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Stable Expression of Mosaic Coats of Variant
Surface Glycoproteins in Trypanosoma brucei

Jorge L. Mufoz-Jordan, Kelvin P. Davies, George A. M. Cross*

The paradigm of antigenic variation in parasites is the variant surface glycoprotein (VSG)
of African trypanosomes. Only one VSG is expressed at any time, except for short periods
during switching. The reasons for this pattern of expression and the consequences of
expressing more than one VSG are unknown. Trypanosoma brucei was genetically
manipulated to generate cell lines that expressed two VSGs simultaneously. These VSGs
were produced in equal amounts and were homogeneously distributed on the trypano-
some surface. The double-expressor cells had similar population doubling times and
were as infective as wild-type cells. Thus, the simultaneous expression of two VSGs is

not intrinsically harmful.

I its bloodstream stage, Trypanosoma brucei
evades the host immune response by a pro-
cess of antigenic variation, in which the
surface coat, consisting of about 107 copies
of a glycosylphosphatidylinositol (GPI)-
anchored VSG, equivalent to 10% of the
total cellular protein, is periodically changed
(1). Despite a repertoire of more than 1000
vsg genes (2), only one is normally expressed
at any time. The expressed wsg is always
located at a telomeric expression site (ES).
However, there are probably at least 20 po-
tential ESs (3), which consist of a polycis-
tronic transcription unit containing several
ES-associated genes (esags) (4) and one wsg.
Antigenic variation is generally achieved
either by gene conversion of a duplicated vsg
into an active ES, or by in situ activation of
one ES and concomitant inactivation of
another (5), by an unknown mechanism.
Therefore, only one ES, with one wsg, is
productively transcribed at any time.
Trypanosoma brucei, like other species of
African trypanosomes, is transmitted by
Glossina, the tsetse. Naturally occurring T.
brucei cells expressing two VSGs can be
found as a minor population in rats infected
with metacyclic forms from the tsetse (6),
during the first infection cycle, when there is
rapid switching from metacyclic to blood-
stream-form wsgs. These double-expressing
cells do not multiply for long, probably be-
cause metacyclic vsgs form a subclass of telo-
meric vsgs that are transcribed monocistroni-
cally and are not linked to esags (7). Some
esags are essential for trypanosome survival
in the mammalian host (8). There has been
one report of T. equiperdum simultaneously
expressing two VSGs from two ESs, in a
situation that was stable for about 30 gener-
ations in vitro but could not be propagated
beyond a few generations in mice (9).
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The questions of whether simultaneous
expression of two VSGs is disadvantageous
for replication or infection of trypanosomes
or whether constraints intrinsic to VSG syn-
thesis or coat assembly might enforce the
singularity of vsg expression have never been
experimentally tested in a systematic way,
despite continuing speculation about the
possible consequences (10, 11). Using re-
cently developed molecular tools, we have
started to explore these questions experi-
mentally by inserting a second vsg into an
active ES.

A second wsg [MITat 1.5 clone 117,
MITat 1.6 clone 121, or ILTat 1.24 (12,
13)] was inserted into the active wsg 221
ES of T. brucei strain 427 clone 221a (14),
in tandem with a neomycin phosphotrans-
ferase gene (neo), conferring resistance to
G418 (Fig. 1). Correct insertion of the
vsg-neo cassette was confirmed by South-
ern (DNA) blotting. The sequences of

Fig. 1. Integration of vsg-neo cas-
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pression site. Maps of (A) the telo- |
mere-proximal region of the wild-
type 221 ES, (B) the three plasmids
constructed to insert each vsg-neo
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these VSGs are known (13, 15), and the
three-dimensional structures of the NH,-
terminal domains of VSGs 221 and ILTat
1.24 have been determined (16, 17). Two
major VSG classes have been distin-
guished on the basis of sequence conser-
vation at their COOH-termini (13, 18).
The mature sequences of these two VSG
classes terminate in either aspartate (for
example, VSGs 117, 121, and ILTat 1.24)
or serine (for example, VSG 221), forming
the GPI attachment site, after cleavage of
a 23— or 17-amino acid signal sequence,
respectively.

Immunocytological analysis demonstrat-
ed that the two VSGs were homogeneously
distributed on the cell surface of the three
recombinant double-expressor populations
(Fig. 2). Control cells (parental lines ex-
pressing VSG 117, 121, 221, or 118) showed
no cross-reaction among the antibodies used.
Protein immunoblotting showed that each of
the recombinant cell lines expressed both
VSGs in substantial amounts (Fig. 3A). Mo-
bility differences between VSGs facilitated
identification after SDS—polyacrylamide gel
electrophoresis (SDS-PAGE). When puri-
fied VSGs, released from either parental or
recombinant lines by the endogenous GPI-
specific phospholipase C (19, 20), were
stained with Coomassie brilliant blue, they
appeared to be present in similar amounts
(Fig. 3B, upper panel). This result was con-
firmed by biosynthetic labeling followed by
autoradiography (Fig. 3B, lower panel) and
quantitative phosphorimaging. When these
paired VSGs were treated with VSG-specific
antibodies, there was no coprecipitation of
the second VSG (Fig. 3B). Therefore, de-
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brucei by electroporation (29). Try- l ¥ vsg gs/
panosomes were recovered in
HMI-9 (30) and incubated at 37°C
for 18 hours. G418 (2 wg/ml) was
added, and cells were incubated
until growth of transfectants was observed (7 to 1
containing G418 (37).
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al structures (13, 17), these VSGs do not
form detectable heterodimers. This observa-
tion is consistent with the finding of nat-
urally occurring double expression in T.
equiperdum, in which each VSG was ex-
pressed from a different ES (9), and with
observations of purified VSGs attached to
nitrocellulose membranes, in which only

Fig. 2. Immunofluorescence of double-express-
ing and wild-type trypanosomes. Bloodstream
forms were grown in vitro to a density of 10° par-
asites/ml, fixed, and dried onto microscope
slides. Rabbit antibodies against VSG 117, 121,
and ILTat 1.24 were individually combined with
chicken anti-VSG 221. Goat anti-chicken 1gG
coupled to fluorescein isothiocyanate and goat
anti-rabbit IgG coupled to rhodamine were used
as second antibodies. The red fluorescence in the
left panel of each pair represents the second VSG
being expressed on the double expressors (A)
221-117,(B) 221-ILTat 1.24, and (C) 221-121. (D)
Wild-type VSG 121. The green fluorescence in the
right panels identifies the constitutively expressed
VSG 221 in all the double expressors and in wild-
type 221 cells (E). No reaction was detected on
the wild-type 221 cells when incubated with anti-
bodies for 121 (E, left) or on the wild-type 121 cells
incubated with antibodies for 221 (D, right). All of
the ~200 double-expressor cells observed exhib-
ited the green and the red fluorescence simulta-
neously, confirming the homogeneity of cell pop-
ulations expressing both VSGs.
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homomeric interactions were detected
(21). The NH,-terminal domains of VSGs
221 and ILTat 1.24 (17) display a tight
dimer interface, suggesting that VSGs
would be unlikely to form heterodimers of
similar stability.

Trypanosomes expressing two VSGs
grew at the same rate (population doubling
time ~6 hours) as wild-type parental cells
in vitro, independent of the presence of
G418 in the medium. In vivo, in the ab-
sence of G418, double expressors were as
infective as the wild-type parental 221 line
(Fig. 4). In each instance, two successive
peaks of parasitemia were produced in rats,
the second peak being fatal. At the first
peak of parasitemia, the two VSGs were
coexpressed on the surface of all members of
the population, as determined by immuno-
fluorescence analysis of fixed cells. No sig-
nificant differences were observed between
the growth kinetics of double expressors
and wild-type 221 cells in different rats and
in different experiments. We therefore con-
cluded that parasites expressing two VSGs
have no intrinsic growth disadvantage in
vivo or in vitro.

Switching intermediates in the animal
host probably occur too infrequently to be
observed (22), except during the initial meta-
cyclic to bloodstream-form transition (6, 23).
As previously reported, VSG has a half-life of
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Fig. 3. Coexpression of VSGs by recombinant T.
brucei lines. (A) Protein immunoblots of VSG
preparations separated by SDS-PAGE (20). (B)
Immunoprecipitation of partially purified 35S-la-
beled VSGs with Sepharose-coupled anti-VSG
221 (20). The gels were stained with Coomassie
brilliant blue (upper panel) and then dried and ex-
posed to film for 5 days (lower panel).
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30 to 40 hours and VSG mRNA has a half-life
of 4.5 hours (24). Therefore, during the pro-
cess of antigenic variation, cells that simulta-
neously express two VSGs presumably remain
in the bloodstream for a significant period of
time. The engineering of trypanosomes to ex-
press two VSGs, thereby prolonging an inter-
mediate in antigenic variation that could not
hitherto be studied, provides a tool to inves-
tigate several aspects of antigenic variation,
including the interplay between the trypano-
some and the immune response. The avail-
ability of double expressors also offers the
possibility of studying the extent to which the
distinctive glycosylation of individual VSGs
used in this study (25) is intrinsic to each
VSG or is influenced by the genetic back-
ground in which a VSG is expressed.
Previously it was suggested that two ESs
could be simultaneously active (26), but
transcription of one ES terminated at an
insertion before the wsg. It was also reported
that simultaneous expression of different
VSGs from two ESs was an unstable situa-
tion in T. equiperdum in vivo: the double
expressors were outgrown by cells express-
ing only one of the two VSGs (9). These
precedents suggested the existence of some
intrinsic obstacle to the simultaneous ex-
pression of two VSGs. In the present stud-
ies, however, we observed no discrimina-
tion, affecting replication or infectivity,
against cells expressing two VSGs. Our re-
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Fig. 4. Infection of rats with T. brucei 221 wild-
type and double expressors. Pairs of rats (300 g)
were each infected with about five wild-type or
double-expressor trypanosomes. From the fifth
day, the parasitemia in each rat was checked
every 12 hours by tail puncture and hemocytom-
eter counting. In each panel, closed and open
symbols represent the course of parasitemia in
individual rats. The lower limit of counting was
set at 106 cells/ml. An initial peak of parasitemia
was seen 8 to 9 days after infection, when all of
the parasites were shown, by immunofluores-
cence, to be expressing both VSGs on their sur-
faces. A second peak of parasitemia was ob-
served 13 to 14 days after infection, which the
rats were unable to control.
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sults indicate that the singularity of VSG
expression and the semiordered appearance
of VSGs in T. brucei infections (10, 27) are
probably determined at the level of ES tran-
scription rather than imposed by intrinsic
constraints on VSG compatibility. This in-
terpretation is consistent with the previous-
ly demonstrated instability of cells express-
ing two VSGs from different ESs (9). Per-
haps expressing one VSG at a time has
evolved as simply the most economical
strategy of immune evasion, but some other
product of an ES is responsible for imposing
singularity, for reasons that remain to be

identified.
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Binding of Zinc Finger Protein ZPR1 to the
Epidermal Growth Factor Receptor

Zoya Galcheva-Gargova, Konstantin N. Konstantinov,
[-Huan Wu, F. George Klier, Tamera Barrett, Roger J. Davis*

ZPR1 is a zinc finger protein that binds to the cytoplasmic tyrosine kinase domain of the
epidermal growth factor receptor (EGFR). Deletion analysis demonstrated that this bind-
ing interaction is mediated by the zinc fingers of ZPR1 and subdomains X and Xl of the
EGFR tyrosine kinase. Treatment of mammalian cells with EGF caused decreased
binding of ZPR1 to the EGFR and the accumulation of ZPR1 in the nucleus. The effect
of EGF to regulate ZPR1 binding is dependent on tyrosine phosphorylation of the EGFR.
ZPR1 therefore represents a prototype for a class of molecule that binds to the EGFR
and is released from the receptor after activation.

The EGFR is a transmembrane glycopro-
tein with an extracellular ligand-binding
domain and a cytoplasmic tyrosine kinase
domain (I1). EGF treatment causes in-
creased EGFR tyrosine kinase activity. Sub-
strates for the activated receptor tyrosine
kinase include the COOH-terminal region
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of the receptor (1). The tyrosine-phospho-
rylated EGFR binds to modular signaling
proteins that contain SRC homology 2
(SH2) or PTB (phosphotyrosine-binding)
domains (I, 2). However, before the forma-
tion of the receptor signaling complex with
SH2-PTB proteins, the EGFR may interact
with other proteins (1). The identities of
the proteins within this complex have not
been defined, but these components may
include actin and other cytoskeletal pro-
teins (3). Proteins bound to the EGFR may
also include signaling molecules that are
released from the receptor after activation.

The purpose of this study was to identify
proteins that bind to the nonactivated
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