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University of Zürich, Winterthurerstrasse 266a, CH-8046 Zürich, Switzerland

Heat shock protein 90 participates in diverse biological pro-
cesses ranging from protein folding, cell cycle, signal transduc-
tion and development to evolution in all eukaryotes. It is also
critically involved in regulating growth of protozoa such as
Dictyostelium discoideum, Leishmania donovani, Plasmodium
falciparum, Trypanosoma cruzi, and Trypanosoma evansi. Se-
lective inhibition of Hsp90 has also been explored as an inter-
vention strategy against important human diseases such as
cancer, malaria, or trypanosomiasis. Giardia lamblia, a simple
protozoan parasite of humans and animals, is an important
cause of diarrheal disease with significant morbidity and some
mortality in tropical countries. Here we show that the G. lam-
blia cytosolic hsp90 (glhsp90) is split in two similar sized frag-
ments located 777 kb apart on the same scaffold. Intrigued by
this unique arrangement, which appears to be specific for the
Giardiinae, we have investigated the biosynthesis of GlHsp90.
We used genome sequencing to confirm the split nature of the
giardial hsp90. However, a specific antibody raised against the
peptide detected a product with a mass of about 80 kDa, sug-
gesting a post-transcriptional rescue of the genomic defect.
We show evidence for the joining of the two independent
Hsp90 transcripts in-trans to one long mature mRNA presum-
ably by RNA splicing. The splicing junction carries hallmarks
of classical cis-spliced introns, suggesting that the regular cis-
splicing machinery may be sufficient for repair of the open
reading frame. A complementary 26-nt sequence in the “in-
tron” regions adjacent to the splice sites may assist in position-
ing the two pre-mRNAs for processing. This is the first
example of post-transcriptional rescue of a split gene by
trans-splicing.

Whole genome sequencing has galvanized investigation of
biological processes and host-pathogen interactions. Proto-
zoan parasites cause life-threatening diseases in humans and

animals accounting for hundreds of millions of deaths annu-
ally worldwide. In the last 10 years, the genome sequences of
many important pathogens such as Giardia lamblia, Leish-
mania donovani, Plasmodium falciparum, Trichomonas vagi-
nalis, and Trypanosoma cruzi have been completed (1–5) and
have helped biological research toward development of new
drug candidates. The first partial genome sequence of G. lam-
blia was reported in 2000 (4), and more recently, in 2007,
the full genome sequence was published and is available on
GiardiaDB (5). G. lamblia (syn. Giardia intestinalis, Giardia
duodenalis) is an extracellular enteroparasite causing giardia-
sis, a diarrheal disease, in humans and animals. Initially
thought to be a primitive eukaryote, G. lamblia turned out to
be a highly simplified extracellular parasite that has under-
gone significant reductive evolution (6). The rapidly accumu-
lating genomic and post-genomic data on Giardia and related
genera now provide the necessary background to investigate
complex biological processes in a comparative manner across
species boundaries.
Heat shock protein 90 (Hsp90)3 is an essential molecular

chaperone that is implicated in growth and development of
many protozoan species such as Dictyostelium, Leishmania,
Plasmodium, and Trypanosoma (7–10). Hsp90 has also been
explored as a drug target in Plasmodium and Trypanosoma
(10). Recent years have seen many new roles being ascribed to
Hsp90. In addition to its ability to fold proteins and regulate
cell cycle and development, recent studies also suggest an
ability to guide evolution in eukaryotes (11–13). The function
of Hsp90 as a sensor of environmental cues is especially cru-
cial in protozoan parasites, which often need to respond to
radical changes of milieus within and outside their hosts (7,
10).
In all organisms investigated to date, Hsp90 proteins are

encoded by a single open reading frame (ORF), which usually
contains multiple introns. In the genome sequence of three
Giardia isolates, no contiguous hsp90ORF was predicted, but
two fragments separated by a large stretch of sequence on the
same scaffold were detected and annotated as hsp90. Here we
investigated the split nature of glhsp90 and the consequences
of this unique genetic rearrangement. We report a post-tran-
scriptional repair mechanism that generates a trans-spliced,
mature mRNA coding for a bona fide Hsp90 protein from the
two Hsp90 pre-mRNAs.
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EXPERIMENTAL PROCEDURES

Cultivation of Parasites—G. lamblia Portland P1 or WB-C6
(assemblage A) parasites were cultured in TYI-S33 (14) sup-
plemented with 12% fetal bovine serum and subcultured with
5 � 104 cells/tube from log phase parasites. The parasites
were harvested by chilling on ice for 20 min followed by re-
peatedly inverting the tubes to dislodge the parasites and fi-
nally pelleted down at 700 � g for 5 min.
PCR and Whole Genome Sequencing—Genomic DNA was

isolated as described previously (15) with minor modifica-
tions. To confirm the position of hspN, the following primers
against the flanking (200 bp upstream and downstream) re-
gion were used: sense, 5�-GGGCATGAGCTGCCGG-3�, and
antisense, 5�-GTCTGCACGCCATAGACGC-3�. Similarly,
the hspC (200 bp upstream and downstream) gene position
was also confirmed from sense primer 5�-CCGCATGCT-
GAGGGTGC-3� and antisense primer 5�-CCGTGCAGC-
TCTAGCACAATTAC-3�.
Total RNA was prepared by TRI Reagent (Ambion) accord-

ing to the manufacturer’s protocol. Five �g of total RNA was
used for cDNA preparation using oligo(dT) primers (Fermen-
tas cDNA kit). A full-length hsp90ORF was amplified with
specific primers overlapping the hsp90 start codon of hspN
(ORF 98054 in GiardiaDB) (sense, 5�-ATGCCCGCT-
GAAGTCTTCGAGTTCCAG-3�) and hspC (ORF 13864 in
GiardiaDB) (antisense, 5�-TCAGTCAACTTCGTCAACGTC-
CTCCTC-3�). As an independent determination of the exact
site of the transition from the transcript derived from ORF
98054 into that derived from ORF 13864, a PCR fragment
from a cDNA template was generated with internal primers
HspC-internal (sense, 5�-GCGAATTCAGGTCCACGAG-
CACGTGAAC-3�) and HspN-internal (antisense 5�-GCG-
AATTCCTGTGATGTAGTAGATCGAC-3�). The resulting
640-bp product was cloned into the EcoRI restriction sites of
pBluescript (Stratagene) and sequenced.
To rule out the possibility of cis-splicing, PCR was carried

out using sense and antisense primers, 5�-ATGCTCCAGAA-
GAATCGC-3� and 5�-CCGTGCAGCTCTAGCACAATTAC-
3�, respectively, as test primers. Amplification of the middle
domain served as a positive control using 5�-CAGGGAC-
CCGAAGGACGTCACCGAG-3� as sense and 5�-CATAT-
ACTCGTCGATGGCCTCGTCC-3� as antisense primers.
RNA was extracted using TRI Reagent as described previ-
ously. RT-PCR was carried out using the above primers tar-
geted toward amplifying a specific product to look for the
presence of any putative long mRNA transcript.
Whole genome sequencing was carried out with the paired

end genomic sequencing methodology with 72-bp read
lengths in the Illumina GA II X sequencer. More than 17 mil-
lion reads were obtained, and 15.7 million high quality reads
were passed through the pipeline for alignment with the ref-
erence genome sequence (G. lambliaWB, ATCC 50803). The
genome coverage was calculated at 165�, and SNPs and In-
Dels were tabulated.
Western Blot Analysis—Parasites were lysed with 20 mM

Tris HCl, pH 6.8, with 1% Triton X-100, and protease inhibi-
tor mixture (G-Biosciences). A high speed supernatant was

resolved on a reducing 10% SDS-PAGE gel and blotted to ni-
trocellulose filters. A rabbit anti-GlHsp90 antibody was raised
against a peptide, NKQPALWTRDPKDVTEDE, specific to
HspN (Custom Synthesis, Mumbai, India) and was used to
probe the filters.
In-gel Digestion—A narrow slice corresponding to a Gl-

Hsp90 band was cut from the stained SDS-PAGE gel and fur-
ther sliced into smaller gel plugs. After several washes with
100 mM ammonium bicarbonate (NH4HCO3) (Sigma-
Aldrich) buffer in 50% acetonitrile (ACN), the gel plugs were
subjected to a reduction step using 10 mM dithiothreitol
(DTT) (Sigma-Aldrich) in 100 mM NH4HCO3 buffer (45 min
at 56 °C). Alkylation was performed with a solution of 55 mM

iodoacetamide (Sigma-Aldrich) in 100 mM NH4HCO3 (30
min at room temperature in the dark) followed by in-gel di-
gestion with 20 �l of trypsin (10 ng/�l) (Promega) in 50 mM

NH4HCO3 (overnight at 37 °C). The reaction was stopped by
storing at �20 °C, and peptides were extracted in 5% formic
acid. Samples were vacuum-dried and reconstituted in 5%
formic acid.
Mass Spectrometry and Database Searching—The protein

digest was analyzed by automated nanoflow LC-MS/MS. The
sample was loaded onto PepMap C18 reverse phase column
connected to a Tempo nano-HPLC system. The peptides
were eluted from the analytical column by a linear gradient
of 95% Solvent A (98% H2O, 2% ACN, and 0.1% formic
acid) to 10% Solvent A and Solvent B (2% H2O, 98% ACN,
0.1% formic acid). The spectra were acquired on a Q-STAR
Elite mass spectrometer equipped with Applied Biosystems
NanoSpray II ion source. The data were acquired in a data-
dependent mode, one MS spectrum followed by three
MS/MS spectra. Data analysis was performed with the An-
alyst QS 2.0 software. For identification of proteins, the
processed data were searched against NCBInr database
using the Mascot protein identification tool version 2.0
with precursor and fragment mass tolerances of 0.15 Da,
cysteine carbamidomethylation as fixed modification, and
methionine oxidation, lysine acetylation, glutamine, and
asparagine deamidation as variable modifications. The re-
sulting MS/MS-based peptide identifications were manu-
ally verified in the ProteinPilot 2.0 software.
Determination of Effect of Hsp90 Inhibition—Parasites from

log phase were harvested, and 1.5 � 104 cells were treated
with 0–10 mM concentration of 17-(allylamino)-17-deme-
thoxygeldanamycin (17AAG) with 10-fold dilutions. 0.5% di-
methyl sulfoxide (DMSO) was used as control in 300 �l of
TYI-S33 culture medium. The assay was performed in 96-well
plates that were sealed with Parafilm and incubated in a hu-
midified 5% CO2 incubator. The parasite viability was scored
by trypan blue exclusion and by assessing the motility of the
parasites as described previously (16).

RESULTS

A Genome Search Reveals Two Partial ORFs Homologous to
Hsp90—The Giardia genome (isolate WB, assemblage A)
codes for two ORFs coding for predicted proteins with strong
homologies to hsp90. The N-terminal domain with a part of
a middle domain, annotated in GiardiaDB and designated
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here as hspN (GL5083_98054, 376 amino acids), and the re-
maining middle domain with the C-terminal domain end-
ing with DEVD, represented here as hspC (ORF
GL50803_13864, 324 amino acids) (5). The predicted ORFs
as well as the presence of a large intervening genomic re-
gion of 777 kb suggested that the glhsp90 fragments were
transcribed as separate mRNAs (Fig. 1A). We also noticed
that a catalytic Arg residue, which is a hallmark of all
Hsp90s reported so far, was not encoded in either of the
predicted ORFs in GiardiaDB.
Genome resequencing using a Portland isolate of G. lam-

blia ruled out the possibility that the split gene was errone-
ously annotated. Paired end whole genome sequencing was
carried out as described under “Experimental Procedures.”
The tagged genomic library was sequenced at 72-bp read
lengths. About 15.7 million high quality reads were obtained,
out of which 15.3 million reads aligned to the previously pub-
lished reference genome of G. lamblia, which covered about
97% of the whole genome. We obtained significant coverage
of about 168� of the reference sequence. As shown in Fig. 1A,
we were able to confirm hsp90, represented as two fragments.
We did, however, observe several single nucleotide polymor-
phisms and other minor InDels (supplemental Table S1). Re-
cently, the sequences of two additional assemblages (B and
E) were integrated into GiardiaDB (29). The gene pages for
the two predicted hsp90 ORFs show a high degree of syn-
teny in the surrounding 10 kbp. Further, the genomic orga-
nization was confirmed by PCR using primers specific to
flanking regions of both hspN and hspC ORFs. We used
primers 200 bp upstream and downstream of these ORFs.
PCR was carried out using genomic DNA isolated from
G. lamblia culture as described under “Experimental Pro-
cedures.” As shown in the Fig. 1C, specific amplicons of the
expected size of 1.5 and 1.4 kb were obtained on using spe-

cific primers for hspN and hspC, respectively. These results
confirmed the split gene organization of hsp90 in the ge-
nome of G. lamblia. Altogether, the whole genome se-
quencing as well as PCR approach confirmed the presence
of one hspN and one hspC fragment each, separated by a
stretch of 777 kb of genomic sequence.
Identification of a Large Hsp90 Protein in Giardia—In con-

tradiction to the genomic organization of hsp90 as two
fragments, we identified a large protein using a polyclonal
anti-GlHsp90 antibody raised against a peptide in the
HspN sequence. Western blot analysis of separated G. lam-
blia lysates incubated with the antibodies revealed a spe-
cific band at �80 kDa (Fig. 2A). To confirm the presence of
an Hsp90 protein of this mass, we excised a narrow Coo-
massie Brilliant Blue-stained gel strip for in-gel digestion
with trypsin and analysis by mass spectrometry. The analy-
sis showed the significant presence of tryptic peptides cor-
responding to both HspN-derived and HspC-derived pro-
teins (Fig. 2, B and E). Indirect immunofluorescence
analysis using the anti-Hsp90 serum showed a cytoplasmic
localization of the detected protein, which appeared to be
excluded from the nuclei (Fig. 2D). This is consistent with
the subcellular distribution of Hsp90 proteins in other
eukaryotes.
Cytoplasmic Hsp90 chaperones are essential proteins re-

quired for the growth and development of many protozoa
(8–10, 17, 18). Lethality of hsp90 gene knock-outs in many
eukaryotes (19, 20) and sensitivity to its inhibitor Geldanamy-
cin in several protozoa including Eimeria sp., L. donovani,
P. falciparum, Toxoplasma gondii, as well as Trypanosoma sp.
(9, 10, 21, 22) have been demonstrated. We treated G. lamblia
cells with the Geldanamycin derivative 17AAG in vitro and
found a dose-dependent inhibition of growth. The IC50 value

FIGURE 1. hsp90 is arranged as a split gene in G. lamblia genome. A, representation of gene position of glhsp90 as reported previously by Morrison et al.
(5). Blue and red arrows represent primer sets for hspN and hspC, respectively. Contig No., number of group of overlapping clones; gDNA, genomic DNA.
B, graphical representation of fused cDNA of GlHsp90, with hspN and hspC fused in head-to-tail pattern. C, PCR amplification using specific primers against
the flanking region of hspN and hspC (200 bp upstream sense primer and downstream antisense primer) gives a specific 1.5-kb-long (hspN) and 1.4-kb-long
(hspC) product, respectively, confirming the genomic position and organization of the hsp90 split gene.
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was calculated at 711 nM, which is in accordance with that in
other organisms.
A Long mRNA Spanning Both the HspN and the HspC Se-

quences Is Present in the Transcriptome—Identification of a
large protein with the anti-Hsp90 antiserum indicated the
presence of a full-sized Hsp90 in G. lamblia. Based on the
available data, we predicted the presence of an mRNA com-
bining the HspN and HspC fragments in the G. lamblia tran-
scriptome. To test this hypothesis, we used RT-PCR to am-
plify a predicted full Hsp90 mRNA as well as delineate a
possible junction between the two Hsp90 fragments from
total RNA. The external primers covering the start of the
hspN and the end of the hspC coding regions as shown in
GiardiaDB yielded a PCR product of �2.1 kb (Fig. 3A). A
smaller, 635-nt fragment was amplified with internal primers
hspN-internal and hspC-internal. This product was not ob-
tained if genomic DNA was used as a template in the reaction
as a control (Fig. 3B). Sequencing of �2.1 kb product revealed
a contiguous coding region of 2112 nucleotides starting with
the predicted ATG codon of ORF 98054 (hspN) and ending
with the predicted stop codon of ORF 13864 (hspC) (supple-
mental Fig. S1). We reasoned that the sequenced mRNA was
a splicing product combining the hspN fragment somewhere
upstream of the predicted stop codon with the hspC frag-
ment. Indeed, we could determine a transition from one into
the other at 1037 nt downstream of the predicted start codon

inside the ORF 98054 coding region (Fig. 3C). The opposite
splicing site in the hspC fragment localized 99 nt upstream of
the predicted ORF 13864, however. Thus, although the splic-
ing reaction discarded 30 codons of ORF 98054, 33 codons
were added from the region upstream of the predicted ORF
13864. The combined mRNA codes for a giardial Hsp90 of
704 amino acids whose closest homologs are the Hsp90 pro-
teins in the related species Spironucleus barkhanus (696
amino acids, 72% identity) and Retortamonas sp. (602 amino
acids, 68% identity). We ruled out the possibility of a putative
large pre-mRNA, which on cis-splicing could result in mature
Hsp90 mRNA. We have attempted amplification of the region
encompassing the coding region of hspC and 197 bp down-
stream of hspC in the non-coding region (Fig. 3D, discontinu-
ous arrows) using a PCR-based approach. Using the primer
set described under “Experimental Procedures,” we used ei-
ther genomic DNA or cDNA as template. As shown in Fig.
3D, on using cDNA as template, there was no amplicon ob-
tained on RT-PCR using the primer set corresponding to
hspCORF and downstream of it (lane 1). On the other hand,
specific amplification was observed when genomic DNA was
used as a template with the same set of primers (Fig. 3D, lane
2). In the case of a cis-splicing event, we would have observed
a 1172-bp-long amplicon on RT-PCR. The absence of a spe-
cific product on RT-PCR confirmed the absence of the puta-

FIGURE 2. A full-length cytosolic Hsp90 in G. lamblia. A, GlHsp90 is expressed as a full-length, 80-kDa protein. Lane 1, total protein profile from the tro-
phozoite stage of G. lamblia cells fractionated on 10% SDS-PAGE stained with Coomassie Brilliant Blue. Lane 2, Western blot analysis of total protein probed
with anti-GlHsp90 antibody showing a specific band corresponding to 80 kDa. B, MS/MS spectrum of signature peptides from HspN and HspC from the 80-
kDa band. C, GlHsp90 is essential for growth of parasites in vitro. The graph represents the percentage of survival of parasites against increasing concentra-
tions of 17AAG. The IC50 value of 17AAG was determined to be 711 nM in vitro. Error bars indicate S.D. D, indirect immunofluorescence analysis using anti-
GlHsp90 antibody shows a diffused cytosolic localization of GlHsp90 in the trophozoite stage of the parasite. E, HspN and HspC peptides identified by
MS/MS analysis are color-coded where green, yellow, and red indicate peptides identified with 95–100%, 59 –95%, and �50% confidence, respectively.
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tive 779-kb-long transcript in the RNA pool, thus ruling out
cis-splicing as a mechanism of RNA processing.
Based on these findings, we postulate that G. lamblia uses

splicing of two separate mRNAs in-trans as a means to cor-
rect the genetic split of hsp90 and to generate a mature
mRNA coding for the �80-kDa Hsp90 protein identified by
Western blot. This is supported by the presence of canonical
GU and AG dinucleotides at the “intron” borders (Fig. 3C),
suggesting that the two pre-mRNAs are substrates for the
conventional cis-splicing machinery. This leaves the question
of how they could be spatially linked to allow a splicing reac-
tion. Interestingly, we identified an almost perfectly matching,
complementary region 6 nt downstream of the splicing junc-
tion in the hspN sequence and 35 nt upstream of the splice
site in the hspC sequence. As shown in Fig. 3E, base pairing of
the 26-nt regions of the pre-mRNAs would bring the splicing
sites into close proximity.

DISCUSSION

Hsp90 is a highly conserved molecular chaperone that as-
sists protein folding and participates in the regulation of cell
cycle as well as in signal transduction pathways in eukaryotes.
The list of clients regulated by Hsp90 is growing, as are its
roles in different biological processes. With the exception of
the Giardia homolog, hsp90 is coded by a single gene in all
biological systems examined so far and has been shown to
possess variable number of introns (23). It is constitutively

expressed at high levels under all stages of cell cycle and de-
velopment and is capable of further induction in response to
stress (24, 25).
Examination of the G. lamblia genomic sequence revealed

glhsp90 to be represented as two separate genes, interrupted
by a 777-kb stretch. On multiple sequence alignment of
GlHsp90 with canonical Hsp90s, we observed the two genes,
namely hspN and hspC, to align with the N termini and C ter-
mini of canonical hsp90 gene sequences. To rule out the pos-
sibility that the split hsp90 gene was a result of erroneously
aligned genome fragments, we resequenced the whole ge-
nome of G. lamblia and confirmed that indeed the N and C
termini of GlHsp90 are coded by two independent genes sep-
arated by a 777-kb intervening sequence. This sole example of
a split hsp90 gene intrigued us to further study Hsp90 from
G. lamblia.
Are these fragments independently expressed, or is there a

post-transcriptional event that would result in the generation
of a full-length hsp90 gene product? Using primers specific to
hspN and hspC and an RT-PCR approach, we were able to
detect an amplicon corresponding to the full-length GlHsp90
message. Sequencing of this amplicon confirmed the presence
of a fused message arising from genes corresponding to the
N- and C-terminal fragments of GHsp90. The fused message
was capable of giving rise to a full-length GlHsp90 protein
bearing all the hallmarks of a canonical Hsp90. We investi-

FIGURE 3. Splicing junction of GlHsp90. A, full-length GlHsp90 amplified from cDNA, using sense primer from hspN and antisense primer against hspC. B, a
PCR product spanning the splice site of the mature Hsp90 mRNA could be amplified with internal primers from cDNA (lane 1) but not from genomic DNA
(lane 2). C, alignment showing the “exon” borders (top and bottom lines) and the transition sequence in the mature GlHsp90 mRNA (middle line) determined
by sequencing of cDNAs. The sequence segments coding for predicted hsp90 fragments in GiardiaDB are underlined. The GU and AG dinucleotides at the
intron borders are boxed. Discarded sequences are shown in italic letters. The transition point in the sequence of the spliced mRNA is depicted as an angled
red line. The numbers in brackets indicate the number of nucleotides. Predicted start and stop codons are in boldfaced letters. D, representation of primers on
the 777-kb fragment showing the annealing sites at hspC ORF and downstream flanking region. Red arrows represent primer annealing sites at hspC ORF
and downstream flanking region. Arrows in black represent the direction of transcription of hspC ORF. Amplification using forward primer annealing within
hspC ORF and reverse primer against flanking region of hspC (197 bp downstream) could not amplify gene product from RNA (lane 1), whereas specific
product was obtained on using genomic DNA as template (lane 2). The middle domain served as a positive control (lane 3) for RNA. E, graphical depiction of
the complementary 26-mer motifs (red boxes) on the two Hsp90 pre-mRNAs. Base pairing would bring the cleavage sites (asterisks) into close approxima-
tion. The respective sequences and orientations are shown below. Dotted lines indicate ORF boundaries that do not correspond to those predicted in
GiardiaDB.
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gated the presence of a full-length GlHsp90 using Western
blotting as well as a mass spectrometry approach. Indeed
Western blotting analysis using antibodies specific to
GlHsp90 revealed the presence of a full-length glhsp90 gene
product migrating at the expected size of about 80 kDa. Par-
tial sequencing of the corresponding protein band from total
lysate using mass spectrometry confirmed the presence of
peptides corresponding to GlHsp90. Our results proved be-
yond doubt the presence of a full-length GlHsp90 protein
arising out of hspN and hspC genes interspersed by a 777-kb
sequence.
G. lamblia is tetraploid with two equivalent diploid nuclei

and proliferates asexually in vertebrate hosts. The 12-Mbp
genome is very compact with only four genes containing a
single intron. A genome rearrangement placing �770 kb
of sequence inside the hsp90ORF would have been compen-
sated by the remaining intact alleles. However, the current
split gene structure in Giardia, which apparently occurred
post-speciation, shows that this disruption has been geneti-
cally fixed. Because Hsp90 function is essential, as shown by
inhibition of Giardia growth after treatment with Geldana-
mycin derivative, this required an alternative mechanism to
produce a full-length protein. The absence of the putative
779-kb-long pre-mRNA transcript formally ruled out the pos-
sibility of cis-splicing as a potential mechanism to generate a
full-length mature mRNA. Based on examination of mRNA
and genomic sequences, a trans-splicing reaction directed by
canonical dinucleotides GU-AG is the only plausible explana-
tion for the production of a mature mRNA containing both
segments of Hsp90. Giardia possesses the necessary machin-
ery to remove introns in four genes (26), but RNA trans-splic-
ing has not been documented. In trypanosomatids and nema-
todes, this post-transcriptional reaction adds capped spliced
leader sequences to the 5�-terminal regions of pre-RNAs to
generate mature mRNAs from polycistronic precursors (27).
There is no example in the literature for the joining of two
separate coding RNAs by trans-splicing, although synthetic
adenovirus encoded mRNAs are spliced in-trans to allow pro-
duction of large proteins for gene therapy (28). Although the
exact mechanism of the splicing reaction in Giardia remains
to be determined, the presence of complementary sequence
adjacent to the splice sites suggests a positioning function for
the assembly of a splicing complex.
Hsp90 is one of the most highly conserved proteins in the

biological kingdom with limited gene variation within and
across species. In addition to its conserved primary structure,
its oligomeric structure as well as its higher order structure as
a multichaperone complex is well conserved. G. lamblia ge-
nome also shows the presence of all the members of Hsp90
co-chaperone team described in other systems. It is unclear
what advantage has led to the selection of a split hsp90 gene.
The occurrence of a post-transcriptional repair suggests that
one or both fragments may lead to production of partial pro-
teins that exert distinct functions. Alternatively, repair of split
genes may be a means to increase complexity in a virtually
intron-less eukaryote. Indeed, the presence of fragmented as
well as full-length dynein heavy chain genes in the Giardia
genome may support this scenario. The documented post-

transcriptional repair of giardial Hsp90 may be the first exam-
ple of an ancient mechanism for rescuing disruption of essen-
tial genes.
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S. G. (2009) PLoS Pathog. 5, e1000560

trans-Spliced Heat Shock Protein 90 Gene Product

7122 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 9 • MARCH 4, 2011


	Post-transcriptional Repair of a Split Heat Shock Protein 90 Gene by mRNA trans-Splicing*♦
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	REFERENCES


