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Abstract
Isotope labeling of recombinant proteins is a prerequisite for application of nuclear magnetic resonance spectroscopy (NMR) for the
characterization of the three-dimensional structures and dynamics of proteins. Overexpression of isotopically labeled proteins in bacterial
or yeast host organisms has several drawbacks. In this work, we tested whether the recently described eukaryotic protein expression system based on the protozoa Leishmania tarentolae could be used for production of amino acid speciWc 15N-labeled recombinant proteins.
Using synthetic growth medium we were able to express in L. tarentolae and purify to homogeneity (15)N-valine labeled Enchanced
Green Fluorescent Protein (EGFP) with the Wnal yield of 5.7 mg/liter of suspension culture. NMR study of isolated EGFP illustrated the
success of the labeling procedure allowing identiWcation of all 18 valine residues of the protein in the HSQC spectrum. Our results demonstrate the suitability of the L. tarentolae expression system for production of isotopically labeled proteins.
© 2006 Elsevier Inc. All rights reserved.
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Nuclear magnetic resonance spectroscopy (NMR)1 is one
of two existing methods that allow determination of protein
structure at atomic resolution. A majority of NMR techniques in biology require isotopic labeling (2H, 13C, and/or
15
N) of recombinant proteins. Currently, most isotopically
labeled recombinant proteins are expressed heterologously in
Escherichia coli. Despite its obvious advantages such as rapid
growth, developed methods of protein expression and cheapness of cultivation E. coli has a range of shortcomings that
limits its utility in protein studies. The most prominent problem relates to ineYciency of E. coli to assist folding of
eukaryotic polypeptides producing only ca. 15% of eukary*
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otic proteins in their active form [1]. Moreover, the prokaryotic expression systems lacks the posttranslational
modiWcations often essential for functionality of eukaryotic
proteins. To circumvent these problems several eukaryotic
expression systems were tested for their ability to produce
signiWcant amounts of isotopically labeled recombinant proteins. Several authors reported successful labeling of recombinant proteins in methylotrophic yeast [2,3]. A limited
number of studies report successful isotopic labeling in
baculoviral expression system [4,5]. In the last 4 years much
eVort has been put into improving the cell-free protein
expression systems to serve the needs of NMR arm of structural genomic eVorts. Although this approach was quite successful when applied to prokaryotic cell-free systems no
report of successful isotopic labeling of proteins system
expressed in eukaryotic cell-free systems exist to date [6].
We recently described a new protein expression system
based on the non-pathogenic trypanosomatid Leishmania
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tarentolae [7]. Although parasitic in vivo, this organism can
be indeWnitely grown in vitro with doubling times of 5 h
and is amenable to large scale fermentation reaching densities of 109 cells/ml [8] (Breitling unpublished). The molecular biology of Leishmania is well studied due to its public
health relevance, which led to development of a number of
potentially useful expression architectures based on circular
episomes and chromosomal integrations [7,9–12]. Due to
the unique organization of the transcriptional and RNA
processing machineries Leishmania sp. can eYciently process and translate mRNA generated by RNA polymerase I
(PolI) or foreign polymerases. We used this features to
develop two expression systems based either on constitutive
transcription of heterologous genes by endogenous PolI or
on regulated transcription mediated by T7 RNA polymerase [7,13]. We demonstrated that these systems can produce
heterologous proteins at the levels of ca. 4% of total cellular
protein and can be used for co-expression of multiple genes
[7]. Since, Leishmania are naturally rich in glycoproteins we
used this host for overexpression of human glycoproteins.
We demonstrated that recombinant human erythropoietin
isolated from the culture supernatants was biologically
active, natively processed at the N-terminus, and Nglycosylated. The N-glycosylation was exceptionally homogeneous, with a mammalian-type biantennary oligosaccharide and the Man(3)GlcNAc(2) core structure accounting
for >90% of the glycans present [7]. Since, these features
auger well for broader use of the system for expression of
eukaryotic proteins we decided to investigate whether it
could be used for production of isotopically labeled proteins for structural studies. Here we describe NMR analysis
of Enhanced Green Fluorescent Protein (EGFP) as a
model protein overexpressed and puriWed from recombinant L. tarentolae strain cultivated in a synthetic medium
for selective 15N-labeling.
Materials and methods
Expression strain construction and protein expression
Constitutive expression
The construction of the L. tarentolae strain with three
egfp gene expression cassettes integrated into the host
chromosomal rDNA locus transcribed by RNA polymerase I was described earlier [7]. Initial cultivation of this
expression strain was performed in Complex LEXSY
broth BHI (Jena Bioscience) to the OD600 D 2 (108 cells/ml)
as static suspension culture at 26 °C. For isotope incorporation the culture was diluted to OD D 0.04 into Synthetic
LEXSY Broth (Jena Bioscience) lacking valine and cultivated in agitated 2 L Fernbach Flasks for one passage to
OD600 D 0.8–1. This valine starved culture was then
diluted to OD D 0.04 into valine-free Synthetic LEXSY
Broth supplemented with 25 mg/l 15N-valine (Spectra stable isotopes, Columbia, USA), cultivated at 26 °C with
agitation to the density of 107 cells/ml and harvested by
centrifugation.

Inducible expression
The construction of L. tarentolae host strain constructively expressing NLS-tagged T7 polymerase and TET
repressor (HI_NLS_T7_TET) was described earlier [13]. To
achieve inducible expression of egfp gene this strain was
transformed with a modiWed version of the pTUB_APegfp1.4neo#802 vector [13]. In this vector, the 3⬘ and 5⬘ fragments of tubulin gene were deleted to prevent vector’s
integration into the genome and the resulting vector was
termed pUC LAC2-EGFP#01226 [19]. The vector was
transformed into the HI_NLS_T7_TET strain of L. tarentolae and the recombinant clones were selected as described
earlier [13]. For protein production the recombinant strain
was grown as described above in Complex LEXSY broth
BHI (Jena Bioscience) to OD600 D 2 (108 cells/ml). At this
stage the cells were pelleted by centrifugation for 10 min at
2500g and washed in Synthetic LEXSY Broth (Jena Bioscience) lacking valine. Finally cells were resuspended to an
OD600 D 1 in valine-free Synthetic LEXSY Broth supplemented with 25 mg/l 15N-valine. The protein production
was induced by addition of 5 mg/l tetracycline 1 h following
the transfer and the cultures were incubated at 26 °C with
agitation for additional 24 h until the OD reached ca. 1.8.
Protein puriWcation
The cells expressing 15N-valine labeled EGFP were pelleted by centrifugation 10 min at 2500g and resuspended
in 20 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1 mM
PMSF, and disintegrated by passing the cell suspension
through Xuidizer (MicroXuidics). The homogenate was
cleared by ultracentrifugation for 1 h at 30,000 rpm and
the 15N-Val labeled EGFP was puriWed from the supernatant by organic extraction as described [14]. In this procedure triethanolamine base (TEA) and dry ammonium
sulfate were added to Wnal concentrations of 100 mM and
1.6 M (40% saturation), respectively. After incubation on
ice for 1 h, the precipitated proteins were removed by centrifugation for 20 min at 6000 rpm at 4 °C. Dry ammonium sulfate was added to the green supernatant to a Wnal
concentration of 2.8 M (70% saturation) and this suspension was twice extracted with a one-fourth and a 1/16th
volume of ethanol, respectively, by vigorous shaking for
1 min. The aqueous and ethanol phases were separated by
centrifugation for 5 min at 4000 rpm at room temperature
and EGFP extraction into the organic phase was apparent. A one-fourth volume of n-butanol was added to the
combined ethanol extract. After vigorous shaking for 30 s
the formed phases were separated by centrifugation as
indicated above. At this step EGFP shifted almost completely into the lower aqueous phase. The upper organic
phase was discarded and an equal volume of chloroform
was added to the aqueous phase. After extraction for 30 s,
the phases were separated as previously performed. The
upper aqueous phase containing EGFP was collected and
the interphase was extracted with an equal volume of 30%
ammonium sulfate solution in water. Both aqueous
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The 15N-HSQC experiment was performed on a Bruker
DRX-500 spectrometer, equipped with shielded Z gradients. The temperature for the experiment was set to 300 K.
Uniformly 15N-Val labeled protein with a concentration
of 0.6–0.7 mM dissolved in phosphate buVer solution
(50 mM potassium phosphate, pH 7) was used as sample.
The spectrum was collected with 40 transients and
2048 £ 256 data points were used for acquisition resulting in a measurement time of 5 h. The water resonance
was suppressed by applying a WATERGATE sequence.
Prior to Fourier transformation, the spectrum was multiplied by a cosine bell square window function. For 1Hcalibration the water resonance was set to 4.75 ppm. For
15
N calibration we followed the IUPAC procedure. The
HSQC spectrum was processed using the standard Bruker software XWINNMR. Analysis and visual representation of the two-dimensional spectrum was performed
using the NDEE program package (SpinUp Inc., Dortmund, Germany) on an Octane workstation (Silicon
Graphics Inc.).

t

NMR spectra acquisition

binant protein. To circumvent these problems we chose to
use an inducible variant of L. tarentolae expression system. In principle, this should allow expansion of the
expression clone in the rich complex medium followed by
transfer into the deWned medium shortly before the induction. To this end we employed a modiWed version of
L. tarentolae inducible expression system described earlier
[13]. In contrast to the previously described system where
all heterologous elements were chromosomally integrated,
we placed the EGFP expression cassette onto the episomaly maintained circular plasmid [19]. This modiWcation
was introduced to enhance the expression yields by
increasing the amount of the template available for T7
transcription as well as to simplify the expression strain
construction. For production of the 15N-valine labeled
EGFP the recombinant clone was grown in complex
LEXSY Broth BHI in the absence of tetracycline and
than transferred into the deWned medium supplemented
with 15N-valine (see Materials and methods for details).
One hour following the transfer the protein production

w

phases were combined and dialyzed over night against
50 mM K2HPO4, pH 7.0. Alternatively, dialysis was
substituted by gelWltration on Superdex 200 (16/60) (GE
Healthcare) equilibrated with 15 mM Hepes, pH 6.7,
10 mM LiCl, and 5 mM DTT). Finally the samples were
concentrated using Viva Spin Wltration unit to a Wnal concentration of 18 mg/ml. The resulting protein was snap
frozen in liquid nitrogen and stored at ¡80 °C.
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Results and discussion
To assess the suitability of L. tarentolae for production
of isotopically labeled proteins we chose an enhanced variant of Enhanced Green Fluorescent Protein (EGFP) as a
model polypeptide. The choice was due to availability of
high yield EGFP expression strains of L. tarentolae as well
as the simplicity of puriWcation protocols [14,7]. Due to the
natural auxotrophy of L. tarentolae for valine (in addition
to R, H, M, W, F, S, Y, T, L, and K [15]), and the presence
of 18 valine residues in EGFP we choose 15N-valine for
labeling.
We initially used the established strain of L. tarentolae
constitutively expressing EGFP. The cells were starved for
one passage in the synthetic valine-free medium and were
then diluted into valine-free medium supplemented with
25 mg/l 15N-valine. At a density of 107 cells/ml the cells were
harvested by centrifugation, resuspended in lysis buVer and
lysed. Although this procedure yielded 5 mg of 15N-Val
labeled EGFP-N1 which was suYcient for NMR experiments the overall yield was low (Fig. 1) (Table 1).
The main limitation of the constitutive expression
approach was the need for continues cultivation of the
EGFP producing strain in the deWned medium which
resulted in the reduced growth rates and yields of recom-
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Fig. 1. Expression and puriWcation of N-Val EGFP. (A) SDS–PAGE
analysis of total cellular lysate of wild type L. tarentolae strain and the
transgenic strain transformed with 3 egfp expression cassettes. The position of EGFP is indicated by arrows. The prominent band at 47 kDa represents L. tarentoale tubulin. (B) 15N-Val EGFP protein isolated from the
constitutive expression strain resolved on SDS–PAGE and stained with
Coomassie. (C) Expression of 15N-Val EGFP in the inducible expression
strain. Lanes 1–3, total cell extracts at the time of induction, 9 and 24 h,
respectively. Lane 4, puriWed 15N-Val EGFP-N1 after aqueous (NH4)2SO4
extraction. The double band represents denatured and non-denatured
EGFP protein. The lane 5 is the same as lane 4 but photographed in the
UV light to identify folded and unfolded EGFP protein.
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Table 1
PuriWcation of 15N-Val EGFP from the constitutive L. tarentolae expression system
PuriWcation step

Total protein (mg)

EGFP-15N-Val (mg)

Yield (%)

Supernatant after ultracentrifugation
40% (NH4)SO4
Ethanol extraction
Aqueous (NH4)2SO4 extraction
After dialysis
After concentration

920
61
17.5
8
6.5
5

21
17
14
7
6.5
5

100
81
66
33
31
24

Ten liters of culture were used for puriWcation.

was induced by addition of tetracycline and the cells were
cultivated for additional 24 h. In this case, the expression
yield reached ca. 14 mg of protein/liter of culture (Table 1).
For isolation of the 15N-Val labeled EGFP cells
obtained form both preparations were lysed and EGFP was
puriWed from the supernatant by organic extraction as
described [14]. The main steps of this procedure include
extraction of EGFP-N1 with ethanol and subsequent protein re-extraction into the aqueous phase (see Materials and
methods for details). The results of expression and puriWca-

tion of 15N-Val labeled EGFP-N1 using both expression
systems are summarized in Tables 1 and 2 and in Fig. 1. We
conclude that the inducible version of the L. tarentolae
expression system is more suitable for production of the
isotopically labeled proteins.
Protein analysis and NMR spectroscopy
Since, N1 variant of EGFP used in this study contains
18 valine residues, we expected to Wnd a total of 18 NH

Table 2
PuriWcation of 15N-Val EGFP from the inducible L. tarentolae expression system
PuriWcation step

Total protein (mg)

EGFP-15N-Val (mg)

Yield (%)

Supernatant after ultracentrifugation
40% (NH4)SO4
Ethanol extraction
Aqueous (NH4)2SO4 extraction
After gel Wltration
After concentration

99
n.d.
n.d.
4
1.2
1.2

9.5
n.d.
n.d.
4
1.2
1.2

100

42
13
13

n.d., not determined.

Fig. 2. 15N-HSQC NMR spectrum of 15N-Val EGFP-N1. The 18 major resonances are labeled with numbers. Minor resonances are surrounded by an
open circle. Resonances marked by a frame exhibit chemical shift close to the random coil shift of valine amide groups observed in small unstructured
peptides and are likely to arise from protein degradation or an unfolded protein species.
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signals in the corresponding 15N-HSQC spectrum. As can
be seen in Fig. 2 18 major resonances (labeled 1–18) were
observed in the spectrum in addition to some minor peaks
(circles) and a group of resonances (see rectangle) around
8 ppm (1H-axis) and 120 ppm (15N-axis). Both preparations of EGFP produced similar spectra (data not shown).
The dispersion of resonances along both frequency axes
indicates a folded state of the protein. The chemical shifts
of resonances found in the spectrum are characteristic for
a protein having fewer valine moieties in helical elements,
with more in -strands and loop or turn regions, which is
in accordance with the structure of a crystallized
GFPPhe64-Leu, Ser65-Thr, Val163-Ala mutant (GFPuv; (PDB
entry1B9C)). The latter protein, which contains 14 valine
residues and a N-terminal eight amino acid deletion when
compared to the original published sequence of GFP, is
known to comprise 11 antiparallel -strands and only one
-helix [16].
Due to the sequence identity between GFPuv and
EGFP-N1 of 96%, we were able to assign 12 of the major
resonances of EGFP-N1 based on the previously published assignments for the GFPuv variant [17]. With
respect to the sequence notation of GFPuv (addition of 1
yields number in EGFP-N1 sequence) resonances belonging to residues Val11 (9), Val12 (4), Val22 (13), Val29 (16),
Val61 (2), Val93 (18), Val112 (10), Val120 (11), Val16 (14),
and Val219 (3) could be assigned unambiguously in the
HSQC spectrum of EGFP-N1. Resonance 6 in Fig. 2 represents the amide group of Val176 and resonance 7 that of
Val193 (or vice versa). The four out of six unassigned
major resonances 1, 5, 8, 12, 15, and 17 in the HSQC spectrum are thus belonging to the amide groups of residues
Val150, Val55, Val68, and Val224 while the origin of two is
still unclear. In addition to the 18 major resonances three
minor peaks (circles) were observed, which could not be
assigned on the basis of the published data. They were
either belong to non-valine residues labeled with 15N by
metabolic transfer of amide groups or they indicate valine
residues present in an alternative conformation in the protein. A second group of small resonances in the frequency
region of 7.8–8.2 ppm (1H) and 118–124 ppm (15N) (see box
in the HSQC spectrum) are likely to arise from degradation of the protein during measurement, as the chemical
shifts of these resonances are close to the random coil shift
found for valine residues in short peptides [18]. Alternatively, those represent a minor fraction of co-puriWed
unfolded EGFP-N1.
Based on the presented data we conclude that it is
possible to eYciently label a recombinant 28 kDa
protein expressed in L. tarentolae with 15N-Val. Amount
of labeled protein suYcient for NMR analysis was
isolated from the L. tarentolae culture and all 18 valine
residues of the target protein were observed in the
HSQC spectrum. We expect that the presented system
can be also used for labeling of recombinant proteins
with 10 other essential 15N-amino acids. Although the
several isotopically labeled amino acids are quite
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expensive this still can provide a viable approach for
selected target proteins. The uniform labeling of proteins
could be potentially achieved using medium with
isotopically labeled carbon source. Therefore it is
expected that the Leishmania expression system can be
used for a complete assignment strategy of a variety of
proteins that are not accessible to NMR structure
determination when expressed in other expression systems. The fact that the described system expresses
isotopically labeled proteins inducible and with a high
yield also suggests that the system might be suitable for
in vivo NMR studies where no eukaryotic expression
system was successfully used so far.
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