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ABSTRACT. The parasitd oxoplasma gondexpresses a 55 kDa protein or TgDRE that belongs to a novel
family of proteins characterized by the presence of three domains, a human splicing factor 45-like motif
(SF), a glycine-rich motif (G-patch), and a RNA recognition motif (RRM). The two latter domains are
mainly known as RNA-binding domains, and their presence in TgDRE, whose partial DNA repair function
was demonstrated, suggests that the protein could also be involved in the RNA metabolism. In this work,
we characterized the structure and function of the different domains by using single or multidomain proteins
to define their putative role. The SF45-like domain has a helical conformation and is involved in the
oligomerization of the protein. The G-patch domain, mainly unstructured on its own as well as in the
presence of the SF upstream and RRM downstream domains, is able to bind small RNA oligonucleotides.
We also report the structure determination of the RRM domain from the NMR data. It adopts a classical
pappoaps topology consisting of a four-strand@dsheet packed against twaohelices but does not present

the key residues for the RNA interaction. In contrast, our analysis shows that the RRM of TgDRE is not
only unable to bind small RNA oligonucleotides but it also shares the propedtein interaction
characteristics with two unusual RRMs of the U2AF heterodimeric splicing factor. The presence of both
RNA- and protein-binding domains seems to indicate that TJDRE could also be involved in RNA
metabolism.

Toxoplasma gondiis an obligate intracellular protozoan expression of genes. Molecular cloning of genes that encode
parasite infecting a broad range of warm-blooded vertebratesstage-specific enzymes is of importance in understanding the
and up to 30% of the human population worldwidlegondii mechanism of stage conversion between tachyzoites and
is recognized as an important opportunistic pathogen parasitebradyzoites. In this context, an in vitro encystation system
associated with AIDS and congenital birth defedts The followed by a complementary cDNA subtractive method
parasite life cycle is complex and involves vegetative have been developed to identify genes that are exclusively
multiplication in a wide variety of intermediate hosts. In or preferentially expressed in the bradyzoite st&yeAmong
mammalian nonfeline hosts, the parasite is found in two the 12 isolated genes, we focused our study on the one that
haploid asexual forms, the rapidly replicating virulent encodedr. gondiiDNA repair enzyme (TgDRE)a protein
tachyzoites and the slowly dividing quiescent encysted that is homologous to the SPF45 human splicing factor
bradyzoites. In response to immune system attacks and tooverexpressed in a variety of cance3s TgDRE orthologues
survive within infected hosts, the tachyzoites differentiate of unknown structure and function are present in the genome
into encysted bradyzoites that persist during the lifetime of sequences of the related apicomplexa paraBit@smodium
the infected hosts and are characterized by their resistancdalciparum and Plasmodium yoelias well as in those of
to chemotherapy. This stage conversion involves profound Drosophila melanogasteand Caenorhabditis elegan@).
metabolic and morphological changes to adapt to the In agreement with the high sequence similarity that TJDRE
environmental variations and should implicate a coordinated presents with the DNA repair/tolerance protein DRT111 of
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Table 1: Domain Organization of TJDRE and Proteins Used in tranSfer_red_into the (_jestination vector pDESTlS viaa LR
This Study recombination reaction to create expression clones that
encode N-terminal glutathiongtransferase (GST)-tagged
proteins. The G-patch and SF domains, 60 and 63 residues
long, respectively, were synthesized in solid phase using the
Fmoc strategy. The synthetic peptides were purified by
HPLC on a semipreparative C18 column. Molecular weights
were measured by mass spectroscopy. The purity of the

Gp+RRM _l 284 - 466 G-patch and the SF peptides is about 96 and 90%, respec-

Name Organization Coding region (aa)

SF45 G-patch RRM

SF+Gp+RRM 195 - 466

tively.
195- 261 Expression and PurificatiorRecombinant proteins were

overexpressed in a BL21Star(DE3)coli strain (Invitrogen).
284-343 I5N- or 13C/**N-labeled proteins were expressed in minimal

medium (M9) supplemented withNH,CI or *>NH,CI/*3C-
356 - 466 glycerol, respectively. The cell culture was induced with 0.5
mM IPTG for 3 h at 30°C. Cell pellets were sonicated in
50 mM sodium phosphate buffer, 400 mM NaCl, 5 mM
p-mercaptoethanol, and 1 mg/mL lysozyme at pH 7.4.
Proteins were purified by glutathione-affinity chromatogra-
. ) ) o . : phy (Amersham Biosciences GSTrap) under standard condi-
Itgéliihne rgltorgycw(\j c ml arEschedn(I:thaGccaerutant strain tions followed by an overnight His-tagged TEV protease

g RUVL endonuciease and Rect he icatje ( . cleavage. To remove the GST tag and the TEV protease,
All of these homologous proteins share the same archi- yo samples were reloaded onto glutathione- add-affinity

tec'tu_re with TgDR.E and are therefore'de3|gngt.ed as thecolumns arranged in series (Amersham Biosciences GSTrap
splicing factor 45-like motif (SFA5) family4). Bioinfor- 504 i Trap). The proteins were then further purified by size-
matics studies have shown that they possess three domaing, ., sion chromatography (Amersham Biosciences Sephacr-
localized in the C terminus: a SF45, a glycine-rich motit | 5109 Hp). All of the purification steps except for the
(G-patch), and a RNA. recognition _motlf (RRM)' The last one were done in the presence of a protease inhibitor
presence of the;e putative R'NA-bmdmg domamg Sug.geStScocktail (Roche). The cleavage and molecular weight were
that TgDRE might also be involved in other biological - cyed for each protein by N-terminal sequencing and mass
functions, such as RNA metabolism in addition t0 DNA  gnectrometry, respectively. The final buffer used for all
repair. Furthermore, recent results_have _shown that. various, ,clear magnetic resonance (NMR) experiments was 20 mM
classes of RRM and G-patch domains exist and are '”VOlvedsodium phosphate and 4 mM TCEP at pH 6.5 for the RRM

in protein as well as in nucleic acid binding. Indeed, even domain and at pH 7 supplemented with 100 mM NaCl for
though the RRM domain is the most abundant type of the other proteins.

eukaryotic RNA-binding motif, the structures of the U2snRNP Dynamic Light Scattering (DLSYhe oligomeric state was
auxiliary factor (U2AF) heterodimeric splicing factor have evaluated by DLS usia 1 cmquartz cell in a DynaPro

revealed two examples of noncanonical RRMs with special- 15800 (Proterion) instrument with a laser at 824 nm. Protein

ized feature§ for protein recognitio, (7). 'Likewis_e, the samples were centrifuged for 30 min at 1506 remove
G-patch motif of MIA-14 and MPMV proteinases is able 0 ,qsiple particles that would interfere with DLS measure-
bind single-stranded DNA and RNA&); whereas the G-patch ments

motif of Spp2 is involved in the protein interaction with prp2 Circular Dichroism (CD) SpectroscopyFar-UV CD

(9). These data_l Tef'eCt the multiple role of thgse domains spectroscopy was performed at room temperature on a Jobin
and show that it is necessary to expllore.expenmentally the Yvon CD6 spectrometer with a cylindric cell of 0.02 cm
structure and fl_mcnon of suc_h domains in Tg[_)RE. ) path length. The concentration of proteins was adjusted to
To characterize the behavior and structure in solution of 5 g mg/mL in 20 mM phosphate buffer at pH 7.4. Each
the entire C-terminal sequence of TgDRE, a combination of gneqrym was the average of three successive individual scans
analytical techniques was applied to five different constructs ¢. 180 to 260 nm by a step of 0.5 nm with-5 s of
encompassing one, two, or three domains (Table 1). Wej,ieqration time per nanometer. The spectrum of the buffer
systematically analyzed the solubility, stability, degradation, 51one was recorded under identical conditions and subtracted

oligomerization state, secondary-structure content, and t€rfo the sample spectra. The secondary-structure content was
tiary fold of each construct. RNA-binding assays were also gqtimated using CONTINLL 10, 11) from the CDPro
performed to define their putative biological functions in the ¢¢vare packagel). ’

parasite TgDRE. NMR Spectroscopysor the SF domaintH experiments
were recorded at 298 K on Bruker 500 and 600 MHz
spectrometers at 1.15 mM in,8 at pH from 3.9 to 7.2.
Cloning and Synthesis'he different constructs, named Total correlation spectroscopy (TOCSY)3], nuclear Over-
RRM, Gp+ RRM, and SFH Gp + RRM, were subcloned  hauser effect spectroscopy (NOESYH), and correlation
by PCR from the TJDRE ORF contained in the TA-cloning spectroscopy (COSYLE) experiments were recorded at pH
vector (Invitrogen) into the pENTR/D-TOPO vector (Invit-  4.4.
rogen) to create entry vectors as described in the Gateway For the G-patch domaiftH experiments were recorded
system (Invitrogen). Target genes of entry clones were at 298 K on a Varian Inova 600 MHz spectrometer at 1 mM,

SF

Gp

RRM

Arabidopsis thaliana(5), it has been demonstrated that
TgDRE cDNA can partially correct DNA damages induced

MATERIALS AND METHODS
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in several solvents: water, 20 mM sodium phosphate buffer 20000
with 0—150 mM NaCl at pH 3.7 and 6.2. TOCSY, NOESY,
and COSY experiments were recorded in 20 mM sodium
phosphate buffer at pH 6.2. The SF and G-patch sequence-
specific assignments were achieved according to the standard
method developed by Wrich (16).

The RRM, Gp+ RRM, and SFH Gp + RRM samples
were concentrated to 0:3 mM, with 15% BO. 'H-5N
heteronuclear single-quantum correlation (HSQTROSY
spectra of the three proteins were recorded at 298 K on a
Varian Inova 600 MHz spectrometer equipped with a
cryoprobe. For structure determination of the RRM domain,
triple-resonance experiments were recorded at 288 and 298 15000
K, processed with NMRPipe and NMRDrawliq) and
analyzed with XEASY 18). Backbone HN, H, Ca, CS, -20000 : : : T I . T
CO, and N assignments of the RRM were obtained using 180190 200 f,:,o Izzom 2%0 240 250 260
standard triple-resonance HNCA, HNCO, HNCACB, and FoURe1: Far-UV CD s ectr:‘g:g (;r;;)M Gpb RRM. and SF
CBCA(_CO)NH_experlmentsl@)._Nuclear Overhauser effect p + RRM. The sgcondary-strpljcture content estimated by
(NOE) interactions characteristic of the secondary structurescoNTINLL gave the following values: RRM (27%, 23%}3, 21%
were obtained from*N-edited NOESY-HSQC @O0) re- turn, and 28% irregular), Gp- RRM (20%a., 26% 3, 23% turn,
corded at 288 and 298 K with a mixing time of 100 ms. and 31% irregular), and S Gp + RRM (25%a, 21%f, 23%
3J(HNHo) coupling constants were calculated from the turn, and 31% irregular).

HNHA experiment 21). For the evaluation of the amide L .

proton solvent-exchange rates, 415N HSQC spectra were exutatlc_)n and emission wavelengths of_49_0 and 518_ nm,
collected over 5 days using a freshly prepared lyophilized respectively. The band-passes of the excitation and emission
sample of protein dissolved in 99.9%®. *H — 5N NOE monochromators were set at 6 and 9 nm, respectively.
experimentsZ2) were acquired at 288 K on a Varian Inova Steady—state flu.orescence anisotropy was calculated accord-
500 MHz spectrometer. Proton saturation was achieved by/Nd t the equationk = (lv — Glvu)/(Ivv + 2Glvu), where
application oftH 12C° pulses every 5 ms (during 3 s), and A is anisotropy,G = IHV/IHH is a correction factor for the

the overall delay between scanss/as in NOEexperiments yvavel_ength-dependent distortion, ahi the f!uorescence
with and without'H saturation. intensity component. The fluorescence anisotropy is ex-

Molecular Modeling A total of 20 3D models of TgDRE pressgd in arbitrary .units. E_ach point is the result of 20
RRM (residues 356466) were built with Modeller 6v223). recordmg; taken dgrg1a 2 min pe_nod. All measurements
To find the structures of proteins suitable for modeling, the Were_c_arrled out in 25 mM Tr_|s/HC_I _buffer at pH 8
NCBI PSI-BLAST (24) was launched against the Protein containing 50 mM NaCl. The dissociation constant was
Data Bank 25) with TYDRE-RRM as query sequence. As _estlmated by f_|tt|ng the anisotropy data to the binding
the result, the atomic structures of three following proteins 'SOtherm equation.
containing the RRM domain were used as templates: 1JMT RESULTS
(U2AF®), 100P (U2AE), and 1P1T (CstF-64). First, a
structural alignment of the templates was performed on CE  Folding AnalysisThe SF domain presents poor solubility.
(26). Then, the sequence of TgDRERRM was added to  Far-UV CD data show a maximum ellipticity at 195 nm, a
this alignment, taking into account its secondary structures minimum at 210, and an inflection at 225 nm testifying for
determined on the basis of our NMR data. Furthermore, a major helical content of SF (Figure 1). In agreement with
information about regular secondary-structure elements wasthe CD data, about 25 NOE cross-peaks are present in the
added to the input of Modeller to constrain the conformation NH—NH region of the NOESY spectrum, indicating that the
of the regions corresponding to the helices and the four- SF domain is structured, at least partially, as a helix. Only
stranded antiparallel sheet. This information is taken into a partial assignment was obtained because of the low
account by a special routine of the program that makes dispersion of the NMR signals. The NOESY spectrum
additional restraints o, angles, distances between some analysis does not provide clear evidence for the SF domain
atoms, and hydrogen bonds enforcing the conformation of to adopt a stable tertiary fold.
the segment in question. The quality of models was assessed Under our experimental conditions, we were unable to
using PROCHECK Z7), and the structures were analyzed express the G-patch domain. Therefore, we decided to
and visualized with MOLMOL 28). synthesize the corresponding peptide. This G-patch peptide

RNA-Binding ExperimentsThe titration of 0.25uM is highly soluble up to 1.5 mM at least and is always found
synthetic RNA oligonucleotides, seven-nucleotide oligo(U) in a monomeric state independently of the solvent conditions
or oligo(A) labeled with fluorescein (Dharmacon) by the tested (ionic strength, pH, and organic solvent). Far-UV CD
G-patch and the RRM domain, respectively, was followed (Figure 1) analysis shows an absence of secondary structure.
by fluorescence anisotropy. Anisotropy was measured with The 'H NMR spectra do not indicate additional secondary
a PTI Quantamaster fluorometer equipped with polarizers and tertiary folds. The different buffer conditions tested had
for the excitation and emission beams using a photomultiplier no effect in promoting the G-patch folding.
tube in the L configuration. All experiments were carried = The RRM domain was abundantly expresseckircoli
out in a 1 cmpath-length cell at room temperature with and remained soluble and stable at low concentrations,
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whereas the protein precipitated at concentrations higher thar TA
0.8 mM in a sodium phosphate buffer containing 50 mM 105 e °
NaCl at pH 7. Solution conditions (buffer, pH, and added ]
stabilizers) were optimized using the microdrop screening o~ °
technique 29) to improve the RRM solubility and stability ] e : Ry
at high concentrations. Finally, 20 mM sodium phosphate 1 - 5. B g °
buffer at pH 6.5 containing the reducing agent TCEP butno 115+ ° %« & S
NaCl was used for the biophysical characterization. The 1 i
RRM domain remains stable and in a monomeric state in {1 ° e g
o - 120 e « 8°
these conditions. The CD spectrum decomposition of RRM 1 e o %ew o
estimates ther andj content as 27 and 23%, respectively ] s S
(Figure 1). The well dispersion of peaks in &N HSQC il T o o s %
spectrum (Figure 2A) indicates that this domain adopts a ] = o
stable tertiary structure. ] ° e
Because the folding analysis of the three single domains 3] ®cos
showed that only RRM was able to adopt a stable tertiary ] -
fold, the multidomain proteins G RRM and SF Gp + ] -
RRM were used to study their influence on the folding. 1B 0
The Gp+ RRM and SF+ Gp + RRM proteins were 105
well-expressed itk. coli, but they were less stable than RRM ]
alone during purification. DLS spectrophotometry showed i )
that freshly prepared samples of GpRRM and SF Gp ] ° 3 )
+ RRM appear respectively in a monomeric and dimeric ] Te . 'ﬁ’: Q' ’ »
state in solution. Nevertheless, mass spectrometry and  1s- o o Tgq0” o
sequencing indicated a high susceptibility to protease deg-usy 1 : . VS, 00
radation of N-terminal parts that led to the aggregation of ., Sy i& ® 2
the Gp+ RRM and SFH- Gp + RRM samples with time. . M P ®ece oo
A comparison of the Gp, RRM, and G RRM CD ] ° o S0ey N o
spectra shows that the G-patch domain is unstructured on 125 . % 3" 8
its own as well as in the presence of the downstream RRM ] "
domain (Figure 1). Indeed, no increase of the secondary-
structure content is observed from RRM to GpRRM. ]
However, the addition of SF at the N terminus of GfRRM 1 &
in the triple domain construct increases the overall helical =
secondary-structure content. This gain in helical conformation 105 | C . *
is of more than 25 amino acids and could be related to the ] °
SF module conformation observed for the single domain. ]
Among the five different constructs used to characterize 7] 0y
the structure of the entire C terminus of TgDRE, three of
them (RRM, Gp+ RRM, and SFH Gp + RRM) contain
the RRM domain. The comparative dispersion patteriHof
and®®N chemical shifts in the HSQC spectra of this series ]
of proteins indicates that the majority of well-dispersed peaks 120
belongs to the RRM domain (Figure 2). The signals of SF
and Gp are largely superimposed. This is indicative of their
unfolded state. Only a few peaks undergo slight shifts in 1
the HSQC spectra of the single, double, and triple constructs, 1 .
showing that the RRM three-dimensional structure is not 14 o "o ®
affected by the presence of the upstream SF and G-patct
domains. ] K
NMR and CD analysis of the single and multiple domain PPN 10,0 9.3 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5
constructs allowed us to identify a core globular domain ggygre2: 1H-15N HSQG-TROSY spectrum of (A) RRM, (B) Gp
corresponding to the RRM domain. Residue assignments+ RRM, and (C) SF+ Gp + RRM.
upstream of RRM were prevented because of severe NMR
signal overlaps and a high susceptibility of &@g@RRM and
SF+ Gp + RRM to protease degradation leading to their the first two, a Gly and an Asn. A large percentage of the
aggregation. Therefore, only the NMR structure of the 12.9 resonances was assigned: 93% of HN and N, 91%af C
kDa RRM domain was determined. 86% of Hua, 91% of CO, and 88% of € atoms. Three
Structure Determination of the RRM Domain of TJDRE. residues C444, E445, and E446 were not detected in the
Sequence-specific backbone assignments were determinettiple-resonance experiments because of their peculiar re-
using standard triple-resonance methoti8).(All of the laxation properties but were identified in the NOESMSQC
backbone amino acids were assigned with the exception ofspectrum.

1 -
130 it That

115 -~

125
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Tg TQDRE 360 EVDEDLKEETEEBAA-KFGNLLOVKIVEAAE- mdn_vl'ilc'T RK BE VKGRFYCEERGKDDL 463
At DRT111 282 QVDDELET CA-KYGTVIRVLIFEITEPNFP B R ALVDLDGRYFCERTVRATFY L 277
Hs SPF45 304 EVDEDLEVETE E-KYGKVGKCVIFEI PG--AFDDEAY = ITKAVVDL E VVKACFYHLDE RVLDL 397
Pf chrl4-1180 416 EEVDETLEEET 8 rpem.mmwm——wnmmr. EYESKDQAQNALNTFKGRT JASFATEEEYETLEN 509
Py chrl_c275 401 --DEVDDTLEEET 8-KFGNLLNINIITDSH--LSDALAVHIECEYESRDQAKNAFNTFKERT] IVSFVHEQ] ¥L.S0GO 494
Dm CGl7540 306 SH GDVDEEL NTKYGEVNSVIT G--TVPELAVRTEVEFRRTESATKGFYTYV LEGK - 384
Ce FEBB3.7 273 EFADETKEEME-KCGQVVHV IVEVDES-~QREDROVE PHNAQATKAF 1 QAL a7
Hs U2aF" 375 LMV LPEELL -~ —===== ===~ DDEEYEEIVEDVRDECS-KYGLVKSIEIPRPVDG-VEVPGCGHI SVFDCQKAMOGL! 3 VVTKYC f F 474
Hs TJQQP" 43 Q 1 DEFFEEVFTEMEEK 'CDH ====LGDHL i FRREEDAEKAVIDL JPIHAELSEVTDEREACC 155

Ficure 3: (A) Summary of NMR data for the RRM of TgDRE. Fast/slow exchange of amide protoa@nsblutlon is shown by closed/

open circles3J(HNHa) coupling constants are indicated by small, medium, and large rectangles for v@ués< — < 8, and>8 Hz,
respectively. Secondary-structure elements from the CSI consensus resulting of the Ha, Ca, Ch, and CO secondary chemical shifts are
indicated on top. (B) RRM sequence alignmenfTo§ondii TJDRE (gi 21666569)A. thalianaDRT111 (gi 20141383). sapiensSPF45

(gi 14249673)P. falciparumchrl4-1180 (gi 23509735)R. yoelii chl_c275 (gi 23482574]). melanogasteCG17540 (gi 7289585).
elegansF58B3.7 (gi 7504595)H. sapiensU2AF®—UHM (gi 267187), ancH. sapiensU2AF—UHM (gi 228543). Conserved residues

that mediated recognition of SF1 by U2&FUHM and U2AF5—ligand by U2AF5—UHM are shown in green. Nonconserved residues

of the RNP motifs in a comparison with the consensus are colored in magenta.

The secondary structure of TJDRIRRM was determined A
from analysis of secondary chemical shifth 1, coupling
constants, and amide proton exchange data (Figure 3). The
localization of the secondary-structure elements was achieved
using the CSI consensus resulting from the, Ko, CS,
and CO chemical shifts. The RRM domain of TgDRE
presents foup strands (residues 363866, 394-400, 410~
415, and 438442), twoa helices (residues 37888 and
418-426), and a long and poorly structured C terminus
(residues 443466). The resultinga. and S content is
consistent with the decomposition of the CD spectrum. A
total of 933Jyn He COupling constants were extracted from
the HNHA experiment. A total of 12 of them lower than 5
Hz are found in the helices, and 18 higher than 8 Hz are
localized in thes strands. Among the 103 exchangeable
amide protons identified in HSQC experiments, 32 protons
still giving rise to correlations after 50 h are considered to
be slowly exchanging and therefore engaged in hydrogen
bonds. A total of 7 of them are localized in the helices, and
22 are found irp strands. All of the amide protons of the N
(Asn356-Arg361) and C (Cys444Asp466) termini and
almost all of the loops were quickly exchanged.

The structure of the antiparalleb sheet was fully
confirmed by the presence of 13 NOE cross-peaks corre-
sponding to the pairs of HNHN and HN-Ha protons
connecting th¢g4—1—/3—/2 strands and by the hydrogen
bonds identified from the HSQC and NOESWSQC Aspd06 Glu407
spectra. They included the HMNHN interactions between  FIGURE 4. (A) Ribbon representation of the RRM of TgDRE. (B)
Leu365-Argd52, Leu367Lys450, GIn395Glu41s, Sqrface_ representation of the_ RRM of TgDRE in the same

orientation as A calculated using MOLMOL with the positive
LysS97—Phg413, L(_au366lle412, and Leu364Cys414 and charge in blue and the negative charge in red.
the HN—Ha interactions between Leu361ly441, Leu365
Phe443, Val396Glu415, Leu366-Phe413, Leu364Glu415, complex with a RNA fragment, and the two RRMSs involved
Val363-Tyr416, and Cys414Leu365. in protein recognition, U2A% (RRM3) and U2AF®. Be-

Model of the RRM domain of TgDRE was built by cause the NMR data indicated that the C-terminal part of
homology modeling with the addition of restraints reinforcing RRM is poorly structured and flexible, we carried out the
the localization of the secondary-structure elements, obtainedconstruction of models from residues 35649 of the protein.
from the experimental NMR data (Figure 4). The homolo- Structural alignment of this part of the RRM domain of
gous proteins used as templates were the RRM domain of TgDRE with the RRMs used for homology modeling gives
the CstF-64 the structure of which was determined in a sequence similarity/identity of 31/21% with CstF-64, 32/
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21% with U2AF65, and 26/16% with U2AF35. The gener- 20

—a—rU7-Gpatch

ated models are consistent with the intra- and interstrands - —o - -TA7-Gpatch

NOE cross-peaks identified in the NOESHSQC spectra sl o [RTRRAM

and the hydrogen-bond donors resulting from the exchange
experiments. Moreover, they display a good overall quality
with 83.7% of backbone andy dihedral angles in the core,
13% in the allowed, 2.3% in the generously allowed, and
1.1% in the disallowed region of the Ramachandran plot.

The RRM of TgDRE has the same three-dimensional
scaffold as the other RRM containing proteins characterized
by a four-strande@ sheet packed against two perpendicular
o helices (Figure 4A). The central pair ffstrands presents
two short sequence motifs, ribonucleoprotein (RNP)1 and
RNP2, of eight and six residues long, respectively. The core -5 . . . . . : :
of RRM would be stabilized by hydrophobic contacts through ¢ 10 2 3% 40 50 60 70 80
residues Leu364, Leu366, Val396, 11e398, lle412, Tyr416, concentration (M)
and Met429. The electrostatic potential surface shows thatFIGURE 5: RNA-binding assays of seven-oligonucleotides oligo-
the positively charged residues are scattered on the surfac %?Sggg oligo(A) with RRM and Gp followed by fluorescence
of the molecule, whereas those charged negatively are by
clustered along the helix A and are well-exposed to the been previously described)( In the present study, we report
solvent (Figure 4B). Thg-sheet surface presents an equiva- the expression, purification, and structural characterization
lent repartition of the positive and negative charges. of each domain isolated or combined. We also investigate

To probe the dynamics on the fast NMR time scale of the their RNA-binding activity to further determine their putative
RRM domain,*H-N heteronuclear NOEs were measured biological function in the parasite TgDRE.

(Figure 3A). They confirmed the presence of a well-defined ~ The folded part of the C-terminal moiety of TgDRE
structure with a mean root-mean-square deviation (rmsd) €xhibits the classicao3fo3 topology of the RRM domain
value of 0.764 0.03 (on residues 366399 and 403-454).  composed of twax helices packed against a four-stranded
Higher rmsd values are observed in the secondary-structureantiparalle}s sheet 80). The two RNP motifs lie in the center
elements, and low rmsd values (from 059.29to 0.75+  ©Of the s sheet, with RNP1 i3 and RNP2 inj1, but show
0.03) are found in the loops with the exception of the fourth @ low sequence similarity with the consensus sequence.
that is only two residues long. Loop 3 appears particularly Beécause RRMs were essentially described as RNA-binding
flexible based on the low values of heteronuclear NOEs modules, we examined the ability of T9DRIRRM to bind
(mean value of 0.5% 0.29). The secondary structures of Small RNA oligonucleotides. No interaction between the
the RRM models are well-defined, whereas their loops adopt RRM domain of TgDRE and small oligo(U) or oligo(A) has
various conformations and orientations. The corresponding Peen detected even though the binding platform common to
loops in the template structures also present a flexibility that &ll RRMs is not in essence sequence-specBi).(Recent

is in agreement with our NMR dynamics analysis. From the Structures of the heterodimeric splicing factor U2 snRNP
last strand to residue Asn456, the heteronuclear NOE valuesguxiliary factor (U2AF) have revealed two domains present-
remain high although no evidence of secondary-structure ing the RRM fold but unable to bind RNAS(7). Instead, it
element is detected. Finally, the heteronuclear NOE valueshas been demonstrated that these unusual RRMs have
decrease from residue Asn456 toward the C terminus. specialized features for protein recognition and therefore were

RNA-Binding Assay#$n addition to structural information, gallgd UZAF. homology.motifs_or. UHM .to reflect their
we used some of our constructs to investigate their RNA- distinct ro_Ie.m the protemnprotein interaction 2. Three_
binding properties by fluorescence anisotropy. First and characterlstlg features' dlstmg'wsh UHMs from class!cal
because no specific target was known to interact with RRMs: atypical RNP'“I.(e. motifs, an Afg'x'Ph? motif in
TgDRE, we used small RNA oligonucleotides labeled with the last loop, and an acidic character of the helix A. It was
fluorescein. The titration of seven-nucleotide oligo(U) and Lecenltly propofs;—:_thrI;aEt %RIT 111t and SPF4E;’ 1t;vo s%qéjetnce
oligo(A) by a concentrated solution of the G-patch domain Iomol ogulest, c()j tg UHI\/’I ezongho afgroup of catm It a:jes
resulted in a gradual increase in fluorescence anisotropy,Cosey related to $32). Therefore, we investigate .
reaching 15 times the basal value at @@ (Figure 5). In the possibility that the RRM of TgDRE also belongs to this

contrast, the RRM domain fails to show detectable RNA n:)vei class of protein rﬁcogtrp]ltlto?h mOt'tfﬁ' Se%uencte gr;_d
binding with the same oligonucleotides. The weak affinity structure comparisons show that these thrée characteristics

fthe G-patch d in1004M) d ti for th are also present in the RRM domain of TgD_RE. First, the
(()Sp f RRp,\jl (C:onsimiltn(\gata/éot)sr?:v?mn)o inerease forthe RNP1 and RNP2 motifs of TgDRERRM contain only one

(Phe412) of the three highly conserved aromatic residues
DISCUSSION that have been shown in classical RRMs to be responsible
for nonspecific ligand interactions via stacking with RNA
TgDRE and its orthologues form a novel family of proteins bases33—35). The corresponding amino acids are replaced
characterized by three conserved motifs: SF, G-patch, andby basic and aliphatic residues (Arg398 and Leu363). Then,
RRM. The presence of these domains suggests that TgDRErom the structures of the complexes UZAFUHM/
might be involved in other biological functions such as RNA U2AF%—ligand and U2AF—UHM/SF1-ligand, details of
metabolism in addition to its DNA repair activity, which has the interaction have emerged. A tight hydrophobic pocket

Auorescence anisotropy (milli A)
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involving the Arg-X-Phe motif of loop 5 and the acidic domain may require a specific target to be structured. Recent
residues of the helix A was identified in UHMs. The residues studies have shown that this domain could interact with RNA
of this pocket are conserved in the RRM of TgDRE: or DNA (8) as well as with a protein partne®)( Indeed, it
Arg431-Val432—-Phe433 on one side and Glu380 and has been experimentally confirmed that the G-patch domain
Glu384 on the other side. TgDRE is the only UHM candidate of MIA-14 and MPMV proteinases are able to bind single-
to possess a Val in the tripeptide motif. The electrostatic stranded nucleic acids, DNA and RNA, and that a highly
potential surface of the RRM of TgDRE reveals a negatively conserved aromatic residue (Tyr126 of MIA-PR and Tyr121
charged area involving four acidic residues on the helical of MPMV-PR) is critical for this interaction. A Trp is found
side, whereas the conventional RRMs exhibit a marked basicat the equivalent position in TgDRE as well as
character. These acidic residues are clustered along the heliXalciparum P. yoelii andA. thaliana a Phe irHomo sapiens
A as in the U2AB—UHM, where they are solvent-exposed SPF45 andD. melanogasteiCG17540, and a Tyr irC.
and directly engaged in electrostatic contacts with a stretchelegand=58B3.7. We demonstrated that the G-patch domain
of positively charged residues of SF).(Moreover, the low of TgDRE can interact with RNA oligo(A) and oligo(U).
isoelectric point of TJDRERRM (around 4.5) does not Other targets should be tested to improve the interaction
favor interactions with the negatively charged RNA, whereas affinity and specificity and to examine their influence on
the conventional RRMs exhibit a pl often higher than 9. In the G-patch folding.
addition, sequence alignment (Figure 3B) of the SF45 family  In addition to the G-patch and RRM domains, the SF45
shows that all of its members display unusual RNP motifs family presents the specific SF45-like motif identified for
and that the residues involved in the hydrophobic pocket arethe first time through the bioinformatics study of TgDRE
conserved with the exception of thB. melanogaster  (4). We report here the first biophysical data of the SF45-
CG17540 sequence, which is shorter than its counterpartslike motif of TJDRE. This domain does not adopt a stable
The RRM domain of TgDRE exhibits a long and poorly tertiary fold, but CD and NMR data are in favor of a helical
structured C-terminal extension after the Jastrand. Several ~ conformation for about half of the domain residues in the
hydrophobic residues (Tyr443, Trp448, Leud53, Met454, and mono- and multidomain proteins. A comparison of the
Leu465) localized in this C-terminal part may interfere with different constructs suggest that SF could to be involved in
RNA binding as for U2AB>—~UHM (7) or contribute to the dimeric association of the C-terminal moiety of TJDRE
homodimer formation in a manner similar to U133}, but encompassing the three domains. This is in agreement with
we observed that TgDRERRM remains in a monomeric  the secondary-structure predictions that showed a high
state during all of our biophysical studies. In several RRM propensity of SF to adopt a coiled-coil conformation (residues
or UHM structures, additional secondary-structure elements230—257). The helical coiled-coil structural motif mediates
have been found after the lg&strand as a C-terminal helix ~ subunit oligomerization of a large number of proteins,
for CstF-64 86) or U2AF (7). No evidence for the presence including many DNA-binding proteins such as the family
of a third helix in addition to the RRM fold has been found of basic region leucine zipper (b/ZIP) proteins for which
using the CSI consensus, in agreement with the absence otoiled-coil domains are responsible for specific recognition
3Jnm,He SMall coupling constants, the lack of NOEs charac- between moleculegtQ, 41). It remains to be determined the
teristic of helical conformation, and the presence of fast impact of the possible oligomerization of TgJDRE on its
exchanging amide protons in this N-terminal region. The biological functions.
three residues following the last strand present peculiar The DNA-repair activity of TJDRE demonstrated in vitro
relaxation properties, suggesting local conformational ex- in a heterologous system was partial. This can be interpreted
changes. We do not observe an enhanced flexibility on the as the result of the phylogenetical distance between bacteria
fast time scale (piconanosecond) for this region, as and protozoan parasites or as the involvement of TgDRE in
monitored by high heteronuclear NOE values from the last other biological functions. Here, we have demonstrated the
strand to Asn456. A structural rearrangement of the unstruc-existence of an interaction between the G-patch and RNA.
tured C terminus upon the target binding could occur as it Additionally, the structural study of the RRM domain
happens in hnRNPAIRRML1 (37). highlighted its strong probability to be involved in a protein
Many of the UHM candidates also contain motifs fre- protein interaction. At present, the role of TgDRE in the
quently observed in splicing factors such as canonical RRMs, parasite remains to be determined. In particular, it is still
arginine-serine (RS) domains, zinc fingers, and glycine- unknown whether TgDRE is a component of the splicing
rich regions. Up to date, only 42 proteins containing a machinery or whether it is involved in other aspects of pre-
combination of a RRM domain and a G-patch domain have mRNA processing. Our characterization provides a starting
been identified in the Pfam databa88)( The G-patch motif, point for understanding the precise function of this protein
characterized by its glycine-rich sequence signature, isin T. gondii Further works are now in progress to identify
present in a large number of eukaryotic RNA-binding the protein partners of TQDRE in the parasite.
proteins and therefore was suspected for a long time to be a
new RNA-interacting module3@), although no structural ACKNOWLEDGMENT
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