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We have previously shown that the Heat Shock Protein 90 (Hsp90) gene in

G. lamblia is expressed from two ORFs localized 777 kb apart. The pre-

mRNAs transcribed from these ORFs are stitched by a trans-splicing mecha-

nism. Here, we provide mechanistic details of this process by reconstituting

the reaction using in vitro synthesized pre-mRNA substrates. Using RT-PCR,

northern blot and nanostring technology, we demonstrate that the in vitro

synthesized pre-mRNAs have the capability to self-splice in the absence of

nuclear proteins. Inhibition of the trans-splicing reaction using a ssDNA oligo

corresponding to a 26-nucleotide complementary sequence confirmed their

role in juxtapositioning the pre-mRNA substrates during the self-splicing

reaction. Our study provides the first example of a self catalysed,

trans-splicing reaction in eukaryotes.

Keywords: G. lamblia; heat shock protein 90; molecular chaperone;

post-transcriptional regulation; RNA repair; RNA splicing

Giardia lamblia is an early branching human and ani-

mal parasite that infects over a billion people world-

wide [1,2]. Giardia genome is intron poor with only six

genes containing cis-spliced introns [3–7].
Previous studies from our lab have shown that

hsp90 gene in G. lamblia is encoded by two different

ORFs separated by a 777-kb-long intervening sequence

on chromosome 5. These ORFs are designated as hspN

(GL50803_98054) and hspC (GL50803_13864), con-

taining the N-terminal and C-terminal regions of the

protein respectively [8]. However, the mechanism by

which these ORFs generate full-length mRNA are not

fully understood.

As the first step towards understanding the mecha-

nism of this RNA repair event, we reconstituted

Hsp90 trans-splicing reaction in vitro, using purified

in vitro transcribed hspN and hspC pre-mRNAs. Our

study for the first time shows that the pre-mRNAs of

Hsp90 get trans-spliced in vitro in the absence of

spliceosomal proteins and snRNAs by a self-splicing

reaction. In addition to emphasizing the role of Mg2+

ions, our study also highlights the importance of 26-

nucleotide complementary sequences in the pre-

mRNAs for the self-splicing reaction.

Materials and methods

In vitro cultivation of Giardia Trophozoites

An axenic culture of G. lamblia Portland P1 or WB-C6

(assemblage A) parasites were cultured as previously

described by Nageshan et al. [8,9].

Abbreviations

dhc-b, dynein heavy chain b; dhc-ϒ, dynein heavy chain ϒ; hsp90, heat shock protein 90; nt(s), nucleotide(s); NTPs, nucleotide triphosphates;

SS, splice site; Ts, Trans-splicing; TSP, Trans-spliced product.
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Cloning of HspN, HspC and full-length Hsp90

constructs

Using gDNA as template [8] with specific hspN and hspC

primers, a 571-bp region in hspN and a 420-bp region in

hspC ORF was amplified. A 749-bp region (FLHsp90)

which contained the trans-spliced (Ts) junction was ampli-

fied from the full-length Hsp90 (2.1 kB) previously cloned

[10], using HspN sense primer and HspC antisense primer.

These amplicons were ligated to pRSET-C vector under T7

promoter. Detailed information about sequences (in the

construct, MCS and primer sequences) is described in Sup-

porting information (Figs S1 and S3).

In vitro transcription

HspN, HspC and FLHsp90 clones were linearized overnight

using EcoRI-HF enzyme (Fig. S2). The purified linearized

constructs were used for the preparation of pre-mRNAs

using T7 RNA polymerase. The integrity of RNAs was

checked on 1.2% MOPS-formaldehyde agarose gel (Fig. S3).

Nuclear extract preparation

Giardia nuclear extract was prepared as described by Janet

Yee et al., with minor modifications [11].

In vitro trans-splicing

Each 100 ll reaction mixture contained 300–500 lg of

nuclear protein in 20 mM potassium L-glutamate, 20 mM

KCl, 3 mM MgCl2, 20 mM HEPES– KOH, pH 7.7, 20 mM

creatine phosphate, 0.48 mg�mL�1 creatine kinase, 2.5%

poly(ethylene glycol) (M.W-4000), 0.2 mM EDTA, 0.5 mM

EGTA, 4 mM DTT,1X PIC (Roche), equal concentrations

of pre-mRNA substrates (without 50m7G cap) and ATP

(0.5 mM), and then the trans-splicing reaction was conducted

for 15 min at 28 °C.

RT-PCR as an assay to detect in vitro trans-

splicing

Equal concentration (500 ng) of pre-mRNAs after incuba-

tion in the trans-splicing (Ts) buffer were precipitated with

isopropanol post phenol–chloroform extraction. Purified

RNA was used for the cDNA synthesis with the gene-specific

primer (HspC-R). The cDNA was then used as the template

for PCR to amplify the trans-spliced junction using specific

forward and reverse primers for the Ts junction (Fig. S5).

Preparation of Giardia total RNA

Total RNA from Giardia trophozoites was prepared using

TRI reagent (ambion) using manufacturer’s protocol. One

hundred nanograms of RNA was used to serve as in vivo

positive control in the Nanostring platform (Fig. 2B). Two

micrograms of total RNA was used for cDNA synthesis

(verso cDNA kit) using random hexamers and oligo (dT)

primers. The cDNA was subjected to PCR with specific pri-

mers as shown in Fig. 1D to serve as in vivo-positive con-

trol for in vitro Ts assay.

Northern blot to visualize in vitro trans-spliced

product

Eight micrograms of HspN and HspC pre-mRNAs were

incubated in Ts buffer at 28 °C for 15 min. RNA was then

Fig. 1. Hsp90 pre-mRNAs undergo self-splicing in vitro in a Mg2+-dependent manner. (A) Schematic representation of in vitro trans-splicing

assay. The in vitro transcribed pre-mRNAs were incubated in the Ts buffer at 28 °C for 15 min. The RNA was then extracted and subjected

to cDNA synthesis using gene-specific primer and the trans-spliced product was detected by PCR with primers complementary to hspN and

hspC pre-mRNAs. (B) Hsp90 pre-mRNAs of G. lamblia undergo self-splicing in vitro. RT-PCR and PCR as the in vitro trans-splicing assay

with primers for trans-spliced product confirms the self-splicing ability of the pre-mRNAs. Lanes 1–4 involved use of primers, one annealing

to hspN and the other annealing to hspC, to amplify the junction from cDNA. Lane 1 and 3 confirms the presence of faint and fuzzy trans-

spliced amplicon in the presence of nuclear extract and ATP and presence of nuclear extract only; Lanes 2 and 4 show the presence of

trans-spliced amplicon in the absence of nuclear extract alone and nuclear extract and ATP. Lane 8 shows the trans-spliced amplicon from

the FLRNA which serves as the positive control. (C) Sanger’s DNA sequencing confirms the self-splicing ability of the pre-mRNAs.

Sequencing result obtained with forward primer (RO2-F) and reverse primer (RO2-R) confirms the presence of trans-spliced junctional

sequence in the mature in vitro self-spliced product (from Fig. 1B, lane 4). Sequence highlighted with box completely matches with the

sequencing result and the Ts junction is demarcated. Nucleotides underlined represent the sites where forward and reverse primers

hybridize on the cDNA template. (D) In vitro Ts assay with additional primers for the Ts junction confirms the self-splicing ability of the pre-

mRNA substrates. Lanes 3, 4 and 5 show the Ts amplicon of expected sizes with HspN-F, C-R primers, RO1 and RO2 primers respectively.

Lanes 1 and 2 serve as internal control for Ts assay indicating the presence of pre-mRNA substrates in the assay tube. Lanes 6–10 serve as

in vivo-positive control. (E) Direct visualization of self-spliced RNA by northern blot. a32P-dATP body labelled DNA probe containing the Ts

junctional sequence hybridizes with the self-spliced product in lane 1 and FLRNA in lane 4 which served as the positive control. Lanes 2 and

3 where the HspN and HspC pre-mRNA substrates were incubated alone in the Ts buffer does not display the self-spliced band and served

as the negative control. (F) In vitro self-splicing reaction requires presence of Mg2+ ions. Lane 1 shows a self-spliced amplicon in the

presence of Mg2+ ions. Self-spliced amplicon is absent in the absence of Mg2+ions (lane 3), in the presence of EDTA (lane 2) and in the

presence of EDTA alone (Lane 4). Lane 8 contains the trans-spliced amplicon from the FLRNA which served as the positive control.
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denatured and resolved on 2% MOPS-formaldehyde agar-

ose gel and transferred to nylon membrane overnight.

RNA was UV cross-linked to the membrane and

hybridized overnight in hybridization buffer with a 400 bp

a32P-dATP body-labelled DNA probe which had the Ts

junction sequence. The membrane was then subjected to
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stringency washes and RNA bands on the membrane were

then visualized by autoradiography.

Nanostring technology

A pair of probes, reporter (Probe A) and capture probes

(Probe B), was designed for each target RNA species

(Table S1 and Fig. S8). One hundred nanograms of RNA

from each Ts assay tube after quality control (Table S2

and Fig. S9) was subjected to hybridization separately with

a cocktail of excess reporter and capture probes designed

to detect all target RNA under this study. Hybridization

was conducted overnight at 67 °C. The tripartite complexes

were then purified from unbound and excess probes. The

different barcodes corresponding to different target RNA

species were visualized and counted using fluorescence

microscope, each count corresponding to one copy of the

transcript [12].

Inverse PCR for generating HspN and HspC

deletion mutants

50 phosphorylated forward and reverse primers were

designed pointing outwards to exclude the 26 bp region in

both the clones. The linear mutant bands after PCR were

subjected to ligation and transformed in E. coli DH5a com-

petent cells. Colonies harbouring the mutant plasmids were

selected by colony PCR and confirmed by sequencing.

Oligo inhibition assay

Increasing amounts of Anti-N26 DNA oligo were incu-

bated along with a definite number of molecules of HspN

pre-mRNA in the Ts buffer at 65 °C for 5 min and snap

chilled on ice for 2 min. Equimolar amounts of HspC pre-

mRNA were then introduced in the Ts buffer and incu-

bated at 28 °C for 15 min. RNA was purified from DNA

oligos and equal concentration of RNA from each assay

tube was subjected to cDNA synthesis. The cDNA was

then subjected to Q-PCR using primers which would

amplify the Ts junction. Q-PCR quantitation results were

reported as Mean with SD. For paired comparisons, one-

tailed paired t-test was used. All analysis was done using

GraphPad Prism 5.

Results

HspN and HspC pre-mRNAs self-splice in vitro

To reconstitute the trans-splicing reaction in vitro, pre-

mRNA substrates were prepared by in vitro transcrip-

tion reaction using plasmids containing hspN and hspC

fragments. The fragments from hspN and hspC ORFs

contain all the essential elements for the splicing

reaction, including 26 nucleotide positioning elements,

50 and 30 splice sites and the branch point adenine.

HspN and HspC pre-mRNAs were synthesized and

used for the reconstitution assay as described in mate-

rials and methods. Full-length (FL) Hsp90 RNA

(FLRNA), 947 nucleotides long, was similarly gener-

ated and used as positive control. The integrity of the

in vitro transcribed hspN, hspC pre-mRNAs and the

FL Hsp90 RNA (FLRNA) were examined on 1.2%

MOPs-Formaldehyde Agarose Gel (Fig. S3).

We prepared nuclear extract from actively dividing

Giardia trophozoites culture as described in the materi-

als and methods. We incubated equal concentrations

of pre-mRNA substrates with or without nuclear

extract from G. lamblia for 15 min at 28 °C in trans-

splicing (Ts) buffer. At the end of the reaction, we

extracted RNA and prepared cDNA using a gene-spe-

cific primer. The cDNA was then subjected to PCR

amplifications by using primers for the trans-spliced

product (TSP). The full-length in vitro trans-spliced

RNA was expected to give an amplicon of 140 bp.

Hsp90 full-length mRNA (FLRNA), which was trea-

ted in parallel was used as the positive control.

As shown in Fig. 1B, when the two pre-mRNA

substrates were incubated in the presence of nuclear

extract and ATP, an amplicon of expected size was

found (Fig. 1B, lane 1), a similar sized band was seen

in full-length control suggesting that the 140 bp

amplicon corresponded to the trans-spliced product.

The band was completely absent in the buffer alone,

or having only one of the two RNA substrates (Lane

5–7). A fuzzy band of correct size was obtained on

inclusion of nuclear extract but absence of ATP

(Fig. 1B, lane 3).

Importantly, we found a specific 140 bp product

corresponding to trans-spliced RNA when we used

RNA substrates without the presence of nuclear

extract, both in the presence and the absence of exoge-

nously added ATP (Fig. 1B, lane 2 and 4), suggesting

the self-splicing ability of the pre-mRNAs. To further

confirm that the 140 bp reaction product indeed corre-

sponded to trans-spliced product, the amplicon was gel

eluted and sequence was confirmed by DNA sequenc-

ing as shown in Figs. 1C and S6.

In addition to primers which amplify 140 bp trans-

spliced junction (RO2-F,R), we used two additional

pairs of primers (RO1-F,R and HspN-F, HspC-R), in

each pair the forward primer binds to HspN sequence

and the reverse primer to HspC sequence, as shown in

the schematic (Fig. 1D). Ts amplicon of expected sizes

were obtained with all three pairs of primers confirm-

ing the self-splicing ability of the pre-mRNAs. Lanes 1

and 2 (Fig. 1D) serve as internal control indicating the
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presence of pre-mRNA substrates, HspN and HspC in

the reaction tube when amplified using HspN and

HspC sequence-specific primers. Giardia total RNA

was subjected to cDNA synthesis and PCR with speci-

fic primers (Fig. 1D, lanes 6–10) to serve as the in vivo

positive control.

Our results suggested that the two pre-mRNA sub-

strates contain all the structural features sufficient to

facilitate the trans-splicing reaction resulting in the for-

mation of mature product formed between GU-AG

splice sites and containing the expected junction

sequence [8].

To directly visualize self-splicing ability of the two

pre-mRNAs, we performed northern blotting to detect

the self-spliced band as described in Materials and

methods. As shown in Fig. 1E, lane 1, the a32P-dATP

body-labelled DNA probe, containing the Ts junction

sequence, could detect the presence of self-spliced pro-

duct at the expected size of 947 nucleotides. The DNA

probe did not detect the Ts product when the pre-

mRNA substrates were incubated alone in the Ts buf-

fer (lanes 2 and 3). FLRNA (lane 4) harbouring the

Ts junctional sequence served as the positive control.

Thus, the northern blot provides direct evidence for

the self-splicing capability of pre-mRNAs.

Self-splicing is Mg2+ dependent

Mg2+ ions are known to be involved in the stabiliza-

tion of the oxyanion leaving group at the 50 splice site

of the exon 1 of group I and group II self-splicing

reactions. Mg2+ ions are also established to stabilize

the transition state of the first trans-esterification reac-

tion [13,14]. It appears that similar to the canonical

cis-splicing reaction, Mg2+ ions may be required in

the first trans-esterfication step of Hsp90 in vitro self-

splicing (Fig. 1F). To investigate the importance of

metal ions in the trans-splicing buffer for the molecu-

lar stitching event in vitro, the Ts reaction was con-

ducted in the presence of Mg2+ ions and 0.5M

EDTA in different combinations in the Ts buffer at

28 °C for 15 min. The RNA was extracted, cDNA

prepared and the product was identified by PCR. The

self-spliced product was detected in the presence of

Mg2+ (Lane 1) but was not detected in the absence

of Mg2+ (Lane 3). The self-spliced product was

absent when the reaction was conducted in the pres-

ence of both 0.5 M EDTA and Mg2+ ions (Lanes 2);

or in the presence of 0.5M EDTA alone (Lane 4).

However, occasionally, the size of the self-spliced

amplicon was observed to be higher by 33 nucleotides

(173 bps) than the FLRNA-positive control. The

higher molecular weight band obtained in lane 1 was

because of an additional 33 nucleotides that were con-

tributed from the intronic region of hspC pre-mRNA

in addition to the trans-spliced (Ts) junctional

sequence confirmed by Sanger’s DNA sequencing

(Fig. S7). The FLRNA containing the Ts junction

was used as the positive control which showed a PCR

product of 140 bps (Lane 8). The result suggested

that in vitro self-splicing reaction is Mg2+ ion depen-

dent and the occasional presence of a 173 bp product

could be attributed to low fidelity of the in vitro self-

splicing reaction in the absence of any nuclear protein

interactors.

Nanostring platform validates the presence of

trans-spliced junction in the self-spliced product

Nanostring technology allows multiplexed direct and

precise detection of RNA transcripts. This technology

requires no enzymatic or amplification steps thus mak-

ing it an unbiased platform to detect unique RNA spe-

cies. Nanostring platform relies on a simple

hybridization chemistry of specific reporter and cap-

ture probes designed to be complementary to the tar-

get RNA species.

We designed two probes, reporter (probe A, with

unique fluorescent barcode) and capture probe (probe

B, with biotin moiety) for each of the four RNA tar-

gets, purified pre-mRNA substrates HspN and HspC

and products, trans-spliced mature Hsp90 mRNA and

the branched lariat by-product generated after in vitro

trans-splicing assay. (Fig. S8).

In vitro trans-splicing assay was performed as above.

A cocktail of all reporter and capture probes for all

targets under this study was hybridized at 67 °C over-

night with 100 ng of extracted RNA from each assay

tube, separately. Simplified schematic for nanostring

assay procedure is described in Fig. 2A [12].

As shown in Fig. 2B, the nanostring platform could

detect precisely the number of molecules of mature

self-spliced mRNAs (79 940) and the branched lariat

by-product (19 419) in 100 ng of RNA extracted after

the trans-splicing reaction. Assay tubes containing

HspN and HspC pre-mRNAs alone showed the pres-

ence of only the corresponding pre-mRNAs. FLRNA

incubated under similar conditions in the Ts buffer

showed the presence of the trans-spliced junction and

served as the positive control for the assay. Total

RNA extracted from Giardia trophozoites served as

the in vivo-positive control with most of the pre-

mRNA substrates consumed to give rise to mature

mRNA.

Thus, the nanostring platform validated and con-

firmed the presence of in vitro-generated trans-spliced

437FEBS Letters 593 (2019) 433–442 ª 2019 Federation of European Biochemical Societies

V. Iyer et al. Giardia Hsp90 pre-mRNAs self-splice in vitro

 18733468, 2019, 4, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.13324 by L

ibrarian In-C
harge, W

iley O
nline L

ibrary on [26/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



mature Hsp90 mRNA and the lariat by-product

in vitro.

26 nucleotide positioning elements in
the pre-mRNAs are necessary for self-
splicing reaction

All the trans-spliced genes, hsp90, dhc-b and dhc-ϒ
identified in Giardia harbour complementary sequence

elements in the corresponding split genes [4,8,15]. This

appears to be a strategy to bring together individual

pre-mRNAs to facilitate their joining. To test the

importance of the 26-nucleotide sequence elements in

Hsp90 self-splicing reaction, we generated mutant plas-

mids lacking just the 26 nucleotide positioning ele-

ments by inverse PCR approach as described in

Materials and methods. The modified plasmids were

used as template for in vitro transcription and RNA

Fig. 2. Nanostring platform confirms the self-splicing ability of Hsp90 pre-mRNAs. (A) Schematic representation of the workflow of

nanostring platform. RNA extracted from assay tubes after incubation in the Ts buffer were subjected to hybridization overnight at 67 °C,

with reporter and capture probe cocktail. Post hybridization, the tripartite complexes in each tube were washed to remove the unbound

probes during its transit through microfluidic cartridge. The Probe–target complexes were then aligned under the influence of electric field

and immobilized on streptavidin coated surface with the help of biotinylated oligos complementary to the repetitive DNA sequences present

towards the 30 end of the reporter probe. Aligned molecular barcodes were then visualized and counted using a fluorescence microscope

and a CCD camera. (B) Nanostring platform confirms the presence of in vitro generated trans-spliced junction in the absence of

spliceosomal proteins. Nanostring technology detects 79 940 copies of trans-spliced mature RNA and 19 419 copies of branched lariat by-

product upon incubation of equal concentrations of purified pre-mRNA substrates HspN and HspC in the Ts buffer lacking spliceosomal

proteins. RNA extracted from assay tubes containing HspN and HspC alone shows the presence of only the corresponding pre-mRNAs

which served as the negative control. FLRNA harbouring the trans-spliced junction when incubated alone under similar conditions in the Ts

buffer shows counts corresponding to only the junctional sequence and hence served as the positive control for our assay. Giardia total

RNA served as the in vivo positive control with most of the pre-mRNA substrates consumed to give rise to the mature RNA. Figure in the

inset was plotted with an expanded Y-axis to have an expanded view of copies of Ts reaction products.
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purified as above. The mutant pre-mRNAs were incu-

bated in the Ts buffer at 28 °C for 15 min. The RNA

was extracted, cDNA prepared and the product was

identified by PCR. As shown in Fig. 3A, lane 1, pre-

mRNAs containing the 26 nucleotide complementary

sequences yielded an intense self-spliced band of the

expected size. Lane 2 (Fig. 3A) shows a smear with

primers specific for trans-spliced junction. Also, the

expected trans-spliced amplicon was absent when the

mutant and unmodified pre-mRNA were used in

different combinations (Lanes 3 and 4). The band was

completely absent in the buffer alone, or having only

one of the two RNA substrates without the mutation

(Lane 5–7). FLRNA treated in parallel under similar

conditions yielded an intense band of 140 bp and

served as the positive control for the in vitro Ts assay.

The faint, multiple bands observed in lanes 2, 3 and 4

could be due to the inability of the pre-mRNAs to

choose the correct corresponding 50 and 30 splice sites

resulting in promiscuous pairing of exons.

Fig. 3. 26-nucleotide complementary sequences in Hsp90 pre-mRNAs are essential for self-splicing reaction. (A) Lane 1 shows a single,

intense self-spliced band at the expected size, when hspN and C pre-mRNAs were incubated in the Ts buffer. Lane 2, shows multiple PCR

products with primers specific for the junction, upon using the mutated pre-mRNAs. Lanes 3 and 4 shows smear like pattern when

different combinations of mutated and unmodified pre-mRNAs were used in the splicing assay. Lanes 5–7 serve as the negative control

with no amplification observed in buffer only and when either of the two pre-mRNAs were present. Lane 8 contains the trans-spliced

amplicon from the FLRNA which served as the positive control. (B) ssDNA oligo inhibition assay confirms that the 26-nucleotide

complementary sequences in the pre-mRNAs are essential for in vitro self-splicing reaction. Anti-N26 ssDNA oligo was allowed to hybridize

with HspN pre-mRNA prior to incubation with equimolar amounts of HspC pre-mRNA. Presence of oligo in the ratio of 1:10 with the pre-

mRNAs decreased the self-spliced template by 20% as compared to control, (P = 0.0342, n = 3) as shown in the upper panel quantitated

using Q-PCR. The Ts template decreased by 60% (P = 0.091, n = 3) as compared to control when ssDNA oligo was introduced in the ratio

of 1:1 with the pre-mRNAs. Lower panel shows the reaction products resolved on 1.4% agarose gel post Q-PCR, to confirm the size of the

Ts product. Lanes 1, 2 and 3 shows a 293 bp Ts product with a decreasing intensity of the product with a concomitant increase in ssDNA

oligo.
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We used DNA oligo inhibition assay to confirm the

importance of 26-nucleotide complementary sequences

in hsp90 in vitro self-splicing reaction. We incubated

increasing amounts of ssDNA oligo complementary to

the 26 nucleotides in the hspN pre-mRNA (Anti-N26

DNA oligo) with hspN pre-mRNA in the Ts buffer for

5 min at 65 °C followed by snap chilling on ice for

2 min. HspC pre-mRNA was then introduced into the

reaction buffer at an equimolar concentration and

incubated at 28 °C for 15 min. RNA was purified

from the DNA oligo and equal concentrations of

RNA from each tube was subjected to cDNA synthe-

sis and real time PCR analysis as described in Materi-

als and methods.

As shown in Fig. 3B (lanes 1, 2 and 3), Q-PCR gave

rise to a 293 bp product containing the Ts junction.

When anti-N26 oligo and pre-mRNAs were incubated

in the ratio of 1:10, the self-spliced product decreased

by 20% as compared to the control reaction without

DNA oligo (Fig. 3B). In equimolar concentration of

DNA oligo, the self-spliced product decreased by 60%

as compared to the control in the absence of the DNA

oligo. To confirm the size of the amplified products in

the presence of increasing oligo, the Q-PCR products

were resolved on 1.4% agarose gel. Lanes 1, 2 and 3

show the self-spliced band (293 bp) with a decrease in

intensity with a concomitant increase in ssDNA oligo.

Our results confirmed that the 26-nucleotide posi-

tioning elements in the pre-mRNA substrates, by vir-

tue of its complementary base pairing interactions may

guide proper orientation of the 50 splice site and

branch point adenine for the first nucleophillic attack

at the 50 splice site and subsequently the choice of the

correct 30 splice site in the second nucleophillic attack.

Fig. 4. Mechanism of trans-splicing reaction. The first step of the trans-splicing reaction is facilitated by the intermolecular interaction

between 26-nucleotide positioning elements in hspN and hspC pre-mRNAs orienting the residues, branch point adenine and 50SS,
participating in the first nucleophillic attack. This orientation step may be the most critical step for the trans-splicing reaction which may be

aided by spliceosomal protein components in vivo. After the first nucleophilic attack, the second attack at the 30splice site forms the trans-

spliced product and generates an unstable lariat by-product.
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Mechanism of the in vitro trans-splicing reaction

Our data suggest a model wherein complementary base

pairing between the 26-nucleotide positioning elements

of the two pre-mRNAs bring the catalytic branch

point adenine of hspC pre-mRNA in proximity of the

50SS of hspN pre-mRNA to initiate the first nucle-

ophillic attack. This step would generate a free 30OH

in the hspN pre-mRNA which nucleophillically attacks

the 30 splice site generating the full-length Hsp90

mature mRNA and the lariat by-product (Fig. 4). Our

results suggest that all the information necessary for

the Ts reaction is present within the pre-mRNA

sequences and the spliceosomal components may facili-

tate the Ts reaction to ensure fidelity and efficiency of

the reaction in vivo.

Discussion

Cis-splicing in eukaryotes proceeds via two transesteri-

fication reactions. In the first step, the 20OH of a

canonical branch point adenine preceding the

polypyrimidine tract attacks the 50 splice site (upstream

of canonical GU residues) to form a free 30OH at the

50 exon boundary. The free 30OH attacks the 30 splice
site of the next exon (downstream of AG residues),

thus releasing the lariat and the cis-spliced product.

This is essentially an intramolecular reaction [16–18].
Trans-splicing on the other hand, is an intermolecular

reaction [19].

Our study shows that the pre-mRNAs of Hsp90 can

get trans-spliced in vitro in the absence of spliceosomal

proteins in Mg2+dependent manner. Self-splicing abil-

ity of pre-mRNA substrates was confirmed by an RT-

PCR approach and directly without any amplification

steps by northern blot. We also confirmed this unique

splicing reaction using a simple hybridization chem-

istry employing specific fluorescently tagged and

biotinylated probes to detect the self-spliced product

and the highly unstable lariat by-product.

Unlike the well-studied intramolecular cis-splicing

mechanism, the trans-splicing reaction described here

is an intermolecular reaction between independently

transcribed RNA from ORFs located at distant loca-

tions in the G. lamblia genome [8]. The presence of 26-

nucleotide positioning elements in the introns appears

to overcome this spatial displacement and facilitate the

RNA precursors to interact and thereby support the

trans-splicing reaction.

Our study provides first experimental evidence for

the role of 26 nucleotide complementary sequences in

the two pre-mRNAs. The mutant pre-mRNAs lack-

ing these complementary nucleotides or the presence

of an excess of antisense ssDNA oligos to the 26-

nucleotide elements robustly inhibits the self-splicing

reaction.

Giardia lamblia Hsp90 trans-splicing is reminiscent

of the splicing mechanism found in Caenorhabditis el-

egans ERI-6/7 superfamily I helicase where the forma-

tion of an intermolecular stem structure brings the two

pre-mRNAs together [20]. Two out of three trans-

spliced genes discovered so far in Giardia, hsp90 and

dhc-b, seem to exhibit conservation of all the essential

features of a cis-splicing reaction, namely (a) GU-AG

boundaries, (b) polypyrimidine tract upstream of the

intron-exon junction and (c) an essential adenine for

nucleophillic attack.

In vivo however, in addition to these nucleotide ele-

ments, involvement of specific RNA-binding proteins

may be necessary for the fidelity and efficiency of

trans-splicing reaction. In addition, the regulation of

spatial organization of hspN and hspC gene in the

nucleus to facilitate their physical proximity and

thereby the trans-splicing reaction may provide an

additional level of regulation for G. lamblia Hsp90

gene expression.
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Fig. S1. Hsp90N and Hsp90C partial sequences; and

FLHsp90 sequences cloned in pRSET-C vector.

Fig. S2. Quality check of linearized HspN, HspC and

FLHsp90 plasmids on 0.6% agarose gel.

Fig. S3. Integrity of the in vitro transcribed hspN, hspC

and FLRNA pre-mRNAs on 1.2% agarose, MOPS-

formaldehyde gel.

Fig. S4. PCR amplification of cDNA from in vitro

trans-splicing reaction with hspN and hspC primers.

Fig. S5. Schematic representation of the trans-spliced

product intermediate along with the hybridization sites

of the primers used to detect the self-splicing event

in vitro.

Fig. S6. Sequence of the self-spliced amplicon.

Fig. S7. Sequence of the higher molecular weight (173

bp) self-spliced amplicon occasionally observed with

forward and reverse primers.

Fig. S8. Schematic representation of Reporter (Probe

A) and capture probes (Probe B) and their correspond-

ing target sequences in the RNA targets under this

study (not to scale).

Fig. S9. Electropherogram profiles.

Table S1. Reporter (Probe A) and capture probe

(Probe B) sequences designed to specifically detect the

RNA targets under this study.

Table S2. Nanodrop QC details of the RNA samples

extracted after in vitro Ts reaction and total RNA

from log phase culture of G. lamblia.
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