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The autoantigen La protein is an important component of telomerase and
a predominantly nuclear phosphoprotein. As a telomerase subunit, La pro-
tein associates with the telomerase ribonucleoprotein and influences telom-
ere length. In the reverse transcription, La protein stimulates enzymatic
activity and increases repeated addition processivity of telomerase. As
nuclear phosphoprotein, La protein binds the 3’ poly(U)-rich elements of
nascent RNA polymerase III transcripts to facilitate its correct folding and
maturation. In this work, we identified a La protein homolog (TbLa) from
Trypanosoma brucei (T. brucei). We revealed that TbLa interacts with ribo-
some-associated protein P34/P37, 40S ribosomal protein SA, and 60S ribo-
somal subunit L5 in 7. brucei. In the interactions between TbLa protein
and (P34/P37)/L5/SA, RNA recognition motif (RRM) domain of TbLa
was indicated to make the major contribution to the processes. We deter-
mined the solution structure of TbLa RRM domain. NMR chemical shift
perturbations revealed that the positively charged RNA-binding pocket of
TbLa RRM domain is responsible for its interaction with ribosomal and
ribosome-associated proteins P37/L5/SA. Furthermore, depletion of TbLa
affected the maturation process of 5S rRNA and ribosomal assembly, sug-
gesting TbLa protein might play a significant role in the ribosomal biogen-
esis pathway in T. brucei. Taken together, our results provide a novel
insight and structural basis for better understanding the roles of TbLa and
RRM domain in ribosomal biogenesis in 7. brucei.

Database
Structural data are available in the PDB under the accession number SZUH.

Introduction

The La protein is an autoantigen in patients with the
rheumatic diseases systemic lupus erythematosus and
Sjogren’s syndrome [1,2], a number of homologs of
human La protein have been found

Abbreviations

eukaryotes, including trypanosome, yeast, and plant
[3,4]. La protein is distributed mainly in the nucleus. It
has also been found in the cytoplasm and nucleolus

in many and is involved in various cellular processes [3-5]. La

Co-IP, Co-immunoprecipitation; CTD, C-terminus domain; ITC, isothermal titration calorimetry; LC-MS, liquid chromatograph mass
spectrometer; NLS, nuclear localization signal; NTD, N-terminus domain; RNAIi, RNA interference; RRM, RNA recognition motif.

The FEBS Journal 286 (2019) 3129-3147 © 2019 Federation of European Biochemical Societies

3129


https://orcid.org/0000-0003-0444-7080
https://orcid.org/0000-0003-0444-7080
https://orcid.org/0000-0003-0444-7080
mailto:
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5ZUH

TbLa protein is essential for ribosomal biogenesis

protein is a conserved component of telomerase that is
involved in telomere replication and can affect directly
the enzymatic activity of the core enzyme [6-8]. In
human, La protein associates with telomerase and its
expression level can influence telomere homeostasis [6].
In the ciliate Euplotes aediculatus, p43 (the homolog of
La protein) is a telomerase-specific subunit which
binds directly to the RNA subunit of telomerase and
plays a dedicate role in the assembly and facilitating
nuclear retention of telomerase [7,9,10]. In the process
of reverse transcription, p43 is required to incorporate
into a TERT*RNA*p43 ternary complex for enhancing
the activity and the processivity of telomerase [8].

La protein is also an abundant nuclear phosphopro-
tein and associates predominantly with nascent RNA
polymerase III transcripts. La protein is the first factor
that specifically recognizes and binds a short
polyuridylate sequence (UUU-OH) at the 3’ end of
almost all nascent Pol III transcripts and assists these
molecules to undergo correct processing and matura-
tion [4,5,11-13]. The specific RNAs bound by La pro-
tein include precursors of tRNA, 5S rRNA, U6 RNA,
and SRP RNA [4,14-16]. Besides, La protein can bind
other small RNAs which contribute to nuclear reten-
tion of the nascent transcript [4,5]. La also associates
with a great number of viral and cellular mRNAs and
appears to be recruited to regulate translation [4,5].
Recent studies demonstrated that La protein is
required for cell proliferation [17] and can counteract
cisplatin-induced cell death [18].

The specific recognition and binding of nascent
RNA polymerase III transcripts are mediated by N-
terminus domain (NTD) of La protein containing LA
motif and RNA recognition motif (RRM) domain. In
this process, those two motifs co-operatively partici-
pate in binding pre-tRNA, and none is dispensable
[19,20]. LA motif is the most conserved region of the
La protein and adopts a winged helix-turn-helix archi-
tecture [19,20]. RRM domain, the most abundant and
widely spread RNA-binding motif, is involved in many
aspects of mRNA metabolism such as splicing, nuclear
export, translation, silencing, and decay [21-23]. RRM
domain is typically comprised of about 90 amino acids
in length and adopts a typical BlalB2B3a2B4 confor-
mation [22]. Biochemical and structural studies have
clearly shown that RRM domain not only interacts
with nucleic acids but also participates in protein—pro-
tein interactions [22,23]. RRM-protein and RRM-
RRM interactions are very diverse with no general
mechanism emerging. In the case of sex-lethal and
nucleolin, the two RRM domains contact each other
upon RNA binding, while the two RRM domains are
independent without RNA binding [24,25]. In some

F. Shan et al.

cases, RRM domain is involved in protein interactions
while free of RNA. In the yeast retention and splicing
complex, the interactions between Snul7p RRM
domain and Bud13p can take place at the same time
of the interactions between Snul7p RRM domain and
an RNA molecule [26]. The C-terminus of La protein
contains a specific nuclear localization signal (NLS)
which is involved in nuclear importation [27,28].

In T. brucei, a unicellular protozoan parasite that
causes sleeping sickness in human and nagana in cattle
in sub-Saharan Africa, a La protein homolog (TbLa)
was identified to bind 3UUU-OH of pre-tRNA co-op-
eratively through its LA motif and RRM domain [19],
which is similar to the way in human La protein
[20,29]. Here, we revealed the interactions of TbLa
with ribosome-associated protein P34/P37, 60S riboso-
mal protein L5, and 40S ribosomal protein SA in
T. brucei. Meanwhile, we determined the solution
structure of the RRM domain of TbLa protein and
investigated the binding surface of TbLa RRM
domain with P34/P37, L5, and SA. Depletion of TbLa
resulted in a decrease in 5S rRNA level and affected
the maturation process of 5S rRNA and ribosomal
biogenesis in T. brucei.

Results

Domain organization of La proteins from
different species

Although La protein was first characterized in human,
its homologs have been identified in a wide variety of
eukaryotes. Alignment of La proteins from species
ranging from human to trypanosome revealed that La
protein is comprised of a conserved NTD and a flexi-
ble C-terminal domain (CTD; Fig. 1A). The NTD is a
conserved domain, including a highly conserved La
motif and a less conserved RRM, which are both
specific RNA binding sites. The CTD is the most vari-
able part of the La protein, varying in both length and
sequence. In human, the CTD contain the second
RRM domains, a potential dimerization domain which
is a short basic motif, and a nuclear localization signal
(NLS). In T. brucei, an NLS motif was also identified
in CTD, which plays a crucial role in its importation
into the nucleus.

TbLa mainly localizes in the nucleus and is
important for the T. brucei cell growth

To determine the subcellular localization of TbLa in
T. brucei, TbLa was endogenously tagged with a triple
HA epitope at the N terminus. The level of PTA-TbLa
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Fig. 1. Subcellular localization and RNAi of TbLa in procyclic-form Trypanosoma brucei cells. (A) Domain organization of La homologous
proteins. La from T. brucei, La from Homo sapiens, Lhp1p from Saccharomyces cerevisiae, C44E4.4 from Caenorhabditis elegans and p43
from Euplotes aediculatus were aligned. The conserved NTD contains a highly conserved LA motif and a less conserved RRM domain,
which are both specific RNA binding sites. The CTD is highly variable. (B) The expression of TbLa examined by western blot with HA probe.
(C) The subcellular localization of TbLa in T. brucei. TbLa was endogenously tagged at the N terminus with a triple HA epitope, and the
localization of TbLa-3HA was examined in paraformaldehyde-fixed intact T. brucei cells. Trypanosoma brucei cells were stained with anti-HA
antibody for TbLa-3HA (green) and DAPI for DNA (blue). TN1K, TN2K, and 2N2K cells were tabulated, respectively. Scale bars: 5 um. (D)
Effect of ToLa RNAI on cell proliferation. Quantitative RT-PCR was used to monitor the level of TbLa mRNA in non-induced control T. brucei
cells and RNAI T. brucei cells (inset), three independent experiments were carried out and the error bars represent SD.

fusion protein was examined by western blot with HA
probe. PTA-TbLa protein was clearly detected by HA
probe, indicating the successful expression of TbLa
protein in vivo (Fig. 1B). Fluorescence microscopy
demonstrated that PTA-TbLa distributed mainly in
the nucleus and partly in the cytoplasm of T. brucei at
all cell cycle stages (Fig. 1C).

To investigate the effect of TbLa on T. brucei cells
growth, RNA interference (RNAIi) targeting on TbLa
was performed in the procyclic form of T. brucei.
Quantitative RT-PCR monitored that the mRNA level
of TbLa in the RNAi T. brucei cells decreased ~ 85%
compared with the non-induced control T. brucei cells
after tetracycline induction for 2 days (Fig. 1D).
Depletion of TbLa inhibited the 7. brucei cells growth
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significantly (Fig. 1D), suggesting that TbLa is impor-
tant for 7. brucei cells.

TbLa interacts with ribosomal and ribosome-
associated proteins

To further investigate the proteins that TbLa interacts,
recombinant TbLa protein with GST tag was
expressed and was used to pull down its binding pro-
teins from T. brucei cells. The final eluate from GST-
pull down assay was separated by SDS/PAGE and
two protein bands were analyzed by liquid chro-
matograph mass spectrometer (LC-MS)/MS (Fig. 2A).
Five proteins were identified from the analysis, includ-
ing high mobility group protein (TDPI1), glycosomal
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malate dehydrogenase (gMDH), 40S ribosomal protein
SA, nuclear RNA-binding domainl/nuclear RNA-
binding domain2 (P34/P37), variant surface glycopro-
tein (VSG; Table 1).

The proteins with the highest score are P34/P37 and
40S ribosomal protein SA. The predicted primary
structures of the two proteins (P34/P37) are highly
homologous with one major difference of an 18-
amino-acid insert in the N-terminal region of P37.
Interestingly, previous studies have reported that P34/
P37 form a unique preribosomal complex with eukary-
otic conserved ribosomal protein L5-5S rRNA com-
plex and is involved in ribonucleoprotein biogenesis
pathway and/or translation initiation in 7. brucei
[30,31]. SA is a part of 40S ribosome and plays a vital
role in the initiation of translation [32,33].

The identification of these two ribosomal and ribo-
some-associated proteins implies the involvement of
TbLa in a protein network in ribosome-related cellular

events. Meanwhile, due to the close relationship
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Fig. 2. Proteins associated with TblLa. (A) Procyclic-form
Trypanosoma brucei cells were lysed by sonication, and T. brucei
cell lysate was pulled down with GST-TbLa. The final eluate was
loaded onto SDS/PAGE and stained with Coomassie Blue. Two
protein bands were detected (red frame), which were excised from
the gel and analyzed by LC-MS/MS. (B) Co-IP of PTA-TbLa with
P34/P37-EYFP, L5-EYFP, and SA-EYFP in vivo. PTA-TbLa was
detected by anti-HA mAb. P34/P37-EYFP, L56-EYFP, and SA-EYFP
were detected by anti-EYFP mAb. Protein marker (GenStar-
M221, Beijing, China)
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between P34/P37 and ribosomal protein L5, it is possi-
ble that TbLa is also able to interact with L5 as well.
In order to investigate the interactions between TbLa
and P34/P37 or L5 or SA in vivo, co-immunoprecipita-
tion (Co-IP) was performed in 7. brucei (Fig. 2B). All
of P34/P37-EYFP, L5-EYFP, and SA-EYFP co-pre-
cipitated with PTA-TbLa, confirming that TbLa is
able to bind to P34/P37, LS, and SA in vivo.

The interactions of TbLa with P34/P37, 60S
ribosomal protein L5 and 40S ribosomal protein
SA

To confirm the interactions between TbLa and (P34/
P37)/L5/SA in vitro, TbLa protein with GST-tag and
(P34/P37)/L5/SA with HA tag were expressed in
Escherichia coli. TbLa protein and its different
domains (NTD, CTD, LA motif, and RRM domain)
were used to perform GST pull-down assay with (P34/
P37), L5 and SA. The result verified that TbLa is able
to interact with P37. Furthermore, to identify which
part of TbLa interacts with P37, the interactions
between the different domains (NTD, CTD, LA,
RRM) of TbLa and P37 were also examined, respec-
tively. The results demonstrated that the NTD has a
strong interaction with P37 and the two independent
domains (LA and RRM) of the NTD are both able to
interact with P37 (Fig. 3A). Similarly, GST pull-down
assay verified that TbLa is able to interact with L18
domain of L5 through its RRM domain (Fig. 3B) and
TbLa interacts with SA through its La motif and
RRM domain (Fig. 3C).

To further identify the binding affinity of the differ-
ent domains (NTD, LA, RRM) of TbLa with P37/L18
domain of L5/SA, the different domains (NTD, LA,
RRM) of TbLa, P37, L18 domain of L5 and SA were
expressed in E. coli. Isothermal titration calorimetry
(ITC) experiments of P37 or L18 domain of L5 or SA
titrated with NTD, LA, or RRM domain were per-
formed, respectively. The binding affinity of NTD,
LA, and RRM domains of TbLa with P37 are 36, 165,
and 98 pm, respectively (Fig. 4A). The binding affinity
of NTD and RRM domains of TbLa with L18 domain
of L5 are 28 and 52 pm, respectively. The results also
identified LA motif has no interaction with L18
domain of L5 (Fig. 4B). The binding affinity of NTD,
LA, and RRM domains of TbLa with SA are 36, 186,
and 104 pm, respectively (Fig. 4C).

The results demonstrated that the binding affinity of
the two independent domain (LA and RRM) with P37
or L18 domain of L5 or SA is weaker than that of
NTD and the binding affinity of RRM domain with
P37 or L18 domain of L5 or SA is stronger than that
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Table 1. TblLa-associated proteins identified by GST-pull down assay and LC-MS/MS.

Gene ID Description Reference PMID P-value Score
Tb927.3.3490 High mobility group protein (TDP1) Narayanan and 23361461 6.21136E- 10.21604
Rudenko [56] 1
Tb927.10.15410 gMDH Aranda et al [57] 16321390 3.10089E- 20.16914
07
Tb927.11.10790 40S ribosomal protein SA Kim et al [58] 23451133 4.21456E- 20.20532
07
Tb927.11.14000/ Nuclear RNA binding domaini/nuclear RNA binding  Zhang and Williams 9247926  4.8356E-06 30.18024
Tb927.11.14020 domain2 (P34/P37) [69]
VSG 0.02669873 10.12665
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Fig. 3. The interactions between TblLa and P37/L5/SA. (A) GST pull-down assay of the different domains of TbLa with P37. (B) Left: Domain
organization of L5. Middle: GST pull-down assay of the different domains (NTD and L18 domain) of L5 with TblLa. Right: GST pull-down
assay of the different domains of ThLa with L18 domain of Lb5. (C) GST pull-down assay of the different domains of TbLa with SA. P37,
NTD, and L18 domains of L5, and SA were detected with anti-HA antibody by western blotting.

of LA motif, suggesting that RRM domain plays a
major role in the binding with P37/L5/SA and LA
motif may be involved in the binding in a synergistic
mode.

Solution structure of RRM domain of TbLa

In the interactions of TbLa protein with P37/SA/LS,
RRM domain of TbLa has a major contribution in
these processes. Sequence alignment showed that
RRM domains of La homologs share a few conserved
residues and low sequence homology (Fig. 5A). Com-
pared with the high sequence homology of LA motif
[4], the less sequence homology of RRM domain may
result from the diversity of evolution. The RRM
domain of TbLa shares about 10-30% sequence iden-
tity and 25-50% sequence similarity with other RRM

The FEBS Journal 286 (2019) 3129-3147 © 2019 Federation of European Biochemical Societies

domains of NTD from La family members. Although
RRM domains of NTD of La protein share low
sequence identity, they exhibit a similar secondary
structure pattern, which adopts a Ploalp2p3a2p4a3
topology.

The RRM domain of TbLa was recombinantly
expressed and purified. The solution structure of the
RRM domain was calculated based on a series of stan-
dard NMR spectra. The statistics of the calculated
structures are summarized in Table 2, which signifies a
high-quality structure of RRM domain of TbLa. In
total, 1038 NOE distance restraints and 184 dihedral
angle restraints were included in the structure calcula-
tion. The chemical shifts of atoms from RRM domain
of TbLa have been deposited into the Biological Mag-
netic Resonance Data Bank (accession number 36185),
and the final atomic coordinates of the calculated
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Fig. 5. Solution structure of TbLa RRM
domain. (A) Multiple sequence alignments
of TbLa RRM domain with other RRM
domains from homologous La proteins. The
following sequences were aligned using
cLustaLw? and espripT 3.0 [[52,53]]: La RRM
domain from Trypanosoma brucei, La RRM1
domain from Homo sapiens, Lhp1p RRM
domain from Saccharomyces cerevisiae,
C44E4.4 RRM domain from

Caenorhabditis elegans and p43 RRM
domain from Euplotes aediculatus. The
secondary structures of TbLa RRM domain
are shown at the top. Identical residues are
shaded in red box and conserved residues
are colored in red. (B) The ensemble of 20
lowest-energy structures of TbLa RRM
domain. (C) Ribbon representation of the
lowest-energy structure of TbLa RRM
domain. (D) Electrostatic surface diagram of
the lowest-energy conformation of TblLa
RRM domain is shown from two different
orientations with 180 degrees apart (red,
negative; blue, positive; white, neutral). The
ellipse highlights the positively charged
pocket.
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structures were deposited in Protein Data Bank (PDB
code 5ZUH). The assembly of 20 structures and the
ribbon representation of the lowest-energy are shown
in Fig. 5B,C, respectively. The RMSD of the well-de-
fined regions in the secondary structures of the 20
structures was 0.26 A for the backbone and 0.67 A for
the heavy atoms. The Ramachandran plot was ana-
lyzed by PROCHECK to check the quality of the
structure. The data shows that 92% of the residues are
in the most favored region, 8% in the additionally
allowed region, none in the disallowed region.

The RRM domain of TbLa folds into an of3 sand-
wich structure with a Blalp2p302p4a3 topology
(Fig. 5C). The central four-stranded antiparallel -
strands are surrounded with three o-helices. Four -
strands specially arrange into an antiparallel B-sheet in
the order B4B1B3B2 from left to right when facing the
sheet. The PB-sheet folds into a hydrophobic core
involving Val99, Tyrl00, VallOl, Alal25, Vall26,
Trpl126, Vall47, Phel48, Vall49, Vall50, and Alal74.
Three o-helices (al, o2, and a3) pack against the -
sheet. All the B-strands are linked by an a-helix, except
that B2 and B3 are joined by a flexible loop. Bl and
B2, B3 and P4 are linked by al and o2, respectively.
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RRM fold with a
residues

Compared with the
BlolB2B3a2B4 topology, another helix (o3;
177-190) at C-terminus of TbLa RRM domain is con-
nected to B4 by an extremely short, single-residue lin-

typical

ker (Metl76). Several positively charged residues
(Argl29, Lys134, Lys135, Argl42, Lysl44, Lysl77,
Argl83, Lys184) and two aromatic residues (Phel48,
Tyr180) make up the positive charge of the surface
(Fig. 5D), suggesting they can form a potential RNA-
binding region through electrostatic interactions with
negatively charged molecules such as RNA.

A DALI [34] search using the TbLa RRM domain
as the query sequence showed that the RRM1 domain
of NTD of La protein from human (hLa RRMI;
PDB: 2VOD) has the highest structural similarity in
PDB entries. hLa RRM1 domain shares about 30%
sequence identity with TbLa RRM domain (Fig. 5A).
The Co RMSD between TbLa RRM domain and hlLa
RRMI1 domain is 3.0 10\, with a Z-score of 5.9. The
TbLa RRM domain adopts a similar fold as hLa
RRMI1 domain, consisting of an antiparallel four-
stranded B-sheet adjacent to the a-helices on the oppo-
site side. Several obvious differences are also observed
(Fig. 6): an additional a-helix («0) appears in the N
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Table 2. NMR structural statistics of TbLa RRM domain.

NMR constraints in the structure calculation

Intraresidue 296
Sequential (i — jl = 1) 347
Medium-range (|i — j| < 5) 273
Long-range (|i — j| < 5) 85
Hydrogen bonds 54
Total distance constraints 1038
Dihedral angle constraints 184

Residual violations
CYANA target functions (A)
NOE upper distance constraint violations

5.46e2 + 2.13e 2

Maximum (A) 0.00 + 0.00

Number > 0.2 A 0+0
Dihedral angle constraint violations

Maximum (°) 0.14 + 0.01

Number > 5° 0+0
Vander Waals violations

Maximum (A) 0.10 + 0.00

Number > 0.2 A 0+0

Average structural rmsd to the mean coordinates (A)

Secondary structure backbone® 0.26
All backbone atoms® 0.32
All heavy atoms® 0.67
Ramachandran statistics, % of residues
Most favored regions 92.0%
Additionally allowed regions 8.0%
Generously allowed regions 0.0%
Disallowed regions 0.0%

? Includes residues in secondary structure.
® Obtained for residues 94-192.

terminus of hLa RRMI1 domain, which links the
RRMI1 domain and LA motif; the loop that links
B2B3 from TbLa RRM domain is longer and more
flexible than that from hLa RRMI1 domain, which is
consistent with their different primary sequences in
this region (Fig. 5A). This structural variation implies
the result of evolution and may be the requirement for
RRM domains involved in different cellular biological
processes.

The binding surface of TbLa RRM domain
interacting with P34/P37, L18 domain of L5 and
SA

To further define the interaction surface of TbLa
RRM domain with P37, L18 domain of L5 and SA,
I5N-labeled TbLa RRM domain and non-labeled P37,
L18 domain of L5 and SA were expressed in E. coli,
respectively.  NMR chemical shift perturbation of
TbLa RRM domain titrated with an increasing molar
ratio of P37/L18 domain of L5/SA were performed.
TbLa RRM domain was titrated with an increasing
molar ratio of P37. The overlaid HSQC spectra of

F. Shan et al.

I>N-labeled RRM domain in the absence or presence
of P37 showed a number of residues of RRM domain
with obvious chemical shift (Fig. 7A). These residues
include GIn97, Thr98, Val99, Leull0, Glulll, His120,
Thr122, Trpl27, Tyr130, Glul40, Thrl143, Serl46,
Vall47, Phel48, Serl54, GInl6l, Aspl68, Alal74,
Lys177, Thrl79, Tyr180, Glul82, Argl83, Glul87,
Alal89. The binding sites mainly occur at the pocket
formed by B1B2B3p4, the loop that links B2B3, a3 and
additional ol, and the loop that links alp2. (Fig. 7B
and 7C).

NMR chemical shift perturbation of TbLa RRM
domain titrated with an increasing molar ratio of L18
domain of L5 (Fig. 8) or SA (Fig. 9) demonstrated
that the residues with noticeable chemical shift pertur-
bation are similar to those of TbLa RRM domain
with P37, suggesting that TbLa RRM domain binds to
P34/P37, LS, and SA through the same binding sur-
face.

Depletion of TbLa resulted in the defect of 5S
rRNA maturation

5S rRNA, as a component of 60S ribosome, is
involved in the 60S ribosomal biogenesis from nucleus
to cytoplasm and participates in the multifarious func-
tions of ribosome [30,35]. In the process of 60S riboso-
mal biogenesis in 7. brucei, 5S rRNA interacts with
L5 and P34/P37 to form a complex participating in it
[30,31]. To investigate the effect on 5S rRNA level
after the depletion of TbLa in T. brucei, quantitative
RT-PCR of the whole 5S rRNA (including pre-5S
rRNA and mature 5S rRNA) was performed. Com-
pared with wild-type (WT) T. brucei cells, the whole
5S rRNA level in the TbLa RNAIi 7. brucei cells was
observed with a significant decrease (~ 70%;
Fig. 10A). The result indicated that depletion of TbLa
will affect the 5SS rRNA level in 7. brucei.

In order to further investigate the role of TbLa in
the 5S rRNA maturation process in 7. brucei, quanti-
tative RT-PCR of pre-55 rRNA was performed in
T. brucei. Compared with WT T. brucei cells, pre-5S
rRNA level in the TbLa RNAi T. brucei cells was
observed with a dramatic accumulation (Fig. 10B).
The level of pre-5S rRNA in TbLa RNAi T. brucei
cells showed about fivefold increase compared with
that of WT T. brucei cells. It is noteworthy that the
whole 5S rRNA level decreased in the TbLa RNAI
T. brucei cells. Therefore, these observations implied
that the mature 5S rRNA level decreased significantly
in the TbLa RNAIi T. brucei cells. The result revealed
that depletion of TbLa would lead to the accumulation
of pre-5S rRNA and the significant decrease of mature
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TbLa RRM hLa RRM1 Overlap

Fig. 6. Structural comparison of TbLa RRM domain and hLa RRM1 domain. The structure of TbLa RRM domain is shown in cyan and the
structure of hLa RRM1 domain (PDB: 2VOD) is shown in green. The alignment was performed using Pymol [[54]]. Red frame represents
the loop linking B2 and B3, red ellipse represents the linker between RRM domain and LA motif.
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Fig. 7. The binding surface of TbLa RRM domain with P37. (A) Chemical shift perturbation of '®N-labeled TbLa RRM domain titrated with
unlabeled P37 at molar ratios (P37/RRM) of 0 (red), 1 (green), 2 (blue). (B) The chemical shift changes of TbLa RRM domain (A8) between
the first and last titration point. The horizontal solid line represents the calculated average chemical shift perturbations. p represents proline;
* represents a peak that was broadened out of the spectrum. (C) Cartoon and surface representation of ToLa RRM domain. Residues with

significant chemical shift changes upon the addition of P37 are colored in red.
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Fig. 8. The binding surface of TbLa RRM domain with L18 domain of L5. (A) Chemical shift perturbation of '®N-labeled ToLa RRM domain
titrated with unlabeled L18 domain of L5 at molar ratios (L18 domain of L5/RRM) of 0 (red), 1 (green), 2 (blue). (B) The chemical shift
changes of TbhLa RRM domain (A8) between the first and last titration point. The horizontal solid line represents the calculated average
chemical shift perturbations. p represents proline; * represents a peak that was broadened out of the spectrum. (C) Cartoon and surface
representation of ToLa RRM domain. Residues with significant chemical shift changes upon the addition of L18 domain of L5 are colored in

magenta.

5S rRNA, implying TbLa plays an essential role in the
5S rRNA maturation process in 7. brucei.

TbLa is essential for ribosomal biogenesis

The three proteins (P34/P37, LS5, and SA) associated
with TbLa and 5S rRNA are involved in the riboso-
mal biogenesis [30,36,37]. In order to investigate
whether depletion TbLa has the effect on the assembly
of ribosomes and ribosome biogenesis, polysome sedi-
mentation analysis was performed in 7. brucei. Try-
panosoma brucei cells were treated with cycloheximide
to stop translation while maintaining polysomes intact
and were separated on sucrose gradients using velocity
sedimentation. Sedimentation profiles from WT
T. brucei cell lysates exhibited the peaks of ribosomal

3138

subunits 40S and 60S, the mature 80S ribosomes and
polysomes (Fig. 11A). However, the profiles obtained
from TbLa RNAIi T. brucei cell lines showed the sig-
nificant decrease of the peaks of 60S ribosome as well
as 80S and polysomes (Fig. 11B). These results indi-
cated large ribosomal subunit (60S) and mature 80S
are not able to assemble functionally when TbLa is
deficient. In contrast, small ribosomal subunit (40S)
accumulated after the depletion of TbLa (Fig. 11B).
The accumulation of 40S implied that the defect in the
assembly of the 60S subunit leads to an excess of 40S
subunit and the failure of mature ribosome (80S)
assembly. Additionally, an obvious decrease was
observed in the polysomal peaks. This further indi-
cated that proper ribosomal assembly is impeded in
the absence of TbLa.
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Fig. 9. The binding surface of TbLa RRM domain with SA. (A) Chemical shift perturbation of '®N-labeled TbLa RRM domain titrated with
unlabeled SA at molar ratios (SA/RRM) of 0 (red), 1 (green), 2 (blue). (B) The chemical shift changes of TbLa RRM domain (Ad) between the
first and last titration point. The horizontal solid line represents the calculated average chemical shift perturbations. p represents proline; *
represents a peak that was broadened out of the spectrum. (C) Cartoon and surface representation of TbLa RRM domain. Residues with
significant chemical shift changes upon the addition of SA are colored in pink.
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Fig. 10. Depletion of TblLa affects the maturation of 5S rRNA. (A) Quantitative real-time PCR analysis of the level of whole 5S rRNA
(including 5S rRNA and pre-5S rRNA) from WT Trypanosoma brucei cells and TbLa RNAI T. brucei cells. Results are representative of three
parallel experiments. (B) Quantitative real-time PCR analysis of the level of pre-5S rRNA from WT T. brucei cells and TbLa RNAi T. brucei

cells. Results are representative of three parallel experiments. Three independent experiments were carried out and the error bars represent
SD.
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Fig. 11. Depletion of TblLa leads to the defect of ribosomal assembly. Polysomal extracts were prepared from WT Trypanosoma brucei cells
(A) and TbLa RNAI T. brucei cells (B). The extracts were subjected to velocity sedimentation on 10-50% sucrose gradients. Fractions were
collected and the absorbance of 2564 nm was detected. The positions of the 40S, 60S, 80S, and polysomal peaks are indicated.

Discussion

La protein associated with telomerase can influence
the homeostasis and nuclear retention of telomerase.
In the reverse transcription, La protein binds directly
to RNA and stimulates the enzymatic activity of the
core telomerase [6-8]. La protein also specifically rec-
ognizes and binds the 3’ poly(U)-rich elements of nas-
cent RNA polymerase III transcripts through its N-
terminal domain (NTD) [3-5,19,20]. Besides, La pro-
tein also plays a variety of other roles in the cellular
process, including nuclear retention, translation regula-
tion, cell proliferation, and cell death [6,8,27,28]. A
homolog of La protein (TbLa) has been identified in
T. brucei and was indicated to bind to pre-tRNA [19].
However, the biological role of TbLa in T. brucei is
still not understood.

Here, we identified that TbLa is mainly located in
the nucleus and partly in the cytoplasm. Depletion of
TbLa slowed down the cell growth, indicating that
TbLa is important for 7. brucei. Intriguingly, we
revealed three proteins interacting with TbLa in
T. brucei: P34/P37, 60S ribosomal protein LS and 40S
ribosomal protein SA. This is the first time La protein
is identified to interact with ribosomal and ribosome
associated proteins. This finding suggests the involve-
ment of TbLa in the protein interaction network in
ribosomal biogenesis and ribosome related cell events.

In the interactions of TbLa protein with (P34/P37)/
SA/L5, RRM domain plays a major role. Previous
studies have investigated the interactions between La
RRM domain and different RNAs, and indicated La
RRM domain as a RNA binding module [19,20,29].
However, the structural basis of La RRM domain

interacting with proteins is still elusive. Therefore, we
determined the solution structure of TbLa RRM
domain, which adopts a Plalp2p3a2p4a3 topology
with four-stranded antiparallel B-sheet surrounded by
three o-helices. The binding sites of TbLa RRM
domain with (P34/P37)/SA/LS are mainly located on
the pocket formed by B1B2B3p4, the loop that links
B2PB3, a3 and additional al, and the loop that links
alPB2. The pocket includes several positive charged and
aromatic residues that make up a positive charge sur-
face, which might also be the putative RNA-binding
site. Sequence alignment and structural comparison
between TbLa and hLa RRM domains [20] indicated
the residues interacting with RNA and proteins are
highly overlapped and the binding pockets for RNA
and proteins are quite similar (Fig. 12A and 12B), sug-
gesting that the pocket in La RRM domain might
form an active region interacting with a diversity of
partners including RNAs or proteins.

The three identified proteins (P34/P37, L5, and SA)
interacting with TbLa are all ribosomal or ribosome
associated proteins. P34/P37 was identified previously
to be involved in ribosome biogenesis by means of
forming a preribosomal complex with 60S ribosomal
protein L5-5S rRNA complex or forming a preriboso-
mal complex with 40S ribosomal proteins S5 and S6
[30,31]. Ribosomal protein L5 contains L18 domain
and NTD domain. Interestingly, TbLa only interacts
with L18 domain of LS which is required for binding
5S rRNA in the L5-5S rRNA complex, but not with
L5 NTD which does not interact with 5S rRNA [31].
408 ribosomal protein SA plays a vital role in the initi-
ation of translation [32,33]. Moreover, SA becomes a
part of 40S ribosome in actively growing animal and
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Fig. 12. The binding surface of TbLa RRM domain with P37/L18 domain of L5/SA compared with that of hLa RRM1 domain with oligo(U).
(A) The binding sites (shown by %) of TbLa RRM domain with P37 (red)/L18 domain of L5 (blue)/SA (purple) compared with those of hlLa
RRM1 domain with oligo(U) (black) analyzed by their sequences. (B) The binding surface (colored in red) of TbLa RRM domain with P37
compared with that of hLa RRM1 domain with oligo(U) analyzed by their structures.

plant cells and separates from ribosomal polysome
when translation is decreased [38,39]. Owing to the
interactions, TbLa might form a novel complex with
the preribosomal complex of P34/P37-L5-5S rRNA in
the step of 60S ribosomal biogenesis and with P34/
P37-L5-5S rRNA and SA in the step of 80S ribosomal
biogenesis (Fig. 13). Furthermore, we revealed that the
deficiency of TbLa led to the decrease of mature 5S
rRNA and the accumulation of pre-5S rRNA, suggest-
ing that TbLa is essential for the maturation of 5S
rRNA. We also indicated that the depletion of TbLa
resulted in a significant accumulation of ribosomal
subunit 40S and decrease of ribosomal subunit 60S
and mature ribosome (80S). The decrease of 60S ribo-
somal subunit abolished the maturation process of 80S
and further impeded the assembly of polysome. All
these evidence revealed that TbLa has a significant role
in the ribosomal biogenesis pathway.

The ribosome is a large complex containing both
protein and RNA which must be assembled in a pre-
cise manner to allow proper functioning in the critical
role of protein synthesis. Our studies imply that in the
ribosomal biogenesis pathway, TbLa protein is
involved in the protein interaction network in multiple
processes from T. brucei cell nucleus to cytoplasm

(Fig. 13). TbLa might play its roles in three steps:
binding to pre-5S rRNA to facilitate its proper folding
and maturation; participating in 60S ribosome biogen-
esis through interacting with 5S rRNA, LS, and P34/
P37 in nucleolus, nucleoplasm, and cytoplasm;
involved in the formation of mature 80S ribosome
through interacting with L5, P34/P37, and 40S riboso-
mal protein SA in cytoplasm, which would further
affect the translation initiation.

Materials and methods

Cell culture

The procyclic Lister 427 strain was cultivated at 28 °C in
Cunningham’s medium supplemented with 10% FBS. The
procyclic 29-13 T. brucei cell line [40] was cultivated at
28 °C in Cunningham’s medium containing 10% FBS, sup-
plemented with 15 pgmL™' G418 and 50 pg-mL™!
hygromycin.

RNA interference

RNA interference of TbLa was carried out using the RNAI
vector pZJM. Recombinant pZJM vector containing
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Fig. 13. A model showing the roles of TbLa in ribosomal biogenesis pathway. The diagram depicts partly the biogenesis of ribosome
[[30,35,55]]. Black dashed arrows indicate known biogenesis and transport processes. Yellow dashed lines indicate the interactions that
P34/P37 might be involved in. The points at which TbhLa might be involved in the ribosomal biogenesis pathway are indicated with red line.

segment of TbLa was linearized with Notl and electropo-
rated into the 29-13 T. brucei cell line. Transfectants were
selected with 10 pgmL™" zeocin and were induced with
1.0 pg-mL~" tetracycline.

In situ epitope tagging of endogenous proteins

The segment of TbLa complementary DNA (cDNA) was
fused to a modified pN-PURO-PTP vector [41] which con-
tains a triple HA epitope tag instead of a protein C epitope
tag in the N-terminus. For in situ tagging of TbLa, vectors
were linearized and electroporated into the 427 procyclic-
form T. brucei cell line. Successful transfectants were
selected under 2 pg-mL~' puromycin. For the construction

of cell lines that co-express PTA-TbLa and P34/P37-EYFP
or L5-EYFP or SA-EYFP or EYFP, the vectors of pC-P34/
P37-EYFP or pC-L5-EYFP or pC-SA-EYFP or pC-EYFP
were linearized and electroporated into 7. brucei cell lines
expressing PTA-TbLa. Successful transfectants were selected
under 2 pgmL~! puromycin and 4 pgmL~' G418. Try-
panosoma brucei cell lines were validated by western blot.

Immunofluorescence microscopy

Immunofluorescence staining was carried out in 7. brucei
according to our published procedures [42]. Try-
panosoma brucei cells stably expressing PTA-TbLa were
harvested and washed with PBS. The resuspended T. brucei
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cells were fixed with 4% paraformaldehyde for 10 min at
room temperature. The T. brucei cells were then washed
three times with PBS and blocked with a blocking buffer
(PBS with 1% BSA and 0.2% Triton X-100) at room tem-
perature for 30 min. After that, the T. brucei cells were
incubated with HA-probe antibody for 1 h and Cy3 conju-
gated anti-mouse IgG (Boster, Wuhan, China) for 45 min.
The slides were stained with DAPI and examined with an
inverted microscope (Model 1X73; Olympus, Tokyo,
Japan). Images were analyzed by mMaGeEs (NIH, Bethesda,
MD, USA).

GST pull-down assay

GST pull-down assay was performed to identify proteins
interacting with TbLa protein. To investigate the potential
interacting substrate of TbLa protein from T. brucei,
100 mL of 7. brucei cells were harvested and lysed by soni-
cation. The crude cell lysate of 7. brucei was centrifuged at
10 000 g for 10 min at 4 °C, and the supernatant was used
for pull-down assay by GST-TbLa. The reaction was pro-
cessed at 4 °C in PBS containing 1 mm EDTA, 0.1% Tri-
ton X-100, 0.2% NP-40. Briefly, the fusion GST-TbLa
protein was incubated with prepared glutathione sepharose
beads (GE Healthcare, Boston, MA, USA) for 20 min and
washed three times. Subsequently, the supernatant of crude
T. brucei cell lysate was incubated with the beads 2 h and
shed three times. Finally, the target proteins were eluted
from the reaction with 50 pL of 50 mm GSSH (pH 7.2)
and separated by SDS/PAGE gel. The control was per-
formed as above except the fusion GST-TbLa protein was
instead of GST protein. Gel was stained with Coomassie
Brilliant Blue and distinctive gel bands were excised for
mass spectrometry analysis.

To further confirm the interactions between TbLa pro-
tein and P37/L5/SA, the different fragments (full length,
NTD, CTD, LA motif, and RRM domain) of TbLa pro-
tein fused with GST were firstly incubated with prepared
glutathione sepharose beads for 20 min. After incubation
and wash with PBS containing 0.1% Triton X-100, input
proteins (P37/L18 domain of L5/L5) fused with HA-tag
were then incubated with the beads 30 min and washed.
The target proteins were washed down as above and
detected by western blotting. The control was performed in
the same way except the fusion GST-TbLa protein was
replaced by GST protein.

In-gel digestion and LC-MS/MS

Proteins excised from gel slices were digested according to
our published procedures [43]. The sample was loaded onto
Acclaim PepMap 100 (Thermo Fisher Scientific, Waltham,
MA, USA) and analyzed by Q Exactive hybrid quadru-
pole-Orbitrap Plus MS (Thermo Fisher Scientific). The pep-
tides were subjected to NSI source followed by tandem

TbLa protein is essential for ribosomal biogenesis

mass spectrometry (MS/MS) in Q Exactive (Thermo Fisher
Scientific) coupled online to the UPLC. Raw data files were
searched using the Mascot search engine against the 7. bru-
cei database.

Co-immunoprecipitation (Co-IP)

Trypanosoma brucei cells co-expressing PTA-TbLa and
P34/P37-EYFP or SA-EYFP or L5-EYFP were harvested
and suspended in trypanosome IP buffer (20 mm HEPES
with pH 7.4, 100 mm NaCl, 1 mm MgCl,, 2% glycerol,
1 mm EDTA, 0.5% NP-40 and protease inhibitor cocktail),
and then lysed by thorough sonication. The lysate was
incubated with 30 puL IgG Sepharose beads at 4 °C for 1 h.
After washed with the IP buffer four times, beads were
eluted with 1% SDS. The elution was separated on SDS/
PAGE and probed with anti-HA antibody (GenStar) for
detecting PTA-TbLa and anti-GFP (GenStar) antibody for
detecting P34/P37-EYFP or L5-EYFP or SA-EYFP,
respectively. Four hundred twenty-seven procyclic-form
T. brucei cell line, T. brucei cells only expressing PTA-
TbLa and T. brucei cells co-expressing PTA-TbLa and
EYFP were analyzed as control.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry experiments were carried
out on iTC200 (GE Healthcare) at 20 °C to examine the
interactions between the different domains (NTD, LA and
RRM domain) of TbLa with P37, L18 domain of L5 and
SA. Proteins were also treated with 2 m Tris-NaCl (pH 7.5)
to remove potential nucleic acids in the purification and
were then extensively dialyzed against a buffer (25 mm Tris
at pH 6.8, 150 mm sodium chloride and 5% glycerol).
0.6 mm NTD, LA or RRM domain was loaded into the
syringe and 0.05 mm P37, L18 domain of L5 or SA was
loaded into the cell. Twenty injections of 2 puL protein from
syringe were added into the calorimeter cell from the syr-
inge at 120 s intervals. Control experiments were performed
by injecting the domains (NTD, LA and RRM domain) of
TbLa protein into buffer under the same conditions to take
the heat of dilution. The data collected was analyzed by mi-
CROCAL LLC ITC software (MicroCal, Malvern, UK).

Cloning, expression and protein purification

The DNA fragment encoding the RRM domain of TbLa
protein, including amino acid residues 94-192, was ampli-
fied by PCR from genomic DNA of T. brucei. The PCR
product was then cloned into plasmid PQE30 (Novagen,
Darmstadt, Germany). The recombinant PQE30 with N-
terminal 6x His tag was expressed in host E. coli BL21
(DE3). The recombinant protein was purified with a buffer
containing 20 mMm Tris and 500 mm NaCl at pH 7.5.
5N, 3C-labeled recombinant protein was prepared in M9
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medium containing 0.5 g-L~" 99% '*N-labeled ammonium
chloride and 2.5 ¢ L™' 99% '3C-glucose. The eluted pro-
tein was further purified by gel filtration column Sephadex
G-75 (GE Healthcare). 0.5 mm '’N,'*C-labeled TbLa
RRM domain was prepared in 20 mm phosphate (pH 6.5),
200 mm sodium chloride, 2 mMm EDTA and 2 mm DTT dis-
solved in 90% H,0/10% D,O or 100% D,O.

NMR spectroscopy, data processing and
structure calculation

All NMR data were performed on a Bruker DM X600 spec-
trometer (Bruker, Karlsruhe, Germany) with a cryoprobe
at 293 K. The following spectra were recorded including
'H-1>N HSQC, HNCO, HNCACB, CBCA(CO)NH, CC
(CO)NH, HC(CO)NH, (H)CCH-TOCSY, and HCCH-
COSY to obtain backbone and side-chain resonance assign-
ments. NMR data were processed with NMRpipe, NMR-
DRAW software [44] and sparky3 [45]. 3D '’N-edited and
13C-edited NOESY spectra were used to determine the
NOE distance restraints for structure calculation. Backbone
dihedral angle restraints were calculated by TALOS program
[46]. Hydrogen-bond restraints were defined from amide
protons with slow exchanging. Two distance restraints were
used for hydrogen bonds: 2.0 A for H-O and 3.0 A for N—
O. Structures were calculated by cyaNA program [47]. A
total of 500 conformers were calculated independently, and
the final 20 lowest-energy structures were selected and ana-
lyzed using morLmoL [48]. The Ramachandran plot was
acquired with PROCHECK online [49].

NMR chemical shift perturbation

In order to investigate the interacting surfaces of TbLa
RRM domain with P37/L18 domain of L5/SA, NMR
chemical shift perturbation was performed. '*N-labeled
TbLa RRM domain and non-labeled P37/L18 domain of
L5/SA were firstly expressed in E. coli, respectively. In the
process of purification, proteins bound to the Ni-chelating
column were washed once with a high salt buffer (20 mm
Tris, 2 m NaCl, pH 7.5) before elution to remove potential
nucleic acids. The proteins were finally eluted with elution
buffer (20 mm Tris, 500 mm NaCl, 500 mMm imidazole pH
7.5). The proteins were further purified by gel filtration col-
umn Sephadex G-75 (GE Healthcare). Samples were exten-
sively dialyzed against a buffer containing 20 mm
phosphate (pH 6.8), 300 mMm sodium chloride, 2 mm EDTA
and 2 mm DTT. 0.4 mm '“N-labeled TbLa RRM domain
in 5 mm sample tube was titrated with an increasing molar
ratio (TbLa RRM domain: P37/L18 domain of LS5/
SA = 1.0 and 2.0). A set of HSQC was collected on a Bru-
ker DMX600 spectrometer at 298 K. The observed chemi-
cal shift change (Ad) for each backbone amide was
quantified by the following equation: A8 = [A8°H + A8*N/
41" [50,51].
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Quantitative real-time PCR

Real-time PCR was performed for the detection and
quantification of the TbLa mRNA, 5S rRNA, pre-5S
rRNA of TbLa RNAIi T. brucei cells. 1 x 10° of the non-
induced control T. brucei cells and TbLa RNAIi T. brucei
cells induced with tetracycline for 2 days were harvested
and used for total RNA isolation, respectively. Total
RNA was extracted from T. brucei cells using RNAiso
Plus (Takara, Dalian, China). cDNA was synthesized with
M-MLYV reverse transcriptase (Takara) using oligo d(T) or
specific primers (5S rRNA-F/5S rRNA-R or pre-5S
rRNA-F/pre-5S rRNA-R). The synthesized ¢cDNA was
used to perform the quantitative real-time RT-PCR reac-
tions on LightCycler® 96 systems (Roche, Basilea,
Switzerland). Primers used for evaluating the efficiency of
RNAi were TbLa-RNAIi-F/TbLa-RNAi-R. Primers used
for detecting the whole level of 5S rRNA were 5S rRNA-
F/5S rRNA-R. Primers used for detecting the level of pre-
5S rRNA were pre-5S rRNA-F/pre-5S rRNA-R. Actin
mRNA was also analyzed as a sampling control. Primers
were listed in Table 3.

Polysome analysis

For polysome profile analysis, 5 x 108 WT or TbLa RNAIi
T. brucei cells were harvested. Cycloheximide (APExBio,
Boston, MA, USA) was added to cultures at 100 pg-mL ™"
of final concentration and incubated at 27 °C for an addi-
tional 10 min before harvested. All subsequent steps were
carried out at 4 °C. Trypanosoma brucei cells were washed
three times with ice-cold PBS supplemented with
100 pg-mL~" cycloheximide. The resulting final pellet was
suspended in 750 pL of polysome buffer (10 mm Tris-HCI,
pH 7.5, 300 mm KCI, 10 mm MgCl,) supplemented with
100 pgmL~" cycloheximide, 2 mm DTT, 1 x Protease
inhibitor cocktail and 40 units of RNase inhibitor. The
T. brucei cells were lysed by addition of NP-40 to a final
concentration of 0.5% and incubated on ice for 10 min.
Lysates were clarified by centrifugation at 14 000 g for
15 min. The supernatant was layered on 10-50% sucrose
gradient (made in polysome buffer; total volume of 10 mL)

Table 3. Primers used in quantitative real-time RT-PCR reactions.
F, forword; R, reverse.

Gene Primer sequence (5'-3')
TbLa F: CCACTTTCCTCCGAGAACAAG
R: CGCTGGGACGAATTGCTTCTAC
5S rRNA F: GGGTACGACCATACTTGGCCGAATG
R: AGAGTACAACACCCCGGGTTCCAGC
pre-56S rRNA F: CGCATTCGGTTTACCGGGCGTC
R: CTCTAGGAAAAAAGTTTGGGAG
Actin F: CTTTCAGTCCATCAACAAGTGTGAC
R: TCGTATTCACTCTTCGTTATCCACA
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and centrifuged at 226 000 g for 2 h at 4 °C using a Beck-
man (Brea, CA, USA) SW4ITi rotor. Fractions were col-
lected and the absorbance of 254 nm was detected.
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