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Sammanfattning 

 
 
 
 
Giardia lamblia är en vattenburen tarmparasit som framkallar en diarré-sjukdom kallad 
giardiasis hos människor. Uppskattningsvis 200 miljoner fall av giardiasis beräknas 
förekomma varje år i världen, med merparten av fallen i tredje världen. Giardia infektion kan 
behandlas med antibiotika men ett vaccin vore ett mer effektivt sätt att hantera sjukdomen. 
Framställning av ett vaccin kräver en bättre förståelse av hur Giardia klarar av att undvika 
kroppens immunförsvar vid en infektion. Till detta krävs det fler verktyg för studier av gener 
och proteiner hos parasiten.  
 
Detta arbete beskriver skapandet av en uppsättning av verktyg (plasmider) för att underlätta 
studier av grundläggande biologi och produktion av proteiner i G. lamblia. Plasmiderna 
designades för att vara användarvänliga och kan användas till att dämpa genuttryck, 
proteinlokalisering och överuttryck av proteiner. Ett reglerat system konstruerades då tidpunkt 
och mängd av protein kan ställas in. System och tillvägagångssätt för affinitetsrening av 
protein utvecklades och verifierades genom affinitetsrening av den potentiella 
vaccinkandidaten arginindeiminas (ADI) från ADI-överuttryckande giardiaceller. 
 
 
 
 
 
 
 

Examensarbete 20 p i Civilingenjörsprogrammet Molekylär bioteknik 

 

Uppsala Universitet december 2007 

 

 



 

ii 

Table of contents 

                                                     
1. Introduction……………………………………………………………………………………………….1 

1.1 Giardia lamblia……………………………………………………………………………………...1 

1.2 Life-cycle of Giardia………………………………………………………………………………..2 
1.3 Giardiasis…………………………………………………………………………………………....3 

1.3.1 Disease mechanism and immune responses………………………………………………..3 
1.3.2 Giardia virulence factors…………………………………………………………………..4 
1.3.3 Therapies…………………………………………………………………………………...4 

1.4 Protein complex purification and tandem affinity purification (TAP)……………………………....5 
1.5 The project…………………………………………………………………………………………...6 

2. Materials and Methods……………………………………………………………………………………7 
2.1 Plasmid construction…………………………………………………………………………………7 

2.1.1 Ornithine carbamoyltransferase (OCT) promoter fragment cloning……………………….7 
2.1.2 3’UTR cloning……………………………………………………………………………...7 
2.1.3 Combination of promoter fragment and 3’UTR………………………………………...…7 
2.1.4 GST-fragment cloning……………………………………………………………………...8 
2.1.5 Construction of the Streptavidin Binding Peptide (SBP-tag)………………………………8 
2.1.6 SBP-tag construction by annealing of oligonucleotides…………………………………...8 
2.1.7 SBP-tag construction by assembly PCR…………………………………………………...9 
2.1.8 Directional cloning…………………………………………………………………………9 
2.1.9 TA-cloning………………………………………………………………………………..10 
2.1.10 SBP-tag construction by Simplified Gene Synthesis (SGS)……………………………...10 
2.1.11 Construction of inducible promoter cassette (TetR-TetO)………………………………..11 
2.1.12 Construction of tagging vectors (inducible and constitutive)…………………………….11 
2.1.13 Insertion of multiple cloning site………………………………………………………....11 
2.1.14 Cloning of anti-sense constructs for alpha-1 and alpha-11 giardin………………….…....11 
2.1.15 Cloning of arginine deiminase into tagging vector……………………………………….12 

2.2 Purification of DNA for enzymatic reactions………………………………………………………12 
2.2.1 Gel purification of DNA.…………………………………………………………………12 
2.2.2 Column purification of DNA…………………………………………………………..…12 

2.3 Ligation………………………………………………………………………………………….…12 
2.4 Over-night culture of E. coli……………………………………………………………………….13 
2.5 Plasmid DNA preparation………………………………………………………………………….13 

2.5.1 Plasmid Miniprep…………………………………………………………………………13 
2.5.2 Plasmid Midiprep…………………………………………………………………………13 
2.5.3 Transformation of rubidium competent TOPO cells by heat-shock……………………...13 
2.5.4 Dialysis and electroporation of E.coli ……………………………………………………13 

2.6 Preparation of Giardia media (TYDK)…………………………………………………………….13 
2.7 Culture and passage of Giardia trophozoites………………………………………………………14 
2.8 Transfection of Giardia trophozoites………………………………………………………………14 
2.9 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)…………………...14 
2.10 Purification of recombinant Giardia proteins………………………………………………………14 

2.10.1  Large-scale culturing of transfected Giardia trophozoites……………………………….14 
2.10.2  Harvesting of large-scale culture and preparation of Giardia lysate……………………..14 
2.10.3  Batch purification on Glutathione Sepharose 4B…………………………………………15 
2.10.4  Purification on HiTrap Streptavidin HP…………………………………………………..15 

2.11 Assay for detection of arginine deiminase activity………………………………………………...15 
2.12 Agarose gel electrophoresis………………………………………………………………………..15 
2.13 Restriction digestion……………………………………………………………………………….16 
2.14 Preparation of Giardia genomic DNA PCR template……………………………………………..16 
2.15 Oligonucleotide ordering and preparation………………………………………………………....16 
2.16 Polymerase Chain Reaction (PCR) conditions…………………………………………………….16 
2.17 Plasmid sequence construction…………………………………………………………………….16 
2.18 Sequencing……………………………………………………………………………………..…..16 

3.  Results…………………………………………………………………………………………….……..17 
3.1 Design and construction of plasmids………………………………………………………………..17 

3.1.1  Selection marker cassette………………………………………………………………...17 
3.1.2  Constitutive promoter cassette (O-series)………………………………………………...17 
3.1.3  3’UTR cassette (A-series)………………………………………………………………...17 



 

iii 

3.1.4  Constitutive 6xHis expression plasmid (AO-series)……………………………………...19 
3.1.5  Inducible promoter cassette construction and cloning (T-series)………………………..19 

3.2 Production of a giardial epitope-tagging vector ……………………………………………………20 
3.2.1 Cloning of the GST and PreScission protease cassette (GST-series)…………………….20 
3.2.2 Cloning of the SBP-tag (S-series)………………………………………………………...20 
3.2.3  Creation of constitutive and inducible N-terminal tagging vectors (AS- and TS-series)....23 
3.2.4  Multiple Cloning Site (ASM- and TSM-series)…………………………………………...23 

3.3 Transfection and purification of recombinant proteins from Giardia…………………....................24 
4.  Discussion……………………………………………………………………………………………….28 
5.  Acknowledgments……………………………………………………………………………………….30 
6.  References……………………………………………………………………………………………….31 
7.  Supplemental information……………………………………………………………………………….34 
8.  Plasmid vector product descriptions…………………………………………………………………….35 



Development of proteomic tools in the intestinal parasite Giardia lamblia               

 

- 1 - 

1. Introduction 

 
The advent and utilization of affinity tags in the purification of proteins have greatly reduced 
the time and effort needed to express and recover proteins for study. The traditional work-
horse in recombinant protein production is the bacterium Escherichia coli. Protein production 
in E. coli is highly efficient in most cases, but expression of eukaryotic proteins is sometimes 
low, modification (e.g. glycosylation, phosphorylation, ubiquitination and disulfide-bonds) of 
the mature polypeptide can be absent or incorrect and proteolysis can occur. Most of these 
problems can be addressed by using specially designed E. coli strains carrying additional 
tRNAs or lacking certain proteases. Targeting to the perplasmatic space of E. coli can 
promote correct folding and disulfide bond formation. Glycosylation and other eukaryotic 
specific processes can be addressed by using fungi, insect- or mammalian cells for expression. 
Another option is to use endogenous over-expression of proteins, by which correct 
modifications and processing are automatically provided. This is especially important in the 
production of recombinant proteins for vaccine trials. The option of producing endogenous 
recombinant protein also avoids contamination by bacterial lipopolysaccharides (LPS), which 
are strongly immunogenic even at trace concentrations.  
The development of an over-expression system with affinity purification options for use in 
Giardia would aid the search for a vaccine in this medically important parasite. The 
application of multiple affinity tags that can be gently eluted under native conditions will also 
provide researchers with the capability of purifying endogenous protein complexes for study. 
This option is especially exciting in a basal eukaryote such as Giardia where protein 
complexes seem to be reduced in complexity and could perhaps help to define the minimal 
eukaryotic core of proteins. 

1.1 Giardia lamblia 

 
Giardia lamblia is a binucleated amitochondriate protozoan belonging to the order 
diplomondida. This intestinal parasite causes a waterborne, and occasionally food-borne, 
disease called giardiasis in mammals, characterized by diarrhoea, fatigue and malabsorption. 
It is estimated that there are around 200 million cases of giardiasis world-wide annually and 
the disease has recently been recognized by the WHO as a part of the neglected diseases 
initiative, raising awareness to its adverse health and socioeconomic impact in third world 
countries (31). G. lamblia has been promoted as one of the earliest diverging protozoan based 
on phylogenetic studies, its apparent lack of mitochondria, peroxisomes and prokaryotic like 
metabolic features (36). The basal eukaryotic position has recently been put into question by 
the discovery of mitochondria derived genomic sequences and the discovery of vestigial 
mitochondrial organelles called mitosomes (40). The recently completed Giardia genome 
project has made it possible to settle some of the questions regarding G. lamblia. Database 
mining has revealed what seems to be a typically eukaryotic machinery, albeit with fewer 
individual components as compared to higher eukaryotes (36). Phylogenies performed after 
the completion of the genome project support a basal position for Giardia, rather than a state 
of parasite induced reduction in complexity (Fig 1). This does not mean that Giardia can be 
thought of as a primitive organism; it is highly evolved to parasitize its vertebrate hosts and is 
the most widely distributed enteric protist (41, 42).  
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Figure 1: Phylogenetic position of Giardia lamblia based on 61 ribosomal genes. (Modified from Morrison et al. 
Science. (2007) 317(5846):1921-6, figure S4.) 

 

1.2 Life-cycle of Giardia  

 
The life-cycle of Giardia (Fig. 2) is among the simplest known, and can be completed in vitro 
by mimicking the external stimuli a parasite experiences upon its passage through the 
digestive system (35). The vegetative form of Giardia, the trophozoite, colonizes the upper 
small intestine and attaches to the epithelium by a unique cytoskeletal component called the 
ventral disk (19). The ventral disk acts like a suction cup and presumably plays an important 
role during cytokinesis as trophozoites need to be attached to divide in vitro. The trophozoite 
has eight flagella that it uses to avoid being removed from the upper small intestine by 
peristalsis. If this should happen the decrease in cholesterol levels in the lower small intestine 
triggers a developmental cascade called encystation (35). Upon encystation, the global 
transcription pattern is altered which causes the production of cyst-wall proteins and 
galactosamine which are transported in specialized vesicles to the parasite surface to form a 
highly resistant cyst-wall (43). The nuclei divide without replication followed by dismantling 
of the ventral disk and flagella, which are stored in the cell as fragments (35). The last step in 
encystation entails the replication of DNA to form four nuclei each having a ploidy of four. 
The emerging cell, the cyst form of Giardia, is excreted through the feces and can remain 
dormant for long periods of time in the environment. Giardia cysts are when ingested, 
awoken from dormancy by the acidic environment of the stomach and start the process of 
excystation. The emerging excyzoite initiate a developmental program that involves 
reassembly of the ventral disk and flagella followed by two rounds cytokinesis without 
intervening DNA replication. Four trophozoites thus emerge from each ingested cyst ready to 
colonize the small upper intestine (35). 
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Figure 2: Schematic representation of the Giardia life-cycle. See text above for further information. (Modified 
from Svärd et al. FEMS Microbiol Lett. (2003) 218(1):3-7, figure 1) 

 

1.3 Giardiasis  

 
Infection by G. lamblia in vertebrates causes a disease known as giardiasis (33). Symptoms of 
giardiasis include diarrhoea, weight loss and fatigue. The presentation of symptoms however 
exhibit significant variation, ranging from asymptomatic to chronic infection (34). This 
variation in symptoms has been attributed to various factors such as the immune system of the 
host, strain genotype, infectious dose and co-infections. The molecular basis of giardiasis 
remains poorly understood, despite intense research on the subject (34).  
 

1.3.1 Disease mechanism and immune responses 

 

Giardia trophozoites colonize the upper small intestine without invading the epithelium, 
generally without significant inflammatory response from the host. Interaction experiments 
conducted with human intestinal cells and Giardia trophozoites, revealed the induction of a 
distinct chemokine profile and up-regulation of stress-regulated genes in the epithelia without 
triggering of significant inflammatory response. How Giardia modulates this un-coupling of 
immune defences remains unknown. Clearing of the infection is thought to involve the 
concerted effects of natural barriers as well as the innate and adaptive immune responses. The 
upper small intestine is a formidable barrier for most microorganisms as it contains plenty of 
proteases, lipases and bile salts. Peristalsis also protects the epithelium by mechanically 
sweeping along intestinal contents. Innate defences include the secretion of defensins, 
lactoferrin and the production of reactive oxygen intermediates (ROIs) by immune cells. 
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Epithelial cells produce nitric oxide (NO) that have been shown to be cytostatic to 
trophozoites. Phagocytosis by macrophages has also been demonstrated in vitro (33). Later in 
infection, the production and secretion of antibodies and T-cell mediated killing becomes 
important factors for the final clearance of infection.  

Giardia defends itself from this onslaught by a range of different adaptations for coping 
with the intestine environment and immune defences. Giardia uses its ventral disk as a 
suction cup to attach to the epithelium. When being swept along with peristaltic movements, 
the cells can reposition themselves with the help of their flagella. Trophozoites are also coated 
with a layer of tough variable surface proteins (VSPs) that can resist proteolytic attack and 
bile salts (34). The VSPs are a family of cysteine-rich proteins that are displayed one at a time 
on the surface of the parasite. The VSP coat can be exchanged, and this presumably makes it 
harder for the immune system to target trophozoites by antibodies. Giardia also has a 
specialized family of cytoskeletal proteins called α-giardins with membrane interacting 
regions that presumably stabilizes the cellular structure to meet the challenge of the intestine 
(34). Trophozoites defend themselves against reactive intermediates produced by host cells by 
utilizing arginine, the host substrate for production of NO by inducible nitric oxide synthase 
(iNOS), for energy production via the unusual arginine dihydrolase pathway (ADH) normally 
found in prokaryotes (25). 
 
1.3.2 Giardia virulence factors 

 

The Giardia cytoskeleton has been defined as a virulence factor due to its crucial role in 
protecting the parasite against the intestinal milieu (44). Drugs targeting the cytoskeletal 
“adhesives” such as the α-giardins should be promising targets for development of drugs (29). 
The first crystal structure of a α-giardin, α -11 giardin, was recently reported (32) and could 
provide avenues for structure aided drug design. Alpha-giardins have also been identified as 
being strongly immunogenic during giardiasis (30), with α-1 giardin being one of the 
immunodominant proteins (30). Epitope tagging of a number of α-giardins, among them α-1 
and α-11 giardin, for localization in trophozoites produced a lethal phenotype (29), indicative 
of their important functions. Further drug targets include the genes in the ADH pathway that 
generate a significant proportion of the energy for vegetatively growing trophozoites (24, 25), 
and protects them from NO induced damage. The ability to produce endogenous protein with 
retained trophozoite characteristics could provide new ways for researchers to derive novel 
drugs for treatment or presumably devise a component vaccine for use to control Giardia 
infection. 
 
1.3.3 Therapies 

 

Treatment of Giardia is normally accomplished by the drugs metronidazole (flagyl) or 
tinidazole (33), which are a prodrugs selectively taken up and metabolized by ferredoxin-
pyruvate oxidoreductase in anaerobic or microaerophilic organisms. The activated drug 
inhibits DNA synthesis by perturbing DNAs helical structure. A Giardia vaccine for use in 
humans has yet to be realized. 
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1.4 Protein complex purification and tandem affinity purification (TAP) 

 
Protein complexes have received increased attention in recent years since it was realised that 
most enzymatic processes in the cell are carried out in large protein assemblies (46). G. 

lamblia would make an interesting model system to study the function of protein complexes 
since it has almost all the capabilities of higher eukaryotes but with fewer components. This 
could lead to the elucidation of what constitutes the minimal eukaryotic system. Giardia has 
already been employed in the illumination of several important cellular processes, namely the 
first crystal structure of the Dicer enzyme (47) involved in the RNAi pathway and in 
determining the catalytic properties of eukaryotic RNaseP RNA (48). Another example is the 
polyadenylation system (Fig. 3) which is highly reduced compared to yeast. However, it is not 
known if there are other Giardia-specific proteins involved in the process. 

 
Figure 3: Comparisons of the polyadenylation machineries in yeast and Giardia as revealed by BLAST 
searches. Homologous proteins shared between yeast and Giardia is marked with green. (Modified from 
Morrison et al. Science. (2007) 317(5846):1921-6, figure 1) 
 

 The Giardia genome project has provided tools necessary for the very few proteomic studies 
conducted on G. lamblia. Studies performed to date have relied on fractionation techniques 
such as density gradient centrifugation, 2D-PAGE and 2D-immunoblot (30, 43). These 
techniques are valuable tools, but often require extensive empirical testing for successful 
application. A wide variety of techniques can be employed to study protein complexes. The 
gold-standard technique usually employed to verify interacting proteins is co-
immunoprecipitation with monoclonal antibodies. This technique is however not amenable as 
a large-scale technique since the monoclonal antibodies are expensive and time-consuming to 
produce.  

Another recently developed technique which is affordable and easier to implement at large 
scale is tandem affinity purification (TAP) (37, 38). The original TAP tag consists of two 
domains of Protein A and the Calmodulin Binding Peptide (CBP) separated by a cleavage site 
for the Tobacco Etch Virus (TEV) protease. The tag is fused to the protein of interest and is 
purified by Protein A- IgG affinity chromathography followed by elution by site-specific 
protease cleavage by TEV. The eluate is applied to a calmodulin resin which binds CBP in a 
Ca2+ dependent manner. Elution is accomplished by the Ca2+ chelating agent EGTA which 
disturbs the Calmodulin-CBP interaction (38). 
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One of the great benefits of the TAP procedure is that purification is carried out under 
native conditions which allows for efficient recovery of interacting proteins. The application 
of the technology has been demonstrated by performing genome-wide tagging and 
purification of yeast protein complexes, identifying 7123 protein-protein interactions among 
2708 proteins, making up 547 distinct protein complexes (39, 49). Purified proteins are 
usually fractionated by SDS-PAGE, excised and identified by mass spectrometry. Recent 
advances in mass spectrometry and data analysis however permit the identification of 
complex protein samples without prior gel fractionation by multidimensional LC/MS systems 
such as MudPIT (50). 

The original TAP-tag was first used in yeast which in many ways is an ideal system; the 
highly efficient homologous recombination system and the availability of haploid genome 
strains means that yeast proteins can be genomically tagged while remaining under expression 
of its endogenous promoter (37). Yeast is also easily grown to high cell-densities with cheap 
media and minimal effort. Implementation of TAP in other organisms can be complicated by 
various factors; in the case of Giardia, homologous recombination for insertion of genes has 
been accomplished but without total elimination of the wild-type allele, reflecting the 
problems of gene replacements in a binucleated organism. This problem could perhaps be 
resolved by implementing anti-sense technologies to knock-down wild-type genes and 
providing a synthetic gene construct on a plasmid. A more practical approach that has been 
successful in other systems is to mildly over-express the tagged gene and thereby replace the 
wild-type copy in native protein complexes (9). Other limitations for the TAP approach in 
Giardia involve the amount of cell material that can be easily obtained. Giardia cells grow 
attached to a surface and require specialized media mimicking the upper small intestine 
environment for proliferative growth. Limiting amounts of cell material can be counteracted 
by employing efficient affinity tags as shown by the recent advances in TAP-technology in 
mammalian cells (9). 
 

1.5 The project 

 
The Giardia genome project has paved the way for functional characterization of gene 
products, proteomics, localization and anti-sense based gene silencing. These approaches 
have generally employed specially designed vectors, the construction of which can be time-
consuming and tricky. Giardia can be transfected but only a few vectors are available and 
they are not user friendly. The main goal of this project was to develop a suite of vectors with 
the capabilities to facilitate production and purification of recombinant proteins in Giardia, 
provide the means to efficiently silence Giardia genes by anti-sense transcripts and derive 
vectors suitable for future application such as protein complex purification by TAP-
technology, in either constitutive or regulated manner. These vectors can hopefully contribute 
to understanding Giardia biology and aid in the development of an effective vaccine. 
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2. Materials and Methods 

 
2.1 Plasmid construction 
 
The starting plasmid for construction was the PAC-pBS plasmid (Staffan Svärd, unpublished) which is based on 
the pBlueScript II KS+ (Stratagene) backbone. This plasmid carries a puromycin N-acetyltransferase (PAC-pBS) 
gene that allows selection by 100 µM puromycin in Giardia. The PAC-pBS gene is flanked by 47 bp of the 
giardial GDH promoter and 123 bp 3’ UTR from GDH inserted between KpnI and HindIII restriction sites. 
 
2.1.2 Ornithine carbamoyltransferase (OCT) promoter fragment cloning 
 
The Giardia ornithine carbamoyltransferase ( ORF:10311) is one of the most highly expressed genes in Giardia 
(Staffan Svärd, data not shown). We selected the OCT promoter region to be used for high constitutive 
expression of transcripts. 206 bp of the OCT promoter region was amplified by PCR from Giardia genomic 
DNA using primers OCT-1 and OCT-2 (supplemental information), introducing HindIII and EcoRV restriction 
sites. Agarose gel electrophoresis (1%) revealed a single distinct band of the correct size (~200 bp). The gel band 
was excised with a scalpel under UV-light and DNA was extracted using the NucleoSpin® Extract II 
(Macherey-Nagel) kit and protocol. The purified DNA was double-digested with HindIII (Invitrogen) and 
EcoRV(Fermentas) according to the manufacturers’ recommendations. The digested fragments were gel-purified 
and ligated into gel-purified PAC-pBS plasmid cut with HindIII and EcoRV. Ligation by T4 DNA ligase was 
performed for 24 h at 16ºC, background ligation was monitored by replacing insert with water in the ligation 
mixture. The ligation mixture was transformed into in-house prepared rubidium competent TOPO cells by heat-
shock, spread on LA plates supplemented with 50µg/ml ampicillin and incubated inverted over-night at 37 ºC.  
Transformation yielded more colonies on the vector + insert plate compared to vector only, indicative of 
successful transformation. Among eight clones screened by restriction digestion with HindIII and EcoRV, four 
clones carried insert of the correct size (212 bp). The identity of one clone, designated O1, was verified by 
sequencing at Uppsala Genome Centre (UGC) using the OCT-1 primer. 
 
2.1.2 3’UTR cloning 
 
The 3’UTR in the expression vector was constructed by PCR amplification from Giardia genomic DNA of 76 
bp from the alpha-1 giardin (ORF:11654) 3’ UTR with primers Alp-31 and Alp-32 (supplemental information), 
introducing NotI and SacI restriction sites. A 6xHis tag was also introduced C-terminally to permit purification 
by IMAC. Agarose gel electrophoresis (1%) revealed a distinct band of the correct size (100 bp). The gel band 
was excised with a scalpel under UV-light and DNA was extracted using the NucleoSpin® Extract II 
(Macherey-Nagel) kit and protocol. The purified DNA fragment was double-digested with SacI (Fermentas) and 
NotI (Fermentas) according to the manufacturers’ recommendations. Cleaved DNA was gel purified and ligated 
into gel purified PAC-pBS plasmid cut with SacI and NotI. Ligation by T4 DNA ligase was performed for 24 h 
at 16ºC, background ligation was monitored by replacing insert with water in the ligation mixture. The ligation 
mixture was transformed into in-house prepared rubidium competent TOPO cells by heat-shock; spread on LA 
plates supplemented with 50µg/ml ampicillin and incubated inverted over-night at 37 ºC.  Transformation 
yielded more colonies on vector + insert plate compared to vector only, indicative of successful ligation. Four 
out of thirteen clones screened by NotI and SacI digestion produced fragments of the expected size (101 bp). 
Sequencing of one clone, A6, at UGC using the Alp-31 primer revealed the expected sequence. 
 
2.1.3 Combination of promoter fragment and 3’UTR 
 
A vector containing the OCT promoter fragment and the alpha-1 giardin 3’UTR was constructed.  
The A6 and O1 plasmids were double-digested with EcoRV and Hind III according to the manufacturers’ 
recommendations. Agarose gel electrophoresis (1%) revealed efficient linearization of both plasmids, as well as 
the excision of the OCT promoter fragment from the O1 plasmid. The linearized A6 plasmid and the OCT-
fragments from O1 digestion were excised with a scalpel under UV-light and DNA was extracted using the 
NucleoSpin® Extract II (Macherey-Nagel) kit and protocol. The gel purified OCT-fragment was ligated into the 
gel purified linearized PAC-pBS-A6 plasmid. Ligation by T4 DNA ligase was performed for 24 h at 16ºC, 
background ligation was monitored by replacing insert with water in the ligation mixture. The ligation mixture 
was transformed into in-house prepared rubidium competent TOPO cells by heat-shock; spread on LA plates 
supplemented with 50µg/ml ampicillin and incubated inverted over-night at 37 ºC.  Transformation yielded more 
colonies on vector + insert plate compared to vector only, indicative of successful ligation. Three out of eight 
clones screened by double-digestion with EcoRV and HindIII contained fragments of the correct size (212 bp). 
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Two clones, AO4 and AO8, were sent for sequencing at UGC using the -40 M13 forward primer (supplemental 
information) and found to contain the expected sequences. The AO4 and AO8 plasmids can be used as over-
expression vectors in Giardia providing strong constitutive expression from the OCT promoter and permitting 
purification by the C-terminal 6xHis tag. Alternatively, the vectors can be employed for anti-sense mediated 
gene silencing. 
 
2.1.4 GST-fragment cloning 
 
The glutathione-S-transferase coding region and PreScission protease cleavage site that was to be used in the 
expression vector was PCR amplified from the pGEX-6P-3 plasmid (Amersham Biosciences) using primers 
GST-1 and GST-2 (supplemental information), producing a 716 bp fragment that introduces ClaI and NotI 
restriction sites. Agarose gel electrophoresis revealed amplification of a fragment of the expected size (716 bp), 
the fragment was excised with a scalpel under UV-light and DNA was extracted using the NucleoSpin® Extract 
II (Macherey-Nagel) kit and protocol. The purified DNA fragment was double-digested with ClaI (Fermentas) 
and NotI (Fermentas) according to the manufacturers’ recommendations. Cleaved DNA was gel purified and 
ligated into gel purified pBlueScript SK+ plasmid (Stratagene) cut with ClaI and NotI. Ligation by T4 DNA 
ligase was performed for 24 h at 16ºC, background ligation was monitored by replacing insert with water in the 
ligation mixture. The ligation mixture was transformed into in-house prepared rubidium competent TOPO cells 
by heat-shock; spread on LA plates supplemented with 50µg/ml ampicillin and incubated inverted over-night at 
37 ºC. The GST + pBlueScript SK+ contained twice the number of colonies compared to the control ligation 
plate, indicating successful ligation. Two out of eight GST-clones produced fragments of the expected size upon 
double digestion with ClaI and NotI. The two clones, designated GST-4 and -7, were sent for sequencing at 
UGC using the -40 M13 forward primer.  
 
2.1.5 Construction of the Streptavidin Binding Peptide (SBP-tag) 
 
The SBP-tag sequence was manually reverse translated from amino acid sequence to nucleotide sequence, 
special care was taken to employ frequently used Giardia codons when this would not introduce unique 
restriction sites that would interfere with vector construction; when this happened the secondly most used codon 
was employed. The SBP-tag consists of 38 aa, yielding 114 nt after reverse translation. Addition of EcoRV and 
ClaI restriction sites and terminal bases for efficient restriction digestion of PCR product brings the cassette to 
126 bp (Fig. 4).  
 
gatatcatggacgagaagaccaccggctggcgcggcggccacgtcgtcgagggcctcgccggcgagcttgag 

 D  I  M  D  E  K  T  T  G  W  R  G  G  H  V  V  E  G  L  A  G  E  L  E   

cagctcagggccaggctcgagcaccacccgcagggccagagggagccgatcgat 

 Q  L  R  A  R  L  E  H  H  P  Q  G  Q  R  E  P  I  D   

 
Figure 4: The SBP-tag consists of 38 aa (blue), yielding 114 nt (red) after reverse translation. EcoRV and ClaI 
restriction sites have been added and are shown in bold. 
 
 
2.1.6 SBP-tag construction by annealing of oligonucleotides 
 
The deduced nucleotide sequence was split into four oligonucleotides: 
 
Bio-1,  5’-ATCATGGACGAGAAGACCACCGGCTGGCGCGGCGGCCACGTCGTCGAGGGCCTCGCCGGC-3’,  
Bio-2,  5’-GAGGCCCTCGACGACGTGGCCGCCGCGCCAGCCGGTGGTCTTCTCGTCCATGAT-3’,  
Bio-3,  5’-GAGCTTGAGCAGCTCAGGGCCAGGCTCGAGCACCACCCGCAGGGCCAGAGGGAGCCGAT-3’  
Bio-4,  5’-CGATCGGCTCCCTCTGGCCCTGCGGGTGGTGCTCGAGCCTGGCCCTGAGCTGCTCAAGCTCGCCGGC-3’ 

 
Bio-1 and Bio-2 as well as Bio-3 and Bio-4 are largely complementary to each other and will upon annealing  
form the SBP-tag coding sequence with EcoRV and ClaI truncated sites compatible with pBlueScript SK+ cut 
with EcoRV and  ClaI. Two approaches to annealing and cloning with the Bio-primers were tried, all four in the 
same annealing mixture or separate tubes with Bio-1, -2 and -3, -4. 

In the mixed annealing case; 1 µl each of dilute solutions (2 µM) of the Bio-primers were mixed with 2 µl 
One-Phor-All PLUS (10 x) Buffer (Amersham Biosciences) and 14 µl dH2O. The mixture was incubated at 94ºC 
in a heat-block for 5 min followed by slow-cooling to room-temperature. 

In the separate annealing case; 2 µl of dilute solutions (2 µM) of Bio-1, -2 and Bio-3, -4 were put in separate 
tubes and One-Phor-All Buffer and dH2O were added as in the mixed case. The mixture was incubated at 94ºC in 
a heat-block for 5 min followed by slow-cooling to room-temperature. 10 µl of Bio-1,-2 and Bio-3,-4 were 
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combined and heated to 60ºC for 5 min followed by slow-cooling to room temperature to effect annealing 
between the Bio-1,-2 and Bio-3,-4 blocks. Mixed and separate annealing mixtures were ligated into gel-purified 
pBlueScript SK+ cut with EcoRV and ClaI. Background ligation was monitored by replacing annealed oligos 
with water in the ligation reaction. 
Clones were screened by restriction digestion with EcoRV and ClaI. 

 
2.1.7 SBP-tag construction by assembly PCR 
 
Construction of the SBP-tag was tried by assembly PCR. In assembly PCR, partially overlapping 
oligonucleotides are first mixed in a first PCR and gaps between oligos are filled-in using a DNA polymerase. A 
fraction of this solution is used as template in a second PCR where amplification of full-length product is 
achieved by excess of terminal primers. A web based program called Assembly PCR oligo maker (3) was used to 
generate oligonucleotides suitable for PCR based construction. The program was queried with the SBP 
nucleotide sequence flanked by KpnI and EcoRV N-terminal restriction sites and a ClaI C-terminal restriction 
site (three nucleotides N-terminally and two nucleotides C-terminally were also introduced to promote efficient 
restriction cleavage of PCR products) totalling 137 bp (Fig. 5). 
 
5’-CCCGGTACCGATATCATGGACGAGAAGACCACCGGCTGGCGCGGCGGCCACGTCGTCGAGGGC 
CTCGCCGGCGAGCTTGAGCAGCTCAGGGCCAGGCTTGAGCACCACCCGCAGGGCCAGAGGGAGCC
GATCGATCC-3' 
 
Figure 5: DNA sequence used as input in Assembly PCR oligo maker (3). KpnI (red), EcoRV (pink) and ClaI 
(green) restriction sites were introduced for cloning purposes. A single base pair substitution was made to 
remove an unwanted XhoI restriction site. Additional nucleotides were introduced to promote efficient 
restriction cleavage of PCR products.  
  
DNA template and 5’ to 3’ orientation was chosen as input characteristics, all other options were left as default. 
The Top17 sequence was excluded from the sequence upon request. The software broke the sequence down to 4 
assembly oligos and two flanking primers (Table 1). 
 
Assembly 

oligos 

Recommended assembly Tm: 56.00 °C 

 
Length 

SBP-1 5'-CCCGGTACCGATATCATGGACGAGAAGACCACCGGCTGGCG-3' 41 bp 
SBP-2 5'-CTCGCCGGCGAGGCCCTCGACGACGTGGCCGCCGCGCCAGCCGGTGG-3'   47 bp 
SBP-3 5'-CCTCGCCGGCGAGCTTGAGCAGCTCAGGGCCAGGCTTGAGCACCACCCG-3' 49 bp 
SBP-4 5'-GGATCGATCGGCTCCCTCTGGCCCTGCGGGTGGTGCTCAAGCC-3' 43 bp 
Flanking 

oligos 

 Length Flanking primer Tm  

Flanking-1 5'-CCCGGTACCGATATCATGGA-3' 20 bp 55.79 °C  
Flanking-2 5'-GGATCGATCGGCTCCCT-3' 17 bp 55.74 °C  
Table 1: Oligonucleotide sequences proposed by Assembly PCR oligomaker (3) for PCR based gene synthesis 
of the SBP-tag (Fig. 4). 
 

2.1.8 Directional cloning 

 

SBP-tag construction by assembly PCR was carried out essentially as described by Rydzanicz et al. (3). 
Assembly primers were diluted to 7 µM each in sterile water. Flanking primers were diluted to 42 µM in sterile 
water. In the first reaction, 4 µl each of diluted assembly primers (supplemental information), 2 µl 10 mM 
dNTPs, 10 µl 10xThermopol buffer (NEB), 1.5 µl Vent DNA polymerase ; 2000 U/ml (NEB) and 70.5 µl sterile 
H2O were mixed and PCR was performed with the following profile on a Applied Biosystems 2720 Thermal 
cycler; 94 °C for 5 min followed by 8 cycles of  94°C 1.5 min. 54 °C 2 min, 72°C 3 min terminating with a final 
elongation at 72°C for 5 min. For the second PCR, 1 µl from the first PCR reaction, 4 µl each of diluted flanking 
primers, 2 µl 10 mM dNTPs, 10 µl 10xThermopol buffer ( NEB), 1.5 µl Vent DNA polymerase ; 2000 U/ml 
(NEB) and 77.5 µl sterile H2O were mixed and PCR was performed on a Applied Biosystems 2720 Thermal 
cycler with the following profile;  94 °C for 5 min followed by 25 cycles of 94 °C 30 s, 54°C 2 min, 72 °C 1.5 
min ending with 5 min 72°C. The assembly PCR procedure was analyzed by 2% agarose gel electrophoresis.  
 The upper band (~140 bp) from the second PCR product was gel-purified and double-digested with KpnI 
(Fermentas) and ClaI (Fermentas) according to the manufacturers’ recommendations. The digested fragments 
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were gel-purified and ligated into gel-purified GST-4 plasmid digested with KpnI and ClaI. Ligation specificity 
was assayed by replacing insert with water in a control ligation. 
 
2.1.9 TA-cloning 

 
Assembly PCR was performed as outlined above in directional cloning, except that the annealing temperature 
was changed to 59 °C in the first reaction. The PCR products were analyzed by 1.5% agarose gel 
electrophoresis. The upper band (~140 bp) from the second PCR product was gel purified and used as template 
in a PCR reaction where a PuReTaq Ready-To-Go PCR bead (GE Healthcare) was combined with 1 µl SBP 
upper band eluate, 1 µl 10 µM Flanking -1, -2 primer mix and 23 µl sterile H2O. The PCR mixture was 
centrifuged shortly to aid the bead to dissolve. PCR was then performed on an Applied Biosystems 2720 
Thermal cycler with the following profile; 95°C 5 min, followed by 30 cycles of 95 °C 30 s, 59 °C 30 s, 72 °C 
1min, ending with a 10 min step at 72 °C. A small fraction (5%) of the PCR product was analyzed by 1.5% 
agarose gel electrophoresis.  Remaining PCR product was purified by the QIAquick PCR purification kit. TA-
cloning was made according to the instructions provided in the TOPO-TA-cloning kit (Invitrogen). The 2 µl of 
ligation mix was electroporated into ElectroMAX DH12S cells (Invitrogen); cells were incubated in warm LB 
(37°C) for 1h and spread on LA plates supplemented with 50µg/ml ampicillin.  
 
 
2.1.10 SBP-tag construction by Simplified Gene Synthesis (SGS) 
 
Simplified Gene Synthesis is another PCR based approach for construction of synthetic genes. This procedure 
simplifies the process by combining fill-in PCR and amplification of full-length product in a single PCR 
reaction. Oligonucleotide assembly primers were combined from 20 µM solutions and diluted to 1 µM of each 
primer in sterile H2O. A dilution series was made to 500 nM, 250 nM and 100 nM using sterile H2O. 
Amplification primers were diluted to 10.5µM in sterile H2O. SGS reaction mixes were prepared by combining 5 
µl SBP assembly primer mix (1µM, 500 nM, 250 nM or 100 nM), 2 µl 10 µM Flanking-1,-2 primer mix, 1 µl 10 
mM dNTPs, 5 µl 10x Thermopol buffer (NEB), 0.75 µl Vent DNA polymerase (NEB) and 36.25 µl sterile H2O. 
SGS was then performed on an Applied Biosystems 2720 Thermal cycler with the following profile: 94°C 5 min, 
followed by 25 cycles of 94 °C 30 s, 52 °C 30 s, 72 °C 1min, ending with a 5 min step at 72 °C. The PCR 
products were analyzed by 1.5 % agarose gel electrophoresis. The remaining SGS 100 nM PCR product (40 µl) 
was purified using the QIAquick PCR purification kit. The purified DNA was double-digested with KpnI 
(Fermentas) and ClaI (Fermentas) according to the manufacturers’ recommendations. The digested DNA 
fragments were gel-purified and ligated into gel-purified GST-7 plasmid cleaved with KpnI and ClaI. The 
ligation mix was dialyzed and electroporated into ElectroMAX DH12S cells. 
Twenty clones were screened for insert first by EcoRV digestion, and verified by digestion by EcoRV and NotI. 
Two clones, SGS-GST-7-8 and -15 were sent for sequencing at Uppsala Genome Centre using the -40 M13 
forward primer. 
 
2.1.11 Construction of inducible promoter cassette (TetR-TetO) 

 
The TetO and minimal Ran promoter was amplified by PCR from the pINDG-ADI-anti-sense plasmid (Carolina 
Touz, unpublished) with primers TetO-F and TetO-R (supplemental information), producing a 126 bp fragment 
that introduces MluI and EcoRV restriction sites. The first three codons of the Ran/TC4 protein were also 
included in the TetO-R primer to promote efficient translational recognition. 
The TetR expression cassette was amplified by PCR from the pINDG-ADI-anti-sense plasmid (Carolina Touz, 
unpublished) with primers TetR-F and TetR-R (supplemental information), generating a 842 bp fragment that 
incorporates HindIII and MluI restriction sites. 
A fraction of the PCR products were analyzed by 1% agarose gel electrophoresis and revealed bands of the 
expected size. The rest of the PCR products were purified using QIAquick PCR purification kit and digested 
with MluI (Roche) according to the manufacturer’s recommendations. The two fragments were mixed in 
equimolar concentrations and ligated over-night with T4 DNA ligase. 
Successful ligation of TetO and TetR fragments will produce a 958 bp fragment from PCR amplification by 
primers TetR-F and TetO-R. 
The ligated fragments were amplified by PCR with TetR-F and TetO-R primers from either 1 µl crude TetO-
TetR ligation mix or 1 µl 1:10 dilution of crude TetO-TetR ligation mix. A fraction (20%) of the resulting PCR 
products was analyzed by 1 % agarose gel electrophoresis.  The remaining PCR products were pooled and 
purified using QIAquick PCR purification kit. Purified DNA fragments were double-digested with HindIII 
(Invitrogen) and EcoRV (Fermentas) according to the manufacturers’ recommendations. The restriction digest 
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was purified using QIAquick PCR purification kit and ligated into gel-purified AO4 plasmid cleaved with 
HindIII and EcoRV. Ligation efficiency was monitored by substituting insert for water in the ligation reaction. 
Ten microliters of ligation mixture was dialyzed and 2 µl of dialyzed ligation mix was subsequently used for 
electroporation of ElectroMAX DH12S cells. The electroporated cells were transferred to 1 ml warm LB and 
were incubated at 37°C for 1 h on a horizontal shaker set at 250 rpm. The cells were then spread on pre-warmed 
LA plates supplemented with 50µg/ml ampicillin and incubated inverted at 37°C over-night. Clones were 
screened for insert by double-digestion with HindIII and EcoRV. Two out of six clones, T1 and T6, contained 
insert of the expected size for the TetO-TetR cassette (948 bp) after digestion with HindIII and EcoRV. 
T1 and T6 plasmids were sent for sequencing at Uppsala Genome Centre using the SEC VEC-2 primer. 
 
 
2.1.12 Construction of tagging vectors (inducible and constitutive) 

 

Tagging vectors were constructed by insertion of the SBP-GST cassette into AO4 and T6 plasmids. 
The SGS-GST-7-15 plasmid was double-digested using EcoRV and NotI according to the manufacturers’ 
recommendations. The resulting 824 bp SBP-GST cassette was recovered by gel purification and ligated into 
gel-purified EcoRV and NotI digested AO4 and T6 plasmids. The ligation mixes were transformed into TOPO 
cells by heat-shock. Clones were screened for the presence of an 818 bp fragment by double-digestion with 
EcoRV (Fermentas) and EcoRI (Roche). Five out of eight SBP-GST-AO4 clones were positive, three of these, 
AS4, AS5 and AS6 were sent for sequencing using OCT-1 and -40 M13 forward primers. 
A single clone which screened positive, TS1, was obtained from the SBP-GST-T6 transformation. This clone 
was sent for sequencing using primers TetO-F and -40 M13 forward. 
 
2.1.13 Insertion of multiple cloning site 

 

A multiple cloning site, introducing PstI, MluI, and XbaI restriction sites, was constructed by annealing two 
oligonucleotides, MCS-1 and MCS-2 (supplemental information). The oligos anneal to create BamHI and EcoRI 
sticky ends for ligation into a vector cut with 5’ BamHI and 3’ EcoRI sites (Fig. 6), still keeping the correct 
frame for the 6xHis tag and stop codon.  
 

 
Figure 6: Annealing of oligos MCS-1 and MCS-2 for expansion of the cloning sites with PstI, XbaI and MluI 
restriction sites. 
 
MCS-1 and MCS-2 oligos were dissolved to 200µM each in sterile H2O. The annealing  mixture consisted of 
20µl 200µM  MCS-1, 20µl 200µM MCS-2, 8 µl 10x One-Phor-All PLUS Buffer (Amersham Biosciences) and 
32 µl sterile H2O. The annealing mixture was incubated for 10 min in a heat-block at 84°C. The heat-block was 
then disconnected and the solution was left to cool down to room-temperature to promote efficient annealing. 
The annealed oligonucleotides were stored at -20°C 
The annealed oligos were ligated into AS6 and TS1 vectors double-digested with BamHI (Fermentas) and EcoRI 
(Fermentas) and transformed into TOPO cells by heat-shock. Positive clones were screened by PstI (Fermentas) 
restriction cleavage. All clones screened, six for each transformation, contained the inserted PstI restriction site. 
One positive clone from each transformation, AS6-MCS1 and TS1-MCS1, was sent for sequencing using the -40 
M13 forward primer.  

 
2.1.14 Cloning of anti-sense constructs for alpha-1 and alpha-11 giardin 

 

Anti-sense constructs of alpha-1(ORF:11654) and alpha-11 giardin (ORF:17153 ) were generated by PCR from 
Giardia genomic DNA. The ASa15and ASa13 (supplemental information) primer pair produces a 906 bp PCR 
product, of which 888 bp are anti-sense to the alpha-1 giardin gene, also introducing EcoRV and NotI for 
cloning purposes.  The anti-sense construct of alpha-11 giardin was generated using primers ASa115 and 
ASa113 (supplemental information) producing a 942 bp PCR product, of which 924 bp are anti-sense to alpha-
11 giardin, that introduces EcoRV and Not I restriction sites. 
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PCR products were analyzed by agarose gel electrophoresis. Remaining PCR products were purified using 
QIAquick PCR purification kit and double-digested with EcoRV (Fermentas) and NotI (Fermentas) according to 
the manufacturers’ recommendations. The digested PCR products were purified using QIAquick PCR 
purification kit and ligated into gel-purified AO4 plasmid cleaved with EcoRV and NotI. The ligation mixture 
was dialyzed and electroporated into ElectroMAX DH12S cells. Clones were screened by double-digestion with 
EcoRV and NotI  
 
2.1.15 Cloning of arginine deiminase into tagging vector 

 

The open-reading frame of Giardia arginine deiminase (ORF:112103 ),excluding the start and stop codons, was 
amplified by PCR from Giardia genomic DNA using the ADIF and ADIRN(supplemental information) primer 
pair introducing BamHI and NotI restriction sites. A fraction of the 1753 bp PCR product was resolved by 
agarose gel electrophoresis and the remainder was purified, double-digested by FastDigest BamHI (Fermentas) 
and FastDigest NotI (Fermentas) and ligated into the AS6-plasmid. Ligated plasmids were transformed into 
TOPO cells and clones were screened for the presence of an insert specific PstI restriction site. One clone, ADI-
2, was confirmed by double-digestion with BamHI and NotI, and sent for sequencing at Uppsala Genome Centre 
(UGC) using -40 M13 forward and pGEX5 primers.  One mutation was detected that will cause a A391T (ADI 
polypeptide counting) substitution, but since the mutation does not represent a conserved residue among arginine 
deiminases (24), the substitution was accepted and the clone was used for further experiments. 
 

2.2 Purification of DNA for enzymatic reactions 

 
DNA for use in enzymatic reactions was purified either by preparative agarose gel electrophoresis (gel 
purification) or by PCR purification kits.  Gel purification was employed when specific DNA fragments was to 
be recovered from a mixed population (e.g. recovery of a single band after double digestion of plasmid). The 
PCR purification kit was used for routine clean-ups between enzymatic reactions (e.g. clean-up of DNA 
produced by PCR destined for restriction cleavage or restriction cleaved DNA for use in ligation)  
 
2.2.1 Gel purification of DNA  
 
DNA fragments were run on 1-1.5% agarose gels cast with ethidium bromide for 30-40 min at 100V. DNA 
bands were visualized by UV-light and promptly cut out using a scalpel blade. Gel pieces were weighed and 
processed according to the NucleoSpin® Extract II kit and protocol (Macherey-Nagel) with minor modifications. 
Briefly, 200 µl buffer NT was added for each 100 mg of agarose gel. The sample was incubated at 50 ºC for 10-
15 min with vortexing every 2-3 min to ensure complete dissolution of gel pieces. Dissolved samples were 
applied to a NucleoSpin® Extract II column and centrifuged for 1 min at 13000 rpm in a microcentrifuge. The 
silica membrane was washed by adding 600 µl buffer NT3 followed by 1 min centrifugation at 13000 rpm. The 
membrane was dried by another 2 min centrifugation at 13000 rpm. DNA was eluted by adding 20-30 µl sterile 
H2O directly onto the filter accompanied by 1 min incubation at room-temperature. DNA was recovered in a new 
microcentrifuge tube by 1 min centrifugation at 13000 rpm. The amount of recovered DNA was monitored by 
A260 measurements on a Nanodrop machine. Eluted DNA was either used directly or stored at -20 ºC for future 
use. 
 
2.2.2 Column purification of DNA 
 
Purification of DNA using the QIAquick PCR purification kit (QIAGEN) was carried out essentially as 
described by the manufacturer. The DNA containing solution was mixed with 5 volumes of buffer PB and 
transferred to a QIAquick spin column. The sample was centrifuged for 1 min at 13000 rpm. To wash the 
membrane, 750 µl buffer PE was added and the column was spun for 1 min at 13000 rpm. The membrane was 
dried by an additional centrifugation for 1 min at 13000 rpm. Elution of DNA was accomplished by adding 20-
30 µl sterile H2O directly onto the filter accompanied by 1 min incubation at room-temperature. DNA was 
recovered in a new microcentrifuge tube by 1 min centrifugation at 13000 rpm. The amount of recovered DNA 
was monitored by A260 measurements on a Nanodrop machine. Eluted DNA was either used directly or stored at 
-20 ºC for future use. 
 

2.3 Ligation 

 
A typical ligation reaction was performed by mixing 10-15 µl (~100-200ng) of purified and restriction cleaved 
insert with 2.5 µl (~100ng) of vector cut with the same enzymes. The appropriate amount of T4 DNA ligase 
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Buffer (10x) (Invitrogen) and 0.5 µl T4 DNA ligase (Invitrogen) was added. The volume of the ligation mixture 
was adjusted by adding sterile H2O to the final desired volume. 
The ligation mixture was then incubated at 16ºC for 16-24h in a water-bath. 
 
 

2.4 Over-night culture of E. coli 

 
Single E. coli colonies were inoculated into 2.5 ml LB supplemented with 50 µg/ml ampicillin. The tube was 
incubated at 37 ºC in a horizontal shaker set at 250 rpm for 12-16 h. 
 
 
2.5 Plasmid DNA preparation 

 
2.5.1 Plasmid Miniprep 
  
Plasmid minipreps were routinely performed using 1.5 ml of E. coli over-night culture with either the 
NucleoSpin® Plasmid kit (Macherey-Nagel) or QIAprep Spin Miniprep Kit (QIAGEN) according to the 
manufacturers’ recommendations. In the last step, plasmid DNA was recovered in 50 µl sterile H2O. Isolated 
plasmid DNA was stored at -20 ºC. 
 
2.5.2 Plasmid Midiprep 
 
Plasmid midipreps were employed to generate plasmid DNA for transfection of Giardia cells; a typical midiprep 
yielded 100µg plasmid DNA. 
Briefly, 30 ml LB supplemented with 50 µg/ml ampicillin was inoculated with 300 µl over-day E. coli culture 
grown from a single colony. The culture was incubated at 37 ºC on a horizontal shaker set at 250 rpm for 12-16h. 
Cells were harvested by centrifugation at 3000 rpm for 15 min. Plasmid DNA was isolated using the QIAGEN 
Plasmid Midi Kit (QIAGEN) according to the manufacturers’ recommendations. The isolated plasmid DNA was 
brought up in 50 µl sterile H2O. Isolated plasmid DNA was stored at -20 ºC. 
 
2.5.3 Transformation of rubidium competent TOPO cells by heat-shock 

 
Rubidium competent TOPO E.coli cells (100 µl) were brought from the -70ºC freezer and thawed on ice for 15 
min. Plasmid DNA (0.5-1µl) or ligation mix (5-15 µl) was added and the cell suspension was gently tapped. 
Cells were incubated 30 min on ice. Heat-shock was then performed by 40-50 s incubation in heat-block or 
water-bath at 42ºC. Cells were rapidly transferred to ice without shaking and incubated for 5 min. Cells were 
then either spread directly on pre-warmed LA plates supplemented with 50 µg/ml ampicillin or placed in 1 ml 
pre-warmed LB for 30 min to 1 hour for phenotypic expression. 
Plates with spread cells were wrapped in parafilm and incubated inverted at 37ºC for 12-16 h. 
 
2.5.4 Dialysis and electroporation of E. coli 
 
Ligation mixes were placed on a 0.025µm VSWP MF™-Membrane (Millipore) floating in deionized water in a 
plastic container. Dialysis was performed at room-temperature for 1 h. The dialyzed ligation mixtures were 
transferred to new tubes and placed on ice. 
ElectroMAX DH12S cells (Invitrogen) (20 µl for each electroporation) were thawed for 20 min on ice after 
which 2 µl dialyzed ligation mixture was added and the cells were incubated another 20 min on ice. 
Electroporation was performed on a Bio-Rad Gene Pulser in chilled 2 mm gap cuvettes (Bio-Rad) with the 
following settings; 1.5 kV, 400 Ω and 250 µF. After electroporation, the cells were rapidly transferred to 1 ml of 
warm LB and incubated 1 h at 37 ºC on a horizontal shaker set at 250 rpm.  Cells were then spread on LA plates 
supplemented with 50 µg/ml of ampicillin and incubated inverted at 37 ºC over-night. 
 

2.6 Preparation of Giardia media (TYDK) 

 

Preparation of TYDK media (500 ml) for culture of Giardia trophozoites was made by dissolving 15 g Peptone, 
5 g Glucose, 1g NaCl, 0.1g L-ascorbic acid, 0.5 g K2HPO4:3H2O, 0.3 g KH2PO4, 1 g L-cystein and half a tip 
ferric-ammonium citrate in 440 ml ddH2O. The pH of the solution was adjusted to 7.1 by addition of 5M NaOH, 
after which it was sterile filtered through a 0.45µm filter. Bovine bile was prepared by dissolving, 0.27 g bovine 
bile in 11 ml sterile H2O. The bile was sterile filtered through a 0.45µm in to the media solution. Finally, 50 ml 
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sterile filtered adult bovine serum was added. Fresh TYDK media was stored at 4 ºC for immediate use or frozen 
at -20ºC.   
 

 

2.7 Culture and passage of Giardia trophozoites 
 
Giardia trophozoites (clone WB-C6-A11) were grown in 10 ml culture tubes in TYDK medium at 37 ºC. Cells 
were checked by light microscopy and passaged upon confluence every third to fourth day. Upon confluence, 
cells were placed on ice for 15-20 min; the tube was tapped a few times and inverted to dislodge cells. Ten to 
twenty microliters of cell suspension was inoculated into warm TYDK media and cells were incubated at 37ºC.  
 
2.8 Transfection of Giardia trophozoites  

 

One confluent 10 ml Giardia trophozoite (clone WB-C6-A11) culture was put on ice for 15-20 min. The tube 
was tapped and inverted a few times to dislodge cells. Cells were pelleted by centrifugation at 3000 rpm for 10 
min and resuspended in 300 µl cold TYDK (~107 cells/ml).  The cell suspension was transferred to a pre-chilled 
4 mm gap cuvette (Bio-Rad) followed by addition of 40 µg plasmid DNA. The suspension was mixed by 
pipetting and electroporation was performed on a Bio-Rad Gene Pulser in external mode set at: 350 V, 800 Ω, 
960 µF, which should deliver the electric pulse for 60-80 ms. After electroporation, the cuvette was incubated 15 
min on ice. Electroporated cells were then transferred into 10 ml warm TYDK and incubated at 37ºC. Puromycin 
(Sigma-Aldrich) was added to a final concentration of 50µg/ml the next day. Transfected cells were maintained 
under 50 µg/ml puromycin selection but otherwise passaged and maintained as wild-type Giardia trophozoites. 
 

2.9 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 

Proteins were separated by Tris-glycine SDS-PAGE using 5% stacking and 10% resolving gels. A 10% 
resolving gel was prepared accordingly: 4 ml H2O, 3.3 ml 30 % acrylamide solution (Bio-Rad), 2.5 ml 1.5 M 
Tris, pH 8.8, 0.1 ml 10% SDS solution, 0.1 ml 10 % ammonium persulfate (APS) and 4µl N,N,N',N'-
tetramethylethylenediamine (TEMED) (Bio-Rad) were mixed and rapidly poured between mounted glass slides 
leaving a 1 cm gap for the stacking gel. Water was added on top to ensure a level gel surface after 
polymerization.  After the gel had polymerized, the water was removed and a 5% stacking gel was prepared: 3.4 
ml H2O, 0.83 ml 30 % acrylamide/bis (37.5:1) solution (Bio-Rad), 0.63 ml 1.5 M Tris, pH 6.8, 0.05 ml 10% SDS 
solution, 0.05 ml 10 % ammonium persulfate (APS) and 5µl N,N,N',N'-tetramethylethylenediamine (TEMED) 
(Bio-Rad). The stacking gel was poured to the top, the comb was inserted and the gel was left to polymerize. The 
casted gel was mounted according to the manufacturers’ instructions and 1xRunning buffer was added to the 
electrophoresis unit. Samples for SDS-PAGE were boiled for 10 min in appropriate amounts of 6xSDS loading 
dye and 10 µl of sample was loaded in separate wells. Electrophoresis was performed at 150 V until the dye 
front exited the gel (~1.5h). The gel was removed, soaked in Coomassie Brilliant Blue solution (40% MeOH, 
10% HAc, 0.1% Coomassie Brilliant Blue) and heated in the microwave 1 min, and left to incubate on-shake at 
room-temperature for 15 min. The gel was destained by soaking the gel in 10% EtOH, followed by 1 min 
heating in microwave and prolonged incubation on-shake at room-temperature until the background was deemed 
low enough. 
 

2.10 Purification of recombinant Giardia proteins 

 

2.10.1 Large-scale culturing of transfected Giardia trophozoites 
 
Large-scale culturing of Giardia transfectants was initiated by dispensing 500 ml TYDK supplemented with 
50µg/ml puromycin in 10x50ml Falcon tubes. Each tube was inoculated with 50µl Giardia trophozoites from a 
confluent tube and incubated tilted at 37ºC until confluence. 
 
2.10.2 Harvesting of large-scale culture and preparation of Giardia lysate 
 

Giardia large-scale culture was harvested by putting Falcon tubes on ice for 30 min. The tubes were tapped and 
inverted a few times to dislodge cells. The cells were pelleted by centrifugation at 3000 rpm for 10 min at 4ºC. 
Each cell pellet was resuspended in 2 ml ice-cold PBS, the resuspended cells were pooled and pelleted again by 
centrifugation at 3000 rpm for 10 min at 4ºC. The total cell pellet was frozen at -20ºC. The total cell pellet was 
resuspended in 20 ml ice-cold PBS. Dithiothreitol (DTT) was added to a final concentration of 5 mM, followed 
by 2 Complete Mini Protease inhibitor tablets (Roche). Cells were lysed by sonication 4 x 30s on ice, with 
intermittent cooling. The lysate was immediately cleared in a Sorvall RC 5C PLUS centrifuge with a SS-34 rotor 
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at 16000 rpm for 10 min at 4ºC. The supernatant was transferred to a new tube and 4 ml PBS + 10 % Triton® X-
100 was added. The tube was briefly vortexed. 
 
 
2.10.3 Batch purification on Glutathione Sepharose 4B 
 
Glutathione Sepharose 4B (GE Healthcare) was prepared according to the manufacturers’ recommendation to 
produce a 50 % slurry in 1 ml PBS (0.5 ml bed volume). The Giardia lysate was applied to the slurry and was 
rotated over-night on a tilting table at 4ºC. The matrix was sedimented by 5 min centrifugation at 500xg. The 
supernatant (flow-through) was removed and the matrix was washed with 10 bed volumes of PBS. The matrix 
was sedimented by 5 min centrifugation at 500xg and the supernatant was removed. The wash was repeated for a 
total of three washes.  
Elution from Glutathione Sepharose 4B was either done by the addition of reduced glutathione or by PreScission 
protease cleavage. For elution by reduced glutathione the matrix was equilibrated in 50 mM Tris-HCl, pH 8.0 , 
sedimented as above and 1 bed volume of  elution buffer (50 mM Tris-HCl, pH 8.0, 20 mM reduced glutathione) 
was applied. The tube was incubated at room-temperature for 10 min, the matrix was sedimented and the 
supernatant was transferred to a new tube. Elution was performed for a total of three times as described above, 
extending the last elution step to 2h at 4ºC. Eluted fractions were pooled and stored frozen at -20ºC. 
Elution by protease cleavage was performed by equilibrating the matrix in ice-cold cleavage buffer (50 mM Tris-
HCl, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, pH 7.0).  The matrix was sedimented as described above 
and 7µl PreScission protease (2U/µl) (GE Healthcare) in 2 bed volumes of cleavage buffer was applied. 
Cleavage was performed over-night at 4ºC with slow rotation on a tilting-table. The cleavage eluate was 
recovered by centrifugation, transferred to a fresh tube and either used immediately or stored in appropriate 
buffer at -20ºC. 
 
2.10.4 Purification on HiTrap Streptavidin HP  
 
Purification on the basis of the SBP-tag was carried out at 4 ºC. A 1ml HiTrap Streptavidin HP column (GE 
Healthcare) was mounted and equilibrated with 20 bed volumes of Streptavidin Binding Buffer (SBB; 10 mM 
Tris-HCl, 150 mM NaCl, pH 8.0) using a P3 peristaltic pump at a flow-rate of 1 ml/min. The eluate from 
Glutathione Sepharose 4B batch purification (~1.5 ml) was diluted in 10 ml SBB and applied to the column at a 
flow-rate of 0.1 ml/min. The column effluent was recirculated at a flow-rate of 0.1 ml/min over-night at 4ºC. 
 The column was washed with 20 bed volumes of SBB at a flow-rate of 1 ml/min. Bound proteins were eluted by 
applying Streptavidin Elution Buffer (SEB) ( SBB with 2 mM D-biotin (Sigma-Aldrich)) at a flow-rate of 0.1 
ml/min. Fractions of 0.5 ml were collected and screened for protein by A280 measurement on a Nanodrop 
machine. 
 

2.11 Assay for detection of arginine deiminase activity 

 

Purified ADI was assayed for conversion of arginine to citrulline in a colorimetric assay as described by Knodler 
et al. (25) and Boyde et al. (26). The amount of citrulline formed over 10 min incubation at 37ºC is analyzed by 
the addition of a colorimetric reagent that upon boiling for 5 min forms a pink complex that can be quantitated 
by measuring the absorbance at 530 nm. A standard curve using samples with known amounts of citrulline is 
used to determine the enzymatic activity in a sample. One unit of enzyme is defined as: 1 µmol of citrulline 
formed per minute. 
 

2.12 Agarose gel electrophoresis 

 

Agarose gel electrophoresis was routinely performed by dissolving 0.5-1 g of agarose (Sigma-Aldrich) in 50 ml 
1xTAE buffer (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA) making a 1-2 % (w/v) agarose stock 
solution. The agarose was dissolved by microwave heating, and 0.7 µl ethidium bromide was added when the 
solution had cooled to ~50ºC. The gel was poured and left to solidify at room temperature and was then 
transferred to the electrophoresis tray. Electrophoresis samples (PCR products, plasmid preps, restriction digests) 
were mixed with 10xOrange loading dye in appropriate amounts and loaded into separate wells. Electrophoresis 
was performed in 1xTAE buffer at 100 V for 30-40 min in a HE33 mini horizontal submarine unit (Amersham). 
The gel was visualized using a UV-light source, and pictures were recorded using suitable camera. 
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2.13 Restriction digestion 

 
Restriction digestion was generally performed in a total volume of 15-20 µl by combining 5-10 µl DNA template 
(PCR product, plasmid DNA), 1.5-2 µl of 10x restriction buffer (according to the manufacturers’ 
recommendations), 0.5 µl restriction enzyme and adjusting to suitable volume by H2O. Double digestions were 
prepared and performed according to the manufacturers’ recommendations in 20 µl total volume. Digestion 
mixtures were incubated 1h to over-night at 37 ºC depending on the enzymes employed and purposes intended. 
Restriction enzymes employed during plasmid construction and cloning; KpnI (Fermentas), HindIII(Invitrogen), 
MluI(Roche), EcoRV(Fermentas), ClaI(Fermentas), BamHI(Fermentas), FastDigest BamHI(Fermentas), 
EcoRI(Fermentas), NotI (Fermentas), FastDigest NotI (Fermentas), PstI (Fermentas), XbaI (Fermentas), SacI 
(Fermentas). 
 
 

2.14 Preparation of Giardia genomic DNA PCR template 

 
Genomic DNA for PCR was isolated from Giardia trophozoite clone WB-C6-A11 grown in TYDK media. 
Confluent trophozoites grown in a 50 ml culture flask were harvested by scraping and pelleted by centrifugation 
at 3000 rpm for 10 min. The cells were resuspended in 400 µl PBS and split into two tubes. Isolation of genomic 
DNA was then performed according to the DNeasy tissue kit (QIAGEN) adhering to the protocol for cultured 
animal cells. DNA was recovered in 400 µl H2O. The DNA concentration was found to be 7 ng/µl by Nanodrop 
measurement. DNA was stored at -20ºC when not in use. 
 

2.15 Oligonucleotide ordering and preparation 

 
Oligonucleotides were ordered desalted at 0.025 µmole scale from Sigma-Genosys. 
Received oligonucleotides were prepared for use accordingly. Tubes with lyophilized oligos were spun-down at 
13´000 rpm for 1 min and dH2O was added to bring oligos to 200 µM stock-solutions. Resuspended oligos were 
vortexed for 15 s and rehydrated at room-temperature for 15 min. 
Working solutions (20µM) were prepared by mixing 10µl stock-solution with 90µl dH2O. 
Working solutions of oligo primer pairs for use in PCR were combined in equal volumes to create 10 µM PCR 
mixes. All prepared stock-solutions, working solutions and PCR mixes were stored at -20ºC. 
 
2.16 Polymerase Chain Reaction (PCR) conditions 
 
PCR amplifications for cloning purposes (except for SBP-tag) were performed using PuReTaq Ready-To-Go 
PCR Beads (GE Healthcare, Little Chalfont, UK). Each bead was dissolved in 1µl DNA template (Giardia 

genomic DNA or plasmid DNA), 1 µl 10 µM primer-pair mix and 23 µl sterile H2O. The tube containing the 
PCR components was spun briefly and then loaded into an Applied Biosystems 2720 Thermal Cycler. PCR was 
performed using the following PCR program:  96 ºC 5min, followed by 30 cycles of  96 ºC 30 s, 59 ºC 30 s, 72 
ºC 1 min/kb of amplification product, ending with 10 min at 72 ºC. After PCR amplification the sample was kept 
at 4 ºC in the machine. Typically, 5 µl of the PCR product was analyzed by agarose gel electrophoresis. The 
remainder was either processed immediately or stored at -20ºC. 
 
2.17 Plasmid sequence construction 

 

Plasmid sequences were constructed by the help of the free-ware programs BioEdit v7.0.5.3 (1) and ApE 
v1.10.4. Giardia gene reference sequences were obtained from the G. lamblia genome project homepage, 
http://gmod.mbl.edu/perl/site/giardia14?page=intro, which is the genome sequence of the WB-C6 clone (ATCC 
50803).  
 
2.18 Sequencing 

 

Sequencing was performed at Uppsala Genome Centre (UGC). For each sequencing reaction, the following was 
provided in a 0.2 ml tube; 450 ng of plasmid, 15 pmol sequencing primer, adjusted to 18 µl with sterile H2O.  
Sequencing reactions were performed using BigDye® Terminator v3.1 (Applied Biosystems) and ABI 3730, 
capillary-electrophoresis, for sequence separation and detection respectively. Cycle Sequencing is performed on 
an ABI 2700 as follows; initial denaturation, 94 °C for 30 sec, then 35 cycles 94 °C for 25sec, 50 °C for 15s, 60 
°C for 120sec. Chromatograms were received by e-mail and processed by Sequence scanner v1.0 (Applied 
Biosystems). Sequences were analyzed by BioEdit v7.0.5.3 (1), ClustalW (www.ebi.ac.uk/clustalw/) and ApE 
v1.10.4. 
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3. Results 

 
3.1 Design and construction of plasmids 

 

In order to develop tools for proteomic analyses in Giardia we developed a suite of plasmid 
vectors capable of localization, over-expression and knock-down of proteins. Plasmids were 
designed in cassette format, with the intention of providing easy exchange of individual 
components (selection marker, promoter, affinity tags, 3’UTR), which is not presently 
available in Giardia transfection vectors. To provide modularity of the system, special care 
was taken during the design process not to introduce restriction sites that would interfere with 
the exchange of individual cassettes. 
 
3.1.1 Selection marker cassette 
The starting plasmid for construction was the PAC plasmid (Fig. 7), which is based on the 
pBlueScript II KS+ backbone. This plasmid carries a puromycin N-acetyltransferase (pac) 
gene that allows selection by 100 µM puromycin in Giardia (20). The pac gene is flanked by 
47 bp of the giardial GDH promoter and 123 bp 3’ UTR from GDH inserted between the 
KpnI and HindIII restriction sites. 
 
3.1.2 Constitutive promoter cassette (O-series) 
Ornithine carbamoyltransferase (OCT) has previously been identified as the most highly 
expressed Giardia trophozoite transcript during the Giardia SAGE project (51). The 5’ UTR 
(-502 to-1) of OCT has been successfully employed to drive the expression of an anti-sense 
vector construct targeting the protein phosphatase 2A (PP2A) gene, producing ~50% and 
~34% knockdown of mRNA and protein levels respectively in vegetatively growing 
trophozoites (5). To avoid interference from surrounding genes and to optimize translation the 
constitutive promoter cassette will employ 206 bp from the OCT 5’UTR including the first 
two codons (including the initiation codon) of the OCT polypeptide cloned between HindIII 
and EcoRV restriction sites. The OCT promoter cassette was amplified by PCR from Giardia 

genomic DNA introducing HindIII and EcoRV restriction sites in the PAC-plasmid. Purified 
PCR fragments were cleaved with HindIII and EcoRV and ligated into the PAC-plasmid cut 
with the same enzymes, creating the O-series of plasmids (Fig. 7). Clones carrying correct 
insert were identified by HindIII and EcoRV restriction digestion. The sequence of one clone, 
O1, was verified by sequencing at Uppsala Genome Centre. 
 
3.1.3 3’UTR cassette (A-series) 
A 3’UTR cassette was developed; it consists of a 6xHis-tag directly ahead of the stop codon 
and 73 bp of the alpha-1 giardin 3’UTR. This sequence provides the translational termination 
site and the putative Giardia polyadenylation site (19). The cassette is inserted between NotI 
and SacI restriction sites. The alpha-1 giardin 3’UTR fragment was amplified by PCR from 
Giardia genomic DNA, introducing a 6xHis tag, NotI and SacI restriction sites. Following 
NotI and SacI digestion, the 3’UTR fragment was ligated into the PAC-plasmid cut with the 
same restriction enzymes, producing the A-series of plasmids (Fig. 7). The presence of correct 
insert in obtained clones was assayed by NotI and SacI digestion. Sequencing on one clone, 
A6, revealed the expected sequence. 
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OCT promoter cloning 
HindIII & EcoRV 

Alpha-1 giardin 3’UTR and 
6xHis-tag cloning 
NotI & SacI 

Mobilization of affinity 
cassette 
EcoRV & NotI 

GST-PreScission 
protease site cloning 
ClaI & NotI 

PCR based gene 
synthesis of SBP-tag 
KpnI & ClaI 

Construction and cloning 
of inducible promoter 
(TetO-TetR) 
HindIII & EcoRV (MluI)  

Insertion of Multiple 
Cloning Site (MCS) 
BamHI & EcoRI 

Mobilization of OCT 
promoter 
HindIII & EcoRV 

Figure 6: Schematic representation of the 
construction of plasmids during this work. The 
alpha-1 giardin 3´UTR and 6xHis-tag was 
amplified from Giardia genomic DNA and cloned 
into the PAC-plasmid between NotI and SacI sites, 
creating the A-series of plasmids. The OCT 
promoter region was amplified from Giardia 
genomic DNA and inserted into the PAC-plasmid 
between HindIII and EcoRV sites, creating the O-

series of plasmids. The AO-series was created by 
mobilizing the OCT promoter fragment from the 
O-series and inserting it into the A-series between 
HindIII and EcoRV sites. The T-series was 
generated by cloning a TetO-TetR construct 
created from plasmid pINDG-ADI-antisense into 
the HindIII and EcoRV sites of the AO-series. The 
GST-PreScission protease fragment was amplified 
from plasmid pGEX-6P-3 and cloned into 
pBlueScript SK+ between ClaI and NotI sites, 
forming the GST-series. The SBP-tag was 
constructed by PCR based gene synthesis and 
cloned into KpnI and ClaI sites of the GST-series, 
producing the S-series. The SBP-GST-PreScission 
fragment was excised by EcoRV and NotI 
digestion and moved into the AO-series and T-

series, creating the AS- series and TS-series 
respectively. The cloning sites of AS- and TS-series 
were expanded by inserting two annealed oligos 
between BamHI and EcoRI sites, creating the 
ASM- and TSM-series of plasmids. 
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3.1.4 Constitutive 6xHis expression plasmid (AO-series) 
The constitutive promoter and 3’UTR cassettes were combined to create a constitutive 
expression plasmid with a C-terminal 6xHis tag. The constitutive promoter was excised from 
the O1-plasmid by HindIII and EcoRV digestion and ligated into plasmid A6 cut with the 
same enzymes. Clones carrying correct insert were identified by HindIII and EcoRV digestion 
and sequencing confirmed the creation of the AO-series of plasmids (Fig. 7). This plasmid 
should allow the over-expression of Giardia proteins tagged with a C-terminal hexahistidine 
peptide for purification by immobilized metal affinity chromatography (IMAC). Silencing 
would also be possible by introducing the anti-sense sequence of a Giardia gene. The cloning 
site provides seven unique restriction sites for cloning purposes (EcoRV, EcoRI, PstI, BamHI, 
SpeI, XbaI, NotI). The prospects of anti-sense mediated silencing of Giardia genes by a 
constitutive promoter were investigated for the Giardia cytoskeleton genes alpha-1 and alpha-
11 giardin. Anti-sense sequences of the genes were engineered to include EcoRV and NotI 
restriction sites, which were amplified by PCR from Giardia genomic DNA. The PCR 
products were cleaved with EcoRV and NotI and ligated into the AO4 plasmid cut with the 
same enzymes. Correct clones were verified by restriction digestion and sequencing. Verified 
plasmids along with the AO4 control plasmid were transformed into TOPO cells and plasmids 
were prepared from 30 ml culture for Giardia transfection. Giardia WB-C6-A11 trophozoites 
were transfected by electroporation with 40µg of plasmid DNA essentially as described by 
Singer et al (20). Transfected trophozoites were selected and maintained by 50 µg/ml 
puromycin. Stable transfectants were apparent after 7-8 days for the AO4-control plasmid, 
and appeared to look, grow and behave as wild-type Giardia. Alpha-1 anti-sense transfection 
did not yield any stable transfectants, for reasons unknown. Alpha-11 anti-sense transfectants 
were apparent on day 7, with transfectants being indistinguishable from wild-type in 
appearance. However, the transfectants did not grow as wild-type cells and gradually declined 
in numbers to eventually succumb to bacterial contamination. These results indicate essential 
function of these two alpha-giardins. 
 

3.1.5 Inducible promoter cassette construction and cloning (T-series) 
To reduce the effect of lethal over-expression, an inducible promoter cassette was created 
from the inducible TetR-TetO system developed for use in Giardia (6). The template for 
construction was pINDG-ADI-anti-sense that contains a giardial arginine deiminase anti-
sense gene cloned into the BamHI and PstI restriction sites. pINDG-ADI-anti-sense is a 
derivative of pNLop2-GItetR, which has previously been found to confer a 50 fold induction 
ratio upon addition of 10 µg/ml tetracycline to vegetatively growing trophozoites (6). 
The pINDG-ADI-anti-sense contains the tetR gene flanked by 53 bp of alpha-1 giardin 
promoter region and 122 bp from the NADP-GDH 3’ UTR. This system confers constitutive 
expression of the Tet repressor (TetR) protein which binds to the Tet operator (TetO), present 
as a tandem repeat, and blocks transcription from the minimal 34 bp Ran/TC4 promoter. The 
transcriptional block can be alleviated by addition of tetracycline which binds to the TetR 
protein, preventing efficient TetO association (6).  

The TetO and TetR sequences were amplified by PCR from pINDG-ADI-anti-sense 
introducing, MluI, EcoRV and MluI and EcoRV restriction sites respectively. The PCR 
fragments were digested with MluI and ligated over-night. The ligated fragments were 
rescued by PCR with TetO and TetR flanking primers. The ligated PCR product was digested 
with HindIII and EcoRV and cloned into AO4-plasmid cleaved with the same enzymes, 
creating the T-series of plasmids (Fig 7). Clones were identified by restriction digestion and 
sequenced to determine their identity. The two sequenced clones, T1 and T6, both contained 
deviations from the expected sequence. The T6 clone contained a deletion in the Ran 
promoter and the T1 clone contained a substitution in the TetR coding sequence. The deletion 
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in the Ran promoter detected in plasmid T6 will probably not affect expression greatly, and 
was selected to be the plasmid for future construction. 
 This vector could be used for inducible expression of proteins with a C-terminal 6xHis-tag or 
for anti-sense mediated silencing. Five unique cloning sites are available for cloning purposes 
(EcoRV, EcoRI, PstI, BamHI, NotI). 
 
3.2 Production of a giardial epitope-tagging vector 

 
A dual N-terminal affinity tag system was designed to provide easy and efficient ways of 
purifying expressed proteins. The dual tag consists of the Streptavidin Binding Peptide and 
glutathione S-transferase from Schistosoma japonicum, each positioned between unique 
restriction sites. The option of removing the N-terminal tags during or after purification was 
provided by the inclusion of a cleavage site for the specific PreScission protease. 
 
3.2.1 Cloning of the GST and PreScission protease cassette ( GST-series) 
Glutathione S-transferase (GST) from Schistosoma japonicum is a commonly used fusion 
protein for the affinity purification of recombinant proteins. Purification is performed on 
immobilized glutathione, and elution of bound fusion proteins can be accomplished by the 
addition of 10-50 mM reduced glutathione under non-denaturing conditions. Fusions to GST 
are often soluble in aqueous buffers and can dimerize. GST can in addition act as a stabilizer 
and protect proteins from intracellular proteases (15).  
PreScission™ protease is a fusion between GST and the human rhinovirus 3C protease. The 
rhinoviral 3C protease has an eight amino acid recognition motif, LEVLFQ/GP, cleaving 
between the glutamine and glycine residues (16). This sequence is reported to be naturally 
occurring in very few proteins, and a search for this peptide in the Giardia lamblia predicted 
proteins database fails to turn up any protein that will be spuriously recognized by the 
PreScission™ protease. Thus, it is likely that every protein in the Giardia proteome can be 
expressed as a fusion without being proteolytically targeted during N-terminal affinity tag 
removal. The GST-protease fusion can be exploited for on-column cleavage, efficiently 
removing both the N-terminal affinity tags as well as the protease (17). Furthermore, 
PreScission™ protease is maximally active at 4°C, permitting low-temperature cleavage; 
minimizing degradation of purified proteins (18). The GST and PreScission™ protease 
coding sequence from the pGEX-6P-3 plasmid (GE Healthcare) was engineered to be cloned 
between ClaI and NotI restriction sites, keeping the frame of the start codon and SBP-tag and 
introducing the BamHI and EcoRI restriction sites from the pGEX-6P-3 multiple cloning site.  
The GST-PreScission protease fragment was amplified by PCR from pGEX-6P-3, cleaved 
with ClaI and NotI and ligated into pBlueScript SK(+) cut with the same enzymes, creating 
the GST-series of plasmids (Fig 7). Insert carrying clones were identified by restriction 
cleavage and the sequence of two clones, GST-4 and GST-7, was queried by sequencing. The 
GST-4 clone was found to match the expected sequence, whereas the GST-7 clone carried a 
silent mutation. The silent mutation will not introduce any unwanted restriction sites and 
actually introduces a more favourable Giardia codon (14) coding for a phenylalanine residue 
(UUU→UUC). Hence, future constructs can be based on either of the two plasmids. 
 
3.2.2 Cloning of the SBP-tag  (S-series) 
The SBP-tag is a 38 amino acid peptide tag, selected for its affinity (Kd = 2.5 nM) to 
streptavidin by mRNA display (7). The tag can be efficiently eluted under mild conditions by 
the addition of 2 mM biotin (8). The tag has been successfully employed in both prokaryotic 
and eukaryotic systems in N-terminal or C-terminal configuration (8, 9,10,11,12). The 
foremost uses of the SBP-tag have been in the purification of protein complexes, either by 
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one-step recovery (10) or by the tandem affinity purification approach (9). The utility of the 
SBP-tag has also been explored as a tool for protein detection (8) and reversible 
immobilization of proteins on streptavidin-conjugated surface plasmon resonance (SPR) chips 
(13). 

The SBP-tag coding sequence was not available for amplification from any pre-existing 
template, and will therefore have to be created de novo for use in the plasmid systems being 
developed. This can actually be an advantage since the oligonucleotide sequence can be 
adapted to match the codon usage in the organisms were it is intended to be used, often 
increasing the amount of expressed protein dramatically. For example, the use and 
development of efficient methods for construction of synthetic genes have been vital for the 
functional characterization of many Plasmodium falciparum gene products which often are 
extremely A+T rich and poorly expressed in bacterial systems (22).  
 
The SBP-tag nucleotide sequence was reverse translated from the amino acid sequence (9) 
using optimal G. lamblia codons (14) as long as this would not introduce restriction sites that 
would interfere with plasmid construction. When this happened, the second most optimal 
codon was chosen. The SBP-tag was designed to be inserted between EcoRV and ClaI 
restriction sites in frame with the start codon in the promoter cassette (Materials and methods, 
Fig. 4).  

Annealing of complementary oligonucleotides is often used to create short synthetic DNA 
sequences, and has also been employed for the successful construction of longer sequences, 
albeit with increasing difficulty as the size and number of oligonucleotides grows (21). This is 
usually a result of the ever diminishing prospect of obtaining a product free from mutations, 
insertions or deletions which are commonly encountered when working with long 
oligonucleotides. Construction of the SBP-tag sequence was first tried by annealing four 
oligonucleotides that when annealed will permit cloning of the SBP-tag in a plasmid cut with 
EcoRV and ClaI restriction enzymes. 

Oligonucleotides were annealed in equimolar amounts, either all four or separate in 
blocks, and ligated into pBlueScript SK(+). Transformation into TOPO cells yielded no 
colonies positive for insert of the correct size, despite several attempts. 

PCR based gene synthesis is another option for construction of customized gene 
fragments. In PCR based synthesis, partially over-lapping oligonucleotides spanning the 
entire length of the intended target are designed and these are then “ligated” by self-priming 
PCR. The generation of the full-length product is promoted by providing excess of terminal 
primers either in the original or in a separate PCR reaction. PCR based gene synthesis offer 
many advantages over annealing and ligation approaches; the cost of oligonucleotide 
synthesis can be reduced (due to the partial overlap), reduction of oligo length in combination 
with high-fidelity DNA polymerases decrease the number of clones that have to be screened 
before obtaining the correct sequence. The technique is highly suitable for the rapid 
generation of long DNA fragments as shown by the synthesis of the φX174 bacteriophage 
genome (5,386 bp) in only 14 days from a large collection of oligonucleotides (23). A web 
based program called Assembly PCR oligo maker was used to generate oligonucleotides 
suitable for PCR based gene synthesis (3). The program was queried with the SBP nucleotide 
sequence (a single base pair substitution was made to remove an unwanted XhoI restriction 
site) flanked by KpnI and EcoRV N-terminal restriction sites and a ClaI C-terminal restriction 
site (three nucleotides N-terminally and two nucleotides C-terminally were also introduced to 
promote efficient restriction cleavage of PCR products) producing a total size of 137 bp 
(Material and methods, Fig. 5). The KpnI restriction site was introduced to allow directional 
cloning of the SBP-tag into the GST-series of plasmids, thereby avoiding a double fragment 
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cloning procedure. The SBP-GST-PreScission protease cassette can then be mobilized into 
the AO- or T-series by EcoRV and NotI restriction sites. 

DNA template and 5’ to 3’ orientation was chosen as input characteristics, all other 
options were left as default. The Top17 sequence was excluded from the sequence upon 
request. The software broke the sequence down to four assembly oligos and two flanking 
primers (Materials and methods, Table 1). Assembly PCR was performed as described by 
Rydzanicz et al (3). In short, the first four oligos were combined in self-priming PCR 
reaction. A small aliquot from this reaction was used as template in a second PCR reaction 
where amplification of the full-length product with the flanking primers was accomplished. 
Gel analyses revealed the presence of a band of ~80 bp after the self-priming PCR, the second 
PCR reaction yielded dual bands of similar intensity of ~60 bp and ~140 bp (Fig. 8). This dual 
band appearance was evident under several assembly conditions tried and probably consists of 
the correctly assembled product (137 bp) and primer dimers.  

 

 
Figure 8: SBP-tag gene synthesis by assembly PCR at 57ºC annealing temperature. Lane 1: GeneRuler 100 bp 
DNA ladder. Lane 2: Self-priming PCR product after eight rounds of amplification; mainly unspecific product is 
formed. Lane 3: Amplification of full-length product (137 bp) by amplification with flanking primers; a fraction 
of the self-priming PCR product was employed as template in 25 rounds of amplification. The dual-bands were 
observed under several conditions, and probably results from primer dimer formation. Samples were run on a 
1.5% agarose gel and stained with ethidium bromide. 

 
Directional cloning by KpnI and ClaI into the GST-4 plasmid repeatedly failed to produce 

insert containing clones. In a second approach, the upper band was purified and used as 
template in a PCR reaction to obtain pure 140 bp fragments with compatible ends for TA-
cloning. TA-cloning in combination with electroporation into ElectroMAX cells finally 
managed to obtain clones carrying insert of the correct size. Sequencing revealed that the two 
clones obtained were almost identical to the envisaged sequence; however they both 
contained an insertion at the same position that could not be repaired by repeated 
amplification and re-cloning. 

Another gene synthesis protocol for SBP-tag cloning was tried; the procedure is based on 
the simplified gene synthesis (SGS) approach described by Wu et al (4). The procedure 
warrants for the inclusion of assembly primers as well as the flanking primers in a single PCR 
reaction. The flanking primers are supplied in excess to drive the formation of full-length 
product as the cycle number increases. Wu et al. found that the concentrations of assembly 
primers are critical to correct product formation. Hence, the SGS procedure was optimized for 
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the SBP-tag construction by carrying out the procedure at four different assembly oligo 
concentrations (100 nM, 50 nM, 25 nM and 10 nM). Agarose gel electrophoresis revealed the 
strongest amplification of a correctly sized product at 100 nM oligo concentration; again the 
double band profile was observed (Fig. 9). The lower size band was however less pronounced 
than for assembly PCR (Fig. 8). At lower oligo concentration the lower band dominated, with 
the upper band disappearing completely at 25 nM. No amplification was observed at 10 nM. 
The PCR product from the 100 nM reaction was cleaved with KpnI and ClaI and cloned into 
the GST-4 plasmid (Fig. 7) creating the S-series of plasmids (Fig. 7). One clone, S15, was 
identified by restriction cleavage and sequencing confirmed the correct sequence. 
 

 
Figure 9: Optimization of oligonucleotide concentration for SBP-tag gene synthesis by Simplified Gene 
Synthesis (SGS) approach. Lane 1: GeneRuler 100 bp DNA ladder. Lane 2: SGS performed with 100 nM each 
of assembly oligos. Lane 3: SGS performed with 50 nM each of assembly oligos. Lane 4: SGS performed with 
25 nM each of assembly oligos. Lane 5: SGS performed with 10 nM each of assembly oligos. Specific product 
(137 bp) was most prominent at 100 nM assembly oligo concentration. A dual-band pattern was observed at 100 
nM oligo concentration, but the lower unspecific band appeared less prominent than for gene synthesis by 
assembly PCR. 

 
3.2.3 Creation of constitutive and inducible N-terminal tagging vectors (AS- and TS-series) 
Constitutive and inducible N-terminal tagging was created for use in Giardia. The tagging 
vectors will also inherit the C-terminal 6xHis-tag from earlier plasmids. The SBP-GST-
PreScission protease cassette was mobilized from plasmid S15 (Fig. 7) by EcoRV and NotI 
digestion and cloned into the AO4- and T6-plasmids cut with the same enzymes, thereby 
creating the AS- and TS-series of plasmids (Fig. 7). Restriction digestion and sequencing 
confirmed their identity. The AS6 and TS1 plasmids (Fig. 7) will be used for future 
experiments. 
 
3.2.4 Multiple Cloning Site (ASM- and TSM-series) 
 
Expression vectors need a good choice of unique restriction enzyme sites for cloning 
purposes. To enhance the versatility and expand the realm of clonable sequences, additional 
unique restriction sites will have to be provided. Two oligonucleotides were designed, that 
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upon annealing and cloning between BamHI and EcoRI will expand the restriction site 
repertoire to include XbaI, MluI and PstI restriction sites, still keeping the original frame. 
The oligos were annealed in equimolar amounts and cloned into AS6 and TS1 plasmids 
cleaved with BamHI and EcoRI restriction enzymes, forming the ASM- and TSM-series of 
plasmids. Clones carrying an expanded cloning site were detected by restriction digestion and 
verified by sequencing. The final available restriction sites for cloning are thus BamHI, 
EcoRI, XbaI, MluI, PstI and NotI for the constitutive promoter construct. The inducible 
promoter construct retains the BamHI, EcoRI, PstI and NotI restriction sites for cloning 
purposes (XbaI and MluI can be found in the TetO-TetR cassette). 
 
3.3 Transfection and purification of recombinant proteins from Giardia 

  
The tagging vectors have been designed to be in frame from the start codon to the stop codon, 
consequently these vectors serve as a good model system to assess the level of recombinant 
protein expression that can be obtained in Giardia with this system and also permits 
evaluation and optimization of protein purification protocols. The expression of proteins 
under the constitutive promoter was investigated by transfection of WB-C6-A11 trophozoites 
with 40µg of the AS6 plasmid (Fig. 7). Stable transfectants were established and maintained 
by selection with 50µg/ml of puromycin. AS6-transfectants seemed to grow at approximately 
the same rate as wild-type cells, and showed no visual cell structural changes. The expression 
of recombinant protein was explored by running a 10 % Tris-glycine-SDS-PAGE of total AS6 
and wild-type lysates. No obvious differences in expression between lysates could be seen for 
the expected size of the SBP-GST polypeptide (33 kDa) (data not shown). To resolve the 
question whether the SBP-GST protein is expressed, large-scale culturing of transfected 
trophozoites and purification of proteins on the basis of the affinity tags was performed. 
Transfectants were inoculated in ten 50 ml Falcon tubes and grown to confluence. The cells 
were harvested, resuspended in ice-cold PBS supplemented with 5 mM DTT, protease 
inhibitors and were lysed by sonication. The lysate was cleared by centrifugation and Triton 
X-100 was added to final concentration of 1.7%. The cleared lysate was incubated together 
with glutathione beads over-night at 4ºC.  The beads were washed with 30 bed volumes of 
ice-cold PBS and equilibrated in 50 mM Tris-HCl, pH 8.0. Elution was performed a total of 
three times by incubating the beads with 1 bed volume of 20 mM reduced glutathione in 50 
mM Tris-HCl, pH 8.0 for 10 min at 20 ºC, the last step being performed for 2 h at 4 ºC. 
Fractions collected throughout the purification procedure were resolved by 10% Tris-glycine 
SDS-PAGE and stained with Coomassie Brilliant Blue. 
Double bands of ~30 kDa could be observed in the elution fractions (Fig. 10), correlating well 
with the expected size of the SBP-GST protein (33 kDa). The appearance of double bands 
could be from proteolytic degradation or some kind of intracellular processing event. The 
possibility of a Giardia protein having affinity to glutathione could also be a possible 
explanation. Elution seemed to be quite efficient, only around 20 % of protein remained 
attached to the beads (Fig. 10). The band that correlates to the eluted proteins in the lysate 
fraction indicates high expression of the recombinant protein. However, similar bands can be 
found in the insoluble fraction and in the flow-through and this would lead to the conclusion 
of there being several co-migrating Giardia proteins in this size-range (Fig. 10). 
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Figure 10: Batch purification of SBP-GST protein from AS6 Giardia transfectants by Glutathione affinity 
chromatography. Lane 1: PreScission PLUS unstanied protein ladder. Lane 2: AS6 transfectant lysate after 
sonication. Lane 3: Lysate cleared by centrifugation. Lane 4: Insoluble cell debris after centrifugation. Lane 5: 
Flow-through after incubation with Glutathione Sepharose beads. Lane 6: Glutathione bead wash fraction. Lane 
7: Glutathione beads after 3 rounds of elution with 20 mM glutathione. Lane 8: empty. Lane 9: Pooled elution 
fractions after 3 rounds of elution with 20 mM glutathione. Samples were resolved by 10% Tris-glycine SDS-
PAGE at 150 V for 1.5 h and stained with Coomassie Brilliant Blue. 

 
The SBP-tag was evaluated by purifying the eluate from the glutathione beads over 

HiTrap Streptavidin HP column. The column and eluate were equilibrated in Streptavidin 
Binding Buffer (SBB). The equilibrated eluate was applied and the flow-through was 
continuously re-circulated to the column by a peristaltic pump over-night at 4 ºC. The column 
was washed with 20 bed volumes of SBB and elution was performed by slowly applying 
Streptavidin Elution Buffer (SBB + 2 mM D-biotin) and fractions of ~0.5 ml were collected. 
The presence of protein in eluted fractions and flow-through was assayed by A280 
measurements. Small peaks were detected in elution fractions 4 and 8, but these values were 
lower than measurements performed on the flow-through. Elution fraction 4 (0.4 ml) and 
flow-through (0.5 ml) were concentrated ten times in a centrifugal filter and were loaded on a 
10 % SDS-PAGE gel together with non-concentrated samples. Gel analysis revealed the 
presence of dual bands in the 30 kDa range in fraction 4 (Fig. 11). The concentrated fraction 4 
sample also revealed the presence of three faint bands in the 25-20 kDa range (Fig. 11). The 
flow-through showed no sign of protein bands, even in the concentrated sample (Fig. 11). 
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A putative Giardia vaccine candidate, arginine deiminase (ADI), was chosen as a target to 

investigate whether endogenous Giardia proteins can be tagged, over-expressed and affinity 
purified using the present plasmid system. Arginine deiminase catalyzes the first step in the 
arginine dihydrolase (ADH) pathway, the formation of citrulline from arginine, an unusual 
metabolic route predominantly found in prokaryotes (24, 25). Arginine conversion is an 
important energy source for Giardia trophozoites grown in vitro, and serves as a good drug 
target due to the absence of an ADH pathway in higher eukaryotes (25). ADI has been found 
to be secreted from the parasite, with elevated levels being released upon interaction with 
intestinal epithelial cells (S. Svärd, unpublished). It has been proposed that this is a defence 
mechanism for the parasite that deprives epithelial cells of arginine, the substrate used to 
produce highly reactive nitric oxide (NO) as a defence to microbial challenge (24). ADI has 
also been detected as one of the most immunogenic Giardia proteins in patient sera during 
acute giardiasis (30).  

The ADI gene was cloned between BamHI and NotI restriction sites in the AS6 plasmid 
(Fig. 7), in-frame with both the initiation codon and the stop codon. The present clone used 
here carries an A391T mutation, predicted not to influence ADI function significantly. 
Plasmid was prepared in large-scale and Giardia trophozoites were transfected by 
electroporation with 40 µg plasmid DNA. Stable transfectants were generated by puromycin 
selection (50µg/ml) with resistant parasites being evident after 8-10 days. No growth defects 
or abnormalities in trophozoite appearance were detected. Large-scale growth of parasites 
(10x50 ml) was initiated and parasites were harvested upon confluence. Cells were washed 
and lysed as described before, except that one additional sonication cycle was implemented. 
The lysate was cleared by centrifugation and purification was accomplished by glutathione 
beads followed by PreScission protease cleavage (see Material and Methods for details).  The 
eluate was recovered by centrifugation and  was immediately dialyzed for 1 h at 4ºC with 
ADI-buffer to preserve enzymatic activity. Eluate in cleavage buffer and ADI-buffer were 

Figure 11 : Purification on the basis of the 
SBP-tag on HiTrap Streptavidin HP. Eluate 
from glutathione affinity chromatography 
was applied in a continuous loop over-night 
at 4ºC, and bound proteins were eluted by the 
addition of 2 mM D-biotin. Lane 1: 
PreScission PLUS unstained protein ladder. 
Lane 2: AS6 pooled elution fractions from 
glutathione affinity chromatography. Lane 2: 
Elution fraction 4 after addition of 2 mM D-
biotin. Lane 3: Ten times concentrated 
elution fraction 4 after addition of 2 mM D-
biotin. Lane 4: Flow-through from HiTrap 
Streptavidin HP purification. Lane 5: Ten 
times concentrated flow-through from 
HiTrap Streptavidin HP purification.  
Samples were resolved by 10% Tris-glycine 
SDS-PAGE at 150 V for 1.5 h and stained 
with Coomassie Brilliant Blue. 
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immediately placed at -20ºC. Fractions collected throughout the purification procedure were 
resolved by 10% Tris-glycine SDS-PAGE and stained with Coomassie Brilliant Blue.  

Glutathione beads that had been incubated with the cleared lysate and extensively washed 
showed the presence of a band correlating well with the expected size of the SBP-GST-ADI 
fusion (96.7 kDa), and a very weak band of the expected size for wild-type ADI (64 kDa) 
(Fig. 12). Cleavage by PreScission protease seemed to have been efficient, the SBP-GST-ADI 
band disappearing and being replaced with bands corresponding to recombinant ADI (65.5 
kDa) and the SBP-GST moiety (31.3 kDa) (Fig. 12). PreScission protease binding to 
glutathione beads was effective judging from the strong band of around 40-45 kDa 
exclusively seen on the beads after elution. The elution fraction contained a single band 
corresponding in molecular weight to recombinant ADI (Fig. 12). 

Eluted ADI was assayed for enzymatic activity by the colorimetric assay used by Knodler 
et al. (25). Using a calibration curve, the activities of the ADI eluate in cleavage buffer and 
the eluate in ADI-buffer were determined to be 54 µU/µl and 81µU/µl of respectively. In the 
case for the ADI eluate in cleavage buffer, this would translate to a specific activity of 1 U/mg 
of purified protein using empirically calculated parameters for the molar absorption 
coefficient. This demonstrates that enzymatically active proteins can be expressed and 
purified to electrophoretic homogeneity from Giardia by the use of the affinity system 
provided in the present plasmid system. 

 
Figure 12: Purification of recombinant ADI from Giardia transfectants by glutathione affinity chromatography 
and PreScission protease cleavage. Lysis and purification was carried out at 4 ºC where possible to preserve 
activity of recombinant ADI. Lane 1: Precision PLUS protein ladder. Lane 2: ADI-2 transfectants lysate after 
sonication. Lane 3: Lysate cleared by centrifugation. Lane 4: Insoluble cell material after centrifugation. Lane 5: 
Glutathione beads after over-night incubation with cleared lysate and washings. Lane 6: Glutathione beads flow-
through after over-night incubation with cleared lysate. Lane 7: Washed glutathione beads after over-night 
incubation with PreScission protease and elution. Lane 8: Eluate recovered after over-night cleavage with 
PreScission protease.  Samples were resolved by 10% Tris-glycine SDS-PAGE at 150 V for 1.5 h and stained 
with Coomassie Brilliant Blue. 
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4. Discussion 

 
This report presents the generation and initial evaluation of a suite of expression vectors for 
use in Giardia aimed at permitting over-expression of proteins, either constitutive or 
inducible, and efficient purification options through multiple affinity tags. The present 
plasmid systems were also designed to provide researchers with tools to study protein 
complexes by the tandem affinity purification technique and the means to employ anti-sense 
mediated silencing. 

Plasmids were designed to be highly modular, with easy exchange of either of the 
component pieces (resistance marker, promoter, affinity cassettes and 3´ UTR) through 
unique restriction sites. The generated plasmids all harbour the puromycin N-acetyltransferase 
resistance (pac) marker, between unique KpnI and HindIII restriction sites, which allows 
selection of Giardia transfectants by the antibiotic puromycin. This resistance cassette could 
be exchanged for the other available resistance marker for use in Giardia, neomycin 
phosphotransferase (neo), conferring resistance to geneticin. Two promoter cassettes were 
developed and inserted between unique HindIII and EcoRV restriction sites. Constitutive 
expression is available through the OCT promoter, which has previously been identified as 
driving the expression of the most abundant trophozoite transcript (51). An inducible 
expression cassette was constructed based on the tetracycline regulated expression system 
developed for use in Giardia (6). Developmentally regulated genes have been identified in 
Giardia (27, 28) and stage-specific expression of tagged genes or anti-sense transcripts in 
Giardia could be easily implemented into the present system due to the modular design of 
plasmids. A 3’UTR cassette was implemented from the alpha-1 giardin gene, conferring the 
stop codon and the giardial polyadenylation sequence. A C-terminal 6xHis-tag was also 
appended to permit purification by IMAC. The cassette is mobilizable by NotI and SacI 
digestion. Dual affinity cassettes were constructed and implemented to permit orthogonal 
purification options with native elution conditions. The first cassette implements the SBP-tag 
which exhibits nanomolar affinity towards streptavidin (8), and can be efficiently eluted under 
native conditions by addition of biotin (8, 9). The SBP-tag amino acid sequence was reverse 
translated into Giardia optimal codons and gene synthesis techniques were employed for its 
generation. Gene synthesis by ligation of four complementary oligonucleotides proved 
inefficient, and construction was finally accomplished by the simplified gene synthesis 
approach (4) adapted and optimized for SBP-tag generation. The SBP-tag was cloned 
between unique EcoRV and ClaI restriction sites, providing the means for easy mobilization 
and exchange of the affinity cassette. The second affinity cassette consists of a GST fusion 
with a C-terminal PreScission protease cleavage site, cloned between ClaI and NotI restriction 
sites. The GST affinity cassette permits purification on glutathione substituted matrices and 
elution can be accomplished by the addition of reduced glutathione or by proteolytic cleavage 
by PreScission protease. Since PreScission protease itself is a fusion with GST, both the N-
terminal SBP-GST affinity module and the protease can be removed in a single purification 
step. The cloning sites of the tagging vectors were expanded by insertion of additional 
restriction sites, permitting cloning and tagging of a larger number of genes.  

Anti-sense based silencing of genes in Giardia has been shown before (5), and the 
feasibility of such an approach within the present system was investigated by cloning of anti-
sense sequences towards the alpha-1 and alpha-11 giardin genes into the constitutive 
expression plasmid AO4. The alpha giardins represent a large family of annexin homologs 
significantly expanded in G. lamblia. The alpha giardins are thought to be implicated in the 
maintenance and restructuring of the giardial cytoskeleton throughout its life-cycle. Alpha-1 
giardin localizes to the plasma membrane as shown by epitope tagging (29) and is one of the  
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Figure 13: Schematic illustration for tandem affinity purification with the developed tagging vectors. The tagged 
protein carries an N-terminal SBP-GST fusion that can be removed by PreScission protease cleavage. A C-
terminal hexahistine tag is also provided for purification purposes. Purification is first carried out on basis of the 
SBP-tag on Streptavidin resin, elution being accomplished under native conditions by addition of biotin. For the 
second step, the Streptavidin eluate is purified by GST on a glutathione matrix, with PreScission protease being 
employed for native elution. This step removes both the N-terminal affinity tags and the PreScission protease 
which is a GST-fusion. If desired, additional purification by IMAC can be employed with the remaining His-tag. 
Co-purifying interacting proteins can then be identified by mass spectrometry. 

 
most immunodominant proteins during giardiasis (30). Alpha-11 giardin localization by 
epitope tagging proved lethal to the parasite (29), but antibodies raised against recombinant 
alpha-11 giardin have demonstrated localization to the median bodies (H. Skarin, personal 
communication). Electroporation of anti-sense plasmid DNA into Giardia trophozoites failed 
to generate any stable transfectants for either of the genes, whereas electroporation by the 
AO4 vector alone yielded transfectants. The alpha-11 giardin anti-sense transfection initially 
looked successful with plenty of cells appearing resistant to puromycin, but despite repeated 
passages, cell numbers declined with cells eventually succumbing to bacterial contamination. 
The results although preliminary and incomplete warrant the following speculation: With the 
alpha-giardins being important to giardial cytoskeletal organization it is tempting to reason 
that anti-sense mediated silencing of the genes perturbs the cell’s ability to divide and 
proliferate, especially in light of the lethal epitope tagging phenotype of alpha-11 giardin. 
These questions can perhaps be resolved by implementing the inducible expression vector for 
anti-sense mediated silencing (Fig. 7). 

The ability to endogenously over-express and purify recombinant proteins from Giardia 
was investigated by transfecting Giardia trophozoites with an empty AS6-tagging vector (Fig 
7), which expresses the SBP-GST-PreScission-6xHis moiety. Stably transfected AS6-
trophozoites showed no growth or morphological abnormalities, indicating that the tagging 
polypeptide itself is not toxic to the cells. Total lysates of AS6 transfectants and wild-type 
Giardia cells were compared by SDS-PAGE to investigate the level of protein expression. No 
apparent differences between lysates were seen for the expected size of the polypeptide, but 
the presence of the strongest staining protein band in the whole lysate probably overshadows 
any recombinant protein band. To ascertain that the polypeptide is expressed and at the same 
time develop protein purification protocols, AS6-trophozoites were grown in large-scale and 
protein was purified by glutathione affinity chromathography, elution being performed by 
reduced glutathione. SDS-PAGE of samples from the purification procedure showed the 
purification of double protein bands of equal intensity in the region where the SBP-GST-
PreScission-6xHis polypeptide was expected. Further purification on the basis of the SBP-tag 
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on a streptavidin substituted matrix retained this double band pattern. The presence of double 
protein bands could represent co-purification of a spuriously interacting Giardia protein or 
simply be a proteolytic fragment of the recombinant protein being expressed.  
This proves that the chosen affinity tags do not interfere with each other and do not impair 
growth of transfected Giardia. 

A possible Giardia vaccine candidate, ADI, was chosen to be tagged and recombinantly 
produced in Giardia cells. It has been postulated that ADI expression must be tightly 
regulated since its high activity rapidly diminishes the intracellular arginine pool for protein 
synthesis (24). Despite this, stable ADI-transfectants were generated with cells showing no 
signs of toxicity or morphological abnormalities. Purification by glutathione affinity 
chromatography and elution by PreScission protease resulted in purification of active ADI in 
sufficient amounts to allow activity measurements to be performed. The presence of a band 
corresponding to the size of endogenous ADI could be seen to co-purify on the glutathione 
beads before protease cleavage. Since ADI in Giardia forms homodimers (24), this most 
probably represents native ADI that can form dimers with the recombinantly expressed ADI, 
lending credence to the prospects of co-purifying interacting proteins in Giardia with the 
developed tagging vector by TAP-technology (Fig. 13). 

Further characterization of the generated vectors and optimization of purification 
procedures for production of recombinant proteins could aid in development of component 
Giardia vaccines and deepen the understanding of why certain giardial proteins exhibit 
reduced antigenicity when being heterologously expressed. The developed tagging vectors 
(Fig. 7) should have the potential to experimentally verify if the reduction in molecular 
machine complexity proposed by bioinformatics is genuine or just a limitation of the 
algorithms used when dealing with such a divergent organism as G. lamblia. In either case, 
the results of such an endeavour could be used to catch a glimpse of the core components 
defining a eukaryotic cell and pave the way for future therapeutics. 
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7. Supplemental information 

 
Table 1 
Oligonucleotide primers used in this work 
Name DNA sequence 
Alpha-1 giardin 3´UTR cloning 

Alp-31 5’-CCGCGGCCGCACCACCACCACCACCACTAGGGGTTTAGTGAACGTCTTTAGC-3’ 
Alp-32 5’-CCGAGCTCCCCGCATTTCTGGGGAGACGC-3’    
 

GST + PreScission protease cleavage site cloning 

GST-1 5’-CCATCGATTCCCCTATACTAGGTTATTGGAAA-3’    
GST-2 5’-CCGCGGCCGCGAATTCGGGGATCCCAGGGGCCC-3’   
 
Ornithine Carbamoyltransferase Promoter cloning 

OCT-1 5’-CCAAGCTTGTCAGCTTCATTTTTATTATCGAATAAC-3’   
OCT-2 5’-CCGATATCCGGCATTTTAATTTTCAGCCTCTACTG-3’   
 
SBP-tag construction through annealing of oligos 

Bio-1 5’-ATCATGGACGAGAAGACCACCGGCTGGCGCGGCGGCCACGTCGTCGAGGGCCTCGCCGGC-3’ 
Bio-2 5’-GAGGCCCTCGACGACGTGGCCGCCGCGCCAGCCGGTGGTCTTCTCGTCCATGAT-3’ 
Bio-3 5’-GAGCTTGAGCAGCTCAGGGCCAGGCTCGAGCACCACCCGCAGGGCCAGAGGGAGCCGAT-3’ 
Bio-4 5’-CGATCGGCTCCCTCTGGCCCTGCGGGTGGTGCTCGAGCCTGGCCCTGAGCTGCTCAAGCTCGCCGGC-3’ 
 
Multiple Cloning Site Construction 

MCS-1 5’-GATCCTGCAGTCTAGACGCGTCG-3’ 
MCS-2 5’-AATTCGACGCGTCTAGACTGCAG-3’ 
 
SBP-tag construction using PCR based gene synthesis 

SBP-1 5'-CCCGGTACC GATATCATGGACGAGAAGACCACCGGCTGGCG-3' 
SBP-2 5'-CTCGCCGGCGAGGCCCTCGACGACGTGGCCGCCGCGCCAGCCGGTGG-3'   
SBP-3 5'-CCTCGCCGGCGAGCTTGAGCAGCTCAGGGCCAGGCTTGAGCACCACCCG-3' 
SBP-4 5'-GGATCGATCGGCTCCCTCTGGCCCTGCGGGTGGTGCTCAAGCC-3' 
Flanking-1 5'-CCCGGTACC GATATCATGGA-3' 
Flanking-2 5'-GGATCGATCGGCTCCCT-3' 
 
Construction and cloning of inducible promoter cassette 

TetO-F 5’-CCACGCGTGCTAGCAAGATCTAAAATAAA-3’ 
TetO-R 5’-CCGATATCGTCAGACATCCTAGTCTCTATCACTGATAG-3’ 
TetR-F 5’-CCAAGCTTTCAATTTGAGCTTCAAAAAATACC-3’ 
TetR-R 5’-CCACGCGTCAGCTGATCGGCGCCGGGATGG-3’ 
 
Anti-sense cloning primers 

ASa115  5’-CCCGCGGCCGCATGTCCTACGGAGACGCTATCC-3’ 
ASa113 5’-CCCGATATCTCATTTAGCAAGCTTCCAGAAC-3’ 
ASa15 5’-CCCGCGGCCGCATGCCGAAGGTCACCGACATTG-3’ 
ASa13 5’-CCCGATATCCTACTTCACGCGCCAGAGGGTG-3’ 
 
Protein tagging primers 

ADIF 5’-CCGGATCCACTGACTTCTCCAAGGATAAAGAGAAGC-3’ 
ADIRN 5’-CCGCGGCCGCTTGATATCGACGCAGATGTCAGCCTGC-3’ 
 
Sequencing primers 

-40 M13 forward 5’-GTTTTCCCAGTCACGAC-3’ 
pGEX5 5’-GGGCTGGCAAGCCACGTTTGGTG-3’ 
SEC VEC-2 5’-GCGGCCGCTCTAGAACTAGTG-3’ 

 
All primers used in this study were ordered from Sigma-Genosys at 0.025 µmole scale with desalting only. Underlined sequences denote 
restriction sites introduced by PCR amplification. 
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AO Giardial Expression Vector 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Start codon  

 

OCT promoter 

 

  ATT AAA ATG CCG GAT ATC GAA TTC CTG CAG CCC GGG GGA TCC ACT AGT TCT AGA GCG 

  TAA TTT TAC GGC CTA TAG CTT AAG GAC GTC GGG CCC CCT AGG TGA TCA AGA TCT CGC 

 

   

 

     Stop codon  

    6x His-tag         Alpha-1 giardin 3’ UTR 

 
 GCC G CA CCA CCA CCA CCA CCA CTA GGG GTT TAG TGA ACG  

 CGG C GT GGT GGT GGT GGT GGT GAT CCC CAA ATC ACT TGC 

 

 

BamH I 

   | 

 

EcoR V 

     | 

 

Not I 

   | 

 

EcoR I 

    | 

 

   Pst I 

     | 

 

 Spe I 

 | 

 

   Xba I 

   | 

 

GIARDIAL EXPRESSION 
OCT promoter: (2988-3187 bp) Giardial expression is driven by the constitutive ornithine 

carbamoyltransferase promoter. The first three codons of the OCT polypeptide is included to ensure efficient 

translational initiation. 

Alpha-1 giardin 3’UTR: (4058-4133 bp) The 3’ UTR of alpha-1 giardin provides a translational stop site and 
the putative giardial poly(A)-signal. 

AFFINITY TAG 

6xHis-tag: (3261-3336 bp) A C-terminal 6xHis-tag is provided for IMAC purification. 

PROKARYOTIC SELECTION 
AmpR: Selection in prokaryotes is provided by the ampicillin resistance gene. 

GIARDIAL SELECTION 
Puromycin: Stable giardial transfection is possible by inclusion of the puromycin actetyltransferase gene 

(PAC, 2982-2207 bp), which is driven by 47 bp of the giardial glutamate dehydrogenase (GDH) promoter 
(2936-2981 bp) and flanked by 123 bp of the GDH 3’ UTR.  

REPLICATION ORIGINS 

f1 (-) origin:  The vector contains the f1 (-) phage origin of replication. 

ColE1 origin: Plasmid origin of replication used in the absence of a helper phage. 
 

Note: This vector is able to propagate episomally in Giardia, the specific sequence motif 

responsible for this is not known. 
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T Giardial Expression Vector 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GIARDIAL EXPRESSION 
TetO-TetR system: (2988-3920 bp) Giardial expression is driven by an inducible TetO-TetR system. The 

TetR gene is constitutively expressed by 53 bp of the alpha-1 giardin promoter and is flanked by 122bp of the 

3’ UTR of NADP-GDH.  TetR binds to two tandem repeats of the TetO and blocks transcription from the 

Ran/TC4 promoter. Induction of expression is accomplished by addition of tetracycline. The first two codons of 
the Ran polypeptide is included to ensure efficient translational initiation. 

Alpha-1 giardin 3’UTR: (4058-4133 bp) The 3’ UTR of alpha-1 giardin provides a translational stop site and 

the putative giardial poly(A)-signal. 

AFFINITY TAG 
6xHis-tag: (3261-3336 bp) A C-terminal 6xHis-tag is provided for IMAC purification. 

PROKARYOTIC SELECTION 
AmpR: Selection in prokaryotes is provided by the ampicillin resistance gene. 

GIARDIAL SELECTION 
Puromycin: Stable giardial transfection is possible by inclusion of the puromycin actetyltransferase gene 

(PAC, 2982-2207 bp), which is driven by 47 bp of the giardial glutamate dehydrogenase (GDH) promoter 

(2936-2981 bp) and flanked by 123 bp of the GDH 3’ UTR.  

REPLICATION ORIGINS 
f1 (-) origin:  The vector contains the f1 (-) phage origin of replication. 

ColE1 origin: Plasmid origin of replication used in the absence of a helper phage. 

 
Note: This vector is able to propagate episomally in Giardia, the specific sequence motif 
responsible for this is not known. 
 

 

         Start codon  

 

 

 

  AGG ATG TCT GAC GAT ATC GAA TTC CTG CAG CCC GGG GGA TCC ACT AGT TCT AGA GCG 

  TCC TAC AGA CTG CTA TAG CTT AAG GAC GTC GGG CCC CCT AGG TGA TCA AGA TCT CGC 

 

   

 

     Stop codon  

    6x His-tag         Alpha-1 giardin 3’ UTR 

 
 GCC G CA CCA CCA CCA CCA CCA CTA GGG GTT TAG TGA ACG  

 CGG C GT GGT GGT GGT GGT GGT GAT CCC CAA ATC ACT TGC 

 

 

BamH I 

   | 

 

EcoR V 

     | 

 

Not I 

   | 

 

EcoR I 

    | 

 

   Pst I 

     | 

 

TetO TetR 
promoter 

     | 
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ASM Giardial Expression Vector 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GST              PreScission Protease   ���� 
 

TCG GAT CTG GAA GTT CTG TTC CAG GGG CCC CTG GGA TCC TGC AGT CTA GAC GCG TCG 

AGC CTA GAC CTT CAA GAC AAG GTC CCC GGG GAC CCT AGG ACG TCA GAT CTG CGC AGC 

 

 

 

 

       6xHis-tag        Alpha-1 giardin 3’ UTR  

 

AAT TCG CGG CCG CAC CAC CAC CAC CAC CAC TAG GGG TTT AGT GAA CGT 

TTA AGC GCC GGC GTG GTG GTG GTG GTG GTG ATC CCC AAA TCA CTT GCA 

BamH I 

     | 
 Pst I 

     | 
   Mlu I 

  | 

  EcoR I 

     | 

      

  Not I 

     | 

      

  Stop codon 

    | 

      

      Xba I 

     | 

 

GIARDIAL EXPRESSION 
OCT promoter: (2988-3187 bp) Giardial expression is driven by the constitutive ornithine 

carbamoyltransferase promoter. The first three codons of the OCT polypeptide is included to ensure efficient 

translational initiation. 

Alpha-1 giardin 3’UTR: (4058-4133 bp) The 3’ UTR of alpha-1 giardin provides a translational stop site and 
the putative giardial poly(A)-signal. 

AFFINITY TAGS 

SBP-GST fusion: (3200-3313 bp) The vector incorporates an N-terminal SBP-GST fusion for dual or single 

affinity purification on streptavidin and glutathione matrices respectively. The N-terminal fusion can be 
removed by cleavage with PreScission protease. 

6xHis-tag: (4040-4057 bp) A C-terminal 6xHis-tag is provided for IMAC purification. 
PROKARYOTIC SELECTION 

AmpR: Selection in prokaryotes is provided by the ampicillin resistance gene. 
GIARDIAL SELECTION 

Puromycin: Stable giardial transfection is possible by inclusion of the puromycin actetyltransferase gene 

(PAC, 2982-2207 bp), which is driven by 47 bp of the giardial glutamate dehydrogenase (GDH) promoter 

(2936-2981 bp) and flanked by 123 bp of the GDH 3’ UTR.  
REPLICATION ORIGINS 

f1 (-) origin:  The vector contains the f1 (-) phage origin of replication. 

ColE1 origin: Plasmid origin of replication used in the absence of a helper phage. 
 
Note: This vector is able to propagate episomally in Giardia, the specific sequence motif 

responsible for this is not known. 
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TSM Giardial Expression Vector 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GIARDIAL EXPRESSION 
TetO-TetR system: (2988-3920 bp) Giardial expression is driven by an inducible TetO-TetR system. The 

TetR gene is constitutively expressed by 53 bp of the alpha-1 giardin promoter and is flanked by 122bp of the 

3’ UTR of NADP-GDH.  TetR binds to two tandem repeats of the TetO and blocks transcription from the 

Ran/TC4 promoter. Induction of expression is accomplished by addition of tetracycline. The first two codons of 
the Ran polypeptide is included to ensure efficient translational initiation. 

Alpha-1 giardin 3’UTR: (4058-4133 bp) The 3’ UTR of alpha-1 giardin provides a translational stop site and 

the putative giardial poly(A)-signal. 

AFFINITY TAGS 
SBP-GST fusion: (3200-3313 bp) The vector incorporates an N-terminal SBP-GST fusion for dual or single 

affinity purification on streptavidin and glutathione matrices respectively. The N-terminal fusion can be 
removed by cleavage with PreScission protease. 

6xHis-tag: (4040-4057 bp) A C-terminal 6xHis-tag is provided for IMAC purification. 
PROKARYOTIC SELECTION 

AmpR: Selection in prokaryotes is provided by the ampicillin resistance gene. 

GIARDIAL SELECTION 

Puromycin: Stable giardial transfection is possible by inclusion of the puromycin actetyltransferase gene 
(PAC, 2982-2207 bp), which is driven by 47 bp of the giardial glutamate dehydrogenase (GDH) promoter 

(2936-2981 bp) and flanked by 123 bp of the GDH 3’ UTR.  

REPLICATION ORIGINS 
f1 (-) origin:  The vector contains the f1 (-) phage origin of replication. 
ColE1 origin: Plasmid origin of replication used in the absence of a helper phage. 

 

Note: This vector is able to propagate episomally in Giardia, the specific sequence motif 

responsible for this is not known. 
  

 

 

GST              PreScission Protease   ���� 
 

TCG GAT CTG GAA GTT CTG TTC CAG GGG CCC CTG GGA TCC TGC AGT CTA GAC GCG TCG 

AGC CTA GAC CTT CAA GAC AAG GTC CCC GGG GAC CCT AGG ACG TCA GAT CTG CGC AGC 

 

 

 

 

       6xHis-tag        Alpha-1 giardin 3’ UTR  

 

AAT TCG CGG CCG CAC CAC CAC CAC CAC CAC TAG GGG TTT AGT GAA CGT 

TTA AGC GCC GGC GTG GTG GTG GTG GTG GTG ATC CCC AAA TCA CTT GCA 

BamH I 

     | 
 Pst I 

     | 
   

   

  EcoR I 

     | 

      

  Not I 

     | 

      

  Stop codon 

    | 

      

       

      

 




