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ABSTRACT African trypanosomes that cycle between
mammalian hosts and the tsetse fly vector must be poised to
survive in different environments. The control of stage-specific
gene expression is undoubtedly one of the keys to successful
adaptation, but no regulatory elements have been defined to
date. Procyclins (also known as procydic acidic repetitive
proteins) are specifically expressed on the surface of procyclic
and epimastigote forms in the fly. Procyclin genes are already
transcribed in bloodstream forms, but stable mRNA, and later
the protein, are first detected when the parasites begin to
differentiate into procydic forms. We have now identified a
region of 16 bases that forms part of a predicted stem-oop
structure in the 3' untranslated regions of different procyclin
mRNAs; both the sequence and the secondary structure of this
16-mer appear to be required for efficient translation of a
reporter gene in procycic forms. The level of steady-state
mRNA, its polyadenylylation, and its distribution in the cell are
all unaffected by the presence or absence of this element.
Deletion of the 16-mer alone reduces expression more than
removal or reversal of the entire 3' untranslated region and
flanking region, suggesting that there are additional negative
regulatory elements in the same 3' untranslated region.

The protozoan parasite Trypanosoma brucei, which is trans-
mitted between mammals by the tsetse fly, alternately ex-
presses two major types of surface glycoprotein. Procyclic
forms in the tsetse fly midgut are covered by an invariant
glycoprotein coat composed of procyclins (1-4) whereas the
bloodstream forms, which multiply in the mammalian host,
are shielded by a dense surface coat of variant surface
glycoproteins (VSG; for reviews, see refs. 5 and 6).

Bloodstream-form trypanosomes ingested by the tsetse fly
differentiate into procyclic forms within a few days (7). Try-
panosomes cultured in the appropriate medium can also be
induced to differentiate in vitro (8). Procyclin genes are already
transcribed in bloodstream forms (9), but virtually no steady-
state mRNA is detectable before differentiation begins (10).
Depending on the strain of trypanosomes, an increase in
procyclin mRNA can be observed as soon as 15 min after
triggering differentiation (11) and the proteins can be detected
within 4 h (12). In a set ofexperiments where both mRNA and
protein were monitored, there was a lag of several hours
between the appearance of the mRNA and its translation (10).
In parallel with the induction of procyclin expression, VSG-
specific mRNA and protein synthesis are repressed (13, 14)
and VSG is shed from the parasite surface (15).

Procyclin genes are located on four large chromosomes
(16) in tandem arrays of two or three copies (3, 17). The 5'
untranslated regions (UTRs) and the coding regions of the
various copies are highly conserved (73-93% identity) and
differ principally in the length and composition of an internal
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repeat. The 3' UTRs are more heterogeneous, however, and
the longest region of identity is a stretch of 16 nt that is
present in all copies (17), beginning 92-94 bases upstream of
the polyadenylylation site (2, 3, 11, 18, 19).

Little is known about the regulation ofprocyclin expression.
While there is clearly some control at the level oftranscription
initiation (9), this is not sufficient to explain the absence of
procyclimmRNA in bloodstream-form trypanosomes. There is
also evidence that a procyclin 3' UTR can abolish expression
of a reporter gene in bloodstream forms (20), although it is not
known at what level this occurs. More recently, work from
two groups (11, 21) has indicated that specific protein factors
might regulate the levels of procyclin mRNA.
The occurrence of a conserved motif of 16 bases at the

same position in the 3' UTRs of different procyclin mRNAs
suggested to us that it might be important in regulating
expression. We have started by examining whether this
sequence has an influence on expression in procyclic form
trypanosomes. Here we show that this 16-mer is required for
efficient expression of a reporter gene and that both the
sequence and the correct secondary structure are necessary
for its function. The region that we have identified provides
an example of a defined regulatory element in the RNA of a
protozoan parasite.

MATERIALS AND METHODS
Trypanosome Strains, Transfections, and Chloramphenicol

Acetyltransferase (CAT) Assays. Procyclic forms of T. brucei
(strain 427; ref. 22) were cultivated in SDM-79 as described
(23). Transfections were performed as described by Zomer-
dijk et al. (24) using 5 x 107 trypanosomes and 5 ,ug of
CsCl-purified plasmid DNA unless otherwise stated. CAT
assays were performed essentially as described (24), except
that the assay buffer was supplemented with bovine serum
albumin (50 ug/ml). Each transfection was performed in
duplicate. Mean values (percent of wild type, ±1 SD) are
derived from at least three transfection experiments.

Quantitative determination of the amount of CAT protein
was performed using a CAT-ELISA kit (Boehringer Mann-
heim) by following the manufacturer's instructions.

Construction of Recombinant Plasmids. A CAT construct
with the procyclin promoter and wild-type 3' end was as-
sembled from the Pvu II fragment of pAP2 (9, 17) that had
been subcloned into Bluescript+ (Stratagene). A 3.5-kb
fragment containing the procyclin promoter (25) was ampli-
fied using a primer specific for Bluescript (BS-back, see
below) and primer 1 in which the initiation codon of the
procyclin gene was mutated to create a HindIII site. The
product was digested with HindIII and cloned upstream of
the coding sequence ofthe CAT gene (26). A 562-bp fragment
containing the procyclin 3' UTR and 265 bases of the inter-
genic region was amplified from pAP2 using a primer specific

Abbreviations: UTR, untranslated region; VSG, variant surface
glycoprotein; CAT, chloramphenicol acetyltransferase.
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for Bluescript (BS-forward) and primer 2, which starts 1 base
downstream of the procyclin stop codon, with a point mu-
tation to create aBamHI site. The fragment was digested with
BamHI and cloned downstream of the CAT gene. This
fragment was also cloned in the opposite orientation to
generate the reverse construct.

Construction of the Deletion Mutant A16. The two halves of
the 3' end ofA16 were generated from the wild type as follows:
the BamHI-EcoRV fiagment upstream of the 16-mer was
amplified with primers 2 and 3; the downstream EcoRV-Not
I fiagment was generated using the BS-forward primer and
primer 4. The two fragments were ligated simultaneously into
the wild-type plasmid that had been digested with BamHI and
Not I and gel-purified to remove the wild-type 3' end. The
construct 16+ was produced by insertion of the 16-mer 5'-
CAGCCCTGTAGATTTC-3' (and its complement), in the
correct orientation, into the EcoRV site of A16. Additional
constructs were derived by insertion of the 18-mer 5'-
CAGCCCTGTAGATTTCTG-3' into theEcoRV site of A16 in
the correct orientation (18+) or the opposite orientation (18-).

Constructs with the VSG expression site promoter were
produced by ligating a HindIll-EcoRI fragment from the
CAT construct pD5 (20), which contained the promoter
region and ESAG7 splice acceptor site and extended to an
internal EcoRI site in the CAT gene, to either the wild-type
vector or A16, which had been digested with HindIII and
EcoRI to remove the procyclin promoter and the 5' portion
of the CAT gene.
Primers (with the relevant restriction sites underlined)

are as follows: 1, 5'-CAGCGCCGGCAAGCTTGTGAAT-
TTTACTTTTTGG-3'; 2, 5'-AATAGATATCGGATCCG-
GATGCAAGCGTGTAAAGCG-3'; 3, 5'-GGTAGT-
GATAIETGGGTCTCAGGCGATGG; 4, 5'-GGACAGC-
GATATCTGTGATGTTTCGGTTGC; BS-back, 5'-
ACCATGATTACGCCAAGCTCG-3'; BS-forward, 5'-
GTTTTCCCAGTCACGACGTTG-3'. All constructs were
checked by a combination of restriction enzyme and se-
quence analyses.
Northern Blot Analysis. Procyclic-form trypanosomes (2.5

x 108 cells) were transfected with 50 ,g of plasmid DNA.
After a 7-h incubation, RNA was isolated for Northern blot
analysis as described (27) and, subsequently, treated with
RNase-free DNase. TotalRNA (8 ,ug) was fractionated on 1%
agarose gels and transferred to nitrocellulose (2). Radioactive
antisense probes were generated by in vitro transcription of
250 bases of the coding region of the CAT gene (26) or 200
bases from the procyclin 3' UTR. Hybridization was per-
formed in 50% (vol/vol) formamide/0.5x standard saline
citrate (SSC)/4x Denhardt's solution/0.08% SDS/80 mM
sodium phosphate, pH 6.5/herring sperm DNA (80 pg/ml)/
tRNA (80 pg/ml) at 50°C. Washes after hybridization were in
0.lx SSC at 65°C. No signal was obtained with a Bluescript-
specific probe, confirming that hybridization was not due to
contamination with plasmid (data not shown).

Quantitative PCR and Analysis of 3' Ends. These proce-
dures were performed by combining the methods ofFrohman
et al. (28) and Becker-Andrd et al. (29). In each experiment,
2 x 108 cells were transfected with a mixture of the wild-type
construct and A16 (40 pug of DNA in total) in the ratios
indicated in the figure and RNA was isolated as described
(10). cDNA was generated by reverse transcription using a
hybrid T17-adaptor primer (GACTCGAGTCGACATC-
GAT17; ref. 28). CAT-specific cDNA was hybrid-selected
prior to amplification to exclude recombination with cDNA
derived from endogenous procyclin transcripts (see below).
The PCR (35 cycles) was performed with Supertaq (Stehelin
AG, Basel) using the following parameters: denaturation, 1
min, 94°C; annealing, 1 min, 55°C; extension, 3 min, 74°C.
The primers used for amplification were the adaptor primer
(GACTCGATICGIACATCGA; ref. 28) and an oligonucleo-

tide from the 3' end of the CAT coding sequence (5'-
GCGAATICGGATGAATGGCA-3'). Restriction sites that
could be used in cloning are underlined. The amplified DNA
was diluted in the range 1:100 to 1:400 to obtain the same
amount per reaction mixture and subjected to a further two
cycles of amplification using 10 pmol of 32P-labeled CAT
primer and 25 pmol of unlabeled adaptor primer. The DNA
was digested with EcoRV and separated on a 1.5% agarose
gel. For cell fractionation experiments (30), 1.2 x 108 try-
panosomes were cotransfected with the wild-type and A16
plasmids, each at 20 ,ug.

Analysis of Polyadenylylation Sites. CAT-specific cDNA
was amplified as described above, digested with EcoRI and
Sal I, and cloned into Bluescript+. Sequence analysis was
performed by the dideoxynucleotide chain-termination
method (31).

Miscellaneous Techniques. Predictions of RNA structure
were made with the FOLD program from the GCG Sequence
Analysis Software Package, version 7.2 (32). For hybrid
selection of cDNA prior to PCR, a plasmid containing the
CAT coding sequence (26) was bound to filters as described
(33). RNA was removed from cDNA RNA hybrids by hy-
drolysis in 0.1 M NaOH at 65°C for 30 min. The cDNA was
neutralized to pH 7.5 with Tris HCl and then hybridized with
filters overnight at 42°C in 50% formamide/40 mM Pipes, pH
6.7/0.4 M NaCl/1 mM EDTA/0.2% SDS/tRNA (70 pg/ml).
Washes were performed at 55°C in 10 mM Tris HCl/150 mM
NaCl/1 mM EDTA/0.5% SDS. CAT-specific cDNA was
eluted by boiling in 0.1% SDS.

RESULTS
A Conserved 16-mer in the Procyclin 3' UTR Enhances

Expression. To investigate the role of the conserved 16-mer
motif in expression in procyclic-form trypanosomes, tran-
sient transfection assays were carried out using constructs in
which the coding sequence of the procyclin gene was pre-
cisely removed and replaced by a HindIII-BamHI fragment
encoding the CAT gene (Fig. 1). These constructs contained
the same procyclin promoter but different 3' sequences (Fig.
2). A construct containing the wild-type 3' UTR and a portion
of the intergenic region showed high levels of activity (100%;
Fig. 2); reversal or removal of the entire 3' flanking region
resulted in only a 2- to 4-fold drop in activity compared to the
wild type. In contrast, a targeted deletion construct in which
the 16-bp element was replaced by a unique EcoRV site (A&16)
gave only 7.7% (±0.7%) of the CAT activity measured with

AAGACTTCAATrACACCAAAAAGTAAAATTCACAG3CACCT....procyclin

AAGACTTCAATTACACCAAAAAGTAAAATTCACAAGCTragcgagattttcaggagcta
aggaagctaaug].cat

P P

cat ...atgaatggcagaaattcgtaGGATCCGGATGCAA

procyclin...CTCGTTGCCGCATTC3CGGATGCAA

FIG. 1. Schematic representation of the wild-type CAT construct
(not to scale) used in transient transfection experiments, showing the
precise substitution ofthe procycin coding region by CAT sequences
(26). This plasmid encompasses the procyclin promoter (25) and the
first of three tandemly repeated procyclin genes (17) with a 297-bp 3'
UTR and 265 bp of the intergenic region. Bases from the procyclin
gene are in uppercase type, and bases from the CAT gene are in
lowercase type. Initiation and termination codons are boxed. The
splice acceptor site of the mature RNA is shown in boldface type;
artificially introduced restriction sites are underlined. P, Pvu II; H,
HindIII; B, BamHI. The symbols used for the CAT gene, 3' UTR,
and intergenic region are as in Fig. 2.
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FIG. 2. Effect of 3' flanking sequences on CAT expression. Schematic representation of recombinant plasmids used in transfection and of
CAT activities relative to the wild type (100%) is shown. P, procyclin promoter; V, VSG expression site promoter.

the wild-type 3' UTR. In a parallel experiment, the amount
of CAT protein was determined by ELISA. Approximately
10 times more protein could be detected in cells transfected
with the wild-type construct than with A16, which confirmed
that the difference in enzyme activity was an accurate
reflection of the amount of CAT synthesized in these cells.

In an attempt to restore the activity of A16 to that of the
wild type, the same 16 bp that had been deleted were
reintroduced in the correct orientation into the newly created
EcoRV site. The CAT activity obtained with this construct
(16+) was only 17.2% (±0.7%) of the wild type, suggesting
that the secondary structure or the precise position of the
16-mer might be crucial to its function.
To ascertain whether the effect of this 3' sequence was due

to an interaction with elements upstream of the coding
region, plasmids were constructed in which the procyclin
promoter, splice acceptor site, and 5' UTR were replaced by
the VSG promoter, the splice acceptor site, and the 5' UTR
of the first gene in this transcription unit (ESAG7; ref. 20).
Once again, a similar reduction was observed with a con-
struct with the A16 3' UTR (Fig. 2), indicating that the effect
is independent of 5' sequences.
The 16-mer Forms Part of a Stem-Loop Structure in Pro-

cyclin mRNAs. Computer analysis of the 3' UTRs of various
procyclin mRNAs predicted that the 16-mer always forms
part of a stem-loop motif with 12 or 13 bases in the loop (Fig.
3A). In contrast, RNA from the construct 16+ is likely to
assume a different secondary structure (Fig. 3B); there are
only 10 bases in the loop and the base pairing at the top of the
stem is impaired. From further computer analyses, it was
predicted that the introduction of 18 bp in either orientation
would restore the loop structure and increase the length ofthe
stem by 3 bp (Fig. 3B). In the correct orientation (18+), both
the structure and the sequence in the loop and the top of the
stem correspond to the wild type (Fig. 3B). In the opposite
orientation (18-), the structure ofthe stem is maintained, but
the loop contains the complementary sequence and only 4
bases are in the same position as in the wild-type motif. With
the 18-mer in the correct orientation, the CAT activity
slightly, but consistently, exceeded that of the wild type (110
+ 1.6%). When the orientation was reversed, however,
activity did not increase above that of A16 (6.7 ± 0.8%).

These results confirm the importance of both the sequence
and the secondary structure of the conserved element.
The 16-mer Does Not Affect mRNA Levels or Distribution

Within the Cell. Preliminary nuclear run-on experiments
indicated that the CAT gene was transcribed at similar rates
in trypanosomes transiently transfected with either A16 or the
wild-type construct (data not shown). To determine whether
the differences in CAT activity reflected the levels of steady-
state RNA, Northern blot analysis was performed using total
RNA extracted from these cells. Hybridization with a CAT-
specific probe gave signals of equal intensity (Fig. 4A),
indicating that deleting the 16-mer does not affect the amount
of RNA. In a different approach, cells were cotransfected
with different ratios of the two constructs and the poly(A)
RNA levels were determined by quantitative PCR (Fig. 4B).
EcoRV digestion of the amplified products allowed A16 to be
distinguished from the wild type. The results of these exper-
iments were consistent with the Northern blot analysis, with
the relative amounts of transcripts reflecting the ratio of the
two plasmids. Finally, to study the distribution of the two
mRNAs within the cell, trypanosomes were cotransfected
with the wild-type and A16 constructs and separated into
nuclear and cytoplasmic fractions. Since there is significantly
less mRNA in the nuclear fraction, there is less ofthe primary
PCR amplification product (data not shown), but the amounts
of input cDNA from the two fractions were equalized for the
second round of PCR to give comparable signals. These
experiments show that the relative amounts of the two
transcripts in the cytoplasm are very similar (Fig. 4C), and
that the block in expression is not due to the selective
retention of A16 transcripts in the nucleus.

Polyadenylylatlon of Transcripts. mRNAs from trypano-
somes do not contain conventional polyadenylylation signals
(34). To examine the effect of the 16-mer on the choice of
polyadenylylation site, PCR products generated from the 3'
ends of wild-type and A16 CAT mRNAs (see above) were
cloned and partially sequenced. Of the 10 clones analyzed (4
from the wild type and 6 from A16), all had exactly the same
polyadenylylation site as the endogenous procyclin gene
(data not shown). No significant differences were observed in
the lengths of the poly(A) tails in clones derived from the two
transcripts nor were there differences in the overall lengths of

p

p

p

p

V

V

(± 0.8)

i (± 4.4)

' (± 0.7)

(* 0.7)

(* 4.4)

372 Microbiology: Hehl et al.



Proc. Natl. Acad. Sci. USA 91 (1994) 373

A A CAT
- w.t Al6

PROCYCLIN

- w.t A16

3uu UUC

Ai CA

AA
*_Urtu

GU
c

U
c A

A

u
C

U CUUU

G v C

CS0- c?AA

AU$

UoC C AUUGUUUG

: i

C c CC.* 1cCAA C
IaIa C

U*

mc
I i

B 3' UTR CAT ACTIVITY (%)

c

U

16+ 17.2 (±0.7)

C CcSu,/UcUAG U

AuA
cc

/

Gu

18+ 110 (±1.6)

148-67(08
one A3cI Uc uCU

AGj/ CG
AGle

U

18- 6.7 (±0.8)

FiG. 3. (A) Conserved 16-mer CAGCCCUGUAGAYUUC

(where Y is a pyrimidine) forms part of a stem-loop structure in
various procycin mRNAs. Sequences are from the cDNA clones
pPS-1 (upper sequence, ref. 11) and pPRO2001 (lower sequence, ref.
2). The 3' UTRs are 50%6 identical over a length of 297 bases. The
position of the 16-mer is shown in boldface type. For clarity, only the
last 110 bases of each 3' UTR are shown. (B) Correlation between
CAT activity and correct folding. Predicted folding of the 16-mer
(boldface type) in RNAs derived from various constructs and the
percentage CAT activity compared to the wild type are shown.

the transcripts (Fig. 4A). Thus these observations also rule
out substantial changes in the extent of polyadenylylation.

Transcripts derived from the construct in which the inter-
genic region and 3' UTR had been reversed (rev; see Fig. 2)
were also analyzed in the same way. In contrast to mRNAs
with the authentic 3' end, these transcripts were polyadenyl-
ylated at different positions. Seven sites were identified from
sequence analysis of 12 PCR clones (Fig. 5). No obvious
sequence motifs could be discerned, however, apart from a
preference for two or more adenine residues at the polyade-
nylylation site itself.

DISCUSSION
A conserved 16-mer in the 3' UTR of procyclin mRNAs is
required for efficient expression of a reporter gene in procy-

B w.t. 1* 10 1 1 1 0 1

A16 1* 1 1 2 10 1 0

1..
: _

so_ 0...O

C.

Cyt Nuc

- w.t. -

- A16 -

* no reverse transcriptase

FIG. 4. (A) Equal amounts of steady-state CAT mRNA are found
after transfection with equal amounts of the wild-type or A16
constructs. Northern blot analysis of RNA after mock transfection
(-) or transfection with constructs with the procycin promoter and
wild type (w.t.) or A16 3' flanking sequences. Filters were hybridized
with antisense RNA corresponding to the CAT coding region or the
procyclin 3' UTR, as indicated. (B) Quantification by PCR of the
relative levels ofCAT transcripts after cotransfection with different
ratios of the wild-type and A16 plasmids. CAT-specific DNA was
amplified using the adaptor primer and a primer corresponding to the
3' end of the CAT coding sequence. 32P-labeled CAT primer was
included in the last two cycles of amplification. The DNA was
digested with EcoRV, which selectively cuts A16 PCR products, and
fractionated by agarose gel electrophoresis. (C) Quantification by
PCR of the relative amounts of the wild-type and A16 transcripts in
nuclear (Nuc) and cytoplasmic (Cyt) fractions after cotransfection
with equal amounts of the two plasmids.

clic-form trypanosomes. Precise deletion of this motif from
the wild-type construct (to yield A16) leads to a 10- to 12-fold
decrease in CAT, whether measured as enzyme activity or as
the amount of protein detectable by ELISA. Since the
amount of CAT-specific mRNA, its polyadenylylation, and
distribution in the celi are all unaffected, these data indicate
that positive regulation must occur at the level of translation.
To date, there is only one example of an element in a 3'

UTR that enhances translation. It has recently been shown
(35) that two alternatively polyadenylylated forms ofmRNA
encoding the amyloid protein precursor are translated in vivo
with different efficiencies and that sequences enhancing
translation reside in a 258-base extension of the 3' UTR. In
contrast, elements within the 3' UTRs ofinterferon (3(36) and
tumor necrosis factor mRNAs (37) have an inhibitory effect

1 ctgtagcagggiaacactgcacataaaaccaccaatgaaataaagCaaca
51 tgcagaccccttcgcccaagttggccggtctaacacttgtttcccatttc

101 tggcctgaaggtttagaaggaactattattcgaacccaaaagaagagaag

151 gcaaaaaaattaatgaaatagctcatccaacaaattaaaaggcagagcgc

201 cacatttacacgcagcacgcacaataacacaggcaccaatgattatttta

251 agatccaaattcaaaggaatgaaaaaaatagaagtgaaacgcttaaaat

301 tatggaatacgcaaccgaaacatcacagaaatctacagggctgtgggtct

351 caggcgatggttaataaggcattagaaaggatgtcaciaaaaaaatataa

401 cgiaaaaatattaaatgaatgtccacacttgttttacaagaaacagcagg

FIG. 5. Transcripts with different polyadenylylation sites are
generated from the rev construct, in which the intergenic region and
3' UTR are reversed. Polyadenylylation sites are marked with
arrows. The sequence shown extends 450 bases from the Pvu II site
in the intergenic region into the procyclin 3' UTR (reverse comple-
ment of nt 818-1267; ref. 17).
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on translation. For tumor necrosis factor, the 3' UTR also
contains endotoxin-responsive elements that can override
this inhibition (37). It is not immediately obvious how these
elements function, but one possibility is that they might affect
the rate of translocation by influencing the dissociation of
ribosomes from the end of the mRNA. Alternatively, inter-
actions between the 5' and 3' ends of the mRNA might
regulate the initiation of translation.
The 16-mer we have identified is predicted to form part of

a stem-loop structure in procyclin mRNAs with different 3'
UTRs. Our results with different constructs indicate that not
only the sequence but also the secondary structure are
important for function. Interestingly, a gene encoding the
major surface glycoprotein of Trypanosoma congolense also
contains this motif in the 3' UTR, again as part of a stem-loop
structure, but otherwise shows no homology to procyclins
(38). This suggests that the control mechanism predates
parasite speciation.

Deletion ofthe 16-mer alone reduces expression 3- to 6-fold
more than removal or reversal of the entire 3' UTR and
flanking region. This implies that the 3' UTR contains addi-
tional inhibitory elements. It is not yet known how these
sequences affect expression, but there is a growing list of
functions that can be attributed to specific elements in 3'
UTRs. In addition to regulating translation, mRNA stability
(39), and polyadenylylation (34, 40, 41), 3' elements can also
influence the subceilular localization of mRNAs (42, 43).

It is clear that the 3' UTR of procyclin plays a pivotal role
in stage-specific gene expression, by down-regulating expres-
sion in bloodstream forms and by enhancing expression in
procyclic-form trypanosomes. Although procyclic forms
have never been observed in mammals, antigen and anti-
procyclin antibodies can be detected after experimental in-
fections (44). This would imply that some trypanosomes
already differentiate in the bloodstream. It has also been
shown that procyclic forms cannot survive in serum since
they activate complement by the alternative pathway and are
lysed (45). Defining this regulatory element in a trypanosome
mRNA is just the beginning of unraveling the complex
process of stage-specific gene expression. In the long term,
however, this may allow the development of strategies for the
control ofinfection by inducing premature differentiation and
the subsequent destruction of parasites in the bloodstream.

We thank Dirk Dobbelaere and Daniel Schumperli for reading the
manuscript, Tom Seebeck for helpful discussions, David Jefferies
and Etienne Pays for the plasmid pD5, Dave Barry for communi-
cating unpublished results, Yvonne Schlatter for trypanosomes, and
Joost Zomerdijk and Piet Borst for an introduction to transfection.
This work was funded by the Swiss National Science Foundation and
the Roche Foundation.

1. Richardson, J. P., Jenni, L., Beecroft, R. P. & Pearson, T. W.
(1986) J. Immunol. 136, 2259-2264.

2. Roditi, I., Carrington, M. & Turner, M. (1987) Nature (London)
325, 272-274.

3. Mowatt, M. R. & Clayton, C. E. (1987) Mol. Cell. Biol. 7,
2833-2844.

4. Richardson, J. P., Beecroft, R. P., Tolson, D. L., Liu, M. K.
& Pearson, T. W. (1988) Mol. Biochem. Parasitol. 31, 203-216.

5. Pays, E. & Steinert, M. (1988) Annu. Rev. Genet. 22, 107-126.
6. Cross, G. A. M. (1990) Annu. Rev. Immunol. 8, 83-110.
7. Vickerman, K. (1985) Br. Med. Bull. 41, 105-114.
8. Brun, R. & Schonenberger, M. (1981) Z. Parasitenkd. 66,

17-24.
9. Pays, E., Coquelet, H., Tebabi, P., Pays, A., Jefferies, D.,

Steinert, M., Koenig, E., Williams, R. 0. & Roditi, I. (1990)
EMBO J. 9, 3145-3151.

10. Roditi, I., Schwarz, H., Pearson, T. W., Beecroft, R. P., Liu,
M. K., Richardson, J. P., Buhring, H.-J., Pleiss, J., Bulow, R.,
Williams, R. 0. & Overath, P. (1989) J. Cell Biol. 108, 737-746.

11. Dorn, P. L., Aman, R. A. & Boothroyd, J. C. (1991) Mol.
Biochem. Parasitol. 44, 133-139.

12. Ziegelbauer, K., Quinten, M., Schwarz, H., Pearson, T. W. &
Overath, P. (1990) Eur. J. Biochem. 192, 373-378.

13. Overath, P., Czichos, J., Stock, U. & Nonnengaesser, C. (1983)
EMBO J. 2, 1721-1728.

14. Ehlers, B., Czichos, J. & Overath, P. (1987) Mol. Cell. Biol. 7,
1242-1249.

15. Bulow, R., Nonnengasser, C. & Overath, P. (1988) Mol.
Biochem. Parasitol. 32, 85-92.

16. Rudenko, G., Bishop, D., Gottesdiener, K. & van der Ploeg,
L. H. T. (1989) EMBO J. 8, 4259-4263.

17. Koenig, E., Delius, H., Carrington, M., Williams, R. 0. &
Roditi, I. (1989) Nucleic Acids Res. 17, 8727-8739.

18. Mowatt, M. R. & Clayton, C. E. (1988) Mol. Cell. Biol. 8,
4055-4062.

19. Mowatt, M. R., Wisdom, G. S. & Clayton, C. E. (1989) Mol.
Cell. Biol. 9, 1332-1335.

20. Jefferies, D., Tebabi, P. & Pays, E. (1991) Mol. Cell. Biol. 11,
338-343.

21. Wirtz, E., Sylvester, D. & Hill, G. (1991) Mol. Biochem.
Parasitol. 47, 119-128.

22. Cross, G. A. M. & Manning, J. C. (1973) Parasitology 67,
315-331.

23. Brun, R. & Schonenberger, M. (1979) Acta Tropica 36, 289-
292.

24. Zomerdijk, J. C. B. M., Ouellette, M., ten Asbroek,
A. L. M. A., Kieft, R., Bommer, A. M. M., Clayton, C. E. &
Borst, P. (1990) EMBO J. 9, 2791-2801.

25. Sherman, D. R., Janz, L., Hug, M. & Clayton, C. (1991)EMBO
J. 10, 3379-3386.

26. Gorman, C. M., Moffat, L. F. & Howard, B. H. (1982) Mol.
Cell. Biol. 2, 1044-1051.

27. Harding, J. D., Przybyla, A. E., MacDonald, R. J., Pictet,
R. L. & Rutter, W. J. (1978) J. Biol. Chem. 253, 7531-7537.

28. Frohman, M. A., Dush, M. K. & Martin, G. R. (1988) Proc.
Natl. Acad. Sci. USA 85, 8998-9002.

29. Becker-Andre, M. & Hahlbrock, K. (1989) Nucleic Acids Res.
17, 9437-9446.

30. Carrington, M., Roditi, I. & Williams, R. 0. (1987) Nucleic
Acids Res. 15, 10179-10198.

31. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

32. Devereux, J., Haeberli, P. & Smithies, 0. (1984) Nucleic Acids
Res. 12, 387-395.

33. Parnes, J. R., Velan, B., Felsenfeld, G., Ramanathan, L.,
Ferrini, U., Apella, E. & Seidman, J. G. (1981) Proc. Natl.
Acad. Sci. USA 78, 2253-2257.

34. Wickens, M. (1990) Trends Biochem. Sci. 15, 277-281.
35. de Sauvage, F., Kruys, V., Marinx, O., Huez, G. & Octave,

J. N. (1992) EMBO J. 11, 3099-3103.
36. Kruys, V. I., Wathelet, M. G. & Huez, G. A. (1988) Gene 72,

191-200.
37. Han, J., Brown, T. & Buetler, B. (1990) J. Exp. Med. 171,

465-475.
38. Bayne, R. A. L., Kilbride, E. A., Lainson, F. A., Tetley, L. &

Barry, J. D. (1993) Mol. Biochem. Parasitol. 61, 295-310.
39. Atwater, J. A., Wisdom, R. & Verma, I. M. (1990) Annu. Rev.

Genet. 24, 519-541.
40. Ahringer, J. & Kimble, J. (1991) Nature (London) 349, 346-348.
41. Ahringer, J., Rosenquist, T. A., Lawson, D. N. & Kimble, J.

(1992) EMBO J. 11, 2303-2310.
42. Sun, J., Pilch, D. R. & Marzluff, W. F. (1992) Nucleic Acids

Res. 20, 6057-6066.
43. Gottlieb, E. (1992) Proc. Natl. Acad. Sci. USA 89, 7164-7168.
44. Liu, M. K. & Pearson, T. W. (1987) Parasitology 95, 277-290.
45. Ferrante, A. & Allison, A. C. (1983) Parasite Immunol. 5,

491-498.

374 Microbiology: Hehl et al.


