posttranscriptional level. We have found that both transcrip-
tion promoters are active in the two parasite forms and that
differential gene expression is achieved through modification
of RNA elongation and stability (7, 12, 23, 24). However,
this has not been found by others for the procyclin gene
promoter (19, 30).

We present here evidence for an additional link between
the VSG and procyclin gene transcription units. Each unit
appears to contain a member of the ESAG 2 family. The
member present in the procyclin unit (GRESAG 2.1) is
located 1.2 kb downstream from the second procyclin gene
copy in the PARP A locus. Like the procyclin genes, it is
only transcribed in procyclin forms, by a polymerase resis-
tant to a-amanitin.

MATERIALS AND METHODS

T. brucei bloodstream forms were from the AnTat 1.3A
clone, and procyclic forms were derived from the AnTat
1.1B clone by in vitro transformation (23).

The procedures for DNA and RNA isolation, Southern
and Northern (RNA) blot hybridization, and DNA cloning
were as described before (1, 25). cDNA libraries were
constructed in Agt10 by the method of Gubler and Hoffman
(11), with the Amersham cDNA synthesis and cloning Kkits.
The sequences of DNA fragments, subcloned in bacterio-
phage M13 derivatives, were determined on both strands
by the method of Sanger et al. (33), with a modified T7
DNA polymerase (Sequenase; United States Biochemical
Corp.).

Run-on transcription assays were conducted as described
by Murphy et al. (22). The standard assay mix (1 ml)
contained 500 pg of DNA in nuclei, 12.5% (vol/vol) glycerol,
0.8 mg of heparin, 5 mM spermidine, 5 mM MgCl,, 2.5 mM
dithiothreitol, 10 mM Tris-HCI (pH 8), 0.5 mM each ATP,
UTP, and CTP, and 1 mCi of [a->*P]GTP (2,000 Ci/mmol).
The nuclei were usually incubated for 30 min at 30°C,
conditions which gave maximal nucleotide incorporation
into RNA (7). Both the UV effect and relative efficiency of
transcription between different sequences appeared to be
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independent of the incubation period up to 60 min (7; data
not shown).

UV irradiation was performed under the conditions de-
fined by Johnson et al. (13). Briefly, the blood containing
trypanosomes was diluted in Baltz medium at 37°C to reach
a parasite concentration of 1 X 107 to 4 X 10”/ml. Samples
(125 ml) were irradiated at 254 nm (1 J/s/m?) in square sterile
dishes (22 by 22 cm; Bio-Assay, Nunc, Roskilde, Denmark)
usually for 1 min with agitation. The irradiated cells were
then transferred to culture flasks and kept in the dark,
usually for 30 min, until centrifugation.

Nucleotide sequence accession number. The nucleotide
sequence in this article was assigned GenBank accession
number M38735.

RESULTS

Cloning of the GRESAG 2.1 ¢cDNA. Data from run-on
transcription assays (1, 27) have suggested that sequences
related to ESAG 2 were transcribed outside the VSG gene
expression site, in both bloodstream and procyclic forms.
ESAG 2-specific transcription in bloodstream forms ap-
peared to include both a-amanitin-resistant and -sensitive
activities, since the level of inhibition by a-amanitin was
reproducibly about 30 to 50% lower under conditions in
which transcription of the VSG gene expression site was
found to be 100% resistant (1, 27). In procyclic forms, the
early data suggested only a-amanitin-sensitive transcription
of ESAG 2-related sequences (27), but it was subsequently
found that this transcription also included a-amanitin-resis-
tant components (24). Such variability has only been ob-
served in this particular case and is not understood (possible
causes of variability include the procedures for cell cultiva-
tion and isolation of nuclei). In order to characterize the
genes responsible for the ESAG 2-related transcription in
procyclic forms, cDNA banks constructed from procyclic
mRNA were hybridized with an ESAG 2 probe. From a
screening of 5 X 10° recombinants, only 3 specific clones
were obtained, all from the same gene. The gene was termed
GRESAG 2.1.

Characterization of the GRESAG 2.1 ¢cDNA. The nucleo-
tide sequence of the largest of the three GRESAG 2.1
cDNAs is presented in Fig. 1. This 1.75-kb cDNA appears to
be a nearly full-size copy of the mRNA, since it starts with
the 5’ spliced leader found ahead of all trypanosome mRNAs
(miniexon) and ends with a poly(A) tail. As shown in Fig. 1,
the GRESAG 2.1 cDNA is highly homologous to ESAG 2
over approximately 1,400 bp, with some regions (1 to 60, 170
to 290, 340 to 650, 730 to 790, and 840 to 1250) being
particularly well conserved. The overall homology is about
70%. The cDNA contains two successive large open reading
frames, separated by only three nucleotides.

Predicted GRESAG 2.1 polypeptides. The two open read-
ing frames of the GRESAG 2.1 cDNA encode potential
proteins of 199 and 251 amino acids, which can be aligned
with the ESAG 2 protein (Fig. 2). The overall amino acid
homology between these proteins is about 65%. However,
noticeable differences can be found in GRESAG 2.1 poly-
peptides with respect to both the beginning and the end of
the ESAG 2 protein (Fig. 2). The first polypeptide contains a
putative signal peptide, with a possible cleavage site accord-
ing to Von Heijne’s program (35), and the second a hydro-
phobic tail. Both hydrophobic extensions are absent from
ESAG 2 (Fig. 3). No significant homology could be found
with sequences from data banks.
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Transcription of GRESAG 2.1. The GRESAG 2.1 cDNA
was used as a hybridization probe on Northern blots of
polyadenylated RNA from bloodstream and procyclic forms.
In accordance with the length of the cDNA, an mRNA of
approximately 1.8 kb could be detected in procyclic RNA
(Fig. 4, panel 1). With a probe specific to GRESAG 2.1
(probe d), the 1.8-kb mRNA was only detected in procyclic
forms. Other transcripts from the ESAG 2 family include the
ESAG 2 mRNA, which is more abundant and is restricted to
bloodstream forms (arrowhead), and RNAs common to both
forms, suggesting a constitutive expression of other genes
from the same family.

In order to measure the level of resistance of GRESAG 2.1
transcription to a-amanitin, the GRESAG 2.1 cDNA was
hybridized with run-on transcripts of nuclei from blood-
stream and procyclic forms incubated with and without the
drug (Fig. 5, panel 1). The actin and procyclin genes were
used as controls for o-amanitin-sensitive and -insensitive
transcription, respectively (Fig. 5, panel 2). In accordance
with the data from Northern blots, the results showed that
GRESAG 2.1 and ESAG 2 primarily hybridized with tran-
scripts from procyclic and bloodstream nuclei, respectively.
Transcription of GRESAG 2.1 appeared to be fully resistant
to 1 mg of a-amanitin per ml, while that of ESAG 2 appeared
to be relatively sensitive (panel 1, lanes B and B + am), as
reported previously (1, 27).

Cloning GRESAG 2.1. The transcription characteristics of
GRESAG 2.1 (specificity for procyclic forms and insensitiv-
ity to a-amanitin) were strikingly similar to those of the
procyclin genes (Fig. 5, panel 2). This prompted us to
evaluate, by Southern blot hybridization, the relative prox-
imity of these different genes in genomic DNA. In some
restriction digests, such as with Bglll, probes from the
procyclin genes and ESAG 2 and GRESAG 2.1 seemed to
recognize the same fragments (arrowhead in Fig. 6) among
the different sequences from the ESAG 2 family. Interest-
ingly, these fragments appeared to contain GRESAG 2.1,
as they hybridized with a probe specific to GRESAG 2.1
only (Fig. 6, probe d). Such a fragment (10.5 kb BglII)
was cloned into the EMBL4 phage, where it was found to
be inserted together with an unrelated 6.5-kb BglII frag-
ment. The restriction map of this clone is presented in Fig. 7
(panel 1, bottom). From detailed restriction mapping and
limited DNA sequencing, the 10.5-kb Bgl/II fragment turned
out to contain both procyclin genes and the genomic
GRESAG 2.1. The nucleotide sequence of the latter con-
firmed the discontinuity in the open reading frame found in
the cDNA.

GRESAG 2.1 belongs to the transcription unit of the PARP
A locus. As determined by hybridization, GRESAG 2.1 was
found to be located 1.2 kb downstream from the second
procyclin gene of the PARP A locus. Together with the stage
specificity and a-amanitin resistance of the RNA polymerase
activity, this particular gene linkage strongly suggested that
transcription of GRESAG 2.1 was controlled by the procy-
clin gene promoter. In order to determine whether all these
genes were part of the same transcription unit, the effect of
UV irradiation on run-on transcription was analyzed. We
have shown before (7, 8, 23, 24, 27) that UV irradiation
blocks both RN A elongation and RNA decay. The UV effect
on RNA decay was demonstrated by measuring the rate of
VSG mRNA disappearance from bloodstream forms after
inactivating VSG gene transcription by a cold shock and by
measuring the decay rate of several mRNAs by pulse-chase
RNA labeling experiments. In both cases, a delay in the
degradation of RNA was observed following UV irradiation
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FIG. 1. Nucleotide sequence of the GRESAG 2.1 cDNA, and comparison with ESAG 2. The GRESAG 2.1 cDNA sequence is aligned with
that of ESAG 2 in order to achieve maximum homology. Identical nucleotides are indicated by double dots. The 3’ end of the spliced leader
(ME, for miniexon) is shown by an arrow, as is the 3’ splice site (3’ SS) of ESAG 2. The initiation and stop codons of the major open reading
frames are boxed. A schematic representation of the GRESAG 2.1 cDNA is given below, to indicate the extent of probes a, b, and c, used
in Fig. 4 and 6. Regions highly homologous to ESAG 2 are represented by bars under the map. The two gene-internal EcoRlI sites (E) are
underlined in the sequence, as well as Ddel (D) and Rsal (R) sites used to generate 3’ gene-specific probes (see Fig. 4); the EcoRI sites at

the ends of the cDNA were generated by the cloning procedure (11).

(7). The combination of inhibition of both RNA decay and
RNA elongation by UV can account for the characteristic
accumulation of promoter-proximal transcripts which has
been observed for the VSG (8, 23, 24, 27), procyclin (6, 7, 23,
24), rDNA (6, 7, 27), and actin gene (3a) transcription units.
Such an apparent stimulation of transcription is thus a
marker for the proximity of a promoter, while the degree of
inhibition of transcription is indicative of the distance to the
promoter.

As shown in Fig. 7 (blots in panel 1, graph in panel 2, thick
curve), UV irradiation (60 J/m?) led to a ca. 1.7-fold apparent
stimulation of transcription of the procyclin genes. This
result is in accordance with the mapping of a transcription
promoter immediately upstream from the procyclin genes (6,
14, 24, 31), in particular in the PARP A locus analyzed here
(6). A lower stimulation was observed for GRESAG 2.1 (Fig.
7, panel 2), indicating that this gene is further downstream

from its promoter. Taken together with the continuous
transcription detected between the second procyclin gene
and GRESAG 2.1 (Fig. 7, panel 2), this observation leaves
little doubt that all these genes belong to the same transcrip-
tion unit. The difference in the level of hybridization be-
tween the procyclin genes and GRESAG 2.1 (Fig. 7, panel 2,
thin curve) is at least partly due to transcription of additional
procyclin genes in another locus (14, 21).

Association between procyclin genes and GRESAG 2.1 is
not fortuitous. In order to eliminate the possibility that the
cotranscription of procyclin genes and GRESAG 2.1 was
due to the fortuitous translocation of an ESAG 2 copy to a
site adjacent to the procyclin genes only in the T. brucei
AnTat 1.3A clone, a GRESAG 2.1 probe was hybridized
with BglII digests of trypanosomes from different 7. brucei
stocks and subspecies. As shown in Fig. 6 (panel 2), the
same 10.5-kb BglII fragment hybridized to the probe in T.
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FIG. 2. Comparison of GRESAG 2.1- and ESAG 2-encoded
polypeptides. The amino acid sequences of the presumptive poly-
peptides encoded by GRESAG 2.1 and ESAG 2 are aligned so as to
achieve maximum homology. Identical amino acids are indicated by
double dots.

brucei brucei, T. brucei rhodesiense, and T. brucei gambi-
ense, which indicates that the procyclin genes and GRESAG
2.1 did not associate recently in evolution. However, as for
other ESAGs (2), GRESAG 2.1 hybridized very poorly to
DNA from related kinetoplastids, such as T. congolense, T.
vivax, T. cruzi, Crithidia fasciculata, and Leishmania dono-
vani (data not shown).

Procyclin gene transcription unit extends downstream from
GRESAG 2.1. Sequences downstream from GRESAG 2.1
were found to hybridize with run-on transcripts (Fig. 7). As
the synthesis of these transcripts resists a-amanitin inhibi-
tion and is only slightly stimulated by UV irradiation (Fig. 7,
panel 2), it appears likely that these sequences are tran-
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FIG. 3. Hydropathy analysis of the GRESAG 2.1- and ESAG
2-encoded polypeptides. The hydropathy profile of both proteins
was determined by the method of Kyte and Doolittle (17), with a
window of six amino acids. The relative level of hydrophobicity or
hydrophilicity is represented by positive and negative values, re-
spectively. The putative signal peptide of the first GRESAG 2.1
polypeptide and the hydrophobic tail of the second are indicated by
the bars marked a and b, respectively. The thin vertical arrow points
to the putative cleavage site of the signal peptide, as determined by
Von Heijne’s method (35). The thick arrow locates the discontinuity
in the GRESAG 2.1 open reading frame.

MoL. CELL. BioL.

BP BP BP  BP BP

3- '
23- S & '

- -9 .

= s s e
\ d (e) Sc-Bg

AGR Bl

FIG. 4. Steady-state transcripts of the PARP A locus down-
stream from the procyclin genes. (Panel 1) Transcripts from the
ESAG 2 family. A Northern blot of 5 pg of polyadenylated RNA
from either bloodstream forms (B) or procyclic forms (P) was
hybridized with EcoRI fragments from the GRESAG 2.1 cDNA
(probes b and ¢ in Fig. 1) and with GRESAG 2.1- and ESAG
2-specific probes (d and e, respectively, corresponding to the
3’-terminal untranslated region of the genes). Probe d is a 400-bp
Ddel-EcoRlI fragment from the GRESAG 2.1 cDNA, and probe ¢ is
a 500-bp Rsal-Pstl fragment from ESAG 2 and 3’-flanking genomic
region (the relevant Ddel and Rsal sites are underlined in Fig. 1).
The ESAG 2 mRNA is designated by an arrowhead. (Panel 2)
Transcripts from sequences downstream of GRESAG 2.1. The
Northern blot in panel 1 was hybridized with a 1.7-kb Scal-BglIl
(Sc-Bg) fragment from the genomic region downstream of GRESAG
2.1 (fragment C7 in Fig. 7).

scribed from the same promoter as the procyclin genes.
Steady-state transcripts from this region (Fig. 4, panel 2)
show both bloodstream- and procyclic-form-specific compo-
nents, as was also observed for ESAG 2 and GRESAG 2.
Thus it is possible that other genes, also belonging to
multigene families, are present and are transcribed down-
stream from GRESAG 2.1 in the procyclin gene transcrip-
tion unit.

DISCUSSION

We report here the presence of closely related but dif-
ferent genes in the transcription units coding for the major
stage-specific surface proteins of T. brucei, the VSG in
bloodstream forms and procyclin in procyclic forms.

Although the end products of the VSG and procyclin gene
transcription units are expressed in a mutually exclusive
manner at different life cycle stages, and despite the fact that
the encoded surface proteins are totally different, similarities
exist between the two units. The RNA polymerase, which
fully resists a-amanitin inhibition, seems to be of the same
unusual type in both cases (6, 14, 15, 30). The presence of a
related gene in both units strengthens this relationship,
although the meaning of this observation is obscure. The
following points are worth noting. (i) Only one procyclin
gene locus, the PARP A locus, contains GRESAG 2. No
evidence could be found for the presence of an ESAG
2-related sequence in PARP B (31). (ii) As suggested by data
from both Northern blots and run-on transcription assays,
other GRESAGs 2 seem to be transcribed elsewhere in the
genome, by a polymerase sensitive to a-amanitin. Similar
data have been obtained for the ESAG 4 family (2). (iii)
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FIG. §5. Procyclic-specific and a-amanitin-insensitive transcription of GRESAG 2.1. In panel 1, run-on transcripts from bloodstream (B)
or procyclic (P) nuclei, incubated in the presence of a-amanitin (am, 1 mg/ml) where indicated, were hybridized to Southern blots of either
HindIlI-digested plasmid pES200.3, containing ESAG 2 (lanes E2) (1), or EcoRI-digested Agt1l0 DNA containing the GRESAG 2.1 cDNA
(lanes G2). The DNA fragments from the plasmid and phage vectors are marked by solid circles, while stars indicate fragments showing
possible cross-hybridization with heterologous transcripts from the ESAG 2 family (see text). Panel 2 shows the controls. Run-on transcripts
were hybridized to either EcoRI digests of a plasmid carrying the procyclin cDNA (lanes Pr) (28) or Sall digests of a plasmid carrying the T.
brucei actin gene (lanes Ac) (4). Transcription of the actin genes is sensitive to a-amanitin (am) and occurs at the same level in both
trypanosome forms, while that of the procyclin genes is resistant to a-amanitin and occurs at a sixfold higher level in procyclic than in

bloodstream forms (24).

Among the different gene families of the AnTat 1.3A
ESAGs, only members of the ESAG 2 family appear to be
shared by the procyclin and VSG transcription units. (iv)
The function of ESAG 2 and GRESAG 2.1 is totally un-
known. These genes do not have any significant homology
with known sequences. Translation of the gene sequences
shows only one putative protein for ESAG 2 but two for
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FIG. 6. Genomic hybridization patterns of GRESAG 2.1. (Panel
1) Comparison with ESAG 2 and procyclin probes. Southern blots of
Bglll-digested AnTat 1.3A genomic DNA were hybridized with
three probes from the GRESAG 2.1 cDNA(G2 a, ¢, and d; the extent
of a and c is indicated in Fig. 1, and probe d is from the Ddel [D] site
to the end of the GRESAG 2.1 cDNA; see Fig. 1), and with probes
specific to the ESAG 2 (E2) and procyclin (Pr) genes. (Panel 2)
Comparison of the hybridization pattern in different T. brucei
subspecies. Probe ¢ was hybridized to BglII digests of T. brucei
brucei FEO(s) (br), T. brucei gambiense LiTat 1.6 (ga), and T.
brucei rhodesiense AnTat 12.2 (rh). Posthybridization washes were
carried out at high stringency (1.5 mM NaCl, 65°C). A fragment
seemingly encompassing both the GRESAG 2.1 and procyclin genes
is shown by an arrowhead.

GRESAG 2.1. Whether only one or both of the GRESAG 2.1
open reading frames can be translated as protein remains
unclear. The probable presence of a signal peptide in the first
GRESAG 2.1 protein and of a hydrophobic tail in the second
suggests interaction with a membrane, which is not the case
for the ESAG 2 protein. Heterologous expression of either of
the ESAG 2 or GRESAG 2.1 proteins in the alternative life
cycle stage, by means of the recently developed DNA
transfection systems for kinetoplastid protozoa (3, 6, 12, 18,
31), should help to settle this question.

Our data suggest that the PARP A procyclin gene tran-
scription unit includes different genes and may thus be
polycistronic. The length of this unit cannot be determined
as yet, but our Northern blot and run-on transcription data
suggest that it may encompass additional genes. This orga-
nization differs from that of the PARP B locus, in which the
transcription unit appears to contain only the two tandemly
linked procyclin genes (31). One may speculate that the
PARP B unit is a truncated copy of the full procyclin gene
expression site (PARP A), which, like that of the VSG gene,
carries a battery of associated genes. That the procyclin gene
loci have a tendency to duplicate or translocate is indicated
by the fact that some strains of trypanosomes seem to show
an additional procyclin gene locus (14). All these loci seem to
be transcribed, reflecting duplication of the transcription
promoter which is present immediately upstream from the
first gene of each locus (6, 24, 31). However, the variation in
the number of loci between strains would imply that the
activity of at least some loci is not essential.
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FIG. 7. Procyclin genes and GRESAG 2.1 belong to the same transcription unit. In panel 1, run-on transcripts from procyclic nuclei were
hybridized with restriction digests of the EMBL4 recombinant containing GRESAG 2.1. For each digest (A, B, and C), the first lane shows
ethidium bromide staining of the DNA fragments, whose numbering corresponds to that in the maps below (fragments marked with asterisks
are phage arms annealed through their cohesive termini). The transcripts were from nuclei isolated from either control (c) or UV-irradiated
(u) trypanosomes, incubated in the presence of a-amanitin (1 mg/ml) where indicated (a). The lane marked u’ in B shows a fivefold-longer
exposure of lane u to reveal hybridization to fragment 7. In the maps, GRESAG 2.1 (GR2.1) and the procyclin genes (P) are boxed, while the
bacteriophage arms are indicated by thick lines. Abbreviations for restriction endonuclease sites: Bg, Bg/II; E, EcoRI; N, Ndel; Sc, Scal.
The two BgllI sites in brackets were destroyed by the cloning procedure, and the two EcoRI sites present instead are from the bacteriophage.
Only the region between the dotted vertical lines is specific to the procyclin gene transcription unit and its environment. In the genome, the
6.5-kb region to the right of the central Bg/II site is not contiguous with the 10.5-kb Bgl/II fragment (data not shown), the two having been
artifactually cloned together. Panel 2 shows a quantitative plot of the data in panel 1. The nitrocellulose areas containing the hybridized DNA
fragments were cut out and counted by liquid scintillation. Each value is plotted with regard to the middle of the corresponding restriction
fragment. The ratio of hybridization between samples from UV-treated and untreated cells (uv/c) is indicated by solid circles (scale at the left).
Solid squares are values obtained in an independent experiment. The dotted horizontal line, corresponding to a ratio of 1, separates
stimulation and inhibition by UV. The level of radioactivity per base pair of DNA (cpm/bp) is shown by open circles (scale at the right). This
reflects the relative level of hybridization of the run-on transcripts along the DNA. The arrows below the map summarize the results; the
transcription unit of the procyclin genes starts immediately upstream from these genes, includes GRESAG 2.1, and extends at least to the end
of the 10.5-kb BglII fragment.
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