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ABSTRACT

Small nuclear and small nucleolar RNAs (snRNAs and snoRNAs) are critical components of snRNPs and snoRNPs and play an
essential role in the maturation of, respectively, mRNAs and rRNAs within the nucleus of eukaryotic cells. Complex and specific
pathways exist for the assembly of snRNPs and snoRNPs, involving, for instance, nucleocytoplasmic transport of snRNAs and
intranuclear transport between compartments of snoRNAs. The phosphorylated adaptor for nuclear export (PHAX) is required
for nuclear export of snRNAs in metazoans and also involved in the intranuclear transport of snoRNAs to Cajal bodies. PHAX
contains a conserved single-stranded nucleic acid binding domain (RNA_GG_bind domain) with no sequence homology with
any other known RNA-binding module. Here, we report NMR and X-ray crystallography studies that elucidate the structural
basis for RNA recognition by the PHAX RNA-binding domain (PHAX-RBD). The crystal structure of the RNA_GG_bind domain
from the parasite Cryptosporidium parvum (Cp RBD) forms well-folded dimers in solution in the absence of any ligand. The
human PHAX-RBD is monomeric and only adopts a tertiary fold upon RNA binding. The PHAX-RBD represents a novel helical
fold and binds single-stranded RNA with micromolar affinity without sequence specificity. RNA recognition by human PHAX-
RBD is consistent with mutational analysis that affects RNA binding and PHAX-mediated nuclear export. Our data suggest that
the PHAX-RBD mediates auxiliary RNA contacts with the snRNA and snoRNA substrates that are required for transport and/or
substrate release.

Keywords: nuclear export; PHAX; protein—-RNA; snRNA; structural biology

INTRODUCTION (e.g., snRNA) (Ohno et al. 2000), which recognize specific
features of these RNAs, such as length, sequence motifs, or
three-dimensional structure (Ohno et al. 2002; Masuyama
et al. 2004). Here we focus on the phosphorylated adaptor
for nuclear export, PHAX (Ohno et al. 2000), which is
involved in the nuclear export of small nuclear RNAs
(snRNAs). The snRNAs and their corresponding small
ribonucleoprotein particles (snRNPs) are essential compo-
nents of the spliccosome (Wahl et al. 2009). SnRNAs are

transcribed by Pol II in the nucleus and acquire a 7-methyl

Distinct nucleocytoplasmic transport pathways are known
for different RNAs such as tRNA, miRNA, snRNA, mRNA,
and rRNA (Ohno et al. 2002; Kohler and Hurt 2007). The
RNA substrates are directed to their respective transport
pathways by direct binding to export receptors (e.g., tRNA)
(Arts et al. 1998; Cook et al. 2009) or to adaptor proteins
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guanosine (m’G) 5’ cap. In metazoa, they are then ex-
ported to the cytoplasm to be assembled into snRNPs
(Kohler and Hurt 2007). The export of snRNAs is mediated
by an assembly of five proteins: the heterodimeric nuclear
cap binding complex (CBC) (Izaurralde et al. 1995), PHAX
(Ohno et al. 2000), CRM1, the nuclear export receptor of
the importin B family, and RanGTP (Fornerod et al. 1997;
Izaurralde et al. 1997). CBC and PHAX are adaptor pro-
teins linking the snRNA cargo to the export machinery.
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CBC recognizes and binds the m’G cap of the snRNAs, and
PHAX interacts directly with the CBC and the snRNA
(Segref et al. 2001). A stable pre-export complex is initially
formed between CBC, PHAX, and the snRNA. Phosphor-
ylation of PHAX by CK2 kinase is a prerequisite for binding
of the nuclear export signal (NES) of PHAX to CRMI-
RanGTP leading to nuclear export of the CBC-PHAX-
snRNA-CRM1-RanGTP complex (Ohno et al. 2000; Kitao
et al. 2008). In the cytoplasm, RanGTP hydrolysis and
dephosphorylation of PHAX by phosphatase 2A (Ohno
et al. 2000; Kitao et al. 2008) lead to the release of CRM1
and RanGDP. Disassembly of PHAX and CBC occurs
simultaneously with binding of the survival of motor
neuron (SMN) protein complex to snRNA (Massenet
et al. 2002).

Somewhat less well understood is the intranuclear trans-
port of proteins and RNAs. Some of the factors involved in
nuclear export of snRNAs, such as CBC, PHAX, and CRM1,
are also involved in intranuclear transport of a subset of
small nucleolar RNAs (snoRNAs) (U3, U8, and Ul3) into
and between nuclear compartments such as speckles, Cajal
bodies, and nucleoli (Boulon et al. 2002; Lamond and
Sleeman 2003). These transport processes are linked to the
assembly of snoRNPs, which are essential for the maturation
of ribosomal RNA (Verheggen et al. 2002; Boulon et al.
2004). PHAX accumulates in Cajal bodies (Frey and Matera
2001), and PHAX and CRM1 are involved in distinct steps
in the transport of U3 snoRNA to the nucleoli (Boulon et al.
2004; Watkins et al. 2004). RNAi-mediated depletion of
PHAX specifically blocks the nuclear export of newly
synthesized U snRNA and leads to nuclear mislocalization
of U snRNPs and snoRNPs (Lemm et al. 2006; Watkins et al.
2007).

Interestingly, PHAX is not involved in mRNA export
and seems to be restricted to the intranuclear transport or
nuclear export of small structured, noncoding Pol II (and
hence capped) RNA transcripts. The features of these RNAs
that differentiate them from mRNAs have been investigated
(Ohno et al. 2002; Masuyama et al. 2004).

PHAX is a conserved, metazoan specific protein, which
in human comprises 394 residues (Fig. 1A). Although
biochemical studies have mapped functional regions (Ohno
et al. 2000; Segref et al. 2001), little is known about the
three-dimensional structure of the protein. The most evo-
lutionary conserved region of PHAX is a stretch of about
90 residues in the second half of the protein, which has
been shown to have nonspecific ssRNA-binding activity
(Segref et al. 2001). Mutations of conserved residues in this
PHAX RNA-binding domain (RBD) (PHAX-RBD) abolish
U snRNA export to the cytoplasm, showing that RNA
binding by PHAX is essential for transport (Segref et al.
2001). The PHAX-RBD is a member of the RNA_GG_bind
domain family (PFAM10258), which is characterized by two
absolutely conserved double glycines GGX;,GG. The domain
has been identified in three distinct architectural frame-
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works: in metazoan PHAX homologs, in seryl-tRNA synthe-
tase from Oryza sativa (rice), and in a family of ankyrin-
repeat-containing proteins of unknown function from single-
celled parasites such as Plasmodium, Toxoplasma, and
Cryptosporidium (Fig. 1B,C; Supplemental Fig. 1).

Here we report crystal and NMR studies that elucidate
the structural basis for the recognition of RNA by the
conserved PHAX-RBD. We also determined the crystal
structure of the RNA_GG_bind domain from Cryptospo-
ridium parvum. This protein forms well-folded dimers in
solution in the absence of any ligand. In contrast, the
isolated human PHAX RNA-binding domain is monomeric
but unstructured in the absence of RNA. It adopts a tertiary
structure upon binding to single-stranded RNA. RNA rec-
ognition involves mainly contacts with the sugar-phosphate
backbone of the RNA consistent with the nonspecific bind-
ing. The structure explains the effect of mutations that impair
RNA binding and PHAX-mediated snRNA export.

RESULTS

The PHAX RNA-binding domain

For structural studies, we cloned and expressed various
constructs encompassing the human PHAX-RBD as well as
the RNA_GG_bind domain of the ankyrin-repeat-containing
protein (Uniprot entry Q7YZ62) from the parasite
C. parvum (Fig. 1A,B; Bankier et al. 2003). These two
domains are 39% identical over 98 residues. Gel filtration
and dynamic light scattering (DLS) experiments revealed
that the C. parvum RNA_GG_bind domain (CpGGBD) is
dimeric, while the human PHAX-RBD is monomeric in
solution (data not shown). Unexpectedly, 'H,"’N correla-
tion NMR spectra of human PHAX-RBD indicated that the
protein alone is poorly folded, while the CpGGBD adopts
a stable tertiary fold in solution (Supplemental Fig. 2A).

Structure of the RNA_GG_bind domain
from C. parvum

We solved the crystal structure of the CpGGBD using
selenomethionyl substituted protein by the MAD method
at 2.8 A in one P2, crystal form. The native structure was
refined at 2.45 A in a second P2; crystal form to an R-factor
(R-free) of 0.194 (0.257) (Tables 1, 2). Both crystal forms
contain four molecules in the asymmetric unit associated to
form two dimers. The structures of both dimers are equiv-
alent in both crystal forms, and only the AB dimer in the
higher-resolution native structure will therefore be described
(Fig. 1D,E). Residues 387—475 are clearly seen in the electron
density, whereas the loop 403—405 is poorly ordered and the
charged C-terminal tail (476-496) absent from the density.
The CpGGBD structure is mainly helical as expected from
secondary structure predictions and circular dichroism
experiments (data not shown). The monomer comprises
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FIGURE 1. The PHAX RNA-binding domain. (A) Schematic functional organization of human PHAX based on biochemical data showing
phosphorylation sites (ST-1, ST-2), bipartite nuclear import sequence (NLS-1, NLS-2), nuclear export sequence (NES), and location of the RNA-
binding domain (green) and the CBC binding site. (B) Schematic domain organization of C. parvum protein Q7YZ62, showing the location of
ankyrin repeats (gray), and the RNA-GG-bind domain (green). (C) Sequence alignment of human PHAX-RBD and CpGGBD. Green boxes:
Residues that are involved in the dimer interface of CpGGBD. (D) Cartoon representation of the AB dimer of the RNA_GG_bind domain from
C. parvum. (E) Dimer rotated by 90°. (F) Overlay of monomers A (blue and cyan) and molecule B (red, green, and yellow).

five a-helices linked by short loops (1-4 residues) apart from  domain; no significant structural homology was found with
helices @3 and a4, which are linked by 13 residues (435-447)  other RNA-binding domains or proteins using the programs
that take up different conformations in each subunit of the DALIL Dejavu, or MSFOLD (Kleywegt and Jones 1997;
dimer (Fig. 1F). The fold is unique to the RNA_GG_bind Krissinel and Henrick 2004; Holm et al. 2008).
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TABLE 1. Data quality statistics for the C. parvum RNA_GG_bind domain

Native

Se peak

Se inflection Se remote

1.2 M Na/K tartrate; 100
mM Bis-Tris at pH 5.5;
30% PEG 400

Cryo conditions

30% PEG 400

30% PEG 400 30% PEG 400

Beamline ID14.4 (ESRF) BM14 (ESRF) BM14 (ESRF) BM14 (ESRF)
Spacegroup P2, P2, P2, P2,
Cell a=42.1, b=52.8, a=42.1, b=100.02, a=42.1, b=100.02, a=42.1, b=100.02,
c=99.3, 3=94.0 c=53.34, 3 =952 c=53.34,3=95.2 c=53.34,3=952
Wavelength (A) 0.9334 0.9788 0.9792 0.93927
Number of unique reflections 14,569 10,462 8576 8230
Resolution (outer shell) (A) 20-2.45 (2.58-2.45) 21.6-2.8 (2.95-2.8) 21.6-3 (3.16-3) 21.6-3 (3.16-3)
R merge (outer shell) 0. 071 (0.327) 0. 104 (0.401) 0. 101 (0.318) 0.095 (0.334)
Mean l/o! (outer shell) 4 (2. ) 2 (1.8) 5(2.3) 4 (2.2)
Completeness (outer shell) (%) 94 4 (73 7 (81.1) 99 6 (99.9) 99.5 (99.9)
Multiplicity (outer shell) 6 (3. ) 8 (4.1) 4 (4) 3.8 (3.9)

The molecules A and B are almost related by a twofold axis
at the dimer interface with an angle between rotation axis and
the centroid vector of 89.2° (Fig. 1D). The interface is formed
through the interaction of helix a1 of one molecule with the
helix a3 of the other, and the total buried surface area of
the interface is 1567 A2 (PISA server, http://www.ebi.ac.uk/
msd-srv/prot_int/pistart.html) (Krissinel and Henrick 2007).
Hydrophobic residues such as Met389, I1e392, Val393,
Thr396, Thr399 (helix al) and Leu422, Tyr425, and
Met429 (helix a3) participate in this interface. In contrast,
the equivalent residues in the human PHAX-RBD are
generally more hydrophilic (Met389-Asp226, Ile392—
Lys230, Thr396-Glu234). Also, Gly400 in CpGGBD, which
allows the large Met389 to be in the interface, is replaced by
the charged Arg238 in human PHAX (Fig. 1C). Although the
sequences of the RNA_GG_bind domains are overall rather
similar (~40% identical), the key diagnostic differences
between metazoan and parasite PHAX-RBDs appear to be
Thr (or valine or serine) at the equivalent to position 396 of
the dimeric parasite proteins, compared to Glu, Asp, or
rarely Gln at the equivalent of position 234 in monomeric
metazoan PHAX proteins; Gly, Ala, or Ile at position 400,
compared to Arg/Lys at position 238; and Ile, Leu, or Val
at position 392 compared to Lys, Asp, or Glu at position
230. These differences are conserved in comparing the se-
quences of parasite proteins to the metazoan PHAX pro-
teins (Supplemental Fig. 1), suggesting that the former are
most likely all dimers, and the latter are most likely all
monomers.

The region between helices a3 and a4, which is enclosed
by the two strictly conserved pairs of glycines 435-436 and
449-450, is a random coil in the A and C molecules, while
it forms a B-hairpin in the B and D molecules. The glycines
clearly impart a high flexibility to this region, and changes
in the backbone torsions of particularly glycines 435436
lead to a rigid body-like movement of the entire loop
(Fig. 1F). Both conformations are stabilized and blocked by

1208 RNA, Vol. 16, No. 6

the crystal contacts. Below it is shown the PHAX-RBD-
RNA complex that this loop closes over the bound RNA.

Nucleic acid binding by the human PHAX-RBD

We next tested whether the fold of the human PHAX-RBD
might be stabilized by RNA binding. Addition of a U9 RNA
oligonucleotide to the human PHAX-RBD (residues 223—
332) dramatically improved the NMR spectra. Homogeneous
line widths and good spectral dispersion indicate that the
PHAX-RBD adopts a tertiary structure in the presence of

TABLE 2. Refinement and structure quality statistics for the
C. parvum RNA_GG_bind domain

Resolution range 20-2.45 (2.45-2.51)

Rc,yst 19.6 (20.8)
Riree 25.5 (28.5)
RMSD bond lengths (A) 0.012
1.47
Number of protein atoms Chain A: 684
Chain B: 676
Chain C: 684
Chain D: 684
Number of solvent waters 92
Average main chain B (/o-\z) Chain A: 36.3
Chain B: 37.8
Chain C: 36.1
Chain D: 37.5
Average side chain B (/0\2) Chain A: 38.7
Chain B: 40.0
Chain C: 38.0
Chain D: 39.5
Average solvent B (A% 39.1
PDB code 2W4S
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this RNA (Fig. 2A). Circular dichroism experiments show
that the free domain has already some helical conformation,
which increases upon RNA binding (Supplemental Fig. 2A).
Thus, the free protein seems to adopt a molten globule-like
conformation, where secondary structure elements exist but
no defined tertiary structure is formed. The secondary >C
chemical shifts obtained after assigning the NMR frequencies
and N relaxation data indicate that residues 230311 adopt
a globular structure comprising five a-helices (Fig. 2B,C). The
13-residue loop connecting helices a3 and a4 (residues 275
287) is not mobile on subnanosecond timescales as judged
from the NMR relaxation data. The trimmed mean average
SN T1/T2 ratio corresponds to a tumbling correlation time
of 7. = 8.3 nsec, indicating that the PHAX-RBD/U9 RNA
complex is monomeric in solution.

To investigate the RNA-binding specificity, we monitored
binding of PHAX-RBD to several different RNA oligonu-
cleotides (U9, U4, AUCG, Al4, and an oligo that resembles
the Sm protein-binding site in snRNAs, SmMRNA-AAUUU
GUGG) by 'H,"”"N NMR correlation experiments. All RNA
ligands induce folding of the PHAX-RBD domain (Fig. 3).
In contrast, single-stranded DNA oligonucleotides (T9 and
ATCGA) bind PHAX-RBD with strongly reduced affinity
and induce folding of the domain only at much higher molar
ratios compared to the RNA ligands (Fig. 3; Supplemental
Fig. 2C,D). As the unbound protein is unstructured, residues
important for RNA binding were determined by comparing

A

pairwise amide (‘H,"”N) chemical shifts of the RBD bound
to the different RNA ligands (Fig. 3). For the PHAX-RBD/U9
and PHAX-RBD/AUCG complexes, we performed com-
plete backbone and side chain chemical shift assignments.
These chemical shifts were then used to aid assignment of
the NMR signals of the other complexes by comparing
amide frequencies derived from 'H,'>N correlations and
""N-edited NOESY spectra. The NMR signals of some
residues have very similar chemical shifts, independent of
the bound ligand, while others have significant chemical
shift differences, suggesting that these residues are involved
in direct contacts with the RNA. This analysis indicates that
the RNA-binding site comprises residues in helix a4 and in
the loop connecting helices a3 and a4.

The nucleic acid binding affinities were determined by
isothermal titration calorimetry with dissociation constants
(Kg) of 6.5 M and 4.2 u.M for the AUCG and U4 RNA oligos,
respectively. As expected from the NMR titrations, ssDNA
has significant reduced binding affinity with K4 = 148 pM for
T9 (Supplemental Fig. 3).

Structure of PHAX-RBD in complex with AUCG

To understand molecular details of the RNA recognition,
we determined the solution structure of PHAX-RBD
bound to an AUCG tetranucleotide (Fig. 4; Table 3). The
three-dimensional structure of the PHAX-RBD/AUCG
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FIGURE 2. NMR analysis of the human PHAX-RBD domain. (A) 'H,'>N NMR spectra of human PHAX-RBD in the absence (black) and
presence (red) of a U9 RNA oligonucleotide. (B) Sequence alignment and secondary structure of the human PHAX and C. parvum
RNA_GG_bind domains. (#) Residues in human PHAX-RBD that show intermolecular NOEs with the AUCG RNA ligand. (C) Secondary
chemical shifts and °N relaxation data of the human PHAX-RBD bound to U9 RNA. 'H,'>N heteronuclear NOE and °N T;, T, relaxation data
indicate that the protein—-RNA complex tumbles as a monomer in solution.
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1210  RNA, Vol. 16, No. 6


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on December 7, 2010 - Published by Cold Spring Harbor Laboratory Press

Structure of the PHAX RNA-binding domain

FIGURE 4. Solution structure of the human PHAX-RBD bound to AUCG RNA. (A) Stereo view of the 10 lowest energy structures of PHAX-
RBD bound to AUCG. Residues 224-3110f PHAX-RBD and the first two bases of the RNA, Adel and Ura2, are shown. Helical secondary
structure elements are colored in green and loops in gray. RNA bases are colored in yellow. (B) Electrostatic surface representation of PHAX-RBD.
(C) Sequence conservation of the PHAX-RBD in metazoan species plotted onto a surface representation of the structure. Colors from white to

green correspond to increasing conservation.

complex was calculated based on 40 intra-RNA and 32
intermolecular NOE restraints, observed for the first two
nucleotides. The overall fold of the human PHAX-RBD
(when bound to AUCG) resembles the CpGGBD (Supple-
mental Fig. 4). Backbone atom coordinates superimpose
with a root-mean-square deviation (RMSD) of 3.3/3.6 Ato
CpGGBD-A/B, respectively. This mainly reflects the differ-
ent conformations of the 13-residue linker connecting
helices a3 and a4. In addition, helices a4 and o5 have
a slightly different orientation, presumably linked to RNA
binding, which brings the a3-a4 loop and helix a4
together. When the CpGGBD and human PHAX-RBD struc-
tures are superimposed omitting the a3—a4 loop and helix
a5, the backbone RMSD drops to 1.3 A

The structure of the human PHAX-RBD/RNA complex
suggests how the tertiary fold of the RBD is stabilized by the
RNA ligand. Residues in the al-a2 and a3—a4 loops as well
as residues in helix a4 form direct contacts with the RNA
(Fig. 5A). Additional interactions that involve hydrophobic
side chains are presumably indirectly stabilized by the
presence of the RNA. For example, Phe289 in helix a4 is
a central residue located in the hydrophobic core of the RBD
fold. It contacts Ile234 and Leu238 in helix «l, Ile246 and
I1e253 in helix a2, Leu261 in helix a3, and Leu293 in helix
a4 (Fig. 5B). Helix a5 packs against helix a4 by contacts of
Ile304-11e293, respectively, and to helix a2 by contacts
involving Ile307-Val249 and Ile252, respectively (Fig. 5B).

RNA recognition by the human PHAX-RBD

A close-up view of the RNA-binding pocket (Fig. 5A)
shows details of the RNA recognition by PHAX-RBD. Most
of the 32 intermolecular NOEs involve contacts of hydro-
phobic side chains to the sugar backbone of the first two
nucleotides of the AUCG RNA oligonucleotide (Supple-

mental Fig. 5). The Adel ribose shows intermolecular
NOEs with residues Leu290, Leu274, and Gly287. The
ribose of Ura2 shows intermolecular NOEs with the side
chains of Ile276, Met277, Thr284, and Leu290, while its
base contacts Lys242 and Leu290. As a result the confor-
mation of Ura2 is well-defined in the ensemble of struc-
tures. The discrimination against DNA likely depends on
recognition of the 2’'-OH in the ribose of the RNA ligands.
There are two potential hydrogen bonds involving the side
chains of conserved residues Lys294 and Thr284 and the
2'-OH of Adel and Ura2, respectively (Fig. 5A). This is
supported by the large chemical shift perturbations ob-
served for these amino acids.

Analysis of the electrostatic surface potential shows that
the RNA-binding region is positively charged (Fig. 4B). This
surface overlaps very well with the RNA-binding region
mapped by the differential chemical shift perturbations (Fig.
5A). Residues that are important for RNA recognition are
conserved in insects and vertebrates but not in other or-
ganisms, including C. parvum (Fig. 2B; Supplemental Fig. 1).
For example, Leu290, which is located in the center of the
RNA-binding site and shows NOEs to both RNA bases, is
replaced by Cys453 in C. parvum. Further amino acid dif-
ferences are Ile276 and Met277 in human PHAX, which are
substituted by Thr439 and Ala440, respectively, in the para-
site ortholog. In contrast, residues that stabilize the hydro-
phobic core are extremely well conserved across species, with
the exception of residues that stabilize the packing of helix
a5. This reflects the small structural difference between the
parasite and the human PHAX-RBD in that region.

A previous study has identified residues in PHAX that
are important for RNA binding (Segref et al. 2001). Many
mutations that severely impair RNA binding and nuclear
export involve residues that directly contribute to RNA
recognition. Mutations of residues in the a3—o4 loop strongly
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TABLE 3. Structural statistics for the PHAX-RBD/AUCG RNA complex

site, such as Glu264Ala—Thr265Ala—
Glu267Ala (in the middle of helix a3)

<SA>? <SA>yater-ref or Ser298Ala-Ser300Ala—Glu302Ala
Number of NOE-derived distance restraints (helix ?‘4)3 have. no severe effect on
All (unambiguous) 1977 RNA binding (Fig. 5C, light orange).
Sequential (]i — j| = 1) 290 Mutations that have a mild effect on
’C"ed'um ra”(?? ( ‘< |’4)* j=4 ;;8 RNA binding are located in the prox-
ong range (|i — j| > .. ERI . .
Intraresidual o imity of the RNA-binding site (Fig. 5C,
RNA interresidue (unambiguous) 4 shown in magenta). Overall, the mu-
RNA intraresidue (unambiguous) 36 tational analysis is fully consistent with
Intermolecular (unambiguous) 32 the mode of RNA recognition seen in
RMSD (A) from experimental distance restraints” the PHAX-RBD/RNA complex.
RMSD (unambiguous) 0.024 = 0.001 0.058 = 0.026
RMSD (°) from experimental torsion angle restraints® DISCUSSION
RMSD (55 &/ per monomer) 0.62 = 0.06 0.71 = 0.07
Coordinate precision (A)* A novel RNA-binding fold
N, C,, C’ (residues 227-310) 0.38 = 0.14 0.45 = 0.10
All heavy atoms (residues 227-310) 0.88 = 0.09 0.92 = 0.09 Structural similarity searches indicate
N, C,, C' (residues 227-310 + Ade;-Ura,) 0.42 * 0.18 0.54 = 0.12 that the arrangement of the five
All heavy atoms (residues 227-310 + Ade;-Uray) 0.88 = 0.13 0.98 += 0.12 helices in the RNA GG bind domain
Structural quality® represents a new fold. There are only
Bad contacts Ul 5 O n=u few nucleic acid binding domains
Ramachandran plot known that have an entirely a-helical
Percent in most favored region (%) 875 = 1.8 91.9 = 1.3 fold; these include the Pumilio pro-
Percent in additionally allowed region (%) 125 =+ 1.8 8.1 = 1.3

tein, SAM domains (Auweter et al.

4<SA> is an ensemble of 10 lowest-energy solution structures (out of 100 calculated) of the
PHAX-RBD in complex with AUCG before water-refinement. The CNS Eepe function was used
to simulate van der Waals interactions with an energy constant of 25.0 kcal mol™" A~* using
“PROLSQ” van der Waals radii (Linge et al. 2003); RMSDs for bond lengths.

PDistance restraints were used with a soft square-well potential using an energy constant of 50
kcal mol™" A%. No distance restraint was violated by more than 0.5 A.

“Torsion angle restraints derived from TALOS (Cornilescu et al. 1999) were applied to ¢,
backbone angles using energy constants of 200 kcal mol~" rad~2. No dihedral angle restraint

was violated by more than 5°.

dCoordinate precision is given as the Cartesian coordinate RMSD of the 10 lowest-energy
structures in the NMR ensemble with respect to their mean structure.
Structural quality of the NMR ensemble was analyzed using PROCHECK (Laskowski et al.

1996).

reduce RNA binding. For example, the Arg282Ala—Arg283Ala
double mutant (Fig. 5C, red) removes positively charged side
chains in the proximity of the RNA ligand. In addition, Arg283
contributes to stabilization of the a3—a4 loop by a potential
hydrogen bond to the Glu269 side chain and additional
hydrophobic interactions with Leu274 (loop) and V288 (a4)
(Supplemental Fig. 6). The Arg282 side chain shows NOE
contacts to the aromatic side chain of Phe275, presumably
stabilizing the loop conformation (Supplemental Fig. 6).
Mutation of the first, absolutely conserved, double glycine
motif (Gly272Ala-Gly273Ala) in the PHAX-RBD disrupts
RNA binding. As these residues are not directly in contact with
the RNA, the most likely explanation is that the mutation
reduces the conformational flexibility of the «3—a4 loop and
allows for a specific backbone conformation. Consistent with
this, Gly272 adopts an unusual backbone (¢ = +82°), which is
not compatible with an alanine at this position. On the other
hand, mutations of residues that are remote from the binding
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2006), and dimeric viral proteins such
as Rop, the influenza virus NS1 pro-
tein, or the viral B2 protein, an in-
hibitor of RNA interference (Chao
et al. 2005; Lingel et al. 2005). How-
ever, the structure and RNA recogni-
tion employed are distinct. The
PHAX-RBD thus represents a novel
a-helical fold for single-stranded
RNA binding.

Both of the two conserved GG
motifs in the PHAX-RBD are impor-
tant for RNA binding. Gly272 in the first GG motif (G272—
G273) exhibits an unusual backbone torsion angle that
allows the a3—a4 loop to close over the RNA (see above).
The second GG motif (Gly286-Gly287) allows a close
approach of the Ura2 base in the RNA ligand to the protein
backbone. This is somewhat reminiscent of the role of the
glycine residues in the conserved GxxG loop of KH
domains for recognition of single-stranded RNA, which
allow a close approach of the RNA ligand and support a
unique backbone conformation of this loop (Supplemental
Fig. 7; Liu et al. 2001; Auweter et al. 2006).

Consistent with non-sequence-specific RNA binding, the
PHAX-RBD exhibits a positively charged surface comprised
of arginine and lysine residues that mediate electrostatic
interactions with the RNA ligand. Hydrophobic interac-
tions are made with the RNA riboses. No base-specific
contacts are observed, but potential hydrogen bonds by
positively charged side chains with 2’-hydroxyl groups may
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G272A N27T1A
3A

FIGURE 5. RNA recognition by the human PHAX-RBD. (A) Zoomed view of the binding pocket highlighting side-chain residues that show
NOE contacts to the RNA. The backbone ribbon is colored by chemical shift perturbation (Fig. 3) from white to red. Potential hydrogen bonds
are indicated with black dotted lines. (B) Side chains of residues in the hydrophobic core of the human PHAX-RBD are highlighted and colored in
blue. (C) Mutations in human PHAX that affect RNA binding (Segref et al. 2001) are mapped onto the three-dimensional structure. Colors from
light orange to magenta to red scale with the reduction in RNA-binding affinity compared to the wild-type protein.

explain the preferred binding to RNA over DNA. A surprising
finding is that the human PHAX-RBD is misfolded in so-
lution and that the tertiary fold is stabilized by RNA binding.
Although we cannot rule out the possibility that the PHAX-
RBD might be stabilized in the context of the full-length
PHAX protein, this observation still indicates that RNA bind-
ing leads to a stabilization of the PHAX-RBD structure.

The most common RNA-binding domains such as RRM
and KH domains are thought to originate from simple and
ancient protein folds and are conserved structurally and in
their nucleic acid binding properties from prokaryotes to
eukaryotes. In contrast, RNA-binding properties of the
PHAX-RBD are only conserved in metazoan orthologs.
Consistently, some residues that are involved in RNA recog-
nition by the human PHAX-RBD are not conserved in the
CpGGBD. This suggests that RNA-binding capability has
only been acquired during the more recent evolution. The
biological function of the RNA_GG_bind domain in the
ankyrin repeat protein of C. parvum is not known, although
we note that the related Plasmodium flaciparum protein XP-
001347497 has 2290 residues (with ankyrin repeats between
1411 and 1612 and the RNA_GG_bind from 1716 to 1789)
and is annotated as the 10b antigen (Franzen et al. 1989).

A model of the PHAX export complex

Currently available structural and biochemical data sug-
gest a model for PHAX-mediated RNA transport. As
PHAX binds RNA without sequence specificity and mod-
erate affinity, targeting of specific RNAs may involve
contacts with other proteins, which also may depend on
phosphorylation of PHAX. For export of U snRNAs, the N
terminus of PHAX needs to contact the CBC, when it is
already bound to the RNA cap structure (Ohno et al. 2000).
This leads to an increased affinity of PHAX to CBC
resulting in the formation of the pre-complex. The forma-
tion of the export complex is completed only after PHAX
phosphorylation and subsequent binding of CRM1 and

RanGTP (Fig. 6; Ohno et al. 2002; Kitao et al. 2008). Apart
from the RBD, PHAX comprises large stretches of un-
structured regions, which are presumably recognized by its
binding partners in the export complex. It will be important
to determine the quaternary arrangement of these proteins
together with RNA, starting from the available structural
data (Mazza et al. 2002; this study) to further elucidate the
molecular details of the nuclear export of snRNAs.

MATERIALS AND METHODS

Cloning, expression, and purification
Human PHAX-RBD

The region of human PHAX (SWISS-PROT Q9H814) encoding
residues 223-323 was cloned into a modified pETM11 vector with

CRM1

P snRNA

PHAX () .

e==0 4|

CBC i\

FIGURE 6. Structural model of snRNA export. Schematic representa-
tion of the quaternary structure of the snRNA export with CRM1-RAN-
GTP complex (PDB 3GJX), stem I of U2 snRNA (PDB 2032), nuclear
cap binding complex (CBC 80 + 20) in complex with a cap analog
m7GpppG (PDB 1H2T) and the human PHAX-RBD (PDB 2KC7).
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an N-terminal six-histidine tag followed by a GB1 fusion protein
and a TEV protease site. Expression was carried out on Escherichia
coli BL21 cells for 16 h at 30°C after induction with 0.5 mM IPTG
when cells were at O.D. = 0.7. For the preparation of isotope-labeled
proteins, cells were grown in M9 minimal medium supplemented
with [*Cg] glucose and/or >NH,CL Cell lysates were incubated with
Ni-NTA Superflow beads (QIAGEN). After several wash steps with
buffer containing 20 mM Tris (pH 8.5), 500 mM NaCl, 5% glycerol,
and 10 mM Imidazol, elution was made with a similar buffer
containing 350 mM Imidazol. Before overnight cleavage of the fusion
protein with tobacco etch virus protease, the buffer was exchanged to
20 mM Tris (pH 8.5), 500 mM NaCl, and 1 mM (-mercaptoethanol.
A second nickel affinity purification step was performed followed by
concentration and purification over a gel filtration column 26/60
Sephadex I (GE Healthcare). A final buffer exchange was made to 20
mM NaPi (pH 6.5), 50 mM NaCl (NMR buffer), and the protein was
concentrated to 0.2-0.8 mM for NMR experiments. For measure-
ments in D,0, the protein was lyophilized and redissolved in D,0.
Extensive crystallization trials of the human PHAX-RBD, with and
without various RNAs, were never successful.

C. parvum RNA_GG_bind (CpGGBD)

The genomic DNA for C. parvum strain Iowa was bought from the
ATCC (PRA-67D). The E. coli strains used were XL2blue for DNA
isolation and Origami (DE3) (Novagen) for protein expression.
All strains harboring plasmids were grown in Luria broth media
supplemented with the appropriate antibiotic. The putative RNA-
binding domain of the C. parvum protein Q7YZ62 (residues 386—
496) was cloned in-frame with an N-terminal hexahistidine tag
and the tobacco etch virus (TEV) protease cleavage site of the
prokaryotic expression vector pProEXHTb (Invitrogen). Cells
were grown in Luria broth media supplemented with 15 pg/mL
kanamycin and tetracyclin and 100 pg/mL ampicillin at 37°C
until ODgyopm, ~0.8 before induction with 0.15 mM IPTG
overnight at 18°C. The selenomethionyl-substituted domain was
expressed using the Doublie protocol (Doublie 1997). Following
expression, the domain was purified by standard chromatographic
procedures using the sequential application of Ni** affinity chro-
matography (chelating Sepharose FF; Amersham), cation exchange
chromatography (monoS 5/5; Amersham), and gel size exclusion
chromatography (Tricorn S75 10/30; Amersham). At each step, the
protein purity was assessed by SDS-PAGE using a 15% gel. The
domain was concentrated on Microsep 5K (Vivascience) to a final
concentration of 2.5-4 mg/mL in 20 mM Tris (pH 8.0), 300 mM
NaCl, and 1 mM TCEP.

Structure determination
Crystallization and data collection of CoGGBD

All crystals were obtained by the hanging-drop vapor diffusion
method using 2-pL drops containing a 50:50 (v/v) mix of the
protein and the reservoir solution at 20°C. The RNA-binding
domain of C. parvum was crystallized using 1.3-1.5 M Na/K
tartrate as precipitant and 100 mM Bis-Tris buffer (pH 5.5). Five
micromolars of DTT and 2 mM of L-cysteine were added for the
selenomethionyl-substituted domain. Clusters of thin plates
appeared from precipitate after 3—4 d. Preceding data collection,
the crystals were transferred in a cryoprotecting solution (30% Peg
400, 1.2 M Na/K tartrate, 100 mM Bis-Tris buffer at pH 5.5 for the
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native CpGGBD or 30% Peg 400 only for the selenomethionyl-
substituted CpGGBD) prior to mounting in a rayon fiber loop
and being placed in a boiling nitrogen stream at 100 K. All data
were collected from a single crystal. Native data were collected at
2.45 A in the space-group P2, with the following unit cell: a =
42.18, b = 52.86, ¢ = 99.31, and = 94.05° at ESRF ID14-4 using
an ADSC detector. The MAD data set for the selenomethionylated
domain was collected at 2.8 A in the space-group P2, with the
following unit cell: a = 42.1, b = 100.017, ¢ = 53.338, and 3 =
95.18° at ESRF BM-14 using a MARCCD detector. The wave-
length for the SeMet MAD experiment was chosen by scanning
through the absorption edge of the crystal and optimizing the
wavelength for the f” signal from the selenium. Native data were
processed and reduced with XDS and XSCALE (Kabsch 1993),
while MOSFLM and SCALA were used for the MAD data (Leslie
1992). All further computing was performed using the CCP4 suite
(Collaborative Computational Project Number 4 1994), unless
otherwise stated.

Structure determination of CpoGGBD

Initial phases were determined by the MAD method and sub-
sequently improved through noncrystallographic symmetry (NCS)
averaging. The P2, form could have possessed from 2 to 4
molecules in the asymmetric unit. Twelve selenium sites were
found using the anomalous differences at 4.6 A with the program
SHELXD, indicating that there were actually four molecules in the
asymmetric unit (Schneider and Sheldrick 2002). Only seven of the
eight first sites with an occupancy of >0.5 were maintained. Those
sites were introduced in autoSHARP, and another five selenium
sites were found (De La Fortelle and Bricogne 1997; Bricogne et al.
2003). A total of 12 heavy-atom positions were refined to give an
initial figure of merit of 0.32 without solvent flattening. Solvent
flattening with DM and an estimate of 38.5% solvent content
resulted in excellent and easily interpretable maps with an overall
figure of merit of 0.797 (Cowtan and Zhang 1999). RESOLVE was
used for building a first model and for phase improvement
including twofold NCS averaging with a matrix-derived automat-
ically from the Se positions, giving an overall figure of merit of 0.86
(0.7 at2.8 A) (Terwilliger and Berendzen 1999). The two other NCS
operators were found after examination of the model. A partial
model of the dimer was used to solve the native structure in the
related P21 space group at 2.45 A by molecular replacement using
Molrep (Vagin and Teplyakov 1997). For the refinement of each
structure, 5% of the observations were set aside for cross-validation
analysis (Briinger 1992) and were used to monitor various re-
finement strategies during maximum likelihood refinement using
REFMAC program (Murshudov et al. 1997). Manual corrections of
the model using Coot (Emsley and Cowtan 2004) were interspersed
with cycles of maximum-likelihood and TLS refinement (Winn
et al. 2003). Water molecules were added manually. The stereo-
chemical quality of the model was assessed with the program
PROCHECK (Laskowski et al. 1993). Details of the data and model
quality are given in Tables 1 and 2.

NMR spectroscopy

NMR data were acquired at 297 K on Bruker DRX500, DRX600,
and AV900 spectrometers equipped with cryogenic triple-reso-
nance probes. The buffer contained 20 mM NaPO, (pH 6.5) and
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50 mM NaCl at concentrations of 0.2 and 0.8 mM for the NMR
titrations and structure calculation, respectively. Spectra were
processed with NMRPipe (Delaglio et al. 1995) and processed
with NMRView (Johnson and Blevins 1994). Chemical shift
assignments were obtained from standard triple resonance NMR
experiments (Sattler et al. 1999). Distance restraints were derived
from °N- and '>C-resolved three-dimensional, 'H homonuclear
two-dimensional, and N,'?C filtered NOESY experiments with
NOE mixing times of 120 msec. Stereospecific assignments of
leucine and valine methyl groups were obtained using a 10%
13C-enriched sample as described (Neri et al. 1989). Restraints for
the backbone angles { and ¢ were derived from TALOS
(Cornilescu et al. 1999). 15N relaxation experiments (T1, T2,
and heteronuclear {'H}-'>N NOE) were measured with a 0.3 mM
""N-labeled PHAX-RBD sample in complex with U9 (1:1) at
297 K on a 500-MHz spectrometer equipped with cryoprobe, as
described (Farrow et al. 1994). Analysis of the data was performed
using Python scripts written by Bernd Simon (EMBL Heidelberg).

Only manually assigned NOEs and dihedrals angle restraints
were applied in a simulated annealing protocol using ARIA (Linge
et al. 2001) and CNS (Briinger et al. 1998). Water refinement was
performed on the final ensemble of NMR structures (Linge et al.
2003). Structural quality was evaluated using ProcheckNMR
(Laskowski et al. 1996). The ensemble representation was pre-
pared using MOLMOL (Koradi et al. 1996). Ribbon representa-
tions and the electrostatic surface potential were prepared with
PYMOL (DeLano Scientific).

Isothermal titration calorimetry

ITC experiments were performed using a ITC200 instrument
(MicroCal) at 24°C. RNA (1 mM; purchased from BioSpring) and
DNA oligonucleotides (2 mM; purchased from Eurofins) were
titrated to 0.1 mM PHAX-RBD. The lyophilized RNA was
dissolved in the same buffer as the protein, 20 mM sodium
phosphate, 50 mM NaCl (pH 6.5). The heat of dilution was
measured by titrating AUCG RNA into buffer. This value was only
1% of the total observed in the experiment. The titration protocol
consists of one initial injection of 0.4 wL followed by 38 injections
of 1 pL of the ligand into the protein sample with intervals of 120
sec, allowing the titration peak to reach the baseline. The
dissociation constant, binding entropy, enthalpy, and stoichiom-
etry parameters were calculated using the program Origin v7.0
(MicroCal). Measurements were repeated twice.

Accession codes

The C. parvum RNA_GG_bind domain PDB entry is: 2W4S. The
human PHAX-RBD/AUCG complex is: 2KC7.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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