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The expression sites (ES) of Trypanosoma brucei are
multi-allelic loci from which the Variant Surface Glyco-
protein genes (V' SG) are expressed. Tight control of the
ES transcriptional state ensures that only a single VSG
is expressed at a time [1]. Although transcription ini-
tiates from multiple ES promoters, only a single ES is
completely transcribed [2]. No reproducible differences
in DNA sequence [3-5], in chromatin structure [6,7], or
in DNA modification of repetitive flanking sequences
[8,9] have been detected between the active and silent
ESs. Since it is impossible to select for the complete
simultaneous transcription of two ESs [10], and since
deletion of the active ES promoter precipitates a switch
to a previously inactive ES [7], some form of cross-talk
is probably responsible for the exclusive transcriptional
elongation of the active ES. Current models of ES
control postulate the existence of a specific nuclear
compartment from which only a single ES can be
transcribed, or the presence of a limiting factor that is
essential for the productive transcription of the active
ES.

Co-transcribed from the single ES promoter are mul-
tiple expression-site-associated-genes (ESAGs), which
provide the parasite with proteins important for growth
in the bloodstream (such as the transferrin receptor

Abbreviations: ES, expression site; ESAG, expression-site-associated
gene; VSG, variant surface glycoprotein.

* Corresponding author. Tel.: + 1-212-3277-571; fax: + 1-212-
3277-845.

E-mail address: george.cross@rockefeller.edu (G.A.M. Cross).

! Present address: Cold Spring Harbor Laboratory, 1 Bungtown
Road, Cold Spring Harbor, NY 11724, USA.

encoded by ESAGs 6 and 7) and proteins that may
function in ES regulation. We have investigated the role
of the putative regulatory protein ESAGS [11,12]. Since
different variants of ESAGS8 are very highly conserved
and appear to be exclusively transcribed from ESs, and
because ESAGS is present exclusively in the blood-
stream form at low levels (2000—4000 molecules per
cell), we hypothesized that ESAG8 might be involved in
ES regulation [13]. ESAGS consists of an N-terminal
RING Zn* *-finger domain and a C-terminal Leucine
Rich Repeat (LRR) domain. The RING Zn* *-finger
motif can mediate the polyubiquitylation and targeted
degradation of proteins in several eukaryotic systems
[14] and LRR domains are involved in a variety of
protein—protein interactions [15]. ESAGS elutes from a
Sephacryl-300 gel filtration column with an apparent
molecular weight of approximately 300 kDa, consistent
with its presence in a multi-protein complex (Hoek and
Cross, submitted for publication). Our recent finding
that a small portion of ESAGS8 was necessary and
sufficient to target the protein to the nucleolus lent
further support to the idea that ESAG8 might be
involved in ES control, because the ES is transcribed by
RNA polymerase I [13,16—18]. To test this hypothesis,
we attempted to delete ESAGS from the actively tran-
scribed ES.

In previous experiments, we were unable to target the
active ES-linked copy using the highly conserved
ESAGS coding sequence. Targeting was only successful
in active ESs containing multiple copies of ESAGS,
implying that the gene was essential [13]. We, therefore,
designed a conditional disruption strategy to disrupt
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ESAGS in the presence of an inducible ectopic copy of
the gene. The ectopic copy of ESAGSE was cloned from
the 221 line by RT-PCR and conditionally expressed
from a tetracycline controlled T7-promoter in the ‘sin-
gle marker’ 7. brucei cell line expressing T7-polymerase
and the Tet-repressor [13,19,20]. In our first attempts,
we again used the ESAGS8 coding sequence to target the
deletions, but found that these cassettes invariably inte-
grated into the ectopic copy instead of the ES-linked
copy. It, therefore, became necessary to obtain high-
quality sequence information for the 221 ES in order to
obtain unique flanking regions we could use to disrupt

the ES-linked copies of ESAGS. The 221 ES turns out
to contain three copies of ESAGS interspersed with
ESAG4 and ESAG3 genes (S. Bowman, N. Hall and M.
Berriman, personal communication), in a region that
had been predicted to be triplicated when the 221 ES
was originally mapped, before these genes were specifi-
cally identified [21] (Fig. 1A). 221-ESAG&8b is almost
identical to the ESAGS we cloned by RT-PCR and
221-ESAG8c contains an extra LRR, explaining the
complex RNA and protein profile seen in the 221 clone.
We identified flanking sequences unique to the up-
stream copy of ESAGS, as well as the downstream
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Fig. 1. Disruption of all copies of ESAGS in the 221 ES. (A) The disruption of ESAGS8 was done in the ‘single -marker’ cell line [20] expressing
T7 RNA polymerase and the Tet-repressor plus an ectopic copy of ESAGS under the control of a regulatable T7 promoter (pLewll1). The
preliminary sequence of the 221 ES was obtained from BAC clone 25N7 from the RPCI-97 library (BACPAC Resource Center, Children’s
Hospital Oakland Research Institute), which covered almost the entire 221 ES. This BAC was isolated by G. Rudenko and sequenced by the
Sanger Center (S. Bowman, N. Hall, and M. Berriman.) ESAG8-flanking regions were PCR-amplified from genomic or BAC DNA and
sequenced. MH238 was used to target ESAG8a, selecting with 5 ug ml~ ' hygromycin and MH265 was used to target the tandem duplication of
ESAGS8b and c in a second step using 100 ng ml~! puromycin. All selection was done in the presence of 500 ng ml~! tetracycline to maintain
expression of the ectopic copy of ESAGS. (B) Northern analysis of RNA extracted from ESAGS8 knockout cell lines grown in the presence or
absence of tetracycline for 3 days. RNA was isolated using RNA-STAT (Tel-test ‘B’) and 3 pg were loaded per lane on a 1% formaldehyde, 1.5%
agarose gel. ESAGS levels were quantified by phosphorimaging and normalized to TUBULIN. The amount of ESAGS relative to wild-type is
indicated below each lane. (C) Western analysis of ESAGS protein levels of clone 1, grown in the presence or absence of tetracycline for 3 days.
The arrow points to the ESAG8 protein in — Tet, + Tet and WT lanes. About 2 x 10° cells were loaded per lane, blotted to nitrocellulose and
probed with anti-ESAGS ratl at 1:1000, followed by HRP-conjugated goat anti-rat (Roche) at 1:15000.
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tandem duplication of the gene, and sequentially Southern analysis of the regions 3’ of the integration
targeted these two regions with the HYG and PUR site confirmed that the targeting occurred correctly in
selectable markers, respectively, in the presence of tetra- the hygromycin and puromycin resistant clone 265-1
cycline to maintain transcription of the ectopic ESAGS (data not shown). When we removed tetracycline from
(Fig. 1A). the medium and examined ESAGS levels, one clone
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Fig. 2. Phenotypic analysis of ESAG8 knockouts. (A) Cells grown with or without 500 pg ml ~! tetracycline grow equally well. Cell in the presence
of tetracycline were washed twice in warm medium and inoculated at 1 x 10* cells ml~!. Growth was monitored over the next week on a daily
basis by counting in a hemocytometer. When cells reached > 1 x 10° ml ~!, protein samples were collected for western analysis as for Fig. 1 to
show that the ESAGS8 deletion was stable. ESAG8 blots from each peak are shown above the graph. (B) ESAG8 knockout cells express similar
levels of VSG 221, and no detectable VSG 121. Arrows point to the protein band in each lane, and to the expected location of VSG 121. Western
blots were processed as above for ESAGS. For VSG 221 blots, 2 x 10° cells were loaded per lane and the blot was probed with rabbit anti-221
at 1:10 000, followed by incubation with anti-rabbit (Amersham-Pharmacia) at 1:5000. VSG 121 blots were processed similarly to VSG 221 blots,
except that 2 x 10° cells were loaded per lane. (C) ¥'SG and ESAG8 mRNAs are destabilized in the ESAG8 knockout cells. Actinomycin-D was
added to 150 ml of culture at 1.3 x 10° ml~! at a final concentration of 10 pg ml~!. Then, 30 ml of culture were isolated at the indicated times
and processed for RNA as above. Cell lines used were either parental cells (WT), MH238 221-ESAGS single knockouts (— /4 /+) or the
MH238/MH265 221-ESAGS triple knockout (—/—/—). About 2 pg of RNA were loaded per lane and Northern blots were probed with VSG
221, ESAG6 or ESAGS probes. Blots were quantified by phosphorimaging and log plots of the VSG 221 and ESAG6 mRNA decay were
generated. V'SG 221 decayed with a half-life of 1.9, 1.7 and 1.3 h for the WT, —/+/+, and —/—/— cell lines, respectively. ESAG6 decayed
with a half-life of 1.5, 1.4, and 1.2 h for the same three cell lines.
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showed a significant reduction in both RNA and
protein (Fig. 1B and C). Only 4% of wild-type levels of
RNA and no protein were detectable in the absence of
tetracycline, whereas normal levels of ESAGS8 protein
were seen when induced, indicating that the disruption
was successful in this clone.

Clone 265-1 exhibited a slightly reduced in vitro
growth rate in both the presence or absence of tetracy-
cline, when compared with wild-type cells, but appeared
otherwise unaffected by the lack of ESAGS8 (Fig. 2A).
There was no reduction in VSG 221 protein levels and
no increase in the levels of VSG 121, which is located in
a silent ES in this background (Fig. 2B). Furthermore,
ESAGS levels were clearly downregulated in the ab-
sence of tetracycline, implying that other ESs were still
efficiently silenced. Cells grew normally for at least a
week in the absence of ESAGS, and we observed no
gross changes in switching frequency by immu-
nofluorescence monitoring of the VSG profile in this
population (data not shown). Thus, ESAG8 must be
dispensable for tight ES regulation.

Our disruption data contradicts our previous conclu-
sions that ESAGS is essential. Although ESAGS is
almost universally ES-linked, sometimes in multiple
copies, one functional ES has been observed that con-
tains only ESAGs 5, 6 and 7 [22]. Nevertheless, we
cannot rule out that ESAGS is essential and that the
small amount of ESAGE RNA that we detect in the
disrupted cell line is sufficient to allow the cells to
survive. This RNA could emanate from the slight in-
trinsic leakiness of the ectopic expression system or
might be generated at a low level from other ESs. The
same might be true for the single example of an
ESAGS8-less ES [22]. The available antibody was not
sensitive enough to detect the much smaller amount of
protein that might be present in these cells. It is difficult
to accept that a gene so uniquely linked to the ES
would not play a role in natural infections.

We have recently identified an ESAG8-LRR interact-
ing protein, TbPUF1, that falls into a well conserved
class of RNA-binding proteins that regulate RNA sta-
bility and translation (Hoek and Cross, submitted for
publication). PUFI is an essential gene and PUFI
overexpressing cells are avirulent. PUF1 also appears to
directly or indirectly affect the stability and steady state
levels of several ES-derived mRNAs. The presence of a
RING Zn™ *-finger domain in ESAGS suggested that
the protein might negatively regulate interacting
proteins. If this were true, then an ESAGS knockout
might have similar phenotypes to a PUF1 overexpress-
ing strain, because a lack of ESAGS8 might lead to an
increase of PUF1 protein. However, we detected no
significant stabilization of VSG mRNA in the ESAG8
disrupted cells (Fig. 2C). Instead, V'SG 221 mRNA
seemed to be destabilized in an ESAG8 dose-dependent
manner, a result more consistent with the PUF1 knock-

out phenotype. We also noted only a slight and proba-
bly insignificant elevation of the rate at which these
cells underwent a relapse in mice (data not shown).
Moreover, we have not been able to detect any stabi-
lization of PUF1 protein when cells were treated with
the proteosome inhibitor lactacystin, nor have we been
able to see any elevation in PUF1 levels in the ESAGS
knockout (data not shown). Since ESAGS does not
recapitulate the phenotype of a PUFI overexpressing
cell line but displays characteristics of the PUF1 knock-
out, we favor a model in which ESAGS forms a tertiary
complex with PUF1 and unidentified trypanosome mR-
NAs. The role of the RING Zn™* *-finger domain of
ESAGS in this complex remains unclear, as does the
predominantly nucleolar localization of ESAGS.
Clearly, the identification of mRNAs that interact with
this complex and a more sophisticated phenotypic anal-
ysis of the ESAGS and PUFI knockouts will be neces-
sary to answer these questions.
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