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Abstract

Production of functional eukaryotic proteins in recombinant form is a bottle-neck in various post-genomic applications and in
life science in general. At least partially this is due to the problems associated with the use of endogenous RNA polymerase II for
high-level transcription of heterologous genes in eukaryotic expression systems. To circumvent these problems we developed a new
inducible protein expression system based on the protozoan host Leishmania tarentolae (Trypanosomatidae). We have created a
strain of L. tarentolae constitutively co-expressing T7 RNA polymerase and tetracycline repressor. This strain could be stably trans-
formed with the heterologous target gene under control of the T7 promoter/TET operator assembly, which can initiate transcription
upon addition of tetracycline to the culture medium. Using this system, we demonstrated that enhanced green fluorescent protein
(EGFP) could be overexpressed to a level of ca. 1% of total cellular protein. The developed system was tested for its ability to induc-
ibly co-express multiple genes. Using two copies of the egfp gene integrated at two different genomic sites, we could obtain expression
levels reaching 4% of total cellular protein. Further possible improvements and applications of the developed system are discussed.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Eukaryotic expression systems; T7 polymerase

With the completion of several genome projects,
attention has turned to the elucidation of structure,
properties, and functional activities of the encoded pro-
teins. Due to the enormous number of newly discovered
open reading frames (ORFs), progress in the analysis of
the corresponding proteins depends on the ability to per-
form characterization in a parallel and high-throughput
format. The success of such approaches keenly depends
on our ability to produce the proteins in a pure form
rapidly and at a reasonable cost. Yet, despite a 30-year-
old history, no universally applicable protein production
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system suitable for such task has been developed [1]. Due
to technical restrictions imposed by the high-throughput
format of the trials, investigators were forced to resort to
the most efficient expression system based on Escherichia
coli. This system, however, can produce only ca. 15% of
eukaryotic proteins in their active form [2]. The only
eukaryotic expression system considered for high-
throughput application purposes is based on Saccharo-
myces cerevisiae, but this suffers from low yields and lack
of proper post-translational modifications.

The fundamental problem in the production of recom-
binant proteins in eukaryotic expression systems is rooted
in the biology of the organisms chosen as expression hosts
and has not been properly recognized. All available
eukaryotic protein expression systems are based on free-
living organisms and utilize the endogenous RNA
polymerase II (Pol II)? for transcription. Due to constant
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changes in their environment, free-living eukaryotes are
forced to control their gene expression very tightly, pri-
marily at the transcriptional level. High-level overexpres-
sion of heterologous proteins affects the physiology of the
host, leading to down-regulation of protein expression via
activation of transcriptional control mechanisms. The
complexity of the transcription control machinery pre-
cludes engineering eukaryotes that reproducibly produce
large amounts of recombinant polypeptides. An exception
is the baculovirus expression system, where the Pol II
based transcriptional machinery is hijacked by a virus and
driven to extreme behaviour. However, effective control
of the transcriptional machinery requires viral integrity,
which sets limits to its engineering.

The most successful example of manipulation of the
transcription/translation machinery is implemented in T7-
based E. coli expression systems. In this case, the highly
processive phage polymerase that cannot be controlled by
the transcriptional machinery of the host swamps the cell
with heterologous RNA. Unfortunately, this approach
cannot be transplanted into standard eukaryotic expres-
sion platforms. The main problem is rooted in the cou-
pling of DNA transcription with RNA processing.
Transcripts generated by foreign RNA polymerases
remain uncapped in eukaryotic cells and yield no protein
product [3]. There are two possible solutions to this prob-
lem: one is the development of a system where the require-
ment for RNA capping can be bypassed, the second is
employing an organism where transcription and transla-
tion are naturally uncoupled. The first approach is difficult
since it requires identification of internal ribosomal entry
sites (IRES), which mediate translational initiation nearly
as efficiently as capped RNA. Such sequences have not
been found so far in any existing system [4]. Therefore, in
our efforts to develop an efficient eukaryotic protein
expression system we chose to pursue the second
approach and take advantage of the unique organization
of the transcription/translation machinery of Trypanoso-
matidae protozoa. The absolute majority of these organ-
isms are parasites that colonize hosts ranging from plants
to higher mammals. Amongst the unique features of try-
panosomatids are RNA editing, arrangement of genes in
tandem arrays, polycistronic transcription followed by
trans-splicing, and regulation of gene expression almost
exclusively at the post-transcriptional level [5]. It was dem-
onstrated that Leishmania and Trypanosoma species can
efficiently translate mRNA generated by RNA polymer-

2 Abbreviations used: APRT, adenine phosphoribosyltransferase; ble,
bleomycin resistance gene; cam A, calmodulin A gene; EGFP, en-
hanced green fluorescent protein; yg, hygromycin resistance gene; IR,
intergenic region; neo, neomycin resistance gene; NLS, nuclear locali-
zation signal; Pol I, RNA polymerase II, rfu, relative fluorescent units;
sat, streptothricin acetyltransferase gene; ssu, small subunit RNA gene
in rDNA locus; T7 Pol, T7 RNA polymerase; Tet, tetracycline; rub, p-
tubulin gene; UTR, untranslated region.

A

Poll promoter

[ ] (oo e s OV o
B T7 promoter

[ TUB | TUB Lo TUB |y B-tubulin

locus

Fig. 1. Principal scheme for construction of stably transfected L. taren-
tolae strains used in this investigation. (A) Construction of constitu-
tively expressing strains by integrating the expression cassette into the
ssu gene cluster. 5S, small (5S) ribosomal RNA gene; Isu, gene for large
(28S) ribosomal RNA; Target, gene intended for expression; and
ANT, operably coupled antibiotic selection marker. (B) Integration of
expression cassette into the tubulin gene cluster.

ase I or a foreign polymerase such as T7 or T3 RNA poly-
merases [6-9]. Several efforts were made to express
heterologous proteins in Trypanosomatidae using epi-
somal vectors or genomic integrations transcribed by Pol
IT [10-13]. Earlier, we demonstrated that a non-patho-
genic kinetoplastida, Leishmania tarentolae, can be used
for heterologous expression of recombinant proteins [14].
The availability of methods of genetic and microbiological
manipulation in combination with short doubling times of
ca. 5h leading to densities of >5 x 108cells/ml in suspen-
sion culture make this organism an attractive host for pro-
duction of recombinant proteins. Moreover, we reported
previously that expression of mammalian glycoproteins in
this organism results in their modification with mamma-
lian-like oligosaccharides [14]. The originally reported
expression system based on L. farentolae exploited RNA
polymerase I mediated constitutive transcription of heter-
ologous genes integrated into the 18S rDNA gene locus
(Fig. 1A). In this work, we describe an inducible expres-
sion system based on transgenic L. tarentolae strain bear-
ing genes for T7 RNA polymerase and tetracycline
repressor.

Experimental procedures
Plasmid construction and molecular biology

Plasmids for stable integration into rDNA (ssu) locus and
RN A polymerase I mediated constitutive expression
PIRT7poINLSsat#A6 (Fig. 2A) was constructed by
PCR amplification of a 2.7kbp fragment encoding T7
RNA polymerase containing N-terminal nuclear
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Fig. 2. Genetic architecture of L. tarentolae strains used for inducible expression of EGFP reporter gene. (A) Schematic representation of T7 poly-
merase expression cassette integrated in the ssu locus. (B) Schematic representation of TET repressor expression cassette integrated in the ssu locus.
(C) Representation of a reporter gene expression cassette under control of T7 promoter/TET operator integrated in the tubulin gene cluster in sense
orientation. (D) Representation of a reporter gene expression cassette under control of T7 promoter/TET operator integrated in the tubulin gene
cluster in antisense orientation. (E) Western blot analysis of L. tarentolae strains constitutively expressing variants of T7 polymerase. M, prestained
high molecular weight marker; 1, LO_NLS_T7; 2, HI_NLS_T7; 3, HI_T7; and 4, wild type strain. (F) Western blot analysis of L. tarentolae strains
constitutively expressing TET repressor. M, prestained molecular weight marker; 1, TET repressor expressing strain; 2, wild type strain; and 3, TET

repressor protein.

localization signal (NLS) PKKKRKYV derived from
SV40 T antigen with primers 5'-GTC CGG AGA TCT
GTC GCC ACCATG AACACG ATT AAC ATC GC-
3’ and 5’-CTC ATG GAT CCG GAG TCG TAT TGA
TTT G-3' using pLew13 plasmid as a template [15]. The
resulting fragment was Bg/ll x BamHI trimmed and
subcloned into Leishmania expression vector pIRsatl (S.
Beverley, unpublished) opened with Bg/Il. Plasmid
pIRT7polNLSsat# A6 was used to generate L. tarento-
lae LO_NLS_TT7 strains overexpressing NLS tagged T7
polymerase at low levels.

pF4T7poll 4sat#1 (Fig. 2A) was constructed by PCR
amplification of a 2.7kbp fragment encoding T7 RNA
polymerase, amplified with primers 5'-GAG GCA CTC
CAT GGA GAC GAT TAA CAT CGC TAA GAA CG
-3 and 5'-TAG TGA GTC GTG CGG CCG CCT
ACG CGA ACG CGA AGT CCG ACT C-3' using
genomic DNA of E. coli BL21 (DE3) strain as a tem-
plate. The product was digested with Ncol x Notl and
subcloned into Leishmania expression vector pF4X1.4sat
(Jena Bioscience) opened with the same enzymes. Plas-
mid pF4T7poll.4sat# 1 was used to generate L. tarento-

lae HI_T7 strains overexpressing T7 polymerase without
NLS at high levels.

pF4T7poINLS1 . 4sat#7 (Fig. 2A) was created by
insertion of 2.4 kbp BsaBI x Kpnl fragment derived form
pIRT7poINLSsat#A6 into pF4T7poll.dsat#1 opened
with the same enzymes, replacing the major part of T7
RNA polymerase ORF and introducing the NLS. Plas-
mid pF4T7polNLS1.4sat#7 was used to obtain L. taren-
tolae HI_NLS_T7 strains overexpressing T7 RNA
polymerase with NLS at high levels.

pF4TRI.4hyg#l (Fig. 2B) was obtained by insertion
of 0.6 kbp Bg/ll x Notl trimmed PCR fragment harbour-
ing the TET repressor gene, amplified with primers 5'-
TAA TAA AGA TCT CCC ATG TCT AGA TTA
GAT AAA AGT AAA GTG-3" and 5'-TAA TAA TGC
GGC CGC TTA AGA CCC ACT TTC ACA TTT
AAG-3" using pLew90 [15] as template into Leishmania
expression vector pF4X1.4hyg (Jena Bioscience) opened
Bglll x Notl. Plasmid pF4TR1.4hyg#1 was used to gen-
erate L. tarentolae TR strains overexpressing TET
repressor. The Tet repressor was expressed without NLS
since presence of NLS is not required for its ability to
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regulate T7 Pol driven transcription in the Trypanoso-
matidae’s nucleus.

Plasmids for stable integration into host p-tubulin locus
and T7 RN A polymerase mediated inducible expression of
reporter genes

pTUB_F4egfpl.8ble##TBI (Fig. 2C) was constructed
by PCR amplification of the egfp-NI gene (Clontech)
using primers 5'-TTA TTA AGA TCT CGA CAC ACG
AAG CGT GTG ATG-3' and 5'-TTA TTA GGG CCC
GGA CGA ACC GGA GCT TTG TGT G-3', and
pF4egfpl.8ble#7 plasmid [14] as a template. The result-
ing 4kbp PCR fragment harbouring the egfp-NI gene
operably linked to a bleomycin selection marker (ble)
was digested with Bg/II x Apal enzymes and inserted
into pTUBI11 opened with Bg/Il and Apal. The pUC19
based vector pTUBI1 contained the 5" and 3’ parts of L.
tarentolae B-tubulin ORF flanking the T7 promoter/
TET operator assembly. The latter was introduced as
EcoRI x Sphl fragment: 5'-GAA TTC TAA TAC GAC
TCA CTA TAG GGA GAT CGt ccc tat cag tga tag aga
TCT ATT TAA ATA TCG ATG GGC CCC TGC
AGG CAT GC -3’ (T7 promoter bold, TET operator
small caps, EcoRI, Bglll, Apal, and Sphl sites under-
lined) (K. Gase, unpublished). The 5’ B-tubulin part was
PCR amplified with primers 5'-GCG CCG TTA ATT
AAG TTT TGG GAG GTG ATC TCC G-3’ and 5'-
GCG CCG AAT TCG GAT CCC TGC AGC GTG
CGG AAG CAA ATA TCG-3', and cloned as 0.6 kbp
Pacl x EcoRI fragment, whereas the 3’ part was ampli-
fied with primers 5'-GCG CCG AAT TCG CAT GCC
GAC GTT CGG TGA CCT GAA CC-3' and 5'-GCG
CCG GTT TAA ACT CGG AGA CGA GGT CGT
TC-3', and cloned as 0.6kbp Sphl x Pmel fragment.
pTUBI plasmid was used as a template for both amplifi-
cation products. This plasmid was obtained by blunt end
cloning of 1.2kbp B-tubulin gene fragment into pUCI19
linearized with Smal. The B-tubulin gene was amplified
from genomic DNA of L. tarentolae Parrot laboratory
strain P10 with primers 5'-CCG GCC AGT GCG GCA
ACC AGA TCG G-3' and 5'-GGT GGC GTC CTG
GTA CTG CTG G-3’ (K. Gase, unpublished). The latter
primers were designed on the basis of sequences con-
served between Leishmania species.

pTUB_APegfpl.4ble#TBPI11 (Fig. 2C) was obtained
as described for pTUB_F4egfpl.8ble#TBI, but using the
primers 5'-TTA TTA AGA TCT AGT CGC AGC CTG
ACC GCA TC-3' and 5'-TA TTA GGG CCC GGA
CGA ACC GGA GCT TTG TGT G-3', and pAP-
dBegfpl.4ble#1 as the template (Breitling and Kushnir,
unpublished). The latter plasmid was generated by
substitution of 0.4kbp calmodulin derived 5 UTR of
egfp-N1 gene [14] by 0.4kbp 5" UTR of adenine phospho-
ribosyltransferase (aprt) gene (Accession No. AF060886,
[16]) amplified with primers 5'-TAA TAA GTC GAC
AGT CGC AGC CTG ACC GCA TC-3' and 5'-TAA

TAA AGA TCT GGT GGC AAG GCA CAG CAA
GG-3' from genomic DNA of L. tarentolae Parrot labo-
ratory strain P10.

pTUB_APegfpl.4neo#802 (Fig. 2C) was created by
substituting the 1.7kbp ble marker gene containing
Notl x Spel fragment of pTUB_APegfpl.4ble#TBP11
by the 2kbp neo marker gene containing fragment
excised with the same enzymes from Leishmania expres-
sion vector pF4X1.4neo (Jena Bioscience).

pTUBneoF4egfpl.S8rev#934 (Fig. 2D) was constructed
by insertion of 2.8 kbp Apal x Smal trimmed PCR frag-
ment harbouring the neo gene obtained with primers 5'-
TAA TCC AGF GCC CGC CCT CCT CCT CCT TTC
TTG TTC CTT TC-3' and 5'-TAA TAA CCC GGG
CGC TAG CCG GAC GAA CCG GAG CTT TGT G-
3’ from pF4X1.4neo (Jena Bioscience) into Apal x Smal
digested pTUB_F4egfpl.8ble derivative, carrying the
egfp expression cassette in antisense orientation with
respect to the tubulin and neo genes.

Transfection and cultivation of L. tarentolae

Leishmania tarentolae Parrot laboratory strain P10
was cultivated as static suspension cultures in Complex
LEXSY Broth—Complete (Jena Bioscience) at 26 °C.
Transfections were carried out by electroporation of in
vitro cultivated promastigotes essentially as described
[17] except that electroporation were performed directly
in growth medium at cell densities of ca. 10%cells/ml
omitting washing steps in electroporation buffer.
Recombinant clones were selected as single colonies on
solidified growth medium containing 10% FCS
and 40mM Hepes, pH 7.4. The selective antibiotics
used were nourseothricin (LEXSY NTC, Jena Biosci-
ence) 100 pg/ml, hygromycin (LEXSY Hygro, Jena Bio-
science) 100 pg/ml, bleomycin (LEXSY Bleo, Jena
Bioscience) 100 pg/ml and neomycin (LEXSY Neo, Jena
Bioscience) 50 pg/ml. Recombinant cell lines were
selected by the limited dilution method in liquid static
suspension cultures with the indicated drug concentra-
tions. For electroporation, =5 pug of the expression plas-
mids was digested either with Swal (for stable integration
into the ssu locus) or with Pacl and Pmel (for stable inte-
gration into the tub locus). Integration of the expression
constructs into the ssu or fub locus was confirmed by
PCR on genomic DNA with specific primers.

Total RNA isolation and Northern blot analysis

Total RNAs were isolated from 4 x 10%cells of 24—
30h cultures with Qiagen total RNA isolation Kkit.
Northern blot analysis was performed with the DIG Sys-
tem (Roche Applied Science) according to instructions
of the manufacturer with minor modifications. Briefly, a
0.5kbp egfp-N1 probe was labelled using the “PCR DIG
Probe Synthesis Kit” (Roche Applied Science). RNA
was separated in denaturing 1% agarose gel, blotted
onto Hybond + membrane (Amersham) with Vacublot



S. Kushnir et al. | Protein Expression and Purification 42 (2005) 37—46 41

(Bio-Rad), and UV cross-linked to the membrane using
Fluo-Link cross-linker (MWG-BIOTECH) with the
intensity of 0.12J/cm?. Pre-hybridization and hybridiza-
tion were performed in Rothi-Hybri-Quick blocking
reagent (Carl Roth) supplemented with 10 pg/ml herring
sperm DNA at 68°C for 4 and 22h, respectively.
Hybridized probes were detected using “DIG Lumines-
cent Detection Kit” (Roche Applied Science) according
to the instructions of the manufacturer.

EGFP expression analysis

Fluorimetric assays of EGFP expression were per-
formed with 0.2 ml of normalized cell lysates (10 mM
Tris, pH 8.0, 1% Triton) in 96-well plates using the fluo-
rescent plate reader Fluoroscan Ascent FL (Labsys-
tems) with the Ascent software 2.4 and excitation and
emission wavelengths set to 485 and 510nm, respec-
tively. The relationship between the relative fluores-
cence units and the total amount of EGFP in cell
cultures was established by measuring fluorescence of
known amounts of EGFP protein purified to homoge-
neity from recombinant L. tarentolae cultures. For
Western blot detection, the cell extracts of EGFP
expressing strains were resolved on 15% SDS-PAGE
gels and blotted onto nitrocellulose membranes. The
membranes were probed with rabbit anti-GFP anti-
bodies (Clontech) and the signals were visualized with
alkaline phosphatase-coupled goat anti-rabbit anti-
bodies (Sigma), and colorimetric detection with BCIP/
NBT substrate (Roche Applied Science) according to
the instructions of the manufacturer.

Results

Construction of L. tarentolae strains co-expressing T7
RNA polymerase and TET repressor proteins

To construct a L. tarentolae strain capable of regu-
lated transcription of heterologous genes, we chose to
use a combination of bacteriophage T7 RNA polymer-
ase (T7 Pol) with its promoter controlled by a repressor
element responsive to a cell permeable chemical com-
pound (Fig. 1B). Previous work on Trypanosoma spp.
and Leishmania spp. demonstrated that the tetracycline
repressor (TET repressor) can be used to regulate the
activity of T7 and Pol I promoters in a chromosomal
context [15,18,19].

As the first step in the construction of an inducible
Leishmania expression system we generated host strains
constitutively expressing T7 RNA polymerase. To deter-
mine the level of T7 Pol expression required for optimal
transcription of heterologous target genes, we created
three expression plasmids (see Experimental proce-
dures). These constructs were derived from earlier
described vectors and can be integrated into the ssu locus

transcribed by RNA polymerase I (Fig. 1A) [14]. The
transgenic strain designated HI_NLS_T7 overexpressed
T7 RNA polymerase N-terminally tagged with a
nuclear localization sequence (NLS) derived form SV40
T antigen. By quantitative Westen blot analysis we
estimated the expression level to be in the range of
6 x 10*molecules/cell for this construct. The strain desig-
nated HI_T7 overexpressed T7 Pol without NLS at lev-
els similar to the former strain. The third strain,
designated LO_NLS_T7, expressed approximately 10
times less NLS-tagged T7 Pol than the HI_T7strains
(Fig. 2E). Reduced levels of T7 RNA polymerase expres-
sion resulted from flanking the 77 pol gene with heterol-
ogous UTRs derived from the cysteine proteinase gene
cys2 of Leishmania pifanoi and from intergenic region of
Leishmania donovani glycosyltransferase gene LPGI,
which result in significantly lower expression in L. taren-
tolae (Breitling and Klingner, unpublished).

In the next step, the gene encoding the TET repressor
was introduced into another ssu copy of the rDNA locus
of the above described T7 pol strains. Since there are
many ssu copies in the rDNA locus each represented by
two alleles, the T7 pol gene can be integrated into one,
and the TET repressor gene into another, still leaving
large number of intact ssu genes.

Western blot analysis of the resulting cell lines dem-
onstrated that the TET repressor was expressed at levels
close to 10* molecules/cell (Fig. 2F). The genomic co-
integrations of TET repressor and T7 polymerase
expression constructs were stably maintained over 100
generations (data not shown) and were used as recipients
for target gene expression constructs.

Inducible overexpression of EGFP in L. tarentolae

As a test protein for our overexpression studies, we
chose the EGFP, which can be readily detected in vivo
and in vitro. We constructed two expression plasmids in
which egfp and selection marker genes are operably cou-
pled and flanked by segments of the B-tubulin gene (fub).
The TET controlled T7 promoter was inserted at the 5’
end of the egfp and selection marker assembly (Fig. 2C).
The EGFP expression cassettes were integrated into the
tubulin gene cluster of L. tarentolae by homologous
recombination via the rub segments on both sides of the
constructs. Selection of clones bearing the reporter con-
struct could be performed in the absence of tetracycline.
This is likely to reflect a sufficient level of read-through
transcription of the endogenous RNA polymerase II (see
Discussion). Although, as a consequence, in this configu-
ration some background expression of EGFP could not
be avoided (Table 1, L1), it was reduced in the presence
of TET repressor (Table 1, L2), indicating on one hand
functional interaction of TET operator with TET repres-
sor and on the other negative effect of TET repressor on
blocking Pol II read-through (see Discussion).
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Table 1

Summary of generated L. tarentolae strains and their fluorescence in suspension cultures in the presence or absence of tetracycline

Lane L. tarentolae strain T7 Pol expression T7 Pol with NLS TET repressor EGFP (rfu) EGFP expression cassettes
—Tet +Tet

1 Wild type No — No 13 12 F4egfpl.8ble

2 TR No — Yes 2 2 Fdegfpl.8ble

3 HI_NLS_T7 High level Yes No 22 24 Fdegfpl.8ble

4 LOW_NLS_T7 Low level Yes No 61 71 Fdegfpl.8ble

5 HI_T7-TR High level No Yes 12 20 Fdegfpl.8ble

6 LOW_NLS_T7-TR Low level Yes Yes 4 80 F4egfpl.8ble

7 HI_NLS_T7-TR High level Yes Yes 4 100 Fdegfpl.8ble

8 HI_NLS_T7-TR High level Yes Yes 5 150 APegfpl.4ble

9 HI_NLS_T7-TR High level Yes Yes 8 200 APegfpl.4neo
10 HI_NLS_T7-TR High level Yes Yes 21 400 Fdegfpl.8ble, APegfpl.4neo
11 HI_NLS_T7-TR High level Yes Yes 2 150 neoF4egfpl.8rev

The fluorescence of EGFP is expressed in relative fluorescent units (rfu) of normalized cell extracts.

Initially, we used all three cell lines with different
localization signals and levels of expression of T7 RNA
polymerase. The established suspension cultures were
divided and 5pg/ml tetracycline was added to the
medium at ODy, 0.2-0.3. The results shown in Table 1,
L6 and L7, and Fig. 3B indicate that incubation with tet-
racycline resulted in ca. 20-fold increase in EGFP fluo-
rescence compared to the control cultures without Tet.
Interestingly, the levels of EGFP overexpression were
only marginally higher in the EGFP-HI_NLS_T7-TR
cell line as compared to the EGFP-LO_NLS_T7-TR cell
line, indicating that the T7 polymerase was not a limiting
factor. The strain expressing T7 polymerase without
NLS displayed almost no tetracycline-dependent EGFP
expression (Table 1, L5, Fig. 3B). This was not surprising
owing to the nuclear localization of the target gene. On
the other hand, this finding confirmed the functionality
of the SV40 derived NLS in L. tarentolae.

To ascertain that the observed induction effect was
indeed due to the enhanced T7 mediated transcription of
the target gene, we performed a Northern blot analysis
of total RNA samples isolated from induced and unin-
duced strains. As can be seen in Fig. 3C, tetracycline
addition led to a ca. 20-fold increase in the amount of
EGFP mRNA, thus further confirming that T7 polymer-
ase was active in the genomic context of L. tarentolae.

Subsequently, we determined the optimal concentra-
tion of tetracycline required for maximal expression of
EGFP. All three cell lines with different localization sig-
nals and expression levels of T7 polymerase were
included in this study. Concentrations of Tet were varied
from 0 to 20 pg/ml and measurements were performed
18, 42, and 64h post-induction (data not shown). We
found that 1pg/ml tetracycline was sufficient for maxi-
mal EGFP induction. Further increase did not enhance
the expression of EGFP. Instead, we observed that con-
centrations of tetracycline above 20 pg/ml inhibited cell
growth. Therefore, in our further experiments we used
the working concentration of 10 pg/ml Tet.

Time resolved measurements of Tet-regulated EGFP
expression demonstrated that after induction the EGFP
fluorescence increased rapidly (Fig. 3B). Withdrawal of
Tet from this culture after 30 h resulted in decrease of
fluorescence as expected. However, even after 60 h it was
only three times lower than in the presence of Tet.
Among several possible explanations of this phenome-
non the high stability of the EGFP protein appears most
likely.

Optimization of pTUB vectors for tight expression control

Since regulation of gene expression in Trypanosomat-
idae occurs almost exclusively post-transcriptionally and
to a major extent mediated by 3’ and 5" UTRs that regu-
late RNA stability, we decided to test whether the devel-
oped expression vector could be further improved by
UTR engineering. To this end, we compared the influ-
ence of two combinations of 5’ and 3’ UTRs flanking
the egpf reporter gene on EGFP expression. The first
combination used in plasmid F4egfpl.8 encompassed
segments of the 1.8 kb intergenic region (IR) of the cal-
modulin (cam) gene cluster of L. tarentolae described in
[14] and in the previous section. The second construct
designated APegfpl.4 consists of 5 UTR of adenine
phosphoribosyl transferase gene (aprt) and 1.4kb IR of
cam operon of L. tarentolae. When both assemblies were
integrated into the Pol I transcribed ssu locus of wild
type L. tarentolae it resulted in comparable EGFP
expression levels (Breitling and Klingner, unpublished).
Interestingly, when expression of these gene assemblies
was mediated by T7 polymerase a 2-fold effect was
observed (Fig. 4): First, EGFP expression by Pol 11 read-
through in the transfected wild type strain was reduced
by ca. 80% when using the APegfpl.4 construct. Second,
upon induction EGFP expression was 50% higher as
compared to the strain with F4egfpl.8 resulting in a 30-
fold induction rate (Table 1, L7 and L8). The interpreta-
tion of these observations is provided in the Discussion.
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Fig. 3. T7 polymerase mediated expression of EGFP reporter protein in L. tarentolae. (A) Coomassie stained SDS-PAGE and Western blot analysis
of induced and uninduced cultures of wild type and transgenic L. tarentolae strain bearing 1 copy of egfp gene. M, molecular weight marker. The
position of EGFP protein on the gel and blot is indicated by an arrow. (B) Time course of EGFP production by L. tarentolae bearing different vari-
ants of T7 polymerase. EGFP expression was induced by addition of 10 ug/ml of tetracycline to cultures at ODg, 0.1 and cells were cultivated for the
indicated period of time. The fluorescence was recorded as described in Experimental procedures. After 30 h, cells were washed and transferred into
medium without tetracycline. () induced EGFP-HI_NLS_T7-TR; (A) uninduced EGFP-HI_NLS_T7-TR; (%) induced EGFP-LOW_NLS_T7-TR;
(®) uninduced EGFP-LOW_NLS_T7-TR; (%) induced EGFP-HI_T7_TR; and (®) uninduced EGFP-HI_T7_TR. (C) Northern blot analysis of
total RNA extracted from induced and uninduced cultures of HI_NLS_T7-TR strains 30 h after induction with tetracycline. 1, total RNA of
HI_NLS_T7-TR line without the reporter cassette in the presence of tetracycline; 2, EGFP-HI_NLS_T7-TR strain in the absence of tetracycline; and
3, induced EGFP-HI_NLS_T7-TR strain. (D) SDS-PAGE analysis of induced and uninduced cultures of L. tarentolae 2EGFP-HI_NLS_T7-TR

strain bearing two copies of egfp gene. M, molecular weight marker.

A second strategy to achieve tight repression of the
reporter gene was to change the gene organization of the
expression constructs. We initially attempted to reduce
the background expression by inserting the T7 promoter/
operator-EGFP-marker cassette into the tfub locus in
antisense orientation relative to tub gene. This, however,
led to the failure to obtain transformants unless tetracy-
cline was present in the medium during clone selection,
indicating that Pol II read-through and T7 leakage (if
any) were insufficient to produce adequate amounts of
antibiotic resistance protein. To circumvent this problem
we created an expression vector with antibiotic resistance
marker positioned in sense and the T7 controlled tran-
scription unit in antisense orientation relative to tub gene
(Fig. 2D). Integration of this construct into the
HI_NLS_T7-TR strain yielded comparable expression
levels as obtained in sense orientation and improved 75-
fold induction/repression level ratio (Table 1, L11).

Construction of L. tarentolae strains inducibly
co-expressing two EGFP genes

Recombinant overexpression of protein complexes is
one of the particularly difficult issues in protein produc-
tion. Since the number of possible genomic integrations
in Leishmania species is limited only by the number of
available selection markers, we attempted co-expression
of two independently transcribed genes. To this end, we
substituted the ble selection marker of EGFP expression
plasmid pTUB_F4egfpl.8ble (Fig. 2C) with the neo resis-
tance gene. The resulting construct pTUB_APe-
gfpl.dneo was transfected into HI_NLS_T7-TR cells
containing integrated ble-linked copy of the EGFP
expression cassette. The selected cell line 2EGFP-
HI_NLS_T7-TR displayed growth rates and viability
similar to the parental strain. In parallel, the neo-linked
EGFP expression cassette was introduced into the
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Fig. 4. Effect of 5'UTR-egfp-3' UTR combinations on the levels of induced and background expression in the T7 based expression constructs. The
F4egfpl.8 and APegfpl.4 expression cassettes bearing L. tarentolae UTRs of calmodulin and adenine phosphoribosyltransferase genes were trans-
formed into L. tarentolae HI_NLS_T7-TR strain or control strains and analysed for expression of EGFP in the presence and absence of tetracycline.

Cam, Fdegfpl.8; and Aprt, APegfpl.4 expression cassette.

HI_NLS_T7-TR strain. As expected, addition of tetra-
cycline to the medium led to a time dependent increase
of EGFP fluorescence in both cell lines. The cell line con-
taining the neo-coupled APegfpl.4 integration yielded a
relative fluorescence intensity twice as much as the cells
harbouring the ble-coupled Fdegfpl.8 cassette (Table 1,
L7 and L9). These data are consistent with our previous
findings that the type of the antibiotic resistance marker
used can affect the levels of the coupled reporter gene
expression (Breitling and Ehrlich, unpublished).

Somewhat surprisingly, the fluorescence levels in the
strain containing two copies of EGFP consistently
reached 400 rfu. This is 100 rfu more than the arithmetic
sum of the expression levels of the strains containing one
copy of each configuration (Table 1, L7, and L9 and
L10). To confirm that the increase of fluorescence did
indeed reflect overexpression of the EGFP protein, we
analysed the lysates of induced and uninduced cultures
of this strain by SDS-PAGE and Western blotting. As
shown in Fig. 3D, tetracycline induction led to emer-
gence of a prominent band at ca. 28 kDa which was con-
firmed to be EGFP by Western blotting. We estimated
that cell line 2EGFP-HI_NLS_T7-TR overexpressed
EGFP to the level of ca. 4% of total cellular protein or
ca. 40 mg/L of suspension culture.

Discussion

Here, we present a novel and biotechnologically use-
ful inducible eukaryotic expression system based on the
non-pathogenic Trypanosomatidae L. tarentolae. We
were able to establish stable cell lines of L. tarentolae
constitutively co-expressing the TET repressor and a
nuclear-targeted T7 polymerase. When the developed

strains were stably transformed with expression con-
structs in which the heterologous gene was placed under
control of the TET controlled T7 promoter, tetracycline-
dependent overexpression of heterologous target protein
was observed. Using EGFP as a reporter protein we
demonstrated that in this architecture, expression yields
of ca. 1-2% of total cellular protein or 10-20 mg/L of
suspension culture could be achieved with one copy of
the expression cassette. These yields are comparable with
the previously described ones obtained in a constitutive
expression system based on the integration in ssu [14].
However, inducibility of the system provides an advan-
tage for expression of toxic proteins.

The system demonstrated inducibility although some
background expression was observed. This background
expression was a direct consequence of the chosen archi-
tecture where target gene and selection marker were
operably coupled and co-transcribed. It could be
explained either by read-through transcription of the
host RNA polymerase II or by random initiation of
transcription within the 5" UTR of the target gene by
Pol II or by some leakiness of the T7 promoter/operator.
There are two observations arguing against the latter
two possibilities. First, positioning of additional copies
of TET operator upstream of the T7 promoter or dupli-
cation of T7 promoter/operator unit in front of the 5’
UTR of the expression cassette abolished viability of the
uninduced strain in the presence of antibiotic selection in
contrast to single operator constructs (data not shown).
Most probably this implies that in these configurations
Pol II read-through was reduced to a level insufficient
for adequate marker expression. If random transcription
initiation within the 5" UTR of the target gene or leaki-
ness of the T7 promoter/operator would have accounted
for the observed background these strains should have
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expressed the drug resistance marker in the absence of
Pol II read-through. Moreover, reporter construct could
be integrated also in the host strain lacking T7 polymer-
ase where presence of TET repressor reduced EGFP
background significantly (Table 1, L1 and L2). There-
fore, read-through transcription by endogenous Pol 11
appears to account for most of the observed background
expression of the reporter gene.

We could reduce this background expression and
enhance the level of EGFP expression and induction
level by utilizing different combinations of 5’ and 3’
UTRs flanking the reporter gene (Fig. 4). The observed
effects are likely of complex nature and may reflect on
one hand reduction in Pol II read-through while on the
other represent effects of the UTRs on mRNA stability
and/or translation initiation. Comparing the APegfpl.4
and F4egfpl.8 constructs, we observed an opposite effect
in the wild type strain vs. the T7 Pol strains. Whereas in
the wild type strain the EGFP expression was reduced
with the APegfpl.4 construct it was elevated in the
induced T7 Pol strain. This may lead to the speculation
that the RNAs transcribed by host Pol II and heterolo-
gous T7 Pol may have different stabilities or other rele-
vant features leading to the observed effects.
Alternatively, the structure of generated mRNA might
also affect the transcription efficiency of T7 RNA poly-
merase.

In an alternative effort to reduce background expres-
sion of the target protein, we tested an antisense organi-
zation of the expression cassette. Placing of the T7
controlled transcription unit in the antisense orientation
with respect to the tubulin and neo genes resulted in the
lowest background and the highest induction rate com-
pared with all other constructs. It must be noted, how-
ever, that even in this configuration some background
expression of EGFP could be detected reflecting low
level Pol II transcription on the antisense strand. It may
be possible to create a “zero” background system by
integrating the T7 controlled transcription unit into the
non-transcribed ribosomal spacer [15].

To test whether the developed expression system is
suitable for co-expression of multiple genes, we con-
structed L. tarentolae strains containing two copies of
the egfp gene independently integrated into the genome
under the control of the T7 promoter. Surprisingly,
exposure of these cells to tetracycline resulted in overex-
pression of EGFP to a level significantly larger than the
sum of the expression values of the individual strains
containing a single copy integration. Although the
nature of this phenomenon is unclear at present, we
speculate that this might be due to the sub-optimal TET
responsive element:TET repressor ratio. Since the TET
responsive element is present in the cell as a single copy,
it is expected that it will be greatly overtitrated by TET
repressor present at ca. 10,000 copies per cell. According
to our estimates, TET repressor is present in the cells at a

concentration in the range of 100nM. Addition of tetra-
cycline should reduce its affinity for TET operator from
100 pM to at least 100 uM [20]. However, it is possible
that the local concentration of TET repressor is much
higher than that calculated here. This might lead to
incomplete de-repression of the T7 promoter even in the
presence of tetracycline. The data summarized in Fig. 4
suggest that the latter possibility is more likely, since
strains producing the TET repressor and no T7 polymer-
ase express EGFP only to 10% of the level observed in
the wild type cells both in the absence or in the presence
of tetracycline. This may indicate that a fraction of TET
repressor pool remains bound to its recognition
sequence even at high concentrations of tetracycline.

It appears that further increase in protein overexpres-
sion yields can be achieved by increasing the copy num-
ber of the template. This can be provided by various
approaches such as, for instance, by increasing the num-
ber of genomically integrated heterologous gene copies
or by placing the gene of interest on a multi-copy circu-
lar or linear episome.
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