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ABSTRACT

The THO complex is a key factor in co-transcriptional formation of export-competent
messenger ribonucleoprotein particles, yet its structure and mechanism of chromatin recruitment
remain unknown. In yeast this complex has been described as a heterotetramer (Tho2, Hprl, Mftl, and
Thp2) that interacts with a Tex]1 and mRNA export factors Sub2 and Yral to form the TRanscription
EXport complex (TREX). In this study we purified yeast THO and found Tex1 to be part of its core.
We determined the three-dimensional structures of five-subunit THO complex by electron microscopy
and located the positions of Tex1, Hprl and Tho2 C-terminus using various labeling techniques. In the
case of Texl, a P-propeller protein, we have generated an atomic model which docks into the
corresponding part of the THO complex envelope. Furthermore, we show that THO directly interacts
with nucleic acids through the unfolded C-terminal region of Tho2, whose removal reduces THO
recruitment to active chromatin leading to mRNA biogenesis defects. In summary, this study describes
the THO architecture, the structural basis for its chromatin targeting, and highlights the importance of

unfolded regions of eukaryotic proteins.
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INTRODUCTION

mRNA biogenesis and export is a very complex process involving transient
interactions between a large number of proteins and assemblies. During transcription
elongation, pre-mRNA molecules are packed into RNA—protein assemblies termed mRNPs
(Kohler & Hurt, 2007). All steps leading to the production of translation competent mRNA in
the cytoplasm (transcription, mRNA processing and export from the nucleus) are tightly
coupled, and impairment of any step leads to the activation of the RNA surveillance pathway
and the consequent degradation of improper mRNA molecules (Houseley et al, 2006).

THO is an evolutionarily conserved macromolecular assembly that functions during
transcription facilitating the mRNP packaging and export. The yeast THO complex associates
with chromatin in a transcription-dependent manner and is essential for efficient co-
transcriptional recruitment of mRNA export factors Yral and Sub2 (Strasser et al, 2002).
Therefore THO plays an important role in coupling transcription to mRNA export, although
its precise function is still elusive. Yeast THO has been described as a four-subunit complex
composed of Tho2 (180 kDa), Hprl (90 kDa), Mftl (45 kDa), and Thp2 (30 kDa) (Chavez et
al, 2000), for which no structural information is available. It has been shown that THO
interacts with three other proteins, the RNA helicase Sub2, the RNA binding protein Yral,
and Tex1 whose function is unknown, forming the TREX complex - from TRanscription and
Export; (Strasser et al, 2002). Moreover, during transcription THO interacts with mRNA
export factor Mex67, and the serine-arginine-rich (SR)-like proteins Gbp2 and Hrb1 (Hurt et
al, 2004; Strasser et al, 2002; Zenklusen et al, 2002). It has also recently been published that
TREX interacts with the Prpl9 complex, involved in splicing and transcription elongation
(Chanarat et al, 2011).

Inactivation of the THO subunits results in remarkable molecular phenotypes, which
reveals the important role of the complex in mRNA biogenesis and genome stability. Lack of
THO causes impairment of mRNP formation leading to defects in transcription elongation
and to the formation of RNA/DNA hybrids (R-loops), which in turn causes genomic
instability (Huertas & Aguilera, 2003). Another interesting phenotype generated by THO
deletion is the formation of large aggregates (called heavy chromatin) composed of
transcriptionally active chromatin, nascent transcripts, RNA export machinery and nuclear
pore complexes (NPC) (Rougemaille et al, 2008). Finally, the expression level of long GC-
rich genes (like LacZ) is markedly reduced in tho mutants (Chavez et al, 2001). All these



phenotypes together with the interaction of THO with export factors described above strongly
suggest that its activity is directly associated with mRNA transcription, biogenesis and export.

The interaction between THO and active chromatin, together with biochemical studies
of Yral and Sub2, have led to a model in which the THO/TREX complex is recruited to
mRNA at the early stages of the export pathway (Strasser et al, 2002; Zenklusen et al, 2002).
Then, mRNA is transmitted to the Mex67/Mtr2 export receptor, which interacts with
phenylalanine-glycine (FG) repeat-containing nuclear pore proteins, thus facilitating mRNA
translocation through the NPC (Kohler & Hurt, 2007; Reed & Cheng, 2005).

Despite numerous studies, the mechanism of THO function is not well defined. So far,
no structural information regarding THO and its subunits has been published and it is unclear
whether it interacts directly with nucleic acids and how it is recruited to chromatin.
Interestingly however a recent report suggests that THO interaction with active chromatin is
partially dependent of Syfl — a subunit of the Prpl9 complex involved in transcription
elongation and splicing (Chanarat et al, 2011).

In this work we provide mechanistic insight into the THO function. We demonstrate
that Tex1 interacts stably with THO as it co-purifies with the other subunits even at high salt
concentrations. We present the three-dimensional reconstruction of the five subunits of the
THO complex and the localization, within the structure, of the subunits Tho2, Hprl, and
Tex1. Furthermore, we show that the largest THO subunit Tho2, and in particular its C-
terminal domain, is directly responsible for interaction with nucleic acids (ssDNA, dsDNA
and RNA). Deletion of this fragment, while not altering the assembly of the complex, leads to
defects in mRNA biogenesis and increases genome instability. Most importantly, the
intrinsically unfolded C-terminus of Tho2 is essential for efficient recruitment of the THO

complex to chromatin.



RESULTS

Purification and structural characterization of the THO complex.

To characterize the THO complex we devised an efficient purification procedure. The
native THO complex was purified by IgG affinity chromatography followed by ion exchange
chromatography using a Saccharomyces cerevisiae strain with a TAP-tagged Tho2 protein
(Dziembowski A & Seraphin, 2008). The purified complex reproducibly contained not only
the four core THO subunits (Tho2, Hprl Mtf2 and Thp2) but also the TREX component Tex 1
(Fig. 1A, Fig. S1), while the other TREX components (Yral and Sub2) were conspicuously
absent. In the present manuscript we refer to the 5-subunit assembly as the THO complex
(Jimeno et al, 2002; Rehwinkel et al, 2004; Strasser et al, 2002). The purified THO complex
isolated from S. cerevisiae was not very soluble (less than 1 mg/ml), too low to attempt
crystallization, but sufficient for structural analysis by electron microscopy. Aliquots of THO
were negatively-stained and observed by electron microscopy (Fig. 1B), which revealed the
presence of a homogeneous population of long, thin particles (top gallery in Fig. 1B). A total
of 14115 particles were selected, aligned and classified as described in Methods. A
maximum-likelihood classification revealed as the largest population a croissant-like structure
~220 A long and ~115 A high, with a flat surface at the base and two large protrusions at the
top, one long and thin and the other shorter but wider (Fig. 1C). From the tip of the larger
protrusion stems a thin and flexible stain-excluding mass (arrow in Fig. 1C), which appears to
be sticky as suggested by the presence (~20% of the population) of dimers of THO complexes
interacting through this region and forming butterfly-like structures (see the bottom gallery in
Fig. 1B and the average image of 1800 particles in Fig. 1D).

The three-dimensional reconstruction generated using these particles (~17 A
resolution) revealed in full detail the features described above (Fig. 1E; Figs. S2-5). It is
important to point out that the flexible mass stemming from the long protrusion was not
observed in the reconstruction, probably due to an averaging out caused by the presence of

different conformations of this domain.

Mapping of Tex1 and Hprl1 into the THO complex.
To further characterize the structure of the THO complex we sought to locate some of
the subunits within the complex. We first assessed the position of Tex1. For this purpose, a

new strain lacking Tex1 (Tho2TAPATex1) was constructed with a TAP-tagged Tho2 subunit.



A homogeneous, stoichiometric complex composed of Tho2, Hprl Mtf2 and Thp2 proteins
was purified using the protocol described above (Fig. 2A). Aliquots of the complex were
subsequently negatively-stained and observed by electron microscopy (Fig. 2B), which again
revealed the presence of a homogeneous population of long, thin particles. The two-
dimensional average image obtained after two-dimensional ~maximum-likelihood
classification and averaging of the largest population selected from 13273 particles (inset in
Fig. 2B) revealed a similar overall structure to that obtained for the THO complex but lacking
one of the protruding masses. This was confirmed by the three-dimensional reconstruction
(~20 A resolution), which showed the same long, thin and asymmetric structure, albeit
lacking the wider protruding mass in the centre of the THO structure (Fig. 2C). Therefore, we
assign this protrusion to Tex1.

Tex1 has been described to contain several WD40 domains which could give rise to a
B-propeller structure (Rehwinkel et al, 2004). We generated an atomic model of residues 47-
371 of Tex1 (residues 1-46 and 372-422 could not be modeled into any known structure),
which revealed a 7-blade B-propeller structure (Fig. 2D). The atomic model was subsequently
docked into the three-dimensional reconstruction of the THO complex. Docking, either
manual or automatic, suggested that the atomic model of Tex1 fitted well into the part of the
THO volume in which Tex1 was mapped to (Fig. 2E and F), leaving only a small region that
probably contains the non-modeled C-terminal region of the protein (arrow in Fig. 2F).

To locate other subunits of the THO complex we performed immunomicroscopy,
using either specific antibodies against the different subunits or epitope-tagged subunits.
These approaches produced inconclusive results, with the exception of one polyclonal
antibody against the C-terminal region of Hprl, which stably associated with the THO
complex. Aliquots of the immunocomplex were negatively stained and a total of 8250
particles were selected and processed. The two-dimensional average obtained revealed an
extra mass (arrow in Fig. 2G) that corresponds to the F,, domain of the antibody bound to the

wider end of the THO structure (Fig. 2G), indicating the position of the Hpr1 subunit.

The C-terminal region of the Tho2 protein interacts with nucleic acids.

THO has been shown to associate with RNA and DNA in vitro (Jimeno et al, 2002),
but its function and the subunit(s) involved in this interaction are not known. To characterize

these interactions we performed UV cross-linking experiments using the highly purified



complex and **P labeled oligonucleotides (either RNA, ssDNA or dsDNA) (Fig. 3A). The
three types of oligonucleotides were cross-linked to the largest subunit of the THO complex,
Tho2. These interactions were also confirmed by an electrophoretic mobility shift assay (data
not shown).

The analysis of the Tho2 sequence did not reveal any canonical RNA binding domains
and secondary structure predictions analyses suggested that it is composed mostly of «-
helices. Therefore, to identify which part of the very large Tho2 polypeptide interacts with
nucleic acids we performed cross-linking experiments combined with site-specific protease
digestion of this protein. For this purpose we introduced C3 protease cleavage sites at
positions 567 (Tho2s¢7.c;TAP) or 1270 (Tho2270.c3TAP) of the Tho2 polypeptide in the
Tho2TAP strain (see diagram in Fig. 3B). The modified THO complexes were purified by
IgG affinity chromatography followed by C3 protease cleavage and ion exchange
chromatography and then subjected to UV cross-linking (Fig. 3C). In the case of Tho2se7.
c3TAP only a small percentage of Tho2 was proteolyzed, and the RNA remained associated
with the intact Tho2 and to the C-terminal fragment excised (Fig. 3C lanes 4a and 4b), which
points to this region as involved in RNA binding. In contrast, the digestion of Tho2,70.c;TAP
was complete, but only the large N-terminal fragment remained associated with the THO
complex while the C-terminal 327 aa fragment was lost (Fig. 3C lane 6). Interestingly RNA-
Tho2 cross-link disappeared when the C-terminal fragment was removed, which reinforces

the notion of this part of the Tho2 protein being involved in the interaction with RNA.

To confirm that the C-terminal region of the Tho2 indeed interacts with RNA we
altered the order of the procedure and performed protease digestion after all the
chromatography steps (Fig. 3D). This ensures that both fragments appearing after proteolysis
are present in the cross-linking solution. After UV exposure in case of Tho2270.c3TAP a new
cross-linking species was visible at a molecular weight corresponding to the small C- terminal
fragment of the Tho2 protein. We conclude that the C-terminal fragment of Tho2 interacts

with nucleic acids.

The C-terminal region of Tho2 constitutes a basic unfolded tail not essential for complex

integrity.

We set out to characterize the C-terminal, nucleic acid binding region (residues 1279-

1597) of Tho2. A bioinformatics analysis of this region using several Tho2 sequences



revealed a poorly conserved, highly positively charged and partly disordered region (see the
multiple alignment of Tho2 sequences; Fig. S6A). This region was insoluble when expressed
in E. coli, so in order to locate the secondary structure elements and the unstructured regions,
we combined trypsin digestion and CD analysis of the fragments. We generated 44 constructs
encompassing different fragments of the nucleic acid binding region, which exhibited
different degrees of solubility, but most of which were highly sensitive to trypsin digestion.
The 1411-1530 region was exceptionally sensitive, containing no stable fragments at all (Fig.
4A) and its CD spectrum showed minimal values for wavelengths below 200 nm (Fig. 4B)
suggesting a high level of disorder. In addition, we acquired CD spectra at higher
temperatures to see if there are any secondary structures to be destabilized by heat, but did not
detect any significant differences (Fig. S6B). In contrast, the CD spectrum of the 1279-1433
fragment showed a high content of a-helices (Fig. 4B) and limited proteolysis (Fig. 4A)
combined with mass spectrometry indicated that it forms a stable fragment between residues
1279-1405. This region, when expressed in E. coli, was highly soluble and folded correctly, as
expected (Fig. 4B). According to the CD spectra of both the 1279-1433 and 1279-1405
fragments, their secondary structures were stable up to 45°C and completely melted at 60°C
(Fig. S6B). Therefore, we suggest that the disordered domain in the C-terminal region of
Tho?2 is located at the very end of the polypeptide chain (residues 1405-1597).

Taken together, the results presented above strongly suggest that the region of Tho2
responsible for the interaction with nucleic acids is partially disordered. Although the amino
acid sequence of this fragment is not evolutionary conserved, all the Tho2 sequences analyzed
contain a large number of basic residues suggesting that is function may be preserved in other
eukaryotes.

To farther analyze the role of the Tho2 C-terminal region we constructed yeast strains
expressing two shortened, TAP-tagged versions of Tho2: Tho2A »71-1597TAP, where the entire
region was removed, and Tho2A403-1507TAP, where only the unstructured part was deleted.
When purified by ion exchange chromatography, the THO complexes with deletion mutants
of Tho2 eluted from the ion exchange column at the same salt concentration as the full-length
version (Fig. S1). Also, the composition of the complexes was unaltered as revealed by SDS-
PAGE. These results strongly indicated that the C-terminal region of Tho2 is dispensable for
complex assembly. However, the shortened versions of Tho2 were virtually unable to bind

any types of nucleic acids (Fig. 4C). In contrast, Tex1 appeared not to be involved in THO



interaction with nucleic acids as there was no difference between cross-linking of nucleic

acids using the standard THO and the THOATex1 complex (Fig. S6C).

The C-terminal region of the Tho2 protein is located at the tip of the narrow protrusion

within the THO complex structure.

We then set out to locate the C-terminal region of Tho2 in the THO complex by
performing three-dimensional reconstructions of the two complexes containing
Tho2A1271-1597 and Tho2A1403-1597. We expected to see a volume missing from the original
structure of the complex; however, we observed no significant differences between the three-
dimensional reconstructions of these two complexes compared to that of wild-type THO. This
result further reinforces the notion that the C-terminal region of Tho2 is unstructured.

We thus adopted a different tagging strategy to locate Tho2: we replaced the
unstructured C-terminal region (aa 1408-1597) with the tag developed by Flemming and
colleagues (Flemming et al, 2010). This tag consists of a dynein light chain—interacting
domain (DID) composed of 6 dynein light chain (Dyn2) binding domains that can bind 6
Dyn2 homodimers, which must be supplied to the solution. The complex was reinforced by
another DID protein that was added to the solution. The whole label, once formed, has a
molecular mass of 130 kDa and a rod-like shape of ~250 A length. The THO was purified as
described above with DID-tagged Tho2. The DID and Dyn2 proteins were then added to the
THO solution and aliquots of this preparation were negatively stained and subjected to
electron microscopy. To our surprise, whereas no DID-Dyn2 label was observed in the DID-
THO particles, most of the butterfly-like, double DID-THO particles present in the solution
revealed the rod-like structure described for this label (Fig. 5A). The DID-tags of the two
particles seem to contribute to the formation of the DID- (Dyn2)s-DID heterodimer, and this
is supported by the fact that the label always protrudes from the region connecting the two
THO particles, clearly visible in the average image generated with 1715 particles (Fig. 5B).
This clearly points to the previously mentioned sticky, non-structured region as the C-terminal

domain of Tho2 (Fig 5C).

Truncation of Tho2 impairs gene expression.

It has been previously described that depletion/knock-out of the THO complex leads to

inhibition of transcription elongation (Chavez & Aguilera, 1997) but also to an increase in



recombination due to the formation of DNA-RNA hybrids (Garcia-Rubio et al, 2008). We
tested in vivo whether THO lacking the C-terminal, nucleic acid binding domain of Tho2
leads to the phenotypes characteristic for tho2A strains. All phenotype tests were performed

for 5 isogenic yeast strains: WT, Tho2A 401597, Tho2A 271-1597, ATex1 and ATho?2.

Since strains lacking Tho2 or Hprl have been reported not to grow at 37°C(Piruat &
Aguilera, 1998), we tested all strains for growth at both 30°C and 37°C and observed that —
while the growth of the ATex1 strain is not affected — the Tho2A405-1507 and Tho2A;371-1597
strains are temperature-sensitive (Fig. 6A). At 37°C the Tho2Aj40s-1507 strain grows slightly
slower than the wilt-type strain but the Tho2A,71-1597 strain barely grows at all. This suggests
that the C-terminal region of the Tho2 protein encompassed between the amino acids 1271
and 1597 is important for cell survival at restrictive temperatures; Tex1 does not seem to be

determinant for cell survival at 37°C.

Considering that expression of f-galactosidase is strongly inhibited in THO deletion
strains (Chavez et al, 2001),we also tested the ability of the analyzed strains to express
exogenous fS-galactosidase (Fig. 6B). Remarkably, f-galactosidase activity was reduced 5 fold
in yeast with THO complex lacking the RNA/DNA binding domain compared to the wild-
type, whereas it was 500 fold less in ATho2 and 2-fold in ATex1 cells. Interestingly, in
contrast to the ATho?2 strain for which inhibition of f-galactosidase expression correlated with
strongly reduced mRNA steady state levels, shortening Tho2 as well as Tex1 deletion did not
decrease the mRNA abundance (data not shown).

The third phenotype we tested was transcription-associated recombination, which is
highly increased in yeast with disrupted THO (Garcia-Rubio et al, 2008). Deletion of Tho2
resulted in a strong hyper-recombination phenotype (a 65-fold increase in recombination
compared to wild-type), while only a modest phenotype (~2-fold increase) was observed in
Tho2A408-1597 and Tho2A;271-1597. Recombination measurements in the Tho2A;40s-1597 Strain
were too inconsistent to observe a statistically significant difference (p<<0.05) between this
strain and the wild-type one. No hyper-recombination was observed in the Tex1A strain (Fig.
6C), consistent with previous data (Luna et al, 2005). These observations suggest that the C-

terminal region of Tho2 is not essential in the maintenance of genetic stability

In all the tests performed, the difference between wild-type and tho2A strains was
much higher than between wild-type and Tho2-truncated strains. This is explained by the fact

that shortening of the Tho2 protein does not affect THO complex formation, whereas deletion

10



of any of the THO subunits completely prevents it: purification of the complex from strains
missing any of its subunits (data not shown) proved impossible, consistent with the
observation that removal of any THO subunit caused a destabilization of the other
components, whereas this was not the case for the Sub2 component of TREX whose deletion

did not affect the stability of the four THO subunits (Huertas et al, 2006).

The nucleic acid interacting domain of Tho2 is involved in the association of THO with

active chromatin.

We hypothesized that the newly discovered nucleic acid interacting domain of Tho2
may be involved in the recruitment of the THO complex to chromatin during transcription. To
assess this we analyzed the efficiency of THO recruitment to transcriptionally active genes by
chromatin immunopreciptation (ChIP) experiments using the Tho2A;403-1597 mutant, in which
the unfolded region of the protein responsible for nucleic acid recognition was removed. To
exclude the possibility that a tag attached to the RNA-binding region of Tho2 may produce a
steric hindrance, a TAP tag was placed at the C-terminus of other subunits of the THO
complex, i.e. Hprl, Thp2 and Mftl, in both the wild-type and Tho2A493-1597 isogenic strains.
In all cases, the tagged subunits were expressed at comparable levels, as revealed by
quantitative western analysis (data not shown). This is in agreement with observations that the
assembly of the THO complex is not affected by introducing a tag to any of the subunits
(results not shown).

To analyze the transcription-dependent recruitment of THO we used a stress induced
HSPI104 gene as a model system. We confirmed by northern analysis that HSP04
transcription was activated upon heat shock and by ChIP that RNAPII associated with DNA
along the gene (data not shown). Moreover, steady state mRNA levels and polymerase
occupancy along the HSP104 gene did not change significantly after Tho2 protein shortening.
In agreement with previous studies, induction of HSP104 expression resulted in association of
the THO complex subunits along this gene (Fig. 7) (Abruzzi et al, 2004). In addition, as
already reported, ChIP combined with RNase treatment revealed that association of Hprl at
HSPI104 is RNA-independent (Abruzzi et al, 2004) (Fig. S7). Furthermore, all the THO
subunits were recruited mostly to the middle and 3’regions of the HSP/04 gene (Fig. 7),
consistent with a recent genome-wide analysis (Gomez-Gonzalez et al, 2011). The level of
DNA enrichment varied depending on the tagged gene and was highest in the Hprl-TAP
strain (Fig. 7A), but in all cases THO recruitment was reduced by deletion of the Tho2 C-

11



terminal region (Fig. 7). We conclude that the Tho2 C-terminal, nucleic acid binding region

facilitates recruitment of the THO complex to chromatin.

To determine the effect of the reduced levels of THO recruitment on HSP104
expression we performed northern blot quantifications of the kinetics of HSP104 induction
and its decay after shifting cells to non-restrictive temperature. In agreement with the ChIP
experiments it could clearly be seen that Tho2 shortening lowers the induction level but does

not change the kinetic of mRNA appearance and decay (Figure 7D).
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DISCUSSION

It has been established that THO plays a central role in co-transcriptional formation of
export competent mRNP molecules, but the mechanism of its function is still unknown. In the
present study we have performed a structural and biochemical characterization of this
macromolecular assembly, which has provided the first three-dimensional structure of the

complex and relevant mechanistic insight into its function.

The THO complex architecture.

The Saccharomyces cerevisiae THO complex has been classically described as a four-
subunits complex (Tho2, Hprl, Tho2 and Mftl), capable of interacting with a plethora of
proteins, among others Tex1, Yral and Sub2, with which it forms the TREX complex (Hurt et
al, 2004), (Strasser et al, 2002). However, during our purification of THO, we reproducibly
co-purify Texl, even under the stringent conditions, in contrast to the other TREX
components, Yral and Sub2, which dissociate during the purification procedure (Fig. 1). We
decided to describe THO as the 5-subunits complex.

Using electron microscopy and image processing techniques, we have determined the
three-dimensional structure of both THO and THOATex1 complexes (Figs. 1 and 2). Both
complexes have a long, croissant-like shape structure with a flat surface on one side and a
more corrugated one on the other. On the latter surface, whereas THOATex1 has a single, thin
protrusion, THO reveals two protrusions, the same thin one observed in the THOATex1
complex, and a wider one, which we assign to Texl (Figs. 2 and 5C). Fold recognition
analysis clearly points to Texl as a WD40, 7-blade B-propeller; the atomic model we
generated assumes such a structure and docks into the volume assigned to Tex1 in the THO
structure (Fig. 2D-F). Tex1 is one of the most evolutionarily conserved subunits of the THO
complex, yet the phenotypes caused by its deletion are non-existing or barely detectable in
yeast (Luna et al, 2005) (Fig. 6). We observed the lack of Tex1 has no effect of on the THO
complex assembly and binding to nucleic acids. Furthermore, fex/A strains exhibit only a
very mild decrease of LacZ expression and no increase in recombination rate, in agreement
with previous results (Luna et al, 2005). This is consistent with the observation that removal
of any subunit of the core THO complex causes strong gene expression and recombination
phenotypes that is accompanied by destabilization of the rest of THO components in the cell
(Huertas et al, 2006) and an impossibility to purify the complex (data not shown).

Consistently, Tex1 is irrelevant for THO integrity and structure. This is in contrast to other

13



systems such as plants, in which the Tex1 ortholog is essential for the synthesis of one class
of endogenous miRNA/siRNAs, tasiRNA (Jauvion et al, 2010; Yelina et al, 2010). We
speculate that the reason for the small impact of Tex] on RNA metabolism in yeast is linked
to the lack of the RNAi machinery (Jauvion et al, 2010; Yelina et al, 2010). WD40 proteins
have classically been involved in protein-protein interaction (Smith et al, 1999) so it cannot be
ruled out that Tex1 plays a role in the interaction of THO with other proteins. This is in
agreement with previously data that places THO as a central player in the transcription
process that interacts with many factors coupling the mRNA processing, packaging and
export (Luna et al, 2005; Masuda et al, 2005; Strasser et al, 2002).

We have mapped the position of the C-terminal fragment of Hprl (Figs. 2G and 5C),
the most evolutionary conserved and best functionally characterized THO subunit (Gwizdek
et al, 2006; Hobeika et al, 2009; Hobeika et al, 2007; Iglesias et al, 2010), into the THO
structure. The original hyper-recombinant /Apri-I mutation isolated encodes indeed a
truncated Hprl protein lacking the C-terminal 559-752 fragment, clearly indicating the in vivo
biological relevance of the Hprl C-terminus (Aguilera & Klein, 1990). This region (amino
acids 548-752) (Figs. 2G and 5C) is ubiquitinated in a transcription-dependent manner and
the ubiquitin moiety is recognized by the C-terminal UBA domain of the export receptor
Mex67. Structural studies have indicated that ubiquitinated Hprl and the nuclear pore
complex subunits, FG nucleoporins (Nups), may bind to the Mex67 UBA in a mutually
exclusive manner (Iglesias et al, 2010). This suggests that the Mex67 export factor may be
recruited to the nascent transcript via ubiquitinated Hprl and then transferred to nuclear pore
FG Nups. Further structural studies involving some of the components of the export
machinery mentioned above would allow a better understanding of the mRNA export
pathway.

The C-terminal, nucleotide acid binding region of Tho2, has been localized at the tip
of the narrow protrusion of the THO complex thanks to DID-Dyn2 electron microscopy
labeling experiment. This region shares characteristics of intrinsically unstructured proteins
(Uversky & Dunker, 2010), consistent with the following: first, the volume of this region is
not visible by electron microscopy, as the three-dimensional reconstructions obtained for the
THO complex with either full-length Tho2 or several C-terminal deletion variants are
essentially identical; second, the recombinant soluble region of this fragment is very sensitive
to protease digestion; third, the CD spectra acquired with fragments of this region reveal a
large content of disordered polypeptide. All these evidences are in agreement with secondary

structure predictions that point to a high level of disorder for this part of the protein (Fig. S6D).
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Interaction between the THO complex and the nucleic acids: chromatin recruitment.

Combination of RNA/DNA-protein cross-linking experiments with site-specific
proteolytic digestion reveals that THO complex directly interacts with nucleic acids through
the C-terminal, unstructured fragment of Tho2. Interestingly, deletion of the nucleic acid
binding domain diminished recruitment of the THO/TREX complex to chromatin, strongly
suggesting that this naturally unfolded region plays an important role in the chromatin
recruitment process. Since it was demonstrated that THO deletion severely impairs
association of the export factors Sub2 and Yral mRNA with active chromatin (Zenklusen et
al, 2002), our results shed light into the mechanism of co-transcriptional assembly of export
competent mRNPs. The nucleic acid binding properties of the Tho2 C-terminus suggests that
this region helps recruit chromatin to the THO complex by interaction with DNA or both
DNA and the nascent RNA. Interactions with the RNA are however not crucial for THO
recruitment, since our data, in agreement with previous studies, show that THO chromatin
immunoprecipitation is not sensitive to RNAse treatment (Abruzzi et al, 2004).

The phenotype generated by deletion of the Tho2 C-terminus demonstrates that
chromatin recruitment of the THO complex facilitates expression of some of the target genes.
However, deletion of whole Tho2 generates a more severe phenotype leading to strong
inhibition of transcription elongation for the subset of genes. Our data suggest that Tho2 C-
terminus is important for gene expression but the effect on transcription may vary depending
on the target gene. In addition since THO association with chromatin is not completely
abolished by the Tho2 C-terminus deletion, alternative pathways of THO recruitment must
exist. One possibility is that other THO components and not only Tho2 contribute to
chromatin recruitment. Another possibility is that recruitment could be mediated by other
proteins. One candidate would be Syfl, a component of the Prp19 splicing complex that has
been proposed to be involved in the THO complex recruitment (Chanarat et al, 2011).
However when Syfl is mutated, about 50% of normal level of TREX is bound to chromatin,
sufficient for proper mRNA export (Chanarat et al, 2011).

Further experimental evidence is needed to fully explain the mechanism of recruitment
of the THO complex to chromatin and the way it discriminates between silent and
transcriptionally active states. Nevertheless, our data support a model in which THO complex
associates with actively transcribed chromatin and thus provides a signal to Sub2 and Yral to

assemble mRNP and proceed with mRNA export.

15



Experimental Procedures

Yeast strains. All Saccharomyces cerevisiae strains used in this study (see “Yeast Strains”
table in supplementary data) were derived from MGD453-13D (MATa ade2 arg4 leu2-3,112
trpl-289 wura3-52) with one exception — Tho2;403-1507Did1 TAP strain was derived from
ADyn2 Dsl1-2b strain kindly provide from Ed Hurt’s laboratory (MATa leu2-Al trpl-A63
his3-A200 ura3-52 dyn2::kanMX4). All mutant strains were constructed via the standard
method — PCR products were introduced into the host strain vig lithium acetate

transformation, followed by selection and confirmation by PCR and sequencing.

THO complex purification. All THO purifications were performed through two
chromatographic steps, an IgG sepharose beads and ion exchange column with AKTA purifier

FPLC (See supplementary data for details).

RNA/DNA UV cross-linking assay. Two types of radiolabelled RNA were used: In vitro
transcribed Lsm1 ¢cDNA fragment from Arabidopsis thaliana (about 400 nt long) or synthetic
44 nt long oligonucleotide. A synthetic 44nt oligonucleotyde was used as DNA template (see
supplementary data for sequencs). Purified THO complex (about 2 pg) was incubated for 5
min with hot RNA/DNA (5 pmol) at 30°C in buffer GET (10 mM Tris-HCI pH 8.0, 150 mM
NaCl, 10% glycerol, 0.1 mM EDTA). Cross-linking was carried out for 1 min with the UVC
crosslinker (Stratagene). When 400 nt long RNA was used, RNase A was added for 1h to
digest excess of RNA. After crosslinking, proteins were precipitated and separated by SDS
PAGE. Gels were stained with Coomassie blue for protein visualization and radiolabeled

RNA/DNA were visualized by autoradiography.

B-galactosidase assay. -galactosidase activity was analyzed and calculated as described (see
also supplementary data and (Gietz et al, 1997). Experiments were repeated three times and
the statistical significance was calculated using t-test and ANOVA test (analysis of variance)

and calculated P values are presented.
Recombination analysis. Recombination frequencies were analyzed and calculated as

described in (Garcia-Rubio et al, 2008) using the L-PHOS plasmid, carrying a leu2 direct

repeat. For each genotype, the recombination frequencies were calculated based on at least 3
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independent transformations using a minimum of 3 colonies from each transformation.

Statistical significance was measured as described above.

Chromatin Immunoprecipitation. Heat shock inductions were performed as follows: Cells
were grown in a YPD at 25°C to a late exponential phase (ODggo~ 0.6-0.7). Half of cultures
were quickly centrifuged and suspended immediately in a medium preheated to 42°C, and
incubated in water bath for 30 minutes. The rest of the batch was immediately crosslinked and
then used as “non-induced” control. Crosslinking, chromatin immunoprecipitation and qPCR
was performed as described (El Hage et al, 2008) with a few modifications (see
supplementary data for details). Experiments were repeated at least three times and statistical

significance was measured as described above.

Northern blots. All details are presented in the supplementary data.

Mass spectrometry. Bands of interest were excised from coomassie-stained gels and digested
as described in (Shevchenko et al, 1996) with minor variations. MALDI-TOF/TOF analysis,
were automatically acquired in an ABi 4800 MALDI TOF/TOF mass spectrometer (Applied
Biosystems) in positive ion reflector mode. Data were analyzed using MASCOT software

v.2.2.04 (Matrix Science). See supplementary data for details.

Expression and analysis of Tho2 fragments. 44 constructs from C-terminal domain of Tho2
were generated and expressed in Esherichia coli BL21. Overexpressed proteins were purified
on Ni-NTA column (GE Healthcare) and by gel flirtation on Superdex 75 (GE Healthcare) on
AKTA purifier FPLC. For cloning and purification details see supplementary data.

Limited proteolysis was carried out for peptides Tho2;279.1433 and Tho2;41;.1530. A variable
factor were the trypsin:peptide molar ratios used (1:75 000, 1:15 000, 1: 3000). Reactions
were performed in 20 mM phosphate buffer pH 7.4 and 150 mM NaF for 30 min at room
temperature and stopped with 1 mM PMSF. After proteolysis, degradation products were
visualized by 16% Tricine SDS-PAGE and Coomassie staining.

Excised bands were analyzed by Electrospray Time of Flight Mass Spectroscopy (TOF MS
ESI +) and Edman sequencing. For the MS analysis trypsin:peptide 11:1 ratio and control
without protease were used. To each sample, ImM PMSF final concentration was added after
half an hour to stop the proteolysis reaction. For Edman sequencing, after 16% Tricine SDS-

PAGE, peptides were transferred to membrane and analyzed using the standard procedure.
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Circular Dichroism. 2-6 pM solutions of Tho21379.1433, Tho2279.1433 and Tho2279.1404
proteins were prepared in 150 mM NaF, mM phosphate buffer pH 7.4. The CD spectra were
collected in 0.2 cm quartz cuvettes in a JASCO J-815 CD Spectropolarimeter in the range of
270-190 nm with a data pitch of 1.0 nm. The bandwidth was set to 1.0 nm and digital
integration time (DIT) to 2 sec. CD data were collected in 3 accumulations in constant
temperature (25, 35, 45, 60 or 90 °C) controlled by PTC-423S single position Peltier. Protein
concentrations were corrected by extinction coefficient (€azg0) calculated with use of
ProtParam. The percentages of the different secondary structures were estimated by CDNN

program (Bohm et al, 1992).

Electron microscopy and image processing. Samples (either THO, THOATex1 or the
labelled complexes) were applied onto carbon-coated copper grids previously glow-
discharged and stained with 2% uranyl acetate. Micrographs were taken under minimal dose
conditions on Kodak SO-163 film, in a JEOL JEM1200EXII microscope with a tungsten
filament operated at 100 kV and 60000 x magnification. Micrographs were digitized in a
Zeiss SCAI scanner with a sampling window corresponding to 2.33 A/pixel for all the
specimens. Individual particles were manually selected using XMIPP software package
(Marabini et al, 1996) Image classification was performed using a free-pattern maximum-
likelihood multi-reference refinement (Scheres et al, 2005). When appropriate, the particles
were subjected to Kohonen’s self-organizing feature maps (Marabini & Carazo, 1994).
Homogeneous populations were obtained and averaged to final 2D characterization. For 3D
reconstruction, reference models and first refinements steps were performed using the EMAN
software package (Ludtke et al, 1999), until a volume with the general shape of the complex
became evident. Three different volumes were used initially, one generated from a common
line approach, another from noise and a third one from a Gaussian blob, and the three
rendered similar results (Figs. S3 and S4). The XMIPP software package (Scheres et al, 2008)
was used in the subsequent iterative angular refinement procedure. The resolution of the
reconstructions was determined by the FSC 0.5 criterion for the Fourier shell correlation
coefficient between two independent reconstructions (Fig. S5) and these values were used to
low-pass filter the final volumes. The handedness of the reconstructed volumes was chosen
arbitrarily because of the intrinsic ambiguity generated by the electron microscopy

reconstruction procedure.
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Generation and docking of the atomic model of Tex1l into the THO complex. The
structure prediction was carried out in using a threading procedure. Tex1 form different
organisms always mapped to 7-sword beta-propeller proteins. Protein aliments to WDRS5
protein (pdb2g9a) was prepared and validated using 3D-Jury (Ginalski et al, 2003). The
dimensional model of Tex1 (residues 47-371) was generated with Modeller (Sali et al, 1995)
based on manually curetted, high confidence sequence-to-structure alignments. Docking of
the atomic model of Tex1 into the three-dimensional reconstruction of the THO complex was
carried out manually and optimized using COLACOR, an off-lattice correlation maximizer
distributed with Situs 2.2, based on the a local optimization of COLORES (Chacon and
Wriggers, 2002).

Localization of Hpr1 subunit into the THO three-dimensional structure. The localization
of Hprl into the THO volume was carried out by immunomicroscopy. Antibodies were
designed against the C-terminal region of Hprl attending to the fact that it is ubiquitinated
during the transcription elongation process and that it also interacts with the export factor
Mex67 in vivo (Abruzzi et al, 2004; Gomez-Gonzalez et al, 2011; Hobeika et al, 2007), thus
suggesting it is exposed to the surface of the complex. Different epitopes were selected but
only the antibody with an epitope composed by the sequence LQDAREYKIGKERKKRA
(positions between the residues 636-653 of the Hprl sequence) could finally form a stable
complex with THO. The antibody was produced by Pacific Immunology Company in rabbit.
Specificity of the anti-Hprl antibody was tested by Western and Dot Blot analysis. Aliquots
of the immunocomplex were negatively stained in carbon-coated grids and a total of 8250

particles were selected and processed.

Localization of C-terminal domain of Tho2 subunit into the THO three-dimensional
structure. To localize the RNA/DNA binding domain of Tho2, a recently described tagging
method using a complex composed of dynein light chain (Dyn2) and dynein light chain
interacting domain (DID) (Flemming et al, 2010) was used. We prepared a protein fusion in
yeast strain with a Dyn2 deletion: Tho2A 408-1597-DID1-TEV-ProteinA. The THO complex
from this strain was purified on IgG sepharose and incubated 2h at 4°C with heterologously
expressed DID2 and Dyn2 proteins. The final purification step was performed on a Resource
Q ion exchange column. Yeast strain with Dyn2 deletion and plasmids for DID2, Dyn2
expression were kindly provided by Dr. Ed Hurt.
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LEGENDS TO FIGURES

Fig. 1. Three-dimensional reconstruction of the THO complex.

(A) SDS page of the THO complex purified by affinity chromatography followed by ion
exchange chromatography, which reproducibly showed the presence in stoichiometric
amounts of the four canonical THO subunits (Tho2, Hprl, Mftl, Thp2) and Texl. (B) An
electron microcopy negatively-stained field of THO particles. Bar indicates 1000 A. The top
gallery shows a selection of THO particles and the bottom gallery, a selection of double,
butterfly-like THO particles. (C) Two-dimensional average image of the THO complex.
Arrow points to the flexible region described in the text. (D) Two-dimensional average image
of the double, THO particle. Bar indicates 100 A in (C) and (D). (E) Four orthogonal views of

the three-dimensional reconstruction of the THO complex. Bar indicates 100 A.

Fig. 2. Three-dimensional reconstruction of the THOATex1 complex and mapping of
Tex1 and Hprl1 into the THO complex.

(A) SDS page of THO complexes purified by affinity chromatography from a Tho2TAP and
Tho2TAPATex!1 S. cerevisiae strains. The right lane shows that THO complex can assemble
without Tex1 protein. (B) An electron microcopy field of negatively-stained THOATex!1
particles. The inset shows the two-dimensional average image of the most common view of
the complex. Bar indicates 1000 A in the micrograph and 100 A in the inset. (C) Four
orthogonal views of the three-dimensional reconstruction of THOATex1. Bar indicates 100 A.
(D) Atomic model of the N-terminal, B-propeller domain of Tex1. (E) Docking of the atomic
model of Tex! into the corresponding mass of the THO complex. (F) The same docking in an
orthogonal, cut section of the complex. The arrow points to the putative region filled by the
non-reconstructed, C-terminal region of Tex1. (G) Two-dimensional averages of the THO
complex (left) and the immunocomplex formed between THO and the anti-Hpr1 polyclonal

antibody (right).

Fig. 3. The C-terminal region of Tho2 interacts with nucleic acids.

(A) Tho2 cross-links to RNA, ssDNA or dsDNA. Purified THO was incubated with radio-
labelled oligonuclotides (either RNA, ssDNA or dsDNA) and UV cross-linked separated by
SDS-PAGE. Proteins were visualized by Coomassie blue staining (left) while cross-linked
radio-labeled nucleic acid was visualized using autoradiography (right). (B) Diagram of a

modified Tho2 protein showing the position of the C3 protease site and the TAP tag. (C) The
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C-terminal region of Tho2 is essential for Tho2-RNA interaction. A C3 cleavage site was
introduced in Tho2 after residues 567aa (Tho2-567-C3 TAP) and 1270 (Tho2-1270-C3 TAP),
and the complex subsequently treated with C3 protease and purified by ion exchange
chromatography. Afterwards, the complex was UV cross-linked to P** labeled in vitro
transcribed RNA. Products of cross-linking reactions were treated with RNase A and
separated by SDS PAGE. Proteins were visualized by Coomassie blue staining (lanes a) while
cross-linked radio-labeled nucleic acid was visualized using autoradiography (lanes b). The
Tho2 proteolysis products and visible Tho2 cross-links are indicated. (D) The C-terminal
region of Tho2 cross-links to RNA. The THO complex with the Tho2-1270-C3 TAP mutant
was C3 protease digested and processed as described above. Novel cross-linking product with
molecular weight corresponding to the small C- terminal fragment of the Tho2 protein is

indicated.

Fig. 4. The C-terminal region of Tho2 forms a basic unfolded tail essential for THO
complex nucleic acids binding.

(A) Limited proteolysis experiments of the recombinant Tho2 protein fragments. (B) Circular
dichroism spectra of the recombinant Tho2 protein fragments. Notice that Tho2;4;1-1530
fragment generates a minimum below 200 nm characteristic of disordered proteins, while
Tho21279.1404 and Tho21279.1433 have minima around 210 and 230, suggestive of a high o-helix
content. (C) UV cross-linking between nucleic acids and THO complexes isolated from
Tho2TAP; Tho2Aj271-1597 and Tho2A;408-1597 strains. Purified THO complexes were
incubated with radio labeled RNA, ssDNA or dsDNA. After cross-linking, the proteins were
separated by SDS-PAGE. Proteins were visualized by Coomassie blue staining (left) while
cross-linked radio-labelled nucleic acid was visualized using autoradiography (right). Fast

migrating radioactive species (marked by asterisks) represent unbound dsDNA particles.

Fig. 5. Localization of the C-terminal region of Tho2.

(A) A gallery of double DID-THO particles interacting through the C-terminal region of
Tho2, as pointed by the DID-Dyn2 label bound tagged to the this region. (B) A two-
dimensional average image of these complexes. (C) Localization of Tex1, Hprl and the C-

terminal domain of Tho2 within the THO complex.

Fig. 6. Tho2 shortening increases recombination and decrease f-galactosidase

expression.
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Phenotypes of five different S. cerevisiae strains were analyzed: wild-type (1), strains with
shortened Tho2 protein: Tho2A271-1597 (2) and Tho2A140s-1597 (3), ATex1 (4) and ATho2 (5)
strains. (A) Growing test on YPD plates on 30 and 37°C. (B) B-galactosidase activity test.
Yeast strains with plasmid located lacZ gene under galactose induced promoter were cultured
for 2 h at 37°C on YP medium with 2% galactose. B-galactosidase activity was measured with
the use of ONPG. (C) Recombination analysis. Recombination frequencies were calculated as
described in (Garcia-Rubio et al, 2008) using the L-PHOS5 plasmid. Experiments were

repeated 3 times and respective P values are presented.

Fig 7. Association of THO to transcriptionally active chromatin depends significantly on
the presence of Tho2 C-terminal domain.

ChIP analysis of Hprl1TAP (A), MftITAP (B) and Thp2TAP (C) protein binding to the heat-
shock induced Hsp104 gene in wt and Tho2A1408-1597 strains. ChIP values were calculated
as described in materials and methods. Graphs show the average value of three independent
experiments with a standard deviation. Respective P values are presented.

(D) Northern analysis of Hspl04 mRNA during heat shock induction (60 min) and after
shifting into non-restrictive temperature (180 min) at the indicated time points. Graph shows
arbitrary values of the Hspl04 mRNA levels normalized to Scrl RNA. The average and

standard deviation values of two independent experiments is shown.
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Figure 6
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Figure 7
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