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ABSTRACT

Caenorhabditis elegans GLD-3 is a five K homology (KH) domain-containing protein involved in the translational control of
germline-specific mRNAs during embryogenesis. GLD-3 interacts with the cytoplasmic poly(A)-polymerase GLD-2. The two
proteins cooperate to recognize target mRNAs and convert them into a polyadenylated, translationally active state. We report
the 2.8-A-resolution crystal structure of a proteolytically stable fragment encompassing the KH2, KH3, KH4, and KH5 domains
of C. elegans GLD-3. The structure reveals that the four tandem KH domains are organized into a globular structural unit. The
domains are involved in extensive side-by-side interactions, similar to those observed in previous structures of dimeric KH
domains, as well as head-to-toe interactions. Small-angle X-ray scattering reconstructions show that the N-terminal KH domain
(KH1) forms a thumb-like protrusion on the KH2-KH5 unit. Although KH domains are putative RNA-binding modules, the KH
region of GLD-3 is unable in isolation to cross-link RNA. Instead, the KH1 domain mediates the direct interaction with the

poly(A)-polymerase GLD-2, pointing to a function of the KH region as a protein—protein interaction platform.
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INTRODUCTION

The K homology (KH) domain is one of the most abundant
domains in RNA-binding proteins. It was originally identified
as a conserved region present in three copies in the hetero-
geneous nuclear ribonucleoprotein (hnRNP) K (Siomi et al.
1993) and has since been identified in proteins from all three
domains of life (Valverde et al. 2008). KH domains span
from 70 to 100 amino acids and fold into globular structures
with a three-stranded antiparallel 3-sheet flanked by three
a-helices. The loop between the two N-terminal a-helices
features the conserved GxxG sequence that is involved in
nucleic acid interactions. Degenerate KH domains lacking the
GxxG sequence have also been described and were shown to
mediate protein—protein interactions (Buttner et al. 2005;
Oddone et al. 2007) or have been implicated in modulating
substrate-binding affinities (Musco et al. 1996).
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KH domains are usually present in multiple copies in
eukaryotic proteins. Besides remarkable cases like Vigilin,
which contains 15 tandem KH domains, numerous proteins
contain up to half a dozen (Valverde et al. 2008). The clus-
tering of KH domains can in principle give rise to different
structural and functional properties. Consecutive domains
might be arranged as “beads on a string” or alternatively fold
into higher-order structures that are either preformed as rigid
platforms or induced upon ligand binding. The functional
implication is that individual domains might either act inde-
pendently or cooperatively, for example, to increase nucleic
acid recognition (Lunde et al. 2007). Further clustering might
also be achieved by the tendency of individual KH domains
to self-associate (Du et al. 2007; Valverde et al. 2008).
However, these homo-oligomerization properties have gen-
erally been extrapolated from biochemical and crystallo-
graphic studies of protein fragments containing either one
or two KH domains. To date, it remains unclear whether the
clustering of single or double KH domains observed in crystal
structures is imposed by packing interactions or whether it
might reflect a genuine physiological state.

We have addressed the structural organization of a five KH
domain-containing protein, Caenorhabditis elegans GLD-3
(germline development defective 3). GLD-3 belongs to the
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Bicaudal-C (Bic-C) protein family. The founding member of
this protein family was originally identified in Drosophila and
shown to be involved in oogenesis and patterning of the
embryo (Ashburner et al. 1983; Mohler and Wieschaus 1986;
McKnight et al. 1992; Mahone et al. 1995). In C. elegans,
GLD-3 is required for many aspects of germline development
and embryogenesis (Eckmann et al. 2002, 2004). It operates
at the level of post-translational control to regulate the timely
expression of specific developmental proteins (Eckmann et al.
2002; Wang et al. 2002). One mechanism involves the ex-
tension of the poly(A) tail of the target mRNAs and requires
a complex between GLD-3 and GLD-2, a noncanonical
poly(A)-polymerase (PAP) (Wang et al. 2002). GLD-2 lacks
the RNA-binding domain characteristic of nuclear PAPs and
instead associates with the KH region of GLD-3 for presumed
RNA targeting (Wang et al. 2002; Eckmann et al. 2004). The
GLD-3 KH region has also been implicated in binding
another developmental regulator protein, GLS-1 (Rybarska
et al. 2009). It is unclear how the five KH domains of GLD-3
are arranged to support these macromolecular interactions.
Using a combination of crystallography, small-angle X-ray
scattering and biochemical studies, we show that GLD-3
contains KH domains that function independently to bind
GLD-2 (KH1) and cooperatively to form a higher-order
structure (KH2, KH3, KH4, KH5).

RESULTS AND DISCUSSION

Four tandem KH domains of GLD-3 form
a proteolytically stable unit

We expressed and purified the KH region of C. elegans
GLD-3 (KH1-KH5, residues 1-460) (Eckmann et al. 2002;
Rybarska et al. 2009) and assessed its stability upon pro-
tease treatment. Limited proteolysis is often used to assess
the presence of globular regions and flexible portions of a
given polypeptide and is particularly useful to probe the con-
formation of multidomain proteins such as GLD-3. We incu-
bated GLD-3 KH1-KHS5 with a set of proteases with different
specificities. Addition of GluC, trypsin, or chymotrypsin all
resulted in a stable fragment of ~43 kDa (Supplemental Fig.
1). N-terminal Edman sequencing and mass spectrometry
analysis identified the fragments as spanning residues 88—460
(GluC cleavage) and 95-460 (trypsin cleavage). Based on se-
quence similarity with eukaryotic KH proteins of known
structure, the cleavage sites are predicted to reside in loop
regions of KH domain 1 (KH1) (Fig. 1A). The 43-kDa
fragment including KH2 to KH5 appeared stable even at
higher protease concentrations. This indicated that neither
the short linkers predicted to connect KH2-KH3 and KH4—
KH5 nor the relatively long linker predicted to connect
KH3-KH4 is susceptible to protease cleavage. The stability
of KH2-KHS5 in the presence of proteases suggests that it
forms a compact structural unit.

Crystal structure of the KH2-KH3-KH4-KH5 region
of GLD-3

Guided by the proteolysis results, we expressed and crystal-
lized a fragment of GLD-3 consisting of residues 88—460. The
crystal structure was solved by a two-wavelength anomalous
dispersion experiment using selenomethionine as an anom-
alous scatterer. The final model is refined at 2.8 A resolution,
with free-R and working-R factors of 27.6% and 25.8%,
respectively, and good stereochemistry (Table 1). The crystal
asymmetric unit contains two molecules (termed A and B)
that are virtually identical (root mean square deviation
[RMSD] of 0.59 A over 313 C,, atoms). The final model en-
compasses residues 89 to 454, with the exception of disor-
dered residues mostly present in loop regions, particularly in
the so-called variable loop (Fig. 1A; Table 1).

GLD-3 KH2 is formed by residues 113-187, followed by
residues 189-259 for KH3, 270-342 for KH4, and 344419
for KH5 (Fig. 1A). The individual domains adopt the B1-a1-
a2-B2-B3-a3 sequel of secondary structure elements char-
acteristic of type I KH motifs (Fig. 1B). A deviation from this
pattern is found in KH3, where helix a2 is missing. Another
deviation is found in KH5, with a B-strand (B1') at the
position where helix a2 would normally be expected (resi-
dues 367-371 in Fig. 1A). However, the B-strand conforma-
tion of these residues is likely due to crystal lattice contacts,
as it is stabilized by interactions with a symmetry-related
molecule and with the N-terminal residues 89-91 of the con-
struct used (Supplemental Fig. 2A). The segment N-terminal
to KH2 (light blue in Fig. 1B) stretches with residues 100-110
onto a hydrophobic patch of the neighboring KH5 domain.
This interaction is likely an artifact of truncating the KH1
domain (Fig. 1A). The segment C-terminal to KH5 (residues
420-454; black in Fig. 1B) wraps around KH5 in an extended
conformation, sealing the interaction with KH4 (see below).
Although the C-terminal segment does not belong to the
canonical sequence of KH motifs, it contributes to the
structural organization of the KH2-KH5 region, explaining
its stability in the proteolysis experiment. In this study, we
refer to GLD-3 88-460 as KH2-KH5; (where the subscript
1 stands for long) and to the shorter GLD-3 110460 construct
as KH2-KH5, (where the N terminus of KH2 is defined based
on the structural analysis).

The KH2-KH3-KH4-KH5 domains of GLD-3
assemble into a higher-order structure

GLD-3 KH2-KH5, folds into a globular structure with
approximate dimensions of 85 X 45 X 40 A that is formed
by the compact arrangement of the four individual KH
domains (Fig. 1B). KH2 interacts head-to-toe with KH3 and
side-by-side with KH5. Analogously, KH4 interacts head-
to-toe with KH5 and side-by-side with KH3. The linkers con-
necting the head-to-toe dimers consist of a single amino-acid
residue (Cys 188 for KH2-KH3 and Leu 343 for KH4-KH5),
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while the side-by-side positioning of the consecutive KH3—
KH4 domains is mediated by a 10-residue-long linker
(residues 260-269) that is disordered in the structure. The
four KH domains adopt the same orientation, presenting
the B-sheets on the one side of the molecule (front) and the
a-helices on the other (back) (Fig. 1B). The side-by-side
dimers result in two augmented {-sheets along KH2-KH5

and along KH3-KH4. The extended (3-sheets are formed by
the interactions of the respective B1-strands, which pack
against each other in an antiparallel manner with extensive
hydrophobic contacts. The side-by-side dimers also interact
via polar contacts between the respective a3 helices (Fig. 2, left
panel). The intramolecular interactions between KH2-KH5
and between KH3-KH4 are extensive (2495 A% and 1418 A2 of
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FIGURE 1. (Legend on next page)
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TABLE 1. X-ray data collection and refinement statistics

Native SeMet peak SeMet inflection
X-ray source PXII PXII PXII
Space group 2 2 2
a, b, c (A) 159.5, 102.2, 83.6 158.8, 102.7, 83.0 158.8, 102.7, 83.0
o B,y ©) 90, 119.3, 90 90, 119.2, 90 90, 119.2, 90
Wavelength (A) 1.0 0.9794 0.98

o

Resolution (A)
Unique reflections

48.1-2.79 (2.96-2.79)
28,617 (4094)

48.1-2.90 (3.07-2.90)
49,794 (7600)

48.1-3.16 (3.35-3.16)
38,511 (5742)

97.8 (92.6) 97.4 (90.5)
2.7 (2.5) 2.7 (2.6)
8.61 (2.3) 8.0 (2.3)
13.4 (59.3) 16 (68.5)

Completeness (%)% 97.4 (87.3)
Multiplicity® 3.8 (3.6)
lol? 14.43 (3.6)
Rsym (%)? 9.9 (50.2)
Refinement and model
statistics
Free-R (%) 27.6
Working-R (%) 25.8
RMSD bond length (A) 0.006
RMSD bond angles (°) 1.21
Protein residues
Molecule A 89-91, 98-261, 268-308,
318-357, 366-454
Molecule B 89-91, 100-152, 159-224,
232-260, 267-308,
318-359, 366-388,
394-455
Water molecules 54

“Values in parentheses correspond to the highest resolution shell.

buried surface area, respectively). Instead, the head-to-toe
arrangements of KH2-KH3 and of KH4-KH5 result in
a smaller interaction surface (1000 A% and 727 A? of the
buried surface area, respectively). The KH2-KH3 interactions
are mediated by hydrophilic contacts of the loop regions (Fig.
2, right panel), while the corresponding regions of KH4-KH5
are strengthened by hydrophobic contacts involving the
segment C-terminal to KH5 (residues 434—454) (Supplemen-
tal Fig. 2B). This C-terminal segment also provides additional
interactions to the side-by-side dimers (packing with residues
423-434 against the o3-helices of KH2 and KH5). The

relative position and intramolecular interactions of the four
KH domains are identical in the two molecules of the crystal
asymmetric unit. Since the two molecules are involved in
different crystal lattice contacts, it is unlikely that this
arrangement is due to crystal packing effects.

The mode of interaction of the head-to-toe dimers has
no similarity to that of KH proteins of known structure.
The formation of the augmented B-sheet of the KH2-KH5
and KH3-KH4 dimers is instead similar to that reported
for the KH1-KH2 regions of the poly(C) binding protein
(PCBP2, PDB code 2JZX) and of Nova-1 (PDB code 2ANN)

FIGURE 1. The KH2, KH3, KH4, and KH5 domains of GLD-3 form a globular structure. (A) Structure-based sequence alignment of the C.
elegans GLD-3 KH domains. The sequences of the KH domains of C. elegans (Ce) GLD-3 are aligned with the KH1 domain of human Poly(C)
binding protein 2 (PCBP2), shown on top together with a schematic of the secondary structure elements: (arrows) B-strand; (rectangles)
a-helices. The alignment of KH2 to KH5 is based on the GLD-3 structure, while for KH1 the alignment is based on sequence similarity and
secondary structure predictions. Included are the sequences of the related Bic-C proteins from D. melanogaster (Dm), Mus musculus (Mm), Homo
sapiens (Hs), and Xenopus laevis (X1) aligned to C. elegans GLD-3 using T-coffee (Notredame and Suhre 2004). The annotated secondary structure
of GLD-3 is shown in colored letters below the alignment (a, a-helix; b, B-strand); (green) KH2; (yellow) KH3; (orange) KH4; (red) KH5. Small
letters represent disordered residues not seen in the crystal structure (molecule A). (Light red shading) The invariable (GxxG) and variable loop
regions of canonical KH domains. GLD-3 Glu-C and Trypsin protease cleavage sites are marked with black arrows (at Glu 87 and Lys 94,
respectively). Colored dots above GLD-3 KH domains highlight residues involved in intramolecular interactions with another KH domain (colors
as above) or with the N-terminal and C-terminal segments present in the construct used (blue and black dots, respectively). The interacting
residues were identified with the program AquaProt (Reichmann et al. 2007). The C-terminal segment present in the structure downstream from
KH5 is not shown in the alignment. (B, left) Cartoon representation of the crystal structure of GLD-3 KH2-KH5. The four KH domains are
colored: (green) KH2, (yellow) KH3, (orange) KH4, (red) KH5. The molecule is viewed at the -sheet side of the KH domains (“front” side).
(Blue) The segment N-terminal to KH2 (dots represent a disordered region); (black) the segment C-terminal to KH5 that is present in the
construct crystallized. The N terminus and C terminus are labeled (residues 89 and 454). This and all other structure figures were generated with
PyMOL (Delano Scientific). (B, right) A schematic representation of the KH2-KH5 architecture of GLD-3. The secondary structure elements are
labeled. The head-to-toe dimers (KH2-KH3 and KH4-KH5) form two augmented B-sheets.
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KH5

RNA-binding properties of the
- GLD-3 KH region

Drosophila Bic-C has been shown to
- bind to poly(G) and poly(U) RNAs in
pull-down experiments in vitro (Saffman
et al. 1998; Braddock et al. 2002) and a
similar preference in RNA binding has
KH5 been reported for mouse Bic-C (Bouvrette
et al. 2008). While Bic-C proteins contain
several GxxG motifs that are involved in
nucleic acid binding in canonical KH

domains (Braddock et al. 2002), the KH
domains of GLD-3 are degenerate in that
none features the GxxG sequence (Fig. 1).
In addition, no significant patches of posi-
tively charged residues can be identified
on the surface of the GLD-3 KH2-KH5;
structure (data not shown).

FIGURE 2. The clustering of KH domains in GLD-3 is mediated by conserved interactions. The
left panel shows the interactions between side-by-side dimers. The molecule is viewed at the o-helical
side of the KH domains (“back” side, related by a 180° rotation around a vertical axis in respect to
the view in Fig. 1B). The close-up view highlights the contacts between KH2 and KH5 (conserved
residues labeled in bold; see also Supplemental Fig. 3). The right panel shows the interactions between
head-to-toe dimers. The close-up view highlights the contacts between KH4 and KH5. The
N-terminal residues 89112 and the C-terminal residues 420—454 are not shown for clarity.

(Supplemental Fig. 2C, left panel). It is also similar to that
observed in the crystals of isolated KH domains, for
example, between symmetry-related Nova-1 KH3 domains
(Lewis et al. 1999) or symmetry-related PCBP2 KHI1 do-
mains (Supplemental Fig. 2C, right panel; Du et al. 2005,
2008). The KH2-KHS5 architecture of GLD-3 does not show
the other type of interface reported from crystals of isolated
KH domains, namely, a helix-helix packing between sym-
metry-related a3-helices as seen in Nova-2 KH3 (Lewis et al.
1999; Valverde et al. 2008). Analysis of the GLD-3 KH2-
KHS5; structure shows that the two molecules present in the
asymmetric unit pack via a helix—helix contact of the o 1-2-
helices of their KH2-KH3 modules (Supplemental Fig. 2D).
However, this is a crystal-packing effect, since static light-
scattering experiments show that GLD-3 88-460 behaves
mostly as a monomer in solution, with little multimerization/
aggregation (data not shown).

The presence of five consecutive KH domains is a conserved
feature in the Bic-C family of proteins (Eckmann et al. 2002).
Although C. elegans GLD-3 shows only weak overall sequence
similarity to Drosophila melanogaster Bic-C (23% identity),
several interface residues mediating the side-by-side dimer
contacts between the a3-helices of KH2-KH5 and KH3-KH4
are conserved (Fig. 1; Supplemental Fig. 3). In addition,
differences are predicted in the length of the variable loop
regions, but not in the length of the linkers connecting the
KH domains (Fig. 1). Thus, it is possible that other Bic-C
family members might share a similar higher-order structure.

2062 RNA, Vol. 16, No. 11

To test RNA-binding, we first used
fluorescence anisotropy with a fluores-
cein-labeled poly(U) RNA oligo to mea-
sure the binding affinities with GLD-3,
but no accurate measure could be ob-
tained for either the KH1-KH5 or the
KH2-KHS5 proteins (Kgs higher than 300
pM and 1 mM, respectively) (data not
shown). We next investigated whether binding of the GLD-3
KH region could be detected with a physiologically more
relevant RNA substrate. We incubated GLD-3 with a body-
labeled RNA corresponding to the 3’ untranslated region
(UTR) of the gld-1 mRNA, an in vivo target of GLD-2—
GLD-3 polyadenylation (Suh et al. 2006). After ultraviolet
(UV) irradiation at 254 nm, we observed no cross-linking
with KHI1-KH5 (Fig. 3A, lane 9). In contrast, the conserved
poly(A)-polymerase region of GLD-2 (residues 528-1042)
was able to cross-link RNA (Fig. 3A, lane 8). The extent of
cross-linking by GLD-2 was similar whether in the absence
or in the presence of GLD-3 (which is able to form a binary
complex with the poly(A)-polymerase; see below) (Fig. 3A,
lanes 11,12). A similar cross-linking pattern was obtained
with the 3" UTR of Ifg-1 (Fig. 3A, lanes 3,5,6), an unrelated
RNA sequence that is not known as an in vivo target of
GLD-2-GLD-3 activity. These data indicate that the GLD-3
KH domains contribute little to the RNA-binding properties
of our recombinant polyadenylating complex, which appears
to act in vitro in a sequence-independent manner.

Protein-binding properties of the GLD-3 KH region

It has been previously shown by yeast two-hybrid experi-
ments that GLD-3 interacts with GLD-2 via KH1 (Eckmann
et al. 2004). To assay for direct protein—protein interactions,
we carried out GST-pull-down experiments with recombi-
nant proteins. The poly(A)-polymerase region of GLD-2
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A) Jo1-2UTR GE1FUTR with GLD-2 (Rybarska et al. 2009).
i = Analysis of the structure suggests that
T T T paa: % Fa this mutation is likely to severely perturb
GLD-3 1-460 + + + ) the structure of KH4, which would, in
GLD-31-110 + + + + turn, have ripple destabilizing effects on
- 123 4 5 6 7 89 101 12 ] the neighboring KH domains. Indeed,
co_ T g : e  oLD.2 5264042 recombinant expression of GLD-3 1-460
- - s - Ty Cee with the G327R mutation results in in-

2 - soluble protein (data not shown).

fi (ma— _ - GLD31-11g ~RNase TS Structural characterization
’ L - i f’f the (.}LD-3 KH region
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Given that the KH1 domain of GLD-3
can function independently of the KH2-
KHS5 region to bind GLD-2, we investi-
gated how the first KH domain contrib-
B) utes to the overall structural organization
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FIGURE 3. RNA-binding and protein-binding capabilities of the GLD-3 KH region. (A) RNA
cross-linking experiment with GLD-3 in the absence and presence of GLD-2. Proteins and
[a-*?P]-body-labeled RNA corresponding to the gld-1 and Ifg-1 3' UTR were cross-linked
under UV light and separated on a 15 % SDS-PAGE. The gel was stained with Coomassie
(upper gel) and analyzed by PhosphorImaging (lower gel). (B) Binding of the GLD-3 KH1
region to GLD-2. Stoichiometric complexes were obtained by pull-down experiments with
GST-tagged GLD-3 KH1 and GLD-3 KH1-KH5 (lanes 1,2) but not with GLD-3 KH2-KH5,
and KH2-KHS5, (lanes 3,4). The Coomassie-stained SDS-PAGE gels show the input (upper gel)

and the eluate (lower gel).

(residues 528-1042) forms a 1:1 stoichiometric complex with
GLD-3 KH1 (residues 1-110) and GLD-3 KH1-KH5 (1-460)
(Fig. 3B, lanes 1,2). No interaction could be detected with the
KH2-KHS5 region of GLD-3 (Fig. 3B, lanes 3,4) or GST alone
(lane 5). Thus, KHI1 is necessary and sufficient for binding
GLD-2.

The KH region of GLD-3 has also been shown by yeast
two-hybrid experiments to be an interacting domain for
GLS-1, another factor involved in C. elegans germline de-
velopment (Rybarska et al. 2009). It has been reported that
a temperature-sensitive point mutation in KH4 (Gly327 to
Arg) specifically impairs the interaction with GLS-1 and not

using small-angle X-ray scattering (SAXS).
We measured SAXS data with GLD-3
KH1-KH5 and GLD-3 KH2-KH5,. The
samples were loaded onto a size exclusion
chromatography column coupled to a
quasi-elastic multiangle laser light scat-
tering (MALS) detector to separate poten-
tial aggregates and to measure the absolute
molecular weight and hydrodynamic ra-
dius simultaneously (Putnam et al. 2007).
The SAXS measurements showed no ra-
diation damage and no aggregation (Fig.
4A), a necessary prerequisite for the shape
analysis.

The radius of gyration (Rg) and max-
imum particle dimension (D,,,) that
were computed directly from the scatter-
ing curve of GLD-3 110-460 (Fig. 4B)
are consistent with those observed in the
crystal structure (Rg of 26.4 A; Doy of
95 A from the SAXS data and 85 A from
the crystal structure). The small differ-
ence between the experimental and cal-
culated scattering curves might be due to
the flexible loops missing in the crystal
structure (Fig. 4A). The absolute molecular weight (MW)
of GLD-3 110-460 determined by MALS measurements
matches the expected value (40 kDa) and confirms the
monomeric nature of the KH2-KH5 fragment in solution.
SAXS measurements on GLD-3 1460 indicate that the
KH1-KH5 region is also monomeric (molecular mass of
55 kDa derived from the MALS experiment) and is signif-
icantly more elongated than the KH2-KHS5 fragment (Rg of
34.6 A; D, of 124 A) (Fig. 4B). The Kratky plots suggest
that the 1-460 polypeptide might exhibit increased confor-
mational flexibility as compared to the globular 110-460
fragment (Fig. 4A).
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In the case of GLD-3 1-460 (KH1-
KH5), the 10 independent reconstruc-
tions show more variability (NSD values
between 1.25 and 1.53) (Supplemental
Fig. 4), consistently with the increased
flexibility detected in the Kratky plots
(Fig. 4A). The averaged SAXS envelope
shows additional density at one end of
the molecule as compared to the shape of
the 110-460 construct (Fig. 4C, right
panel). This additional density has a size

0.000 0.050 0.100 0.150

q[1/A]

0.200 0.250 50

110-460

1-460

r[A]

1-460

75

modelled
KH1 domain\! 1

compatible to that of another KH do-
main, which can be fitted together with
the KH2-KH5 crystal structure roughly
in a head-to-toe orientation with respect
to KH2 (Fig. 4D). Although this model is
consistent with the presence of a short
linker connecting KH1 and KH2 as would
be expected from a head-to-toe arrange-
ment, it is not possible to precisely define
the orientation and position of KH1 in
the low-resolution SAXS reconstruction.
In addition, other structural features
might come into play, in particular, the
flexibility of the KHI attachment sug-
gested by the access to proteases (Supple-
mental Fig. 1) and by the variation of the

FIGURE 4. Solution structure of the GLD-3 KH1-KH5 region. (A) Experimental scattering
profiles of GLD-3 1-460 (blue) and GLD-3 110-460 (orange). The theoretical scattering curve
from the crystal structure of GLD-3 88-460 is shown as a black line. The inlet shows the
calculated Kratky plots, suggesting a more flexible solution structure for the 1-460 polypeptide
from the increase at high angles. (B) Distance distribution functions P(r) of the GLD-3
constructs computed from experimental SAXS data shown in the same colors as in A. The P(r)
functions are normalized to unity at their maxima. (C) The average SAXS envelopes of GLD-3
110-460 (left) and 1-460 (right) calculated with GASBOR, displayed in transparent, volumetric
representations and superposed with the crystal structure of GLD-3 88-460 (colored according
to Fig. 1B). (D) Transparent, volumetric representation of GLD-3 1-460 in front view (left)
and rotated 90° (right), showing the possible location of the KH1 domain of GLD-3 1-460
(blue, representing residues 35-110; black dots highlight a possible connection between KH1

individual reconstructions (Supplemental
Fig. 4). Nevertheless, the SAXS data of the
KH1-KH5 protein unambiguously indi-
cate a protruding region on the KH2-
KH5 globular fold that corresponds to
the additional KH domain.

Conclusions

The five tandem KH domains of GLD-3

a3 and KH2 B1).

Ab initio methods were employed to reconstruct low-
resolution shapes. Because these methods do not provide
unique three-dimensional models, several independent re-
constructions were carried out starting from random initial
approximations to compute the averaged model. The 10
individual bead models of GLD-3 110-460 displayed similar
compact shapes (normalized spatial discrepancy [NSD]
values between 0.98 and 1.02) (Supplemental Fig. 4). The
averaged model, representing the common structural features
of all individual reconstructions at lower resolution, fits well
with the crystal structure of the KH2-KH5 region (Fig. 4C,
left panel). Thus, the SAXS data are not consistent with
a flexible KH2-KHS5 protein with a different KH arrangement
over time in solution. Rather, they support the presence of
the same arrangement of the KH2-KH5 domains that we
observe in the two molecules of the crystal asymmetric unit.

2064 RNA, Vol. 16, No. 11

are organized into two structural and

functional units. The crystallographic
analysis we report here shows that KH2, KH3, KH4, and
KH5 form a higher-order structure. The KH2-KH5 glob-
ular organization is preformed rather than induced by
ligand binding and appears to be a relatively rigid platform
held together by extensive intramolecular interactions. KH1
is separated upon limited proteolysis, suggesting that it is
not engaged in strong intramolecular contacts with the
other KH domains. SAXS reconstructions show that KH1
forms a thumb-like extension protruding from KH2-KHS5.
KH1 also acts as an individual structural unit in that it
mediates the direct interaction with the poly(A)-polymer-
ase GLD-2 independently from KH2-KHS5. Notably, none
of the KH domains of GLD-3 contains the GxxG loop
characteristic of nucleic-acid-binding KH domains. Indeed,
we find that the KH1-KH5 region of GLD-3 is unable to
cross-link RNA in vitro and does not significantly increase
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the RNA-cross-linking properties of GLD-2. Different
scenarios can be envisioned for how GLD-3 contributes
to the poly(A)-polymerase activity of GLD-2: KH1 could
contribute parts of a composite catalytic site, for example,
or it could induce a conformational change in the poly(A)-
polymerase. Understanding the mode of action of GLD-3
KHI1 in the poly(A)-polymerase complex and how the
KH2-KH5 region might interact with other C. elegans
germline specific proteins awaits future structural studies.

MATERIALS AND METHODS

Cloning, expression, and purification

GLD-3 (88-460, 1-460, 1-110, and 110-460) and GLD2 528-1042
from C. elegans were amplified by polymerase chain reaction
(PCR) using Ncol/Notl restriction sites. The final constructs were
expressed as GST-tagged TEV-cleavable proteins using a pET-
derived expression vector in Escherichia coli BL21 Gold pLyS cells
(Stratagene) and B834 (DE3) cells (Novagen) in the case of
selenomethionine-derivatized protein.

For protein expression, bacterial cells were grown in Terrific
Broth (TB) at 18°C and induced with 1 mM IPTG for 16 h.
Expression of selenomethionine-derivatized protein was carried
out in minimal medium in the presence of 50 mg/L selenome-
thionine. Native and selenomethionine-derivatized GLD-3 88-460
was purified using a GSH-Sepharose affinity step (GE Healthcare)
followed by TEV-cleavage and ion-exchange chromatography
(HiTrap Q; GE Healthcare). The final purification step was carried
out by size-exclusion chromatography (Superdex S200; GE Health-
care) in 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 10 % glycerol,
and 2 mM DTT. Purification of GLD-3 1-460, GLD-3 1-110, GLD-
3 110460, and GLD-2 528-1042 was performed with the same
protocol.

In vitro cross-linking and GST-pull-down experiments

3’-UTR RNAs were generated by in vitro transcription in the
presence of [a->*P]JUTP (Perkin-Elmer) with the MEGAshortscript
transcription kit (Ambion), followed by denaturing gel purification.
For cross-linking, proteins (50 pmol of GLD-2 and/or 60 pmol of
GLD-3) were mixed with 1 pmol of **P-body-labeled RNA to
a final 20-p.L reaction volume in 50 mM HEPES (pH 7.5), 50 mM
NaCl, 5 mM magnesium diacetate, 10% (w/v) glycerol, 0.1% (w/v)
NP-40, and 1 mM DTT. After incubating for 1 h at 4°C, reaction
mixtures were irradiated with UV light (A = 254 nm) for 30 min on
ice before denaturation with 0.1% SDS and digestion with RNase
A/T1 for 1 h at 37°C. Proteins cross-linked to RNA fragments were
separated on a 15% (w/v) SDS-PAGE and visualized by Coomassie
staining and Phosphorlmaging (GE Healthcare).

For GST-pull-down experiments, GST-tagged GLD-3 proteins
or GST alone (0.5 mg/mL) were incubated with stoichiometric
amounts of untagged GLD-2 on GSH-Sepharose (GE Healthcare)
for 2 h at 4°C in 20 mM Tris (pH 7.5), 150 mM NaCl, 20%
glycerol, and 2 mM DTT. Beads were washed three times with an
appropriate amount of binding buffer. Samples taken before
incubation and beads were analyzed on a 15% SDS-PAGE, and
proteins were stained with Coomassie Blue.

Crystallization and structure determination

Both native and selenomethionine-derivatized crystals were
obtained using the sitting-drop vapor diffusion method at room
temperature after mixing 0.2 pL of protein with 0.2 pL of
reservoir solution containing 1.5 M (NH,),SO, and 0.1 M HEPES
(pH 7.0). The crystals were cryoprotected in mother liquor
supplemented with 20% glycerol, mounted in nylon loops, and
flash-frozen in liquid nitrogen for data collection at 100 K. All
X-ray diffraction data were collected at the PXII beamline of the
Swiss Light Source (SLS) synchrotron in Villigen (Switzerland).
The data sets were processed and scaled with XDS (Kabsch 2010).
The GLD-3 88-460 crystals belong to the monoclinic space group
C2 and contain two molecules in the asymmetric unit. A multi-
wavelength anomalous diffraction (MAD) experiment with a seleno-
methionine-substituted crystal was performed by collecting a 2.9-
A-resolution data set at the peak wavelength of 0.9794 A and
a 3.1-A-resolution data set at the inflection wavelength of 0.98 A.
The data processing statistics are summarized in Table 1.

The program autoSHARP/SHARP was used to find 17 selenium
atom sites and to calculate phases to 3.5 A (Vonrhein et al. 2007).
Phase improvement was carried out with SOLOMON and resulted
in an interpretable electron density map that could be used for
manual model building with COOT (Emsley and Cowtan 2004).
Refinement of the model was performed with CNS (Brunger et al.
1998) and included bulk solvent corrections, and individual
B-factor and rigid body refinement. For cross-validation, 5% of
the original reflections were omitted from refinement and used
to calculate the free R-factor. After cyclic rounds of manual model
building and refinement, the GLD-3 88-460 selenomethionine
model was used to phase a 2.8-A native data set by molecular
replacement with PHASER (McCoy et al. 2007). The structure was
refined using CNS. The stereochemical quality of the final model
was assessed with MolProbity (Davis et al. 2007), showing that
98% and 0.64% of the residues are in the favored and disallowed
regions of the Ramachandran plot, respectively. The model sta-
tistics are summarized in Table 1.

Small-angle X-ray scattering (SAXS)

SAXS experiments were performed at the SIBYLS beamline 12.3.1 at
the Advanced Light Source (ALS) synchrotron in Berkeley, Califor-
nia. Size-exclusion chromatography was performed prior to SAXS
measurements with a 24-mL Superdex 75 gel filtration column. One
hundred microliters of protein (GLD-3 1-460 and GLD-3 110-460)
was applied to the column in 20 mM Tris-HCI (pH 7.5), 200 mM
NaCl, and 2 mM DTT. MALS measurements were performed with
a DynaPro quasi-elastic light scattering detector (Wyatt Technology).
Simultaneous concentration measurements were made with an
Optilab rEX refractive index detector connected in tandem to the
MALS detector. The system was calibrated with BSA at 10 mg/mL
using a refractive index increment of 0.172.

A dilution series of proteins was used for each condition, starting
at a protein concentration of ~5 mg/mL. Samples and buffer were
loaded into a 96-well plate (Nunc) and covered with protective
film. Samples were automatically loaded into the cuvette with
a Hamilton syringe robot as described (Hura et al. 2009). SAXS
measurements were made at three X-ray exposures of 1, 10, and 1
sec at room temperature. Overlaying the two short exposures
assessed sample radiation damage. Interparticle interference during
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SAXS data collection was detected by comparing the lowest
scattering angles for the concentration series. The data free of
interparticle interference were merged and used for subsequent
analyses. Fits to the Guinier region were made using autoRg
(Robert Rambo, Lawrence Berkeley National Lab, Berkeley, CA).
SAXS-based ab initio modeling was performed with GASBOR
(Svergun et al. 2001). Ten independent computational bead models
were derived from each SAXS data set and averaged using
DAMAVER (Volkov and Svergun 2003)

Data deposition

The coordinates and structure factors have been deposited in the
Protein Data Bank with PDB code 3N89.

SUPPLEMENTAL MATERIAL

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