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Abstract
Background Giardia lamblia (syn. G. intestinalis, G. duodenalis) is a primitive opportunistic protozoon, and one of the 
earliest differentiated eukaryotes. Despite its primitive nature, G. lamblia has a sophisticated cytoskeleton system, which 
is closely related to its proliferation and pathogenicity. Meanwhile, α giardin is a G. lamblia-specific cytoskeleton protein, 
which belongs to the annexin superfamily. Interestingly, G. lamblia has 21 annexin-like α giardins, i.e., more than higher 
eukaryotes. The functional differences among α giardin members are not fully understood.
Methods We took α-4 giardin, a member of α giardin family, as a research object. A morpholino-mediated knockdown 
experiment was performed to identify the effect of α-4 giardin on G. lamblia trophozoites biological traits. A yeast two-
hybrid cDNA library of G. lamblia strain C2 trophozoites was screened for interaction partners of α-4 giardin. Co-immu-
noprecipitation and fluorescent colocalization confirmed the relationship between G. lamblia EB1 (gEB1) and α-4 giardin.
Results α-4 Giardin could inhibit the proliferation and adhesion of G. lamblia trophozoites. In addition, it interacted with 
G. lamblia EB1 (gEB1).
Conclusions α-4 Giardin was involved in proliferation and adhesion in G. lamblia trophozoites, and EB1, a crucial roles in 
mitosis, was an interacting partner of α-4 giardin.
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Introduction

Giardia lamblia (syn. G. intestinalis, G. duodenalis), a 
common, opportunistic intestinal parasitic protozoa with 
worldwide distribution, can parasitize the small intestine 
of humans and many other mammals, causing giardiasis 
that mainly manifests as diarrhea, abdominal pain, nausea 

and malabsorption symptoms. The life cycle of G. lamblia 
includes the infective, immotile cyst and the vegetative, 
motile trophozoite. Cysts are resistant forms and responsible 
for the transmission of giardiasis. After cysts pass through 
the stomach, they are transformed into trophozoites. G. lam-
blia trophozoites attach strongly to intestinal epithelial cells 
via a ventral adhesive disc, a concave cytoskeletal structure 
surrounded by the plasma membrane, and cause significant 
damage and disruption to the intestinal epithelium [1, 2].

As one of the earliest diverging eukaryotes, G. lamblia rep-
resents an excellent model system for assessing basic eukary-
otic processes [3]. G. lamblia is only a primitive eukaryotic 
unicellular organism which has a highly developed and fine 
cytoskeleton system similar to that of higher eukaryotes, 
but the structures formed by these proteins in G. lamblia are 
unique. Microtubules, microfilaments, and related proteins 
forming the cytoskeleton mainly consist of four pairs of fla-
gella, the adhesive disc, the median body and the funis [4, 5]. 
The adhesive disc and flagella are essential for trophozoite 
mobility, cell division and proliferation, as well as attachment 
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to epithelial cells in the small intestinal mucosa [6, 7]. The 
parasitic G. lamblia trophozoites in the small intestine can 
cause diarrhea, which is mainly explained by the parasite 
relying on its adhesive disc to attach to the surface of small 
intestinal epithelial cells, assisted by flagella. As a result, the 
intestinal microvilli are damaged directly, which causes diffuse 
dysfunction of microvilli and local inflammation. Eventually, 
diarrhea occurs as a result of nutrient and water absorption 
disorder [8]. Therefore, the cytoskeleton plays a critical role 
in the pathogenesis of G. lamblia infection [9, 10].

It was reported that the cytoskeletal proteins of G. lam-
blia mainly include giardin, dynein, tubulin, actin and several 
related proteins [5]. Among them, giardin is a unique com-
ponent of G. lamblia cytoskeleton. Crossley and Holberton 
first reported that giardin is a unique component of G. lam-
blia cytoskeleton in 1983. Giardin is divided into four types, 
including α, β, γ, and δ-giardin [11, 12]. Alpha-giardin is the 
largest family, with 21 variants with molecular weights ranging 
from 29 to 38 kDa. The α-giardin variants are named by Arabic 
numbers preceded by the Greek letter "α", with a "-" inserted 
between them. Alpha-giardin include α-1 to α-6, α-7.1, α-7.2, 
α-7.3, and α-8 to α-19 [13, 14]. The expression of α-giardin is 
strictly regulated, and there are significant differences in the 
levels of expression of its members [15] with distinct subcellu-
lar localizations, suggesting that each member may have differ-
ent significance in the survival of G. lamblia [16]. Currently, 
studies assessing giardin’s functions are scarce.

Alpha-4 giardin is a member of the α giardin family. In a 
previous study, we prepared a specific antibody against α-4 
giardin and identified its localization in G. lamblia tropho-
zoites [17]. However, the specific function of α-4 giardin 
remains unclear.

A given protein does not usually function alone, more 
or less interacting with other proteinaceous components. 
It is helpful to assess the functions and mechanisms of 
unknown proteins by recognizing protein components that 
interact with the latter. In this study, α-4 giardin was down-
regulated by morpholinos for biological traits evaluation. A 
yeast two-hybrid cDNA library obtained from G. lamblia 
strain C2 trophozoites was screened for interaction partners 
of α-4 giardin. The interaction between the partner protein 
and α-4 giardin was confirmed by co-immunoprecipitation 
and fluorescent colocalization assays. The results provide 
novel insights into the mechanism of α-4 giardin’s biologi-
cal function.

Materials and Methods

Parasite Strain

The G. lamblia isolate utilized in these studies (C2), which 
belongs to Genotype A, was derived from a patient in 

southwest China [18] Trophozoites were cultured and propa-
gated in modified TYI-S-33 medium. Subcultures were per-
formed every 3 days [19].

Construction of α‑4 Giardin Knockdown 
by Morpholinos.

Translation-blocking morpholinos was used to knockdown 
α-4 giardin in G. lamblia trophozoites. The 25-mers α-4 
giardin morpholino (α-4 MO: 5ʹ- CAC TGT GGA TAC CGT 
GGC AGA CAT T-3ʹ) and Control morpholino with five mis-
matched bases (C-MO:5ʹ -gACTGTcGAcACgGTG GCA 
GAgATT-3ʹ) were designed based on mRNA for α-4 giardin. 
Control morpholinos contain five mismatched bases dis-
rupting the pairing of morpholinos with α-4 giardin mRNA 
(Lowercase letters indicate mispaired bases). For the nega-
tive control, a volume of sterile water equal to the volume 
of the morpholino suspension was added. The α-4 giardin 
morpholino, mispair control and water were transfected in 
log-phase trophozoites, respectively, via electroporation as 
previously described [20]. The transfected cells were trans-
ferred to fresh G. lamblia culture medium and incubated at 
37℃.

Effect of α‑4 Giardin on Parasite Growth

To evaluate the effect of α-4 giardin on parasite growth, α-4 
giardin morpholino transfected trophozoites were cultured 
with a density of 50,000 parasites/mL in TYI-S-33 medium 
at 37 ℃ for 24, 48 and 72 h. Mispair morpholino transfected 
and water transfected G. lamblia trophozoites were used as 
controls, respectively. The cells were harvested by cooling 
the culture tubes and the cells were counted using a Neu-
bauer chamber.

Effect of α‑4 Giardin on Adherence

To evaluate the effect of α-4 giardin on adherence, an adher-
ence inhibition assay was performed as previously described 
[21]. Briefly, 50,000 parasites/mL were grown at concentra-
tions and time described above. After incubation, medium 
containing non-adherent cells was removed and kept on ice, 
tubes were filled with cold phosphate buffered saline (PBS) 
and placed on ice bath for 30 min to dislodge the adherent 
cells. The numbers of adherent and non-adherent trophozo-
ites were determined by counting in a Neubauer chamber. 
The results were expressed as percentage of non-adhered 
trophozoites in relation to the total number of cells.

Yeast Two‑Hybrid Screen

A Matchmaker two-hybrid system (Clontech, Mountain 
View, USA) was used to screen proteins interacting with 
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α-4 giardin from a yeast two-hybrid cDNA library of G. 
lamblia strain C2 trophozoites. The bait yeast strain Y187 
transformed with pGBKT7-α-4 was cultured in 50 mL SD/-
Trp liquid medium at 30 °C until an OD600 of 0.8. The 
bait yeast strain was collected by centrifugation for 5 min at 
1000×g and resuspended in 5 mL SD/-Trp liquid medium, 
and combined with 1 mL of library strain in a 1-L sterile 
flask. Culture was performed in 45 mL 2 × YPDA (50 mg/
mL kanamycin) liquid medium at 30 °C with shaking for 
22 h. From a drop of the mated culture, fusion was analyzed 
by microscopy to assess the presence or absence of zygotes. 
When zygotes were observed, the mated cultures were col-
lected and resuspended in 5 mL 0.5 × YPDA/kanamycin liq-
uid medium, spread on selective media SD/–Leu/–Trp/–His 
plates, and cultured for 5 days at 30 °C. To reduce false 
positives, all positive colonies were transferred to new selec-
tive media SD/–Leu/–Trp/–His/-Ade and SD/–Leu/–Trp 
plates for further screening. Clones growing on both plates 
were inoculated on another SD/-Leu/-Trp/-His/-Ade plate 
for a second screening. All positive clones were picked and 
cultured in selective liquid medium (SD/–Leu/–Trp/–His/-
Ade/kanamycin) overnight at 30 °C. To estimate the sizes 
of specific inserts from putative positive clones, PCR was 
carried out using universal primers for pGADT7. Based on 
the PCR results, prey plasmids from putative positive clones 
were extracted using the Easy Yeast Plasmid Isolation kit 
(Clontech, Mountain View, USA), transformed into E. coli 
DH5a competent cells, and cultured on LB/Amp plates for 
sequencing.

Confirmation of Positive Clones of Interest

To eliminate false positives, the library plasmids were co-
transferred into yeast cells with the pGBKT7/α-4 bait vector, 
and spread on a SD/–Leu/–Trp plate. The cultured clones 
were inoculated on SD/-Leu/-Trp and SD/-Leu/-Trp/-His/-
Ade plates, respectively, to assess the interaction between 
the plasmid encoded protein and the bait protein. In addi-
tion, positive (pGBKT7-p53 and pGADT7-T) and negative 
(pGBKT7 and pGADT7) controls were assessed simulta-
neously. Clones were selected from each set of plates and 
inoculated into SD/-Leu/-Trp and SD/-Leu/-Trp/-His/-Ade 
plates, respectively, and observed for growth. Sequences of 
putative positive clones were analyzed using BLAST pro-
grams at NCBI (http:// www. ncbi. nlm. nih. gov/ BLAST/) and 
the G. lamblia genome sequence (http:// giard iadb. org/ giard 
iadb/).

Plasmid Construction and Transient Transfection

The DNA fragment encoding α-4 giardin gene was amplified 
from the constructed α-4 giardin bait plasmid by primers (F: 
5ʹ-CCC AAG CTT GCC ACC ATG GAC TAC AAA GAC GAT 

GAC GAT AAA ATG TCT GCC ACG GTA TCC AC-3ʹ and R: 
5ʹ-CGG AAT TCC TAC TCC ACG CGC CAA AAG ACT AG-3ʹ). 
The primers contained HindIII and EcoRI restriction sites 
(underlined) and a FLAG epitope tag coding sequence (in 
bold) was placed in the forward primer upstream the α-4 
giardin coding sequence. The DNA fragment encoding 
gEB1 gene was amplified from G. lamblia cDNA by primers 
(F: 5ʹ-CGG AAT TCA TGC CGC CGG TAA AAG CAC CCG -3ʹ 
and R: 5ʹ-GGG GTA CCT TAC TGA TGA TAC TCC GCA TAC 
AGA ATA TC-3ʹ). The primers contained EcoRI and KpnI 
restriction sites (underlined). Amplified DNA fragment of 
α-4 giardin and gEB1 was inserted into pcDNA3.1(+) and 
pCMV-N-Myc by double digestion, respectively. The con-
structed plasmids were named as pcDNA3.1-FLAG-α-4 and 
pCMV-Myc-gEB1, respectively.

Production of Anti‑gEB1 and Anti‑α‑4 Giardin 
Antibodies

To produce antibodies specifically against the gEB1 protein, 
a synthesized antigenic peptide with the sequence AVTKT-
SKPGNRSGST which corresponds to residues 135–149 of 
gEB1 was conjugated with Keyhole Limpet Hemocyanin 
(KLH) and injected intraperitoneally into rabbits after mixed 
with Freund’s complete adjuvant, followed once weekly by 
4 injections of incomplete Freund’s adjuvant. Seven days 
after the last injection, blood was extracted, and the serum 
was collected and purified by protein A sefinose column 
(Sangon, Shanghai, China). Anti-α-4 giardin monoclonal 
antibody was generated by immunizing mice with a synthe-
sized antigenic peptide with the sequence VKHDRKYRK-
SIKSDAEAFR corresponding to residues 145–163 of α-4 
giardin. The specificity of the antibodies were confirmed by 
Western blot using the lysate of trophozoites and stored in 
aliquots at -20℃ until use.

Co‑immunoprecipitation

Co-immunoprecipitation analysis was employed to verify 
the interaction between α-4 giardin and G. lamblia end-
binding 1 protein (gEB1). Plasmids pcDNA3.1-FLAG -α-4 
and pCMV-Myc-gEB1 were cotransfected into 293 T cells 
using Lipofectamine 2000 (Invitrogen, Carlsbad, USA). 
Plasmid pcDNA3.1-FLAG-α-4 giardin was cotransfected 
with pCMV-N-Myc into HEK293T cells and served as a 
negative control. At 48 h after transfection, the cells were 
resuspended in lysis buffer, and the lysate was used for coim-
munoprecipitation assays employing the anti-FLAG mouse 
monoclonal antibody (CWBIO, Beijing, China) and Protein 
A/G Plus Agarose Immunoprecipitation Kit according to 
the manufacturer’s protocol (Sangon, Shanghai, China). 
The eluted immunoprecipitates and total cell lysates were 
boiled in SDS loading buffer for 10 min and then subjected 
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to immunoblot analysis using anti-FLAG antibody and anti-
Myc antibody (CWBIO, Beijing, China).

For endogenous co-immunoprecipitations, lysates from 
G. lamblia trophozoites were immunoprecipitated with pre-
pared anti-α-4 giardin antibody as described above, and ana-
lyzed by Western blotting with anti-gEB1 antibody.

Immunofluorescence Assays

Trophozoites grown on coverslips were fixed with 4% para-
formaldehyde (PFA) at room temperature for 30 min, per-
meabilized with 0.5% Triton X-100 in PBS (PBS-Triton) 
for 30 min and incubated with 5% goat serum for 1 h at 
room temperature. Trophozoites were incubated with mouse 
monoclonal antibodies against α-4 giardin (1:100) and rabbit 
polyclonal anti-gEB1 antibodies (1:100), overnight at 4 °C, 
followed by incubation with Alexa Fluor 488-conjugated 
goat anti-mouse and RBITC-conjugated goat anti-rabbit 
secondary antibodies (1:200) (Sangon, Shanghai, China), 
respectively, for 1 h at room temperature. DAPI was used to 
stain the cell nuclei at a concentration of 5 ug/mL for 20 min 
at room temperature. All preparations were preserved using 
the anti-fade mounting media (Sangon, Shanghai, China) 
and examined using Laser Scanning Confocal Microscopy 
Leica SP8 STED 3X system.

Statistical Analysis

All quantified results were presented as mean ± SD. The data 
analysis was evaluated using GraphPad Prism 8.01 statistical 
analysis software (GraphPad Software). Statistical compari-
sons among groups were performed by one-way ANOVA. 
P < 0.05 was regarded as significant.

Results

Down‑Regulation α‑4 Giardin for Inhibiting 
Proliferation and Decreasing Adherence

Morpholinos were introduced into G. lamblia trophozo-
ites by electroporation and then differences were observed 
between the three types of cells, namely, α-4 morpholino 
(α-4 MO) introduced, mispair control morpholino (C-MO) 
introduced and sterile water treated (mock). The ability of 
morpholino to knock down α-4 giardin was demonstrated 
by western blot at 24 h after electroporation. The presence 
of α-4 MO had no observable effect on β-actin expression 
compared to control. α-4 Giardin in the mock group and 
C-MO group were expressed at high levels; however, it had 
decreased by ~ 63% in the cultures treated with 100 μM α-4 
morpholino (Fig. 1).

Cell counting were performed using a Neubauer counting 
chamber to investigate the effects of α-4 giardin knockdown 
on cellular proliferation and adhesion in G. lamblia tropho-
zoites. The results indicated that downregulation of α-4 
giardin can significantly inhibit the proliferation and adhe-
sion of G. lamblia trophozoites at each timepoint (Fig. 1B). 
The non-adherence of α-4 MO group was increased to ~ 15% 
after 24 h of electroporation (Fig. 1C), but the maximal 
adherence inhibition for α-4 MO group was observed at 72 h 
(~ 16% inhibition), which was significantly higher than mock 
and C-MO groups (~ 8% and ~ 8.6% inhibition, respectively).

Yeast Two‑Hybrid Screen

A yeast two-hybrid cDNA library from G. lamblia strain C2 
trophozoites was previously constructed by our laboratory 
and screened for interaction partners of α-4 giardin by a 
yeast two-hybrid system. A bait plasmid containing cod-
ing region of α-4 giardin was constructed, and indicated 
that the bait protein had no toxicity in the yeast strain Y187 
(Fig. 2A).

To screen for proteins interacting with α-4 giardin, Y187 
cells harboring the pGBKT7-α-4 plasmid were used to 
mate with the constructed yeast two-hybrid cDNA library 
from G. lamblia strain C2 trophozoites according to the 
manufacturer’s instructions. A highly selective medium 
was used to screen for interacting proteins. After mating 
and growth on selection SD/-Trp, SD/-Leu, and SD/-Trp/-
Leu media, 4 colonies were cultured on SD/–Leu/–Trp and 
SD/–Leu/–Trp/–His/-Ade plates, with positive ones selected 
on SD/–Leu/–Trp/–His/-Ade plates three times. Finally, the 
selected colonies were cultured in selective liquid medium 
(SD/-Trp/-Leu/-His/-Ade). Specific inserts for various puta-
tive positive clones were amplified by PCR and analyzed by 
gel electrophoresis. All 4 positive colonies were selected 
for culture in selective liquid medium (SD/–Leu/–Trp/–His/-
Ade/kanamycin) (Fig. 2B). Specific inserts for various puta-
tive positive clones were extracted and transformed into E. 
coli. To eliminate false positives and retest interaction speci-
ficity, each of the 4 prey plasmids (pGADT7-X) was co-
transformed with pGBKT7-α-4 into the yeast strain Y187, 
and co-transformants were assessed on SD/–Leu/–Trp/–His/-
Ade plates. Of 4 prey putative positive plasmids, clones 1, 
3, and 4 could grow on both SD/–Leu/–Trp and SD/-Leu/-
Trp/-His/-Ade defective plates, suggesting that there may 
be interactions between these three clones and α-4 giardin 
(Fig. 2C).

Sequences of the 3 putative positive genes were analyzed 
for similarity using the BLAST program at NCBI (http:// 
www. ncbi. nlm. nih. gov/ BLAST/) against the G. lamblia 
genome sequence. One of the sequences had no meaningful 
results. The other two putative interacting proteins were G. 

http://www.ncbi.nlm.nih.gov/BLAST/
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lamblia end binding protein 1 (gEB1) and ribosomal protein 
L21.

Interaction Between α‑4 Giardin with gEB1

To verify the interaction between α-4 giardin and gEB1, 
HEK293T cells were transiently transfected with pcDNA3.1-
FLAG-α-4 and pCMV-Myc-gEB1 plasmids and subjected 
to immunoprecipitation. The results showed that FLAG-α-4 
giardin and Myc-gEB1 recombinant proteins were expressed 
at high levels and α-4 giardin were co-immunoprecipitated 
with anti-FLAG antibody and immunoblotted with anti-
FLAG and anti-Myc antibody, indicating that α-4 giardin 
interacted with gEB1 (Fig. 3A).

To perform endogenous immunoprecipitation assay, 
anti-α-4 giardin monoclonal antibody and anti-gEB1 poly-
clonal antibody were produced using synthetic peptides 
derived from α-4 giardin and gEB1, respectively. Western 
blot analysis using the lysate of trophozoites showed that 

the antibodies had a good specificity (Fig. 3B). The endog-
enous immunoprecipitation assay verified that α-4 giardin 
interacted with gEB1 in G. lamblia trophozoites (Fig. 3C).

Identification and Immunolocalization of α‑4 
Giardin and gEB1

Althoughα-4 giardin and gEB1 physically interact, it was 
important to verify that these two proteins are normally 
expressed in a manner that provides the opportunity to inter-
act in trophozoites. In situ localizations of α-4 giardin and 
gEB1 were identified by immunofluorescence analysis using 
anti-α-4 giardin monoclonal antibody and anti-gEB1 poly-
clonal antibody. In trophozoites, α-4 giardin showed a scat-
tered distribution in the in the cytoplasm. In addition, gEB1 
was predominantly expressed in the nuclear membrane and 
nearby cytoplasm, as well as median body. A similar loca-
tion was determined (Fig. 4).

Fig. 1  Effect of α-4 giardin knockdown on G. lamblia trophozoites. 
A Western blot analysis of α-4 giardin knockdown efficiency.in G. 
lamblia trophozoites. Alpha 4-giardin protein levels were measured 
using immunoblot assay with antibody anti-α-4 giardin. Beta-actin 
expression was determined as a loading control for each sample. 
The bands were quantified and presented as the mean ± SD of three 
independent experiments (right). Subsequent quantitative analysis 
revealed that the protein expression level of the α-4 giardin was sig-
nificantly reduced following morpholino knockdown (**P < 0.01). B 

Growth rate of G. lamblia trophozoites transfected with α-4 MO is 
slower than that of C-MO and mock groups at 24 h, 48 h and 72 h. 
The results represent the mean of triplicate determinations ± SD of 
a representative experiment (P < 0.01). C Adhension inhibition rate 
of G. lamblia trophozoites transfected with α-4 MO is significant 
higher than that of C-MO and mock groups at 24 h, 48 h and 72 h. 
The results represent the mean of triplicate determinations ± SD of a 
representative experiment (**P < 0.01)
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Discussion

Alpha giardin is the most studied type of giardin by far. 
Phylogenetic analyses showed that it belongs to homolo-
gous analogues of annexin [4], which are  Ca2+-dependent 
phospholipid-binding proteins. Annexin is an intracellular 
protein, and accounts for about 2% of the total protein in 
the cell. It exists in the cell or binds to the cell membrane or 
cytoskeleton. Annexin is widely found in various eukaryotic 
cells. To date, thousands of members of the annexin family 
have been reported in a variety of biological species. Phy-
logenetic analyses showed that the annexin family is highly 
conserved in eukaryotes, with all having a highly conserved 
central domain, which can reversibly bind to phospho-
lipids in a calcium dependent manner. According to their 
structures, evolutionary relationships, and locations on the 
chromosome, annexins can be classified into five families, 

including A (vertebrates), B (invertebrates), C (fungi and 
some groups of unicellular eukaryotes), D (plants), and E 
(protists). Annexins interact with various cell-membrane 
components involved in the structural organization of the 
cell, intracellular signaling by enzyme modulation and ion 
flux, and growth control; they also act as atypical calcium 
channels and exert many other important cellular physiologi-
cal effects. However, functional differences among the vari-
ous members of the annexin family remain puzzling.

Most eukaryotic species have 1–20 annexin genes. For 
example, humans have 12 annexins; Arabidopsis thaliana 
has 8, and only 2 ~ 4 are found in Saccharomyces cerevi-
siae and Caenorhabditis elegans [6]. Trichomonas vagi-
nalis, another protozoa, has only one annexin analogue. No 
annexin analogues have been found in Plasmodium spp. and 
Trypanosoma spp. However, it is interesting that G. lamblia, 
a representative of lower eukaryotes, has up to 21 annexin 

Fig. 2  Yeast two-hybrid screen for proteins interacting with α-4 
giardin. A Auto-activation activity of pGBKT7-α-4 in yeast cells. 
(I) Y187 cells transformed with pGBKT7-53. (II) Y187 cells trans-
formed with pGBKT7-α-4. (III) Y187 cells transformed with 
pGBKT7. a, SD/-Trp agar medium; b, SD/-Trp/-His agar medium; 
c, SD/-Trp/-Ade agar medium. B PCR products of positive colonies 
from the two-hybrid cDNA library. Analysis was performed by 1% 
agarose gel electrophoresis. M: DNA marker; 1–4: clone 1–4. C 
Cotransformation analysis of putatively positive plasmids. I, Y187 
cotransformed with pGBKT7-α-4 and each of the 4 putatively posi-

tive plasmids (1–4) grew on SD/–Leu/–Trp/–His/-Ade plates; 5: posi-
tive control (pGBKT7/p53 + pGADT7/T transformant); 6: negative 
control (pGBKT7 + pGADT7 transformant). II, Y187 cotransformed 
with pGBKT7 and each of the 4 putatively positive plasmids grew 
on SD/–Leu/–Trp/–His/-Ade plates. III, Y187 cotransformed with 
pGBKT7-α-4 and each of the 4 putatively positive plasmids (1–4) 
grew on SD/–Leu/–Trp plates; 5: positive control; 6: negative control. 
IV, Y187 cotransformed with pGBKT7 and each of the 4 putatively 
positive plasmids grew on SD/–Leu/–Trp plates
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analogues, including α giardin. Giardin belongs to category 
E annexins, with less functional studies. The α giardin fam-
ily members have some sequence similarities, but are not 
identical. Previous studies have shown that 21 giardin vari-
ants are located in different parts of G. lamblia trophozoites. 
For example, α-3, α-5 and α-17 giardin proteins are mainly 
distributed in the ventral adhesive disc, while α-18 and α-20 
giardin are mainly located in flagella and the cytoplasm [22]; 
α-8 giardin is mainly located in the cytoplasmic membrane 

and flagella [23]. α-4 Giardin was mainly found in the cyto-
plasm and the flagellar root in a previous study by our team. 
Different subcellular localizations suggest that there may 
be functional differences for α giardin family members. 
Assessing why G. lamblia, a primitive eukaryote, has so 
many annexins, and the functional differences among them 
is very important in understanding the mechanisms of action 
of annexins as well as the survival mechanism of G. lamblia. 
Currently, the specific functions of various α giardin proteins 

Fig. 3  Interaction between α-4 giardin with gEB1. A Immunopre-
cipitation using HEK293T cells transfected with the indicated com-
bination of pcDNA3.1-FLAG-α-4 giardin and pCMV-Myc-gEB1. 
Cell extracts were immunoprecipitated from the transfected HEK293 
cells using anti-FLAG antibody and the immunoprecipitated mate-
rials were analyzed by anti-Myc antibody. Rabbit and mouse IgG 
antibodies were used as negative controls in the immunoprecipita-
tion reaction. B Identification of antibodies specificity by Western 
Blot analysis. M: protein molecular marker; Lane 1: lysate of E. coli 
Rosetta (DE3) harboring the plasmid pET-28a-gEB1 without addi-
tion of IPTG was immunodetected using the anti-gEB1 (1:1000) 
polyclonal antibody; 2: lysate of E. coli Rosetta (DE3) harboring the 
plasmid pET-28a-gEB1 after induction by 1  mM IPTG was immu-
nodetected using the anti-gEB1 (1:1000) polyclonal antibody; Lane 
3: lysate of G. lamblia trophozoites was immunodetected using the 

anti-gEB1 (1:1000) polyclonal antibody; Lane 4: lysate of E. coli 
Rosetta (DE3) harboring the plasmid pET-28a-α-4 without addition 
of IPTG was immunodetected using the anti-α-4 giardin monoclonal 
antibody (1:1000); Lane 5: lysate of E. coli Rosetta (DE3) harboring 
the plasmid pET-28a-α-4 after induction by 1 mM IPTG was immu-
nodetected using the anti-α-4 giardin monoclonal antibody (1:1000); 
Lane 6: G. lamblia trophozoites lysates was immunodetected using 
the anti-α-4 giardin (1:1000) monoclonal antibody. C Immunoprecip-
itation of endogenous α-4 giardin and gEB1 in G. lamblia trophozo-
ites. Total proteins were precipitated with α-4 giardin or control IgG 
antibody, and detected with the anti-gEB1 antibody. Input indicates 
the protein expression of α-4 giardin and gEB1. Reciprocally, total 
proteins were precipitated with either anti-α-4 giardin or non-immune 
mouse IgG, and probed with anti-gEB1 antibody

Fig. 4  Immunolocalization of the α-4 giardin and gEB1 protein in 
G. lamblia trophozoites. A phase-contrast image; B anti-α-4 giardin 
fluorescence image; C anti-gEB1 fluorescence image; D merged 

(nuclear stained with DAPI; E. phase-contrast image merged with 
anti-α-4 giardin and anti-gEB1 fluorescence (nuclear stained with 
DAPI). White bar indicates size of 5 μm
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are mostly unknown. In this study, a vivo morpholino was 
employed to block the expression of α-4 giardin in tropho-
zoites. Morpholino antisense oligonucleotides are common 
used to transient knockdown of gene expression by blocking 
translation of a targeted protein, which have been proved to 
be a simple and effective gene knockdown technique in G. 
lamblia research. The results showed that downregulation 
of α-4 giardin could impair the proliferation and adhesion 
of G. lamblia trophozoites. However, in previous study, 
downregulation of α-8 giardin also inhibited the prolifera-
tion of G. lamblia trophozoites. These results implied that 
knockdown experiments cannot reflect subtle functional dif-
ferences among α giardin family members.

Identification of interacting proteins may be an effective 
approach to detect differences in the mechanisms of action 
among α giardin family members. Therefore, a yeast two-
hybrid library containing all cDNAs of G. lamblia strain C2, 
with a capacity reaching 2.715 ×  107 CFU, was previously 
constructed by our laboratory and screened by α-4 giardin 
bait plasmid in this study. After screening, only two α-4 
giardin interacting proteins, EB1 and ribosomal protein L21, 
were obtained. EB1 is a highly conserved protein in eukary-
otes; its N-terminal region has a typical actin binding domain 
referred to as the CH domain, whereas the EB1 domain at 
the C-terminal end plays a role in dimerization and binding 
to EB1-interacting proteins. Under normal conditions, EB1 
preferentially binds to fast growing microtubule ends to par-
ticipate in cell cycle control. It mainly controls the dynamics 
of the microtubule system and promotes the proper position-
ing of spindles, which play a very important role in the pro-
cess of mitosis [24, 25]. Knockout of the EB1 protein may 
result in significantly reduced mitosis in G. lamblia tropho-
zoites [26, 27]. It was previously shown that actin, β-giardin 
and γ-giardin are also interacting proteins of EB1 [28].

To determine the interaction between α-4 giardin and 
gEB1 protein, co-immunoprecipitation assay was performed. 
First, the assay was performed by transfection of exogenous 
alpha-4 giardin and gEB1. However, common eukaryotic 
expression vectors are not suitable for gene expression in 
G. lamblia trophozoites because of the distinctive promoter 
structure of G. lamblia genes. There was no appropriate 
expression vector for G. lamblia trophozoites in our lab-
oratory. Considering that eukaryotes have similar protein 
processing and transport modes, alpha-4 giardin and gEB1 
genes were transfected into HEK293T cells through com-
mon eukaryotic expression vectors. Furthermore, an endog-
enous co-immunoprecipitation assay was also performed 
in G. lamblia trophozoites, which showed the endogenous 
interaction between α-4 giardin and gEB1. As a result, the 
interaction between the two proteins was confirmed.

Although α-4 giardin and gEB1 physically interact, it 
was important to verify that these two proteins are nor-
mally expressed in a manner that provides the opportunity 

to interact in trophozoites. For this aim, specific antibodies 
against the two proteins were prepared separately and the 
interaction of α-4 giardin and gEB1 in vivo was further 
confirmed by the immunofluorescence assay in G. lam-
blia trophozoites. As shown in the results, there is a par-
tial overlap in the localisation of the two proteins, but not 
a complete overlap. It is speculated that the interaction 
between the two proteins may be temporary. Another pos-
sibility is that α-4 giardin is only one of many interacting 
proteins in gEB1, so the localization of α-4 giardin and 
gEB1 is, therefore, not completely overlapping. Anyway, 
the immunofluorescence assay has shown the existence of 
co-localization sites between α-4 giardin and gEB1, which 
is sufficient to demonstrate the possibility of interaction 
between the two proteins in vivo.

Ribosomal protein L21 is a constitutive protein of the 
large ribosomal subunit, and found in the cytoplasm of 
human cells, participating in embryogenesis [29, 30], odon-
togenesis [31], and the formation of age-related cataracts 
[32] in humans. However, no studies have confirmed direct 
interactions between this protein and cytoskeletal proteins. 
Whether an actual interaction exists between ribosomal 
protein L21 and α-4 giardin needs further investigation.

Conclusion

Our results indicated that α-4 giardin was involved in pro-
liferation and adhesion in G. lamblia trophozoites, and 
EB1, a crucial roles in mitosis, was an interacting partner 
of α-4 giardin. Our work lays the foundation for further 
investigation of functional mechanism of α-4 giardin.
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