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RNA-binding proteins (RBPs) and RNA metabolism are con-
sidered to be important for modulating gene expression in
trypanosomes, because these protozoan parasites mainly rely on
post-transcriptional mechanisms to regulate protein levels. Pre-
viously, we have identified T7cUBP1, a single RNA recognition
motif (RRM)-type RBP from Trypanosoma cruzi. TcUBP1 is a
cytoplasmic protein with roles in stabilization/degradation of
mRNAs and in the protection of transcripts through their
recruitment into cytoplasmic granules. We now show that
TcUBP1, and the closely related protein TcUBP2, can be found
in small amounts in the nucleus under normal conditions, and
are able to accumulate in the nucleus under arsenite stress. The
kinetics of nuclear accumulation, and export to the cytoplasm,
are consistent with the shuttling of TcUBP1 between the
nucleus and the cytoplasm. The sequence required for TcUBP1
nuclear accumulation was narrowed to the RRM, and point
mutations affecting RNA binding abolished nuclear import.
This RRM was also shown to be efficiently exported from the
nucleus in unstressed parasites, a property that relied on the
binding to RNA. TcUBP1 nuclear accumulation was dependent
on active transcription, and colocalized with transcripts in the
nucleus, suggesting nuclear binding of the mRNA. We propose
that TcUBP1 could be linking the mRNA metabolism at both
sides of the nuclear pore complex, using the RRM as a nuclear
localization signal, and being exported as a cargo on mRNA.

Trypanosomes are parasitic protists producing relevant
human and animal diseases worldwide (1). In particular, Try-
panosoma cruzi and Trypanosoma brucei, are the causative
agents of Chagas disease and sleeping sickness, respectively.
Trypanosomes display complex life cycles, which alternate
between insect vectors and vertebrate hosts. These parasites
require a rapid adaptation to fulfill metabolic and structural
changes to subsist in different developmental niches. At odds
with most eukaryotes, transcription of protein-coding genes in
trypanosomes is polycistronic and mostly regulated by post-
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transcriptional mechanisms (2, 3). Polycistronic pre-messenger
RNAs (mRNAs) are processed into monocistronic mRNAs by
5’ trans-splicing coupled to 3’ polyadenylation (4). Mature
transcripts are exported from the trypanosome nucleus by yet
unidentified cis-recognized elements and pathways. Once in
the cytoplasm, the net balance between mRNA turnover, trans-
lation, and silencing dictates protein levels (3, 5). All of these
processes are almost exclusively achieved by RNA-binding pro-
teins (RBPs),®> which recognize sequences and/or structure
determinants in mRNA 3’ untranslated regions (UTR) (5). At
the heart of these trans-acting factors, several RNA recognition
motif (RRM)-type RBPs have been identified and characterized
in trypanosomes (6, 7). The RRM is the most studied RNA-
binding domain, and functions in recognition of nucleic acids
and/or proteins (8). RRM-containing proteins take part in most
post-transcriptional processes inside cells, including mRNA
and rRNA processing, RNA export, and stability (9). Within
RRM containing proteins in 7. cruzi, TcUBP1 is involved in
developmental turnover of certain mRNAs (10, 11). TcUBP1
RRM is 99% identical to the RRM present in TcUBP2, and
together with TcRBP3, TcRBP4, TcRBP5a, and TcRBP6b com-
prise the RRM-type TcRBP family (7). TcUBP1 binds structured
sequences found in the 3'-UTR of functionally related tran-
scripts (12). It can also bind the AU-rich RNA element located
in the 3’-UTR of certain mucin mRNAs, thus affecting their
stability and half-life (10). In T. brucei, ThUBP1 and ThUBP2
could regulate some mRNA levels of products potentially
involved in cell division, and were suggested to be essential by
RNA interference experiments (13). Most recently, we have
shown the association of all members of the TcRBP family as
well as TcPABP1 and other proteins to mRNA granules formed
in epimastigotes under starvation stress conditions (14). These
microscopically visible structures were proposed to serve as
mRNAs reservoirs, protecting the transcripts from degradation
until the stress is relieved and transcripts can be reutilized (14).
TcUBP1 association with mRNA granules is RRM-dependent
(14).

In mammals, the physical barrier imposed by the nuclear
envelope requires a regulated import and export of factors to
accomplish the road from transcript to protein (15). All nucleo-
cytoplasmic traffic occurs through nuclear pore complexes

3 The abbreviations used are: RBP, RNA-binding protein; UTR, untranslated
region; RRM, RNA recognition motif; RNP, ribonucleoprotein; NPC, nuclear
pore complex; NLS, nuclear localization signal; B-Gal, B-galactosidase;
ActD, actinomycin D; CHX, cycloheximide; GST, glutathione S-transferase;
FISH, fluorescence in situ hybridization; eGFP, enhanced green fluorescent
protein; DIG, digoxigenin; DAPI, 4’,6-diamidino-2-phenylindole.
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(NPC), allowing the passive diffusion of molecules <40 kDa
(15). Transport across NPCs is mediated by soluble factors.
Among these, importins and exportins utilize the GTPase Ran
gradient to achieve directionality, whereas NTF2 imports Ran
back into the nucleus (16, 17). Classical nuclear localization
signals (NLS), consisting of monopartite or bipartite stretches
of basic amino acids, are the best characterized signals for pro-
tein import (18). These NLS are recognized in the cytoplasm by
importin « and 3, which in the presence of Ran-GDP, NTF2,
and GTP are translocated across the NPC (19). Non-classical
NLS were described (20), including different RRMs in PABP1
(21, 22), TIA-1, and TIAR (23). Notably, TIA-1 and TIAR
nuclear accumulation is dependent on active transcription (23),
as it is the case also for heterogeneous nuclear ribonucleopro-
tein Al (24), HuR (25), and many other RBPs (see “Discussion”).

Once in the nucleus, some proteins also shuttle back to the
cytoplasm by virtue of the specific recognition of a nuclear
export signal by the respective exportin. The best character-
ized nuclear export signal is the leucine-rich sequence rec-
ognized by the CRM1 exporter (exportin 1, XPO1) (26).
CRM1 has also been implicated in the export of a small sub-
set of mRNAs in mammals, Caenorhabditis elegans (16, 26)
and T. cruzi (27). Notwithstanding this, the vast majority of
transcripts are exported via the Tap/Mex67 family of export
receptors in mammals and yeast, respectively, independently of
the Ran driving force (16, 28), Notably, high identity sequence
candidates for Tap or Mex67 orthologs seem to be lacking in
trypanosomes (29). Tap operates together with adaptor RBPs
(16), such as Yra proteins in yeast and the metazoan counter-
part Aly/Ref (30, 31).

In trypanosomes, few NLS have been identified to date, and
all of them belong to the canonical SV-40 type (32—34). Much
effort has been made to understand the mechanisms underlying
cytoplasmic mRNA turnover/stability and translatability in
these unicellular parasites. However, identification of proteins
linking these processes with messenger ribonucleoprotein par-
ticle biogenesis and mRNA export remains elusive. Here we
describe the nucleocytoplasmic shuttling activity of a well char-
acterized trypanosomal RRM-type RBP, TcUBP1. Although
mostly cytoplasmic, TcUBP1 can accumulate in the nucleus
under stress. Functional dissection and site-directed mutagen-
esis assays revealed the requirement of a functional RRM to
retain TcUBP1 shuttling activity, showing dependence of RNA
binding for proper subcellular localization. Moreover, TcUBP1
shuttling activity is transcription dependent, and nuclear-accu-
mulated protein co-localizes with bulk poly(A)"™ mRNA and a
target transcript. The relevance of TcUBP1 nuclear shuttling is
discussed in the context of nuclear mRNA cargoes.

EXPERIMENTAL PROCEDURES

Parasite Cultures and Drug Treatments—T. cruzi epimastig-
otes from the RA and CL Brenner strains were cultured in BHT
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medium at 28 °C as described in Ref. 14. Parasite cultures were
taken in late logarithmic growth phase at a cell density of 3—4 X
107 parasites ml~'. For nutritional studies, parasites were
washed and incubated in phosphate-buffered saline for the
indicated time periods. Sodium arsenite was used at 2 mwm for
most experiments, at 0.5 mM (mild arsenite stress), or at 0.4 mm
for 24 h when indicated. Actinomycin D (ActD), puromycin,
and cycloheximide (all from Sigma) were used at 10, 200, and 50
mg ml ™', respectively.

GFP Fusion Constructs and Parasite Transfections—pTEX-
eGFP constructs mentioned in supplemental Fig. S4 were the
same as in Ref. 14. TcUBP1 fragments and point mutants were
generated by PCR using the primers listed in supplemental
Table S1 and cloned into the BamHI site of pTEX-eGFP (35)
kindly provided by Dr. J. M. Kelly. BGal-GFP fusions were
expressed from pTEX-eGFPs-BGal, where the LacZ open read-
ing frame was cloned downstream of GFP in the Xhol and NotI
sites of a pTEX-eGFP derivative (pTEX-eGFPs) without the
stop codon in GFP, using the primers listed in supplemental
Table S1 and using pAB5001 plasmid (36) as template, kindly
provided by Dr. Rodrigo Sieira. The NLS in the TcLA protein
(GHKRPRD) was cloned downstream of GFP by PCR in the
Xhol and Notl sites of pTEX-eGFPs, using overlapping primers
listed in supplemental Table S1. Pfu DNA polymerase (Pro-
mega) was used for all reactions, and every construct was verified
by DNA sequencing. pRibotex-GFP and TcUBP1 in pRibotex-
GEP constructs were a gift from Dr. Ivin D’Orso. Transfections
were carried out as previously described (37).

Immunofluorescence, Poly(A)*, and Amastin RNA Fluores-
cence in Situ Hybridization (FISH)—Immunofluorescence and
poly(A)" mRNA FISH were performed as previously described
(14). For amastin mRNA FISH, an antisense RNA probe labeled
with digoxigenin (DIG) was used. Briefly, a 197-nucleotide-
long conserved and poorly structured sequence of amastin
3’-UTR (comprising nucleotides 158 -354, 3'-UTR numera-
tion) was PCR amplified with primers listed in supplemental
Table S1. Amplicons were cloned into the BamHI and EcoRI
sites of pSPT18 and pSPT19 plasmids (DIG labeling kit SP6/T7,
Roche Applied Science). Cloned inserts were PCR amplified
with SP6 and T7 primers, and RNA probes were synthesized by
T7 RNA polymerase using PCR amplicons from pSPT18 (anti-
sense probe), and pSPT19 (sense probe) as templates. In vitro
RNA synthesis was performed in the presence of DIG-11-UTP
to obtain DIG-labeled probes according to the manufacturer’s
instructions. Labeling efficiency (2 ng of DIG-labeled probe
pl™") was determined by dot blot using a mouse anti-DIG
monoclonal antibody (Roche Applied Science). Hybridization
was performed in transfected parasites essentially as described
in Ref. 14, with the addition of a denaturation step at 42 °C for
15 min in 40% formamide, 2X SSC after permeabilization of the
cells. Heat-denatured probes were used at a final concentration

FIGURE 1. Nuclear accumulation of TcUBP1 and TcUBP2 induced by arsenite. A, the localization of the respective GFP fusion proteins is shown in untreated
and arsenite-treated (2 mm, 4 h) parasites. TcPABP1 and GFP are shown as controls. DAPI staining, shown in red for better contrast, reveals the position of
nuclear (N) and kinetoplast (k) DNA. The column on the right summarizes if the fusion protein accumulates (+) or not (—) in the nucleus of the parasites under
arsenite treatment. Scale bar, 5 um. B, nuclear/cytoplasmic fluorescence ratio obtained from parasites from different transfection experiments, in the two
tested conditions. Bars represent mean = S.D. Asterisks (*) indicate statistically significant difference (p < 0.00001) within the same population.
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of 0.2 ng ul~'. After extensive washing, parasites were post-
fixed with 1% paraformaldehyde in 2X SSC, and detection was
performed with anti-DIG (1:150) and a secondary anti-mouse
antibody conjugated to rhodamine (1:300). After extensive
washing, parasites were stained with 1 mg ml~' of DAPI and
mounted with 5 ul of Fluor Save reagent (Calbiochem Nova-
biochem, La Jolla, CA).

Microscopy—Analysis of subcellular localization was per-
formed in a Nikon Eclipse E600 microscope coupled to a SPOT
RT color camera (Diagnostic Instruments). Merged images
were obtained by superimposing the indicated images files in
SPOT Software 4.0.9 (Diagnostic Instruments). The number of
analyzed parasites for the nuclear/cytoplasmic ratio determina-
tion of GFP fluorescence in Figs. 1B and 5B are shown in sup-
plemental Table S2, whereas those in Fig. 2, B and C, are in
supplemental Table S3. In each parasite the fluorescence from
the green (GFP) channel was quantified in an area selected
according to blue signal (DAPI) fluorescence (nucleus) using
the RGB plugin in Image] (rsb.info.nih.gov/ij). Cytoplasmic flu-
orescence was quantified in the same way selecting the bright-
est perinuclear areas in the green (GFP) channel. Selection cri-
terion was the same for all transfected parasites. Cytoplasmic
selections included the previous selected nuclear areas and flu-
orescence values, which were afterward subtracted, resulting in
the area and values corresponding to the cytoplasm. For each
parasite, the relationship between fluorescence/area was
obtained for the nucleus and cytoplasm. The ratio between the
nuclear and cytoplasmic values was obtained for each parasite.
Figs. 1B, 2, B and C, and 5B show the mean = S.D. for each
population of parasites. Confocal images were acquired in an
LSM 5 PASCAL confocal microscope (Carl Zeiss, Oberkochen,
Germany). The scheme of the plane shown in confocal images
was obtained by visualizing a series of 3-5 Z stack images
orthogonally with the LSM image viewer, and the depth of the
plane shown (0.37 wm) was determined to scale.

Western Blot—Whole cell extracts were prepared by incu-
bating parasites in 1 X Laemmli buffer plus DNase I (Sigma)
for 15 min in ice. Samples were boiled, centrifuged, and
loaded onto SDS-polyacrylamide gels. Gels were transferred
to Immobilon-NC transfer membranes (Millipore), probed
with rabbit anti-GFP (1:750) (Molecular Probes), anti-RRM
(1:750), anti- TcPABP1 (1:1000) (11), anti-TcLA (1:1000), anti-
TcHSP70 (1:2000) (38), and anti-tubulin (1:1000) (Sigma), and
developed using horseradish peroxidase-conjugated anti-
rabbit (1:8000) antibodies and the Supersignal West Pico
Chemiluminescent Substrate (Pierce) according to the man-
ufacturer’s instructions.

Nuclear Shuttling of a Trypanosome RRM-type RBP

In Vitro Homoribopolymer Binding Assay—TcUBP1 and
TcUBP2 fused to glutathione S-transferase (GST) cloned in
pGEX-2T vector (GE Healthcare) (11) were used as tem-
plates for PCR-directed mutagenesis to obtain m7cUBP1
and mTcUBP2 recombinant GST fusion proteins using the
primers listed in supplemental Table S1. All constructs were
transformed in Escherichia coli strain DH5aF'lq. Cultures
were induced with 0.2 mm isopropyl -p-thiogalactopyran-
oside for 3 h at 37 °C. Recombinant proteins were purified
using GST-agarose columns (Sigma). Dihydrazide-agarose
RNA cross-linking was performed as described (7). Purified
proteins were incubated with RNA cross-linked beads for 1 h
at room temperature and washed extensively. Elution was
done with 2X Laemmli buffer. Samples were resolved by
SDS-PAGE followed by Coomassie Blue staining.

RESULTS

Stress-mediated Nuclear Accumulation of TcUBP1—Cyto-
plasmic mRNA granules in 7. cruzi and T. brucei insect
forms contain proteins involved in mRNA metabolism,
including RRM-type RBPs such as TcUBP1 and TcPABPI.
These structures are likely to have a similar role to mamma-
lian stress granules protecting transcripts from degradation
during stress (14). In mammalian cells, arsenite stress has
been widely used for the induction of stress granule assembly
(39). We tested if this potent oxidative agent also promotes
granule formation in T. cruzi, involving the aforementioned
proteins. We found that arsenite treatment did not induce
cytoplasmic granules in culture epimastigotes, but after 4 h
of treatment made TcUBP1 and TcUBP2 GFP fusion pro-
teins accumulate in the nucleus (Fig. 14). The nuclear/cyto-
plasmic fluorescence ratio changed from ~0.7 to over 2 dur-
ing stress for these two proteins (Fig. 1B). This was not the
case for TcPABP1-GFP or GFP alone, which had no change
in localization compared with untreated parasites (Fig. 1).
Similar results were observed when endogenous Tc¢UBP1
was analyzed in wild-type parasites by immunofluorescence
using a specific antibody (11) (supplemental Fig. S1), show-
ing the same localization as the GFP fusion protein in trans-
fected parasites. The cytoplasmic localization and arsenite-in-
duced nuclear accumulation of TcUBP1-GFP was evidenced
throughout the culture of parasites (supplemental Fig. S1B).
Thus, TcUBP1-GFP fusion is a valuable tool for studying its
nuclear localization.

By using confocal microscopy, we found a fraction of
TcUBP1-GFP in the nucleus of transfected T. cruzi epimastig-
otes under steady state conditions (Fig. 2A4). A similar distribu-

FIGURE 2. TcUBP1 nucleocytoplasmic dynamics. A, localization of TcUBP1, TcUBP2, and TcPABP1 in untreated transfected parasites by confocal microscopy.
A magnification of the dotted area is shown on the top right angle. DNA was stained with propidium iodide. The images shown in the figure are part of a Z stack
covering 0.37 um (black bar) in the z axis, and are represented with dotted circles (nucleus) in the schemes at the bottom. B, TcUBP1 nuclear accumulation
kinetics. The graph shows nuclear/cytoplasmic fluorescence mean = S.D. for each time point of arsenite treatment in the presence of cycloheximide. The
images show representative arsenite-treated (2 mm) parasites transfected with TcUBP1-GFP obtained at the time points indicated. Time = 0 is before the
addition of the drug. C, TcUBP1 cytoplasmic recovery kinetics. The graph shows nuclear/cytoplasmic fluorescence mean = S.D. for each time point and
treatment. Parasites were incubated with 2 mm arsenite for 3 h, and afterward subjected to recovery after arsenite washing in the presence of cycloheximide.
The images show representative parasites transfected with TcUBP1-GFP obtained at the time points or treatments indicated. D, TcUBP1 recovery after mild
arsenite stress. Arsenite treatment was performed under mild conditions (0.5 mm) for 4 h. The treatment “Arsenite 0.5 mm 4 h-wash-CHX 5 h” was performed by
incubating the parasites with arsenite for 4 h, then the parasites were washed in the presence of cycloheximide (CHX), and recovery continued for an
incubation period of 5 h together with cycloheximide. DNA was stained with DAPI, and is shown in red for better contrast. Scale bar, 5 um.
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tion was recorded for TcUBP2 (Fig. 2A) and other members of To gain insight into the kinetics of TcUBP1 nuclear accu-
the TcRBP family such as Tc¢cRBP3, TcRBP4, TcRBP5a, and mulation, we analyzed localization of the protein at several
TcRBP6b (supplemental Fig. S2A4). This is not a general phe- time points during arsenite treatment (2 mm) in the presence
nomenon as T¢PABP1 is cytoplasmic under the same experi- of cycloheximide to inhibit new protein synthesis. We found
mental setup (Fig. 24). that TcUBP1 nuclear accumulation is not a fast phenomenon,
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but rather a gradual process. TcUBP1 can already be observed
in the nucleus 1 h after the addition of arsenite, and it takes 3 to
4 h to obtain the nuclear phenotype (Fig. 2B), which was syn-
chronous throughout the population (not shown). Addition-
ally, we analyzed the recovery of TcUBP1 from arsenite stress.
In this experiment the culture of parasites was incubated with 2
mM arsenite for 3 h, time that is long enough to accumulate the
protein in the nucleus (Fig. 2B). After that, parasites were
washed three times with fresh medium containing cyclohexi-
mide to inhibit new protein synthesis, and were recovered for
5 h in fresh medium plus cycloheximide. Fig. 2C shows that,
after 4 h, TcUBP1 exits the nucleus in 70% of the transfected
parasites, having a nuclear/cytoplasmic ratio of 1.3. The re-
maining parasites showed no recovery (ratio = 2, not shown).
By 5 h, the same percentage of parasites showed a nuclear/
cytoplasmic ratio of 1, whereas the ratio of the remaining
parasites was 1.8 (not shown). Additionally, recovery from
mild arsenite stress (0.5 mMm, enough to accumulate part of
the protein in the nucleus) after 5 h in the presence of cyclohex-
imide, showed cytoplasmic localization of TcUBP1 indistin-
guishable from untreated parasites (Fig. 2D). Recovered para-
sites showed the same overall morphology and motility of
untreated parasites, suggesting that viability was not compro-
mised (not shown).

It should be pointed out that pTEX-eGFP vector-derived
expression yielded similar levels as endogenous proteins (sup-
plemental Fig. S2B) and GFP fusion proteins display very simi-
lar biochemical properties to those of endogenous ones (14).
Also, the amount of TcUBP1, TcUBP2, or other proteins did not
vary during arsenite treatment (supplemental Fig. S2C). GFP
alone was distributed evenly throughout the cell because its
small size allows passive diffusion though the NPC (supplemen-
tal Fig. S2A).

The nuclear accumulation of TcUBP1 and TcUBP2 in trans-
fected parasites was confirmed by confocal microscopy (sup-
plemental Fig. S3). TcRBP6b also showed nuclear localization
very similar to TcUBP1 (supplemental Fig. S4). TcRBP3 and
TcRBP4 had less nuclear accumulation although clearly visible,
whereas TcRBP5a had only mild nuclear accumulation (supple-
mental Fig. S4). From the analysis of other mRNA metabolism-
related proteins under arsenite stress, only TcelF4E.1, a cyto-
plasmic mRNA 5’-cap binding protein, showed mild nuclear
accumulation (supplemental Fig. S5). In summary, these results
support the shuttling nature of T¢cUBP1, and accumulation in
the nucleus under stress.

TcUBP1 RRM Is the Motif Allowing Nuclear Accumulation
under Stress Conditions—Even though TcUBP1 and TcUBP2
could enter the trypanosome nucleus, none of these proteins is

predicted to display a canonical monopartite or bipartite NLS
when analyzed by PSORT II prediction or the PredictNLS
server (40). TcUBP1 displays modular architecture (Fig. 34),
with a central RRM adopting the characteristic BaBBaB-fold
(41), an amino-terminal Gln-rich region, and additional car-
boxyl terminus Gly- and Gln-rich regions (Fig. 3B). To track
down the sequence determinants involved in nuclear import,
we performed a deletion analysis on 7cUBP1 and fused each
fragment to GFP. Of 10 deletion mutants analyzed, none dis-
played nuclear accumulation in untreated parasites (Fig. 3C and
supplemental Fig. S6). However, the mutant lacking the amino-
terminal Gln-rich region (7cUBP1 AN) showed the same local-
ization as the full-length TcUBP1 in untreated and arsenite-
treated parasites, showing that the NH, terminus is dispensable
for its nuclear accumulation (Fig. 3C). On the other hand, dele-
tion of the COOH-terminal Gln and/or Gly-rich regions ren-
dered fusion proteins with an increase in nuclear abundance in
untreated parasites, and still could accumulate in the nucleus of
arsenite-treated parasites (Fig. 3C and supplemental Fig. S6).
Similar results were obtained with the TcUBP1 AN AQG2 pro-
tein, which contains exclusively the 92-amino acids long RRM
(Fig. 3C), and is the minimal portion of the protein with RNA
binding activity (11) capable of being recruited to mRNA gran-
ules in starved parasites (14). Further deletion of the 85 and 36
strands of the RRM in the TcUBP1 AN AQG2B mutant gave a
protein evenly distributed in the nucleus and the cytoplasm in
untreated parasites. More important, this construct is neither
accumulated in the nucleus of parasites treated with arsenite
(Fig. 3C), nor capable to co-localize with mRNA granules in
starved parasites (supplemental Fig. S7A). It should be men-
tioned that TcUBP1 AN AQG2 and TcUBP1 AN AQG2p pro-
teins are below the size exclusion limit for the NPC, thus are
allowed into the nucleus by passive diffusion. Altogether, these
results narrow to the RRM the sequence determinant respon-
sible for arsenite-induced nuclear accumulation.

TcUBPI RRM Nucleocytoplasmic Shuttling Is Coupled to
RNA Binding—Given that arsenite-induced nuclear accumula-
tion of TcUBP1 maps to the RRM motif, involved in RNA rec-
ognition, we wondered if these two properties were somehow
interconnected. To address this issue, we performed site-di-
rected mutagenesis on specific amino acids of the canonical
RNP1 octapeptide of TcUBP1 and TcUBP2 RRMs that likely
make stacking interactions with the RNA substrate, as sug-
gested by structural data (41). A scheme of TcUBPI- and
TcUBP2-mutated residues in the RNP1, and their position in a
three-dimensional representation of the RRM is shown in Fig.
4A. RNA binding ability of the mutated proteins (m7cUBP1
and mTcUBP2) was evaluated by in vitro RNA homopolymer

FIGURE 4. RNP1 mutations affect RNA binding and arsenite-induced nuclear accumulation. A, TcUBP1 and TcUBP2 protein schemes showing the RRM and
accessory domains. The fragment containing the RNP1 peptide is shown in green and the amino acids mutated to alaninein mTcUBP1, mTcUBP1 AN AQG2, and
mTcUBP2 are shown in red (R, Y, F). Different views of TcUBP1 RRM based on NMR spectroscopy data showing the RNP1 peptide with the mutated amino acids
in red are indicated. Structure analysis was performed using Swiss-Pdb Viewer version 3.7 using TcUBP1 RRM as input (Protein Data Bank code 1U6F). B, RNA
homopolymer binding specificity of TcUBP1, mTcUBP1, TcUBP2, and mTcUBP2. Proteins were synthesized as recombinant GST fusions and incubated with
dihydrazide-agarose beads alone (beads) or cross-linked to homoribopolymers (A, C, G, or U). After washing and elution, SDS-PAGE was performed, and the gel
was stained with Coomassie Brilliant Blue R-250. C, localization of TcUBP1, mTcUBP1, mTcUBP1 AN AQG2, and mTcUBP2 as GFP fusion proteins in untreated and
arsenite-treated (2 mm, 4 h) transfected parasites. Protein names and a scheme of the protein fused to GFP are shown on the left side of the respective images.
Numbers in parentheses indicate the amino acid residues mutated to alanine (parental numeration). TcUBP1 is shown for comparison with mutants. DNA was
stained with DAPI, and is shown in red for better contrast. The column on the right summarizes if the fusion protein accumulates (+) or not (=) in the nucleus
of the parasites under arsenite treatment. Scale bar, 5 um.
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Protein fragment Domains scheme Coverage () or Localization Arsenite-induced mRNA granules RNA binding
or mutant Mutations [ ] nuclear localization localization

TCUBPA (1-224) c + +(14) +(11)
TcUBP1 AN [ BV G Q | (35-229) C + +(14) + (11)
TcUBP1 AN AQG2 (] (35-126) C>N + +(14) +(11)
TcUBP1 AN AQG2p [l RRM | (35-109) C=N - - (Fig. S7A) n. d.
TcUBP1 ANRRM [CIETa] (110229) C=N (Fig.S6) - (Fig. S6) - (14) n.d.
mTcUBP1 [R84A-Y86A-F8BA]  C=N - - (Fig. S7A) -
mTcUBP1 AN AQG2 mj [R84A-YBBA-F8BA]  C=N - - (Fig. S7A) n.d.
TcUBP1 AN AQG2-fGal Em*:l-ﬁGal (35-126) c + + (Fig. S8B) +*
TcUBP1 AN AQG2p-pGal [ IEEIVINN]-BGal (35-109) c - - (Fig. S8B) n.d.
mTcUBP1 AN AQG2-Gal [ IEEIVIMN _|-BGal [R84A-Y8BA-F88A] C - - (Fig. S8B) -*
TcUBP1 AN AQG2-NLS [m_j-NLs (35-126) C>N + (Fig. S9A) + (Fig. S9B) +**
mTcUBP1 AN AQG2-NLS  [[EEIVINN |-NLS [R84A-YBBA-F8BA] N n/a n.d. -
TcUBP2 QTIEE N [ (1-166) c + +(14) +(11)
mTcUBP2 [R70A-Y72A-F74A] C=N - - (Fig. S7A) -

FIGURE 6. TcCUBP1 RRM couples arsenite-induced nuclear accumulation, mRNA granule association, and RNA binding capacity. A scheme of the
domains (not to scale) of the most relevant constructs used for determining the sequences required for nuclear shuttling are shown. Coverage is shown in
parentheses and mutated residues are shown in brackets. Localization is referred to untreated parasites grown in culture. Arsenite-induced nuclear localization,
mRNA granules localization, and RNA binding in vitro are also summarized. C, cytoplasmic, C > N, more cytoplasmic than nuclear; C = N, even in cytoplasm and
nucleus. Asterisk (*) is referred to the RNA binding capacity of the protein without the B-Gal moiety. Double asterisk (**) is referred to the RNA binding capacity

of the protein without the NLS. N.D., not determined. n/a, not applicable.

pull-down assays using recombinant GST fusion proteins. As
reported earlier (7), control TcUBP1 and TcUBP2 wild-type
constructs showed similar specificity, preferentially binding
poly(U) and poly(G) tracts (Fig. 4B). However, m7TcUBP1 and
m7cUBP2 did not bind to any of the homoribopolymers tested,
as it was also the case for GST (Fig. 4B). Upon parasite trans-
fection, mTcUBP1, m7TcUBP2, and a mutant version of TcUBP1
AN AQG2 (mutant RRM) fused to GFP were found evenly dis-
tributed in the nucleus and cytoplasm in untreated parasites
(Fig. 4C). Furthermore, none of these mutants showed nuclear
accumulation under arsenite stress conditions (Fig. 4C) or co-
localization with mRNA granules in starved parasites (supple-
mental Fig. S7A). Proper expression and lack of significant in
vivo degradation of these mutants was assessed by Western
blotting (supplemental Fig. S7B).

To further determine whether T7cUBP1 RRM nuclear uptake
is a result of active transport, or passive diffusion and retention
in the nucleus, we fused TcUBP1 AN AQG2, TcUBP1 AN
AQG2B, and mTcUBP1 AN AQG?2 to GFP and B-Gal. These
protein constructs would not passively diffuse through the NPC
due to a restriction in size. As expected, all three constructs
were localized to the cytoplasm in untreated parasites (Fig. 54).
Nevertheless, the TcUBP1 AN AQG2-GFP-BGal construct
could still accumulate in the nucleus of arsenite-treated para-
sites, showing an increase in nuclear/cytoplasmic fluorescence

from 0.56 to 1.28, whereas the other two mutated RRMs fused
to GFP-BGal remained in the cytoplasm (Fig. 54). Nuclear/
cytoplasmic fluorescence ratios from the parasites in this ex-
periment showed a statistically significant difference only for
TcUBP1 AN AQG2-GFP-BGal, as it happened with TcUBP1-
GFP or TcUBP1 AN AQG2-GFP from previous experiments
(Fig. 5B). Non-functional RRMs fused to GFP (TcUBP1 AN
AQG2B and mTcUBP1 AN AQG?2) showed similar nuclear/
cytoplasmic ratios to that of GFP in untreated or arsenite-
treated parasites. B-Gal fusion proteins had overall reduced
ratios because these constructs cannot diffuse passively into the
nucleus (Fig. 5B). It is to be mentioned that the B-Gal fusion
proteins had some tendency to form aggregates, which could
explain the patchy localization of all constructs, and the partial
nuclear localization of the TcUBP1 AN AQG2-GFP-BGal chi-
mera. Western blot of whole extracts from these transfected
parasites with an anti-GFP antibody show that the molecular
mass of the chimeras were the ones expected, and no degrada-
tion that could give a false result due to truncated forms was
detected (supplemental Fig. S8A4). TcUBP1 AN AQG2-GFP-
BGal could still colocalize with mRNA granules, showing that
the addition of 3-Gal does not impair the function of the RRM
(supplemental Fig. S8B). Fig. 6 shows a comparison of the
results obtained with the most significant deletion mutants
and constructs analyzed, regarding localization, nuclear

FIGURE 5. Nuclear import and export of TcUBP1 RRM. A, behavior of TcUBP1 mutants fused to GFP-BGal. The localization of TcUBP1 AN AQG2, TcUBP1 AN
AQG2B, and mTcUBP1 AN AQG2 fused to GFP-BGal is shown in untreated or arsenite-treated (2 mm, 4 h) parasites. The column on the right summarizes if the
fusion protein accumulates (+) or not (—) in the nucleus of the parasites under arsenite treatment. B, nuclear/cytoplasmic fluorescence ratio obtained from
parasites from different transfection experiments, in the two tested conditions. The ratios of TcUBP1 and GFP are the same as Fig. 1B. Asterisks (*) indicate
statistically significant difference (p < 0.00001) within the same population. C, the localization of GFP-NLS, TcUBP1 AN AQG2-GFP-NLS, and mTcUBP1 AN
AQG2-GFP-NLS is shown in untreated parasites. DNA was stained with DAPI, and is shown in red for better contrast. The column on the right summarizes if the
fusion accumulates (+) or not (=) in the nucleus due to the NLS. Scale bar, 5 pm.
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accumulation under arsenite stress, nRNA granule association,
and RNA binding. To sum up, these results show the ability of
this trypanosomal RRM to perform as an NLS under arsenite
stress.

Nuclear Export of TcUBP1 RRM—Under normal conditions
TcUBP1 is cytoplasmic (Fig. 1A), with a small fraction resid-
ing in the nucleus (Fig. 24). On the other hand, RNP1-mu-
tated forms of TcUBP1 and TcUBP1 AN AQG2 are evenly
distributed in the nucleus and cytoplasm (Fig. 4C), most
probably due to passive diffusion (see above). These obser-
vations suggest that the RNA binding activity of the RRM
could be involved in nuclear export of TcUBP1 under normal
conditions. To answer this, we fused TcUBP1 RRM to GFP and
a functional NLS, derived from the nuclear TcLA protein (14),
that is almost identical to the characterized NLS in the T. brucei
LA protein (34). A control GFP-NLS construct localized to
the nucleus in untreated parasites, as expected (Fig. 5C). The
TcUBP1 AN AQG2-GFP-NLS was not nuclear, and showed the
same localization as the protein without the NLS (compare
images in Figs. 3C and 5C). When the RNP1 mutations that
abolish RNA binding were introduced into this same construct,
the m7TcUBP1 AN AQG2-GFP-NLS protein adopted nuclear
localization (Fig. 5C). In this case, these two constructs have the
same configuration and background, with the only difference
that TcUBP1 AN AQG2-GFP-NLS can bind to RNA. As a
control of functionality, TcUBP1 AN AQG2-GFP-NLS was
shown to accumulate in the nucleus under arsenite stress, and
localize to mRNA granules under starvation (supplemental Fig.
S9, A and B, respectively). These results suggest that RNA bind-
ing in TcUBP1 RRM is important for nuclear export and cyto-
plasmic localization of the protein.

TcUBP1 Nuclear Accumulation Is Dependent on Active
Transcription—We next investigated whether TcUBP1 nuclear
accumulation was affected by inhibiting transcription with
ActD, because a large amount of RBPs have a transcription-de-
pendent nuclear localization (see “Discussion”). Treatment of
cells with ActD 10 min before the addition of sodium arsenite
and incubating both drugs for 5 h did not induce the nuclear
accumulation of TcUBP1-GFP (Fig. 7A). As a positive control,
treatment with arsenite alone showed complete nuclear accu-
mulation of TcUBP1-GFP (Fig. 7A). ActD alone had no effect
on protein localization, and co-incubation of cycloheximide
(CHX) and arsenite did not alter the nuclear phenotype pre-
viously seen with arsenite alone (Fig. 7A4). These results show
that TcUBP1 nuclear accumulation is abolished by a block-
ade in transcription and not by a general shut down in gene
expression.

Additionally, ActD and CHX were added for 5 h to TcUBP1-
GFP-transfected parasites previously subjected to mild arsenite
stress (supplemental Fig. S10A). Here, the inhibitors are added

when TcUBP1 is already nuclear, and arsenite is not washed
out. In this experiment, all protein recovered the cytoplasmic
localization, whereas the same treatment without ActD makes
TcUBP1 even more nuclear (supplemental Fig. S10A4). This
same experiment was performed with the TcUBP1 AN AQG2
deletion mutant and behaved the same way as the full-length
protein (supplemental Fig. S10B). Altogether, these results
show that transcription is required for TcUBP1 RRM-mediated
nuclear accumulation.

TcUBP1 Colocalizes with mRNA within the Nucleus—The
fact that only the functional RRM of Tc¢UBPI is required for
arsenite-induced transcription-dependent nuclear localization
made us wonder whether this protein could be accumulating
together with mRNA in the nucleus. When we used a lower
concentration of arsenite (0.4 mm) for 24 h, bulk poly(A)™
mRNA accumulated in discrete nuclear foci together with
TcUBP1-GFP (Fig. 7B). This phenomenon was also observed in
TcPABP1-GFP and GFP-transfected parasites, implying that it
is not caused by transfected TcUBP1-GFP. We also analyzed
the localization of amastin mRNA, a target transcript that can
be bound both in vitro and in vivo by TcUBP1 (7). Amastin
transcript colocalized with TcUBP1 in the nucleus of parasites
treated with 0.4 mm arsenite for 24 h when detected with a
DIG-labeled antisense RNA probe (Fig. 7C). RNA FISH with an
amastin DIG-labeled sense RNA probe was used as a negative
control (supplemental Fig. S11). We concluded that, under
conditions leading to TcUBP1 nuclear accumulation, the pro-
tein could be close to specific mRNA targets such as amastin.

DISCUSSION

In eukaryotic cells, the coordinated nuclear entry and exit of
factors regulating biological processes is crucial to maintain
homeostasis. However, cell stress can affect the balance of mol-
ecules at both sides of the nuclear envelope. In this work we
describe the nucleocytoplasmic transport of a well known cyto-
plasmic RRM-type RBP from T. cruzi, TcUBP1. The potent cel-
lular stressor sodium arsenite induced nuclear accumulation of
TcUBP1, TcUBP2, and TcRBP6b, whereas the remaining mem-
bers of this family showed mild nuclear accumulation. After
stress induction, TcUBP1 gradually accumulates in the nucleus.
The time needed to fully accumulate this protein in the nucleus
is relatively high (3—4 h), and does not correlate with a fast
response to stress. It seems more likely that cytoplasmic
TcUBP1 and TcUBP2 are recycled transiently to the nucleus
and under stress are retained there and accumulated. TcelF4E.1
also showed an increase in nuclear abundance under stress. The
mammalian ortholog is known to shuttle between the nucleus
and the cytoplasm in mammals (42), and to accumulate in the
nucleus under stress (43). Nevertheless, nuclear accumulation

FIGURE 7. Transcription-dependent nuclear accumulation of TcUBP1 and colocalization with mRNA. A, active transcription is required for TcUBP1
arsenite-induced nuclear accumulation. The localization of TcUBP1-GFP is shown in transfected parasites treated according to the left column. When ActD or
cycloheximide (CHX) were combined with arsenite, the inhibitors were added 10 min before the addition of arsenite. DNA was stained with DAPI, and is shown
in red for better contrast. The column on the right summarizes if the fusion protein accumulates (+) or not (—) in the nucleus of the parasites under arsenite
treatment when applicable. n/a, not applicable. B, nuclear accumulation of poly(A)™ mRNA with TcUBP1 but not TcPABP1. The localization of the respective
proteins fused to GFP is shown in arsenite-treated (0.4 mwm, 24 h) transfected parasites. C, colocalization of TcUBP1 with amastin mRNA, a target transcript.
Localization of amastin mRNA by FISH with a DIG-labeled RNA antisense probe in untreated and arsenite-treated (0.4 mm, 24 h) TcUBP1-GFP transfected

parasites. Scale bars, 5 um.
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under arsenite treatment was not shared by other mRNA
metabolism-related proteins.

TIA-1 and TIAR are nuclear proteins composed of three
RRMs, of which RRM2 plus its COOH-terminal auxiliary
domain are needed for nuclear accumulation (23). Similarly to
TcUBP1, the disruption of TIAR RNA binding activity by point
mutations in either RNP2 or RNP1 impairs nuclear accumula-
tion (23). Although several of the mutated residues in TIAR are
solvent exposed and suggested to interact with RNA, some are
buried in the hydrophobic protein interior and might interfere
with protein folding (44). This observation suggests that a prop-
erly folder RRM2 is necessary for nuclear shuttling, instead of
the ability to bind RNA. In our case, the selected TcUBP1
RNPI1-mutated residues were chosen based on the available
TcUBP1 RRM structure and the modeled TcUBP1 RRM-RNA
complex (41). These residues are solvent exposed and sug-
gested to make stacking interactions with the substrate RNA
(41). These mutations affected RNA binding of TcUBP1 and
TcUBP2, and also localization, because these mutants were dis-
tributed throughout the cell in all tested conditions. The alter-
native elimination of the 85 and 6 strands also altered local-
ization, supposedly by affecting the domain structure and
function. Therefore, intact RRM and RNA binding capabilities
are likely required for nuclear accumulation, because it was not
possible to uncouple these two activities. This conclusion gives
RNA binding in TcUBP1 a new twist toward protein localiza-
tion. Recent evidence shows that the binding of short Y RNAs
by the RNA quality control protein Ro, favors cytoplasmic
localization of the protein by masking an NLS. Consequently, a
Ro mutant without Y RNA binding capability accumulates in
nuclei (45). Similarly, human ADARI localization can be mod-
ulated by RNA binding. The interaction of double strand RNA
with double strand RNA-binding domain 3 abolishes transpor-
tin 1 association with ADAR1 and therefore nuclear import
(46). Hence, the interplay between RNA binding and nucleocy-
toplasmic shuttling is emerging.

The nuclear fluorescence observed in the evenly distributed
RNP1 mutant and deletion proteins seems to be caused by pas-
sive diffusion. In fact, TcUBP1-GFP has similar mass (~55 kDa)
as a double GFP construct shown to localize uniformly in the
nucleus and cytoplasm of mammalian cells (47). This implies
that it is not the mass of a protein but rather its diameter which
restricts passive diffusion. Actually, changing the size and mass
of these constructs by the addition of 3-Gal restored cytoplas-
mic localization in untreated parasites. However, the TcUBP1
AN AQG2-GFP-BGal construct, with an intact RRM, could still
enter the nucleus and partially accumulate under arsenite treat-
ment. Thus, this RRM is actively transported into the nucleus
under stress. Even so, under normal conditions, this same RRM
can retain most of the TcUBP1 AN AQG2-GFP-NLS construct
in the cytoplasm. The fact that only the RRM able to bind to
RNA, and not the mutated one, could overcome the nuclear
localization imposed by the Tc¢LA NLS could suggest that
TcUBP1 might be exported from the nucleus as a cargo bound
to mRNA.

Transcription inhibition has been shown to impair nuclear
localization of several proteins such as heterogeneous nuclear
ribonucleoprotein A1 (24), HuR (25), SF2/ASF (48), TIA-1 and
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TIAR (23), and other RNA metabolism-related proteins. In the
case of TcUBP1, nuclear accumulation under stress was abol-
ished when transcription was inhibited. In addition, nuclear-
accumulated TcUBP1 under mild stress recovered cytoplasmic
localization when ActD was added. The export of the protein
under these circumstances depended on the RRM. Thus, in
stressed parasites, TcUBP1 RRM behaves like the transcription-
dependent nuclear proteins mentioned earlier. The availability
of newly synthesized nuclear transcripts might also be neces-
sary for nuclear accumulation. The mechanism for transcription-de-
pendent nuclear localization of this group of proteins has so far
eluded identification. Nevertheless, accelerated export, rather
than impairment of nuclear import, has been proposed for
cytoplasmic relocation of nuclear proteins when transcription
is inhibited (49).

TcUBP1 and poly(A) " mRNA, or amastin transcripts, were
found to colocalize in nuclear foci in parasites submitted to
arsenite. It is tempting to speculate that under normal condi-
tions the amount of TcUBP1 and mRNAs in the nucleus might
be scarce and rapidly exported to the cytoplasm, thus, can only
be detected when accumulating under stress conditions.

In summary, we present evidence of an RRM that is recog-
nized as a nuclear localization determinant, and also involved in
the export of TcUBP1 from the nucleus. The tight relationship
between RNA binding and moving across the nuclear envelope
was so far impossible to separate without affecting each other.
Our results support the possible association of TcUBP1 with
mRNA targets in the nucleus, and trafficking across NPCs.
These biological functions can be linked with those activities of
TcUBP1 in the cytoplasm of the parasite: transcript turnover
and mRNA granules formation. Future work will determine the
import adapter associated to T7cUBP1 RRM during nuclear
translocation, to better understand non-classical NLS in an
early branching eukaryote. The knowledge of the steps from
mRNA biogenesis in the nucleus to its translation and/or
destruction in the cytoplasm is important in trypanosomatids,
because these agents of diseases affecting millions of people
worldwide make use exclusively of post-transcriptional mech-
anisms to regulate gene expression.
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