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Summary

The nuclear phosphoprotein La was identified as an autoantigen in patients with systemic lupus 

erythematosus and Sjogren’s syndrome. La binds to and protects the UUUOH 3′ terminii of 

nascent RNA polymerase III transcripts from exonuclease digestion. We report the 1.85 Å crystal 

structure of the N-terminal domain of human La, consisting of La and RRM1 motifs,bound to 

r(U1-G2-C3-U4-G5-U6-U7-U8-U9OH).The U7-U8-U9OH 3′ end, in a splayed-apart orientation, is 

sequestered within a basic and aromatic amino acid-lined cleft between the La and RRM1 motifs. 

The specificity-determining U8 residue bridges both motifs, in part through unprecedented 

targeting of the β sheet edge, rather than the anticipated face, of the RRM1 motif. Our structural 

observations, supported by mutation studies of both La and RNA components, illustrate the 

principles behind RNA sequestration by a rheumatic disease autoantigen, whereby the UUUOH 3′ 

ends of nascent RNA transcripts are protected during downstream processing and maturation 

events.

Introduction

Diverse aspects of RNA metabolism are dictated by the La autoantigen (reviewed in Kenan 

et al., 1991; Maraia and Intine, 2001; Wolin and Cedrervall, 2002; Kenan and Keene, 2004), 

an abundant RNA binding phosphoprotein found in the nucleus of all eukaryotes (sequence 

alignments are presented in Figure S1, in the Supplemental Data available with this article 

online) and originally identified as an autoantigen in patients with systemic lupus 

erythematosus (Mattioli and Reichlin, 1974) and Sjogren’s syndrome (Alspaugh and Tan, 

1975). La specifically targets UUUOH elements of newly RNA polymerase III-transcribed 

RNA (Stefano, 1984), including pre-tRNAs, 5S rRNAs, and snRNAs, whereas it 
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discriminates against 3′-phosphate-containing internal oligo U tracts and degraded RNA. La 

plays a key role in 5′ and 3′ end processing of pre-tRNA precursors (Fan et al., 1998; Yoo 

and Wolin, 1997) and exhibits RNA chaperone-like activity (Chakshumathi et al., 2003), 

thereby playing a key role in facilitating correct transcript folding, downstream processing 

and maturation, and ribonucleoprotein particle assembly (Pannone et al., 2001; Xue et al., 

2000). In addition, La binds viral RNAs associated with hepatitis C virus (Ali et al., 2000; 

Pudi et al., 2004) and the X-linked inhibitor of apoptosis protein (Holcik and Korneluk, 

2000) by site-specifically targeting their internal ribosome entry sites and stimulating 

translational initiation. Despite its diverse functional role in RNA folding, assembly, 

processing, and maturation, and as a rheumatic disease autoantigen, no details are currently 

available regarding the recognition principles by which La site-specifically discriminates 

amongst its diverse RNA targets.

The 408 residue human La protein is composed of N- and C-terminal domains, with the N-

terminal domain (NTD) consisting of La and RRM1 motifs, whereas the C-terminal domain 

(CTD) consists of the RRM2 motif and an unstructured, long flexible element (Figure 1A). 

NMR studies on human La domains have defined a winged-helix fold for the La motif 

(Alfano et al., 2004), a classical RNA recognition module (RRM) for the RRM1 motif 

(Alfano et al., 2004), and an atypical RRM fold for the RRM2 motif (Jacks et al., 2003). 

Crystallographic studies have independently identified a winged-helix fold for the T. brucei 

La motif (Dong et al., 2004). NMR-based chemical shift mapping (Alfano et al., 2004) and 

site-specific mutagenesis (Dong et al., 2004) studies have identified highly conserved 

surface patches, containing both basic and aromatic residues, within both the La (Alfano et 

al., 2004; Dong et al., 2004) and RRM1 (Alfano et al., 2004) motifs that appear to be 

sufficient for specific targeting of 3′-terminal UUUOH elements (Alfano et al., 2004).

We report the structure of the human La NTD protein-RNA complex (Figure 1C), which 

defines the molecular basis for binding affinity and specificity of a rheumatic disease 

autoantigen targeted to the 3′ end of nascent RNA polymerase III transcripts. Our structure, 

supplemented by mutational studies, has established how La and RRM1 motifs synergize to 

form a functional RNA binding scaffold for recognition and sequestration of UUUOH 3′ 

ends of nascent Pol III transcripts. Strikingly, neither the β sheet face of the RRM1 motif nor 

the recognition helix of the winged-helix La motif is involved in UUUOH recognition, 

making them available for additional RNA recognition-based activities. Instead, one edge of 

the RRM1 β sheet is sequence-specifically targeted by the central U of the UUUOH segment, 

steric constraints discriminate against modifications (such as phosphorylation) of the 3′-

terminal sugar, and the complex is stabilized by base and sugar stacking of individual U 

residues on invariant aromatic amino acids.

Our structural results are complemented by recent functional experiments, in which 3′ 

protection from the nuclear exosome and chaperoning of structurally impaired pre-tRNAs 

have been shown to represent distinguishable and modular La activities (Y. Huang, M.A. 

Bayfield, and R.J. Maraia, unpublished data). This study indicates that typical RRM-like 

interactions are not involved with 3′ end protection but play a critical role in La’s chaperone 

function.
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Results

Crystal Structure of the Complex

We have used NMR to screen a series of RNA oligomers terminating with UUUOH 3′ ends 

for their ability to form complexes with La NTD in solution. The best NMR spectra were 

found for La NTD complexes with 3 nt and 9 nt RNA sequences ending in UUUOH. The 

r(U1-G2-C3-U4-G5-U6-U7-U8-U9OH) 9 nt sequence used in this study has been shown 

previously to bind La NTD with 5 nM affinity (Ohndorf et al., 2001).

We have successfully grown crystals of La NTD (1– 194) (sequence listed in Figure S1) 

bound to this 9 nt sequence (Figure 1B), which belonged to space group P21212 and 

diffracted to 1.85 Å resolution. The structure of the complex was determined by 

multiwavelength anomalous dispersion (MAD) phasing on the crystal of the 

selenomethionine-labeled complex (see Experimental Procedures), with crystallographic 

statistics listed in Table 1. A simulated annealing omit map for the bound UUUOH segment 

of the complex is shown in Figure 2A.

There are two copies of noncrystallographically related La NTD’s bound to two copies of 

single-stranded 9 nt RNA in the asymmetric unit. The 9 nt RNA forms a self-complementary 

five-base-pair duplex involving two Watson-Crick and three mismatch base pairs and 

contains 5′-U1 and U7-U8-U9OH-3′ overhangs (Figure 1B). The UUUOH 3′ terminii, located 

toward either end of the five-base-pair duplex, are sequestered at the interface between the 

La and RRM1 motifs (Figure 1C), within pockets that include basic surface patches (Figure 

1D). The buried surface area is 373 Å2 and 319 Å2 at the La motif-RNA and RRM1 motif-

RNA interfaces, respectively, with minimal contact (164 Å2) between the La and RRM1 

motifs within a given La NTD in the complex. Molecular recognition is further 

supplemented through intermolecular contacts between the 5′-U1-G2 segment and the La 

NTD in the complex (Figures 1E and 1F).

The structures of the La (D6-R91) and RRM1 (D107-Y188) motifs in the crystal structure of 

the human NTD La-RNA complex can be compared with the corresponding structures of the 

individual human La and RRM1 motifs in the free state determined by NMR spectroscopy 

(Alfano et al., 2004). The rmsds (Cα atoms) are 1.52 Å for the La motif and 1.85 Å for the 

RRM1 motif (excluding loop segment L146-K151), consistent with these motifs retaining 

their conformations on complex formation. Because La and RRM1 motifs in isolation bind 

weakly to nascent RNA transcripts, the partial rigidification, through α helix formation, of a 

portion (T101-N106) of the linker segment on complex formation must contribute to the 

relative interfacial orientation of the two motifs in the complex (Figure 2B) necessary for 

synergistic UUUOH 3′ end recognition.

The relative alignments of 5′-U1 and U7-U8-U9OH-3′ overhangs at the protein-RNA 

interface in the complex are shown in Figure 1E. TheU1base stacks on the duplex but 

otherwise is unpaired in the complex, whereas extension of the phosphodiester backbone at 

the U6-U7 step prevents U7 from stacking on the duplex. The UUUOH segment adopts a 

novel conformation, where U7 and U9 are partially stacked on each other and directed 

toward the La motif (in cyan), whereas U8 is looped out and directed toward the RRM1 
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motif (in green) (Figures 1E and 1F), which corresponds to a basic region of the interface 

(Figure 1D). Strikingly, the bases in each of the U6-U7, U7-U8, and U8-U9 steps are 

splayed apart, with their phosphodiester backbones adopting extended conformations 

(Figure 2C), facilitated by sugar puckers at U7 (O1′-endo and C2′ -endo in the two 

molecules in the asymmetric unit), U8 (C2′-endo), and U9 (01′-endo). Importantly, the 

recognition pocket for the UUUOH 3′ end is lined by aromatic amino acids Y23, F35, and 

F55 (Figure 1E), which are highly conserved or invariant amongst La sequences (Figure S1).

Intermolecular Recognition of U7-U8-U9OH 3′ End by La NTD

The sequence specificity of La NTD for the UUUOH 3′ end can be evaluated from the range 

of intermolecular contacts associated with complex formation (stereo Figure 2D and Figures 

3A–3F). The O2 atom of the U7 base is directed toward the side chain amide of partially 

conserved N56 (Figure 3A) but appears unlikely to form a hydrogen bond given the long 

heteroatom-heteroatom distances (3.54 Å and 5.50 Å for molecules 1 and 2, respectively) in 

the two molecules in the asymmetric unit.

The U8 residue, which is splayed apart relative to U7 and U9, is anchored in place through 

hydrogen bonding of its O2 atom to the side chain amide of Q20 on the La motif and its O4 

atom to the peptide backbone of I140 on the RRM1 motif, as well as through stacking of its 

base with Y23 (Figure 3B). A nonbridging phosphodiester oxygen of the U8-U9 step is 

hydrogen bonded to the side chain hydroxyl of Y24 and the backbone amide of R57 (Figure 

3C).

The U9 base and sugar ring stack on F35 (Figure 3D) and F55 (Figure 3A), respectively, but 

otherwise the U9 base does not form any base-specific intermolecular hydrogen bonds. The 

side chain carboxylate group of D33 is hydrogen-bonded to the 2′-OH and 3′-OH of U9 in 

the complex (Figure 3D).

Intermolecular Recognition of the 5′ End of Bound RNA by La NTD

There are also intermolecular contacts between the La NTD and the 5′ overhang U1 base 

and the G2-C3 step associated with the duplex segment of the RNA. The O4 atom of U1 

forms weak bifurcated hydrogen bonds to the guanidinium group of partially conserved R32 

on the La motif and to the amide group of partially conserved N139 on the RRM1 motif 

(Figure 3E). Further, the guanidinium group of R32 is stacked over the purine ring of G2 of 

the terminal G2•U6 mispair (Figure 3E).

We also observe interactions between the sugar-phosphate backbone of the 5′ end segment 

and the RRM1 motif of the La NTD in the complex. The 2′-OH of G2 forms a hydrogen 

bond with the amide of partially conserved Q141 (Figure 3F), whereas the nonbridging 

phosphodiester oxygen of the G2-C3 step is hydrogen bonded to partially conserved K185 

(Figure 3F).

Impact of La NTD Mutants on Binding Affinity

We have used gel electrophoretic mobility shift binding assays to monitor the binding of 

selective La NTD mutants to the r(U1-G2-C3-U4-G5-U6-U7-U8-U9OH) 9 nt sequence, with 
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the emphasis on amino acids involved in intermolecular recognition of the UUUOH 3′ end in 

the structure of the complex. The experimental data are shown in Figure 4A, with the 

binding curves (Figure 4B) quite distinct for the nonaromatic amino acid mutants N56A and 

Q20A, with the former exhibiting a KD of 15 ± 3 nM, compared to 7 ± 1 nM for wild-type 

La NTD, whereas the latter exhibiting undetectable binding affinity. We observe a 

pronounced reduction in binding affinity for aromatic amino acid mutants, with a KD > 500 

nM for the Y24A mutant and no measurable binding affinities for the Y24F, Y23A, and 

F35A mutants (Figure 4B). We have generated three mutants of D33 that differ as a function 

of charge and size, with the binding affinities decreasing in the order D33E (KD = 7 ± 1 

nM), D33A (KD = 21 ± 3 nM), and D33I (KD = 129 ± 23 nM) (Figure 4C). These binding 

affinities are listed and compared in Table S1.

Impact of RNA UUUOH 3′ End Substitutions on Binding Affinity

We have used gel electrophoretic mobility shift competition assays to monitor the binding of 

wild-type La NTD to the r(U1-G2-C3-U4-G5-U6-U7-U8-U9OH) 9 nt sequence containing 

base substitutions at the U7, U8, and U9 positions (Figure S2). We observe a 2.4-fold and 

1.4-fold loss in binding affinity for the U7C and U7A substitutions, respectively (Figure 

5A). By contrast, a much larger reduction in binding affinity is observed for U8 

substitutions, with a 14-fold and 9.0-fold loss in binding affinity for the U8C and U8A 

substitutions, respectively (Figure 5B). We observe a 3.3-fold and 1.4-fold loss in binding 

affinity for the U9C and U9A substitutions, respectively (Figure 5C). Replacement of U9 by 

dT resulted in a minimal 1.5-fold loss in binding affinity (Figure 5C). These binding 

affinities, based on competition assays, are listed and compared in Table S1.

Impact of Compensatory Mutations on Binding Affinity

We have used gel electrophoretic mobility shift competition assays to monitor the binding of 

wild-type La NTD and its D33A mutant to the r(U1-G2-C3-U4-G5-U6-U7-U8-U9OH) 9 nt 

sequence (Figure S3A) and an analog containing U9m (m stands for 2′-OCH3) for U9 

substitution (Figure S3B). Replacement of U9 by U9m in the 9 nt RNA results in a 

pronounced 38-fold drop in binding affinity for wild-type La NTD (Figure 5D). The D33A 

mutant of La NTD, in which Ala replaces the larger, negatively charged Asp residue, results 

in a reduced loss (6-fold) in binding affinity, when U9 is replaced by U9m in the 9 nt RNA 

(Figure 5E).

Discussion

RNA UUUOH 3′ End Segment Primarily Targeted by the La Motif

The majority of the hydrogen bonding and stacking contacts of the UUUOH 3′ end segment 

are with the La motif (Figure 2B), consistent with this being the most conserved motif 

within the La protein; and one critical contact involving U8 is made with the RRM1 motif in 

the complex. The U1 5′ end and UUUOH 3′ end contact segments of α1′, α1, α2, and α4 of 

the La motif and β5 and α6 of the RRM1 motif, which are brought into proximity to 

generate the binding site (Figures 2B and 6A).

Teplova et al. Page 5

Mol Cell. Author manuscript; available in PMC 2015 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The classical RRM fold is composed of a four-stranded antiparallel β sheet packed against a 

pair of α helices (reviewed in Varani and Nagai, 1998; Messias and Sattler, 2004). Structural 

studies of several RRM-RNA complexes, starting with the U1A-RNA complex (Oubridge et 

al., 1994; Allain et al., 1996), have established the key contributions to RNA recognition by 

conserved amino acids that project from the two central β strands of the four-stranded β 

sheet.

The RRM1 motif of La NTD adopts the classical RRM fold in both the free state (Alfano et 

al., 2004) and as part of the La NTD in complex with RNA (Figure 6A, this study). It was 

therefore surprising to find that the bound RNA is not positioned over the four-stranded β 

sheet in the La NTD-RNA complex (Figure 2B and the β sheet highlighted in red in Figure 

6A), as it is in the D. melanogaster sex-lethal (SxL) protein bound to its transformer (tra) 

pre-mRNA site (Handa et al., 1999). The first RRM domain of SxL, with its β sheet 

highlighted in red, in complex with oligo-U tract RNA is shown in Figure 6B.

Rather, the U8 base forms a hydrogen bond with the backbone amide of I140 (Figure 3B) 

located on β5, with this interaction positioned in the plane of the β sheet rather than above it. 

This edge-wise use of the RRM for sequence-specific recognition still leaves the exposed 

face of the β sheet available for further recognition by either RNA or protein. Such 

recognition could be envisaged for an ssRNA that extends from the 5′ end of the 9 nt 

sequence used in the current study.

The classical winged-helix scaffold consists of three α helices, three β strands, and two loop 

segments or wings (reviewed in Gajiwala and Burley, 2000) and has been found in proteins 

that play critical roles in embryogenesis, development, and aging. Structural studies, starting 

with the hepatocyte nuclear factor-3 (HNF-3)-DNA complex, have established the key 

contributions to DNA recognition by an α helix within a helix-turn-helix fold, which targets 

the major groove, together with one wing, which targets the minor groove (Clark et al., 

1993). Subsequently, a winged-helix domain was also observed for double-stranded RNA 

adenosine deaminase (ADAR1), and an α helix within it was shown to target the groove of 

left-handed Z-DNA (Schwartz et al., 1999). To date, the majority of winged helix motifs 

target DNA, with the only exception being SelB (Fourmy et al., 2002; Selmer and Su, 2002), 

which targets RNA in an as yet unknown manner.

The La motif of La NTD adopts the classical winged-helix fold (with three additional α 

helices) in both the free state (Alfano et al., 2004; Dong et al., 2004) and as part of the La 

NTD in complex with RNA (Figure 6A, this study). The E2F family of transcription factors, 

which control genes involved in growth and DNA replication, adopt winged-helix motifs. 

The structure of the EF4-DNA component of the EF4-DP2-DNA complex (Zheng et al., 

1999) is shown in Figure 6C, with the recognition α helix (colored red) positioned in the 

major groove of the DNA duplex. It is readily apparent that the corresponding α helix in the 

La motif, α5 (colored red), is not involved in UUUOH RNA recognition in the La NTD-

RNA complex (Figure 6A). The majority of the surface of the La motif, including α5 

(Figure 6A), is therefore available for further recognition by either nucleic acid or protein.
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Uracil Alignments in the Complex

U7, the first U in the UUUOH 3′ end segment, appears not to be anchored to the La NTD 

involving its base and sugar rings through either hydrogen bonding or stacking with 

aromatic amino acids in the structure of the La NTD-RNA complex (Figure 3A). The side 

chain of N56 is not involved in hydrogen bonding to U7, and it is therefore not surprising 

that there is only a 2-fold loss in binding affinity for the N56A mutant (Figure 4B). 

Similarly, only a 2.4-fold and a 1.4-fold loss in binding affinities are observed for the U7C 

and U7A substitutions, respectively (Figure 5A). Thus, our data suggest that the first U in 

the UUUOH 3′ end segment is not critical for recognition and can be replaced by either C or 

A.

U8, the second U in the UUUOH 3′-end segment, is anchored to the La NTD by both 

hydrogen bonding and stacking interactions (Figure 3B). Thus, the O2 and O4 atoms of the 

U8 base are hydrogen bonded in opposite directions to side chain (amino group of invariant 

Q20) and backbone (I140) atoms, respectively. Indeed, disruption of one such interaction in 

the Q20A mutant resulted in a dramatic loss in binding affinity (Figure 4B). Disruption of 

the stacking of U8 and highly conserved Y23 (Figure 3B),as in the case of the Y23A 

mutation, also resulted in the dramatic loss of binding affinity (Figure 4B). These 

conclusions are reinforced by the 14-fold loss in binding affinity for the U8C substitution 

and the 9-fold loss for the U8A substitution (Figure 5B). These specific intermolecular 

contacts imply that U8 cannot be replaced by either C or A and that the second U in the 

UUUOH segment represents a key specificity determinant.

One nonbridging phosphate oxygen of the phosphate group linking U8 and U9 of the U8-

U9OH 3′ end segment is hydrogen bonded to the side chain of invariant Y24 in the complex 

(Figure 3C). The intermolecular hydrogen bond to the hydroxyl of Y24 appears to be 

important, as binding is reduced from 7 ± 1 nM in the wild-type La NTD to >500 nM in the 

Y24A mutant, and no detectable binding affinity is observed for the Y24F mutant (Figure 

4B).

U9, the last U in the UUUOH 3′ end segment, forms a set of intermolecular contacts in the 

La NTD-RNA complex. There are no intermolecular hydrogen bonds between the U9 base 

and the amino acid backbone and side chain atoms (Figure 3D). This observation is 

consistent with only modest reductions in the binding affinity for the U9C (3.3-fold) and 

U9A (1.4-fold) substitutions (Figure 5C). By contrast, stacking of the U9 base on invariant 

F35 (Figure 3D) contributes significantly to stability, as no detectable binding affinity was 

observed for the F35A mutant (Figure 4B), emphasizing the importance of intermolecular 

stacking interactions of the last U to complex formation.

The U9 sugar stacks on invariant F55 (Figure 3A), whereas its 2′-OH and 3′-OH groups are 

hydrogen-bonded to both carboxylate oxygens of invariant D33 (Figure 3D). The binding 

affinity is unperturbed for the D33E mutant (Figure 4C), containing a longer side chain 

while retaining the carboxylate functionality, whereas it is reduced by a modest factor of 

three for the D33A mutant (Figure 4C). Thus, the pair of sugar hydroxyl-carboxylate 

hydrogen bonds (Figure 3D) appear not to be critical for high affinity recognition. By 
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contrast, the binding affinity drops by 18-fold for the D33I mutant (Figure 4C), suggesting 

that bulky substitutions are not tolerated opposite the sugar hydroxyls of U9 in the complex.

Substitution of U by its 2′-OCH3 Um counterpart at the U9 position resulted in a 38-fold 

drop in binding affinity to La NTD (Figure 5D). This methyl substitution appears to 

contribute a steric block to recognition by D33 of La NTD, as the D33A mutant, in which 

aspartic acid is replaced by the smaller alanine side chain, resulted in only a 6-fold loss in 

binding affinity when U is replaced by Um at the U9 position (Figure 5E).

Overall, it appears that U9 can be replaced by A and to a somewhat lesser extent by C, with 

its alignment stabilized by base-aromatic and sugar-aromatic stacking interactions. Both 

sugar hydroxyls of U9 are hydrogen bonded to D33, but these hydrogen-bonding 

interactions appear to be less critical than steric compatibility, as bulky substitutions on 

either the sugar hydroxyl or at amino acid position 33 dramatically reduce binding affinity.

Comparison with T. brucei La Mutants Targeted to UUUOH 3′ Ends

Our electrophoretic mobility shift assays on the binding of mutants of human La NTD to the 

9 nt UUUOH-containing RNA are in agreement with the corresponding published data on the 

binding of protein point mutants of intact T. brucei La targeted to UUUOH 3′ ends of yeast 

pre-tRNAArg (Dong et al., 2004). These studies report that mutating the T. brucei 

equivalents of Y23, Y24, F35, and F55 of human La, each in turn to alanine, resulted in a 

greater than 100-fold reduction in binding activity, independently emphasizing the 

importance of these aromatic amino acids as specificity determinants for recognition and 

stabilization. Competition assays established that the T. brucei La equivalent of D33 

discriminates by a factor of up to 100-fold between UUUOH and UUUP 3′ ends (Dong et al., 

2004), and this discrimination is reduced to a factor of 18 for the T. brucei La equivalent of 

the D33A mutant in human La. These results are consistent with the incompatibility of 

positioning bulky and negatively charged groups on the 3′ -OH group.

Earlier Predictions of UUUOH 3′ End Recognition by La NTD

Several predictions have been made regarding La NTD recognition of UUUOH 3′ ends based 

on the NMR structures of human La and RRM1 motifs in the free state (Alfano et al., 2004), 

the NMR chemical shift perturbations in these two motifs on complex formation with U10 

(Alfano et al., 2004), the X-ray structure of the T. brucei La motif (Dong et al., 2004), and 

the effect of mutations in full-length T. brucei La on binding to pre-tRNA (Dong et al., 

2004). Both solution (Alfano et al., 2004) and crystallographic (Dong et al., 2004) efforts 

identified highly conserved surface patches, lined by aromatic residues within the La motif, 

that exhibited NMR chemical shift perturbations upon complex formation with U10 (Alfano 

et al., 2004) and adversely impacted binding affinity when mutated (Dong et al., 2004). In 

addition, mutational studies on the T. brucei equivalent of D33 identified this residue as 

critical for discrimination between UUUOH and UUUP ends, implying its involvement in 3′-

OH end recognition (Dong et al., 2004). These conclusions, though qualitative in nature, 

receive support from our crystal structure of the La NTD-RNA complex (Figures 1–3). By 

contrast, the prediction based on NMR chemical shift perturbations that the two central b 
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strands of the four-stranded β sheet of the RRM1 motif are involved in UUUOH 3′-end 

recognition (Alfano et al., 2004), is not supported by our crystal structure of the complex.

Comparison with Other RNA 3′ Overhang Recognition Complexes

Our structure addresses a long-standing challenge associated with the molecular basis for La 

NTD recognition and protection of the 3′ ends of nascent RNA transcripts. The splaying 

apart of individual U-U steps in the UUUOH segment of the 9-mer RNA in the La NTD-

RNA complex was unanticipated (Figure 2C), as was the observation that 3′ end recognition 

did not involve the exposed b sheet face of the RNA binding domain of RRM1.

The present structure of the La NTD-RNA 9-mer complex, which forms a 5 bp duplex with 

5′-U and UUUOH-3′ overhangs, can be compared with a recently solved PAZ-RNA 9 nt 

complex, which forms a 7 bp duplex with 2 nt 3′ overhangs (Ma et al., 2004). The 

conformation of the UUUOH-3′ overhangs in the La NTD-RNA complex are very different 

from the 2 nt overhang in the PAZ-RNA complex, because the three uracils in the former 

complex are splayed apart (Figure 1E), whereas the 2 nt overhangs in the latter complex 

stack on each other and are accommodated in the same highly conserved pocket. In addition, 

the central uracil U8, in the La NTD-RNA complex, forms base-specific intermolecular 

hydrogen bonds (Figure 3B), whereas the intermolecular contacts involving the 2 nt, 3′ 

overhang are solely to the sugar-phosphate backbone in the PAZ-RNA complex.

Role of Splayed-Apart Bases in Protein-RNA Recognition

The UUUOH 3′ end of the r(UGCUGUUUUOH) 9 nt sequence is most likely flexible in the 

free state but becomes ordered upon complex formation with the La NTD. The three 

uridines in the UUUOH segment are splayed apart in the complex, with each base forming 

specific hydrogen bonding and stacking interactions. Principles associated with splaying 

apart of a trinucleotide segment, with individual bases targeting specific recognition pockets, 

was first reported for the anticodon bases in tRNA-tRNA synthetase complexes (Rould et 

al., 1989; reviewed in Arnez and Moras, 1997) and later was extended to exposed tetraloop 

bases in viral nucleocapsid protein-ψ-RNA complexes (De Guzman et al., 1998; D’Souza 

and Summers, 2004).

RNA 5′ End Segment Primarily Targeted by the RRM1 Motif

We have also observed intermolecular contacts between the 5′ overhang base U1 (Figure 

3E) and the adjacent G2-C3 step (Figures 3E and 3F), which is part of a duplex segment in 

the La NTD-RNA complex. These intermolecular contacts involve base edge (U1), sugar 

(G2), and phosphate backbone (G2-C3 step) of the RNA and are primarily targeted by side 

chains of the RRM1 motif (Figures 3E and 3F).

These contacts could be of importance because autoantigens such as Ro are known to stably 

associate with Pol III transcripts that resemble Y-RNAs, which have UUUOH termini that 

overhang stems comprised of base-paired 5′ and 3′ regions (Wolin and Steitz, 1984). Thus, it 

is conceivable that there is a partitioning of RNA recognition capabilities for the two 

domains associated with the La NTD, in that the La motif primarily contributes to UUUOH 
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3′ end recognition, whereas the RRM1 motif primarily contributes to recognition of the 5′ 

end segment of adjacent stem segments.

Interdomain Linker

Previous structural studies on the folding topologies of the free La motif (Alfano et al., 

2004; Dong et al., 2004) and the free RRM1 motif (Alfano et al., 2004) provide no insights 

into the linker segment that connects these two motifs. Such linkers are likely to be flexible 

in the free state and rigidify upon complex formation with RNA, as observed for linkers 

connecting zinc finger domains (Wuttke et al., 1997). We can monitor the linker segment, 

spanning S92 to N106, in our crystal structure of the La NTD-RNA complex. The segment 

S92 to V100, which contains three nonadjacent prolines, is unstructured, whereas the 

segment T101 to N106 is part of a6, which spans from T101 to R111 (Figure S1). There are 

no direct contacts between the linker and the RNA in the La NTD-RNA complex. 

Nevertheless, the linker plays a key topological role, as anticipated (Dong et al., 2004), in 

orienting the La and RRM1 motifs, resulting in the generation of a basic cleft that is site-

specifically targeted by the UUUOH 3′ end overhang of nascent RNA Pol III transcripts 

(Figures 2B and 6A). We observe a direct hydrogen bonding contact between the side chain 

of Y23 in the La motif and N139 on the RRM1 motif, which appears to be critical for the 

relative alignment of these two motifs in the complex (Figure 2B).

Experimental Procedures

Protein and RNA Preparation

The PCR-amplified cDNA encoding human La NTD (1–194) was cloned into a modified 

pET28b vector that adds a Ulp1 protease-cleavable His6-Smt3-tag at the N terminus. Point 

mutations in the La NTD construct were made with the QuikChange (Stratagene) system. 

The La NTD (residues 1–194 and an additional Ser at the N terminus) was expressed in E. 

coli strain BL21(DE3)pLysS (Novagen). Selenomethionine (SeMet)-substituted protein was 

expressed by growing cells in a M9 minimal media, using a standard protocol to saturate the 

biosynthetic pathway for methionine production (Doublié, 1997). Recombinant proteins 

were purified from the soluble fraction by Ni-chelating affinity column followed by His6-

Smt3 tag removal with Ulp1 protease and additional purification by sequential 

chromatography on monoQ, heparin, and Superdex 75 columns (Amersham). The wild-type, 

SeMet, and mutant La NTDs were prepared in a similar fashion.

RNA oligonucleotides were commercially synthesized (Dharma-con Research), deprotected, 

and purified by anion-exchange chromatography, followed by desalting. The 1:1 ratio of 

complex formation between La NTD and the 9 nt 5′-UGCUGUUUU-3′ was determined by 

analytical gel-filtration on a Superdex 75 column.

Crystallization and Data Collection

Crystals of SeMet-substituted La NTD-RNA 9 nt complex were grown by hanging drop 

vapor diffusion. Equal volumes of protein-RNA complex (1:1.2 ratio; protein concentration 

was 0.4 mM in 0.2 M NaCl, 25 mM Tris-HCl [pH 8.0], and 10 mM DTT) and reservoir 

solution (18% polyethylene glycol 3350, 0.2 M Li2SO4, 0.1 M KCl, and 0.1 M Na acetate 
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[pH 4.6]) were mixed and equilibrated at 4°C. Crystals typically grew as clusters of thin 

plates with dimensions of approximately 0.1 × 0.1 × ~0.01 mm after repeated seeding over a 

one-week period.

For data collection, crystals were flash frozen (100 K) in the above reservoir solution 

supplemented with 20% ethylene glycol. MAD (2.4 Å resolution) and native (1.85 Å 

resolution) data sets were collected on the SeMet La NTD-RNA 9-mer complex crystals on 

the X25 beamline at the National Synchrotron Light Source. The data were processed by 

HKL2000 (Otwinowski and Minor, 1997) by carefully adjusting the error modes to retain as 

much anomalous signal as possible. The crystal belonged to space group P21212, with two 

protein-RNA complexes per asymmetric unit and an ~45% solvent content. Crystal and 

MAD data characteristics are summarized in Table 1.

Structure Determination and Refinement

The program SHELEXD (Schneider and Sheldrick, 2002) was used to locate eight out of ten 

selenium sites, and the program SHARP (De La Fortelle and Bricogne, 1997) was used to 

calculate MAD phases. The remaining two missing Se atoms are located within the 

structurally poorly defined N terminus. The phases were further improved by density 

modification and solvent flipping, assuming a solvent content of 45% with the SOLOMON 

program (Abrahams and Leslie, 1996). The electron density map was calculated in the CCP4 

suite (CCP4, 1994). The RNA model and about 85% of the polypeptide backbone of one 

protein molecule were readily built manually by using the 5 base pair RNA duplex, the 

NMR structure of the human La RRM1 motif (Protein Database [PDB] ID: 1S79; Alfano et 

al., 2004), and the modified La motif coordinates from T. brucei (PDB ID: 1S29; Dong et 

al., 2004) as starting models. The second copy of the La NTD was next located by means of 

a molecular replacement. The MAD electron density map and the identified Se sites were 

used to validate the molecular replacement result. The initial experimental phases, based on 

MAD data to 2.8 Å resolution, were progressively replaced by model phases combined with 

data to a maximum resolution of 1.85 Å. The full model of the La NTD-RNA 9-mer 

complex was rebuilt with the program O (Jones et al., 1991) and refined by using the 

programs CNS (Brunger et al., 1998) and REFMAC (Murshudov et al., 1997) (CCP4, 1994). 

Refinement statistics are given in Table 1, and a portion of the electron density map 

corresponding to the UUUOH segment of the complex is shown in Figure 2A. All residues 

are in allowed regions of the Ramachandran plot as evaluated by using PROCHECK from 

CCP4. The final model comprises two copies of La NTD, two molecules of 9 nt RNA, 

which pair to form a 5 base-pair duplex containing 5′-U and 3′-UUUOH overhangs, three 

sulfate ions, and 455 water molecules.

Gel Electrophoretic Mobility Shift Binding Assays

Protein-RNA binding interactions were evaluated by electrophoretic mobility shift (gel shift) 

assay. 10 µl reactions containing 15 fmol of 5′-32P-end-labeled RNA oligonucleotides and 

La NTD (or La NTD mutants) in 2.5-fold dilutions ranging from 2 µM to 0.52 nM 

concentrations were mixed in binding buffer (50 mM Tris-acetate, 50 mM K-acetate, 5 mM 

Mg-acetate, 10% glycerol, and 1 mM DTT; pH 8.0) and incubated for 10 min at room 

temperature. Reaction products were separated in 10% polyacrylamide gels carried out at a 
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constant voltage of 6 V cm−1 at 4°C in 50 mM Tris-acetate (pH 8.0) buffer containing 50 

mM K-acetate and 5 mM Mg-acetate. RNA was visualized with a phosphorimager 

(Molecular Dynamics). Dissociation constants were determined graphically by plotting the 

fraction of bound RNA versus the concentration of protein (Irvine et al., 1991). The 

theoretical curves were fitted to the experimental data points by nonlinear least squares 

analysis with the equation:

(1)

where θ is the fraction of bound RNA, No and Po are total RNA and protein concentrations, 

respectively, and the KD is the apparent dissociation constant. Gel shift assays were repeated 

for verification of dissociation constants.

Gel Electrophoretic Mobility Shift Competition Assays

Competition experiments were performed by a gel-shift assay with a constant concentration 

of La NTD (16 nM), 1.5 nM of 5′-32P-end-labeled wild-type 9-nt RNA r(UGCUGUUUU), 

and a variable concentration of unlabeled 9-nt RNAs (0.5 nM to 20 µM). 20 µl reaction 

mixtures were incubated for 30 min at 4°C and resolved by electro-phoresis as described 

above. The apparent dissociation constants were determined graphically by plotting the 

fraction of bound RNA versus the concentration of competitor RNA. The theoretical curves 

were fitted to the experimental data points by nonlinear least squares analysis by using the 

equation (2) (Lin and Riggs, 1972) as follows:

(2)

where θ is the fraction of bound radiolabeled RNA, Krel is the ratio of the apparent 

dissociation constant of the labeled RNA (KN) to the apparent dissociation constant of the 

competitor, and Po, No, and Co are the total concentrations of the protein, the radiolabeled 

RNA, and the competitor RNA, respectively.

The apparent dissociation constants are the average of at least two independent experiments 

with a standard error of approximately 20%–30%

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of La NTD Bound to the r(U1-G2-C3-U4-G5-U6-U7-U8-U9) Sequence
(A) The domain architecture of the La protein.

(B) The G2-C3-U4-G5-U6 segment of the 9 nt RNA forms a self-complementary duplex in 

the complex.

(C) Ribbon and stick representation of the complex containing two La NTD domains and 

two 9 nt RNAs related by noncrystallographic 2-fold symmetry axis. The La (E8-R91) and 

RRM1 (D107-Y188) motifs are colored cyan and green, respectively, whereas the 

connecting linker (R92-N106) is colored gray. The two RNA strands are colored gold and 
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magenta, with the backbone phosphorus atoms colored yellow and the nonbridging 

phosphate oxygens colored red. The U7-U8-U9 segment is sequestered at the interface 

between the La and RRM1 motifs.

(D) An electrostatic view of the complex generated by using the GRASP program. The RNA 

is shown in a slab representation, with blue and red patches corresponding to basic and 

acidic segments on the protein surface. The bases on the two symmetry-related RNA strands 

are colored gold and magenta.

(E) A stick and ribbon view of the intermolecular contacts between the U1-G2 and U6-U7-

U8-U9 elements of the 9-mer RNA and La (in cyan) and RRM1 (in green) motifs of La 

NTD in the complex. The nucleotides of the RNA and the α helices and β strands of the 

protein are labeled. The U7 and U9 residues are directed toward the La motif, whereas the 

U8 residue is directed toward the RRM1 motif.

(F) The same view as in (E) except for the protein is in a surface representation, with the 

same color code as in (C).
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Figure 2. Overview of Protein-RNA Interactions in the Complex
(A) Simulated annealing omit map of the 3′-UUUOH segment of the 9-mer in the complex. 

Electron density map (contoured at 2.5σ) calculated with a starting temperature of 5000 K 

and excluding UUUOH from the model.

(B) A view of the alignment of the U1 and U7-U8-U9 RNA 9-mer segments relative to the 

La and RRM1 motifs of the La NTD in the complex. A single intermolecular hydrogen bond 

was detected between Y23 on the La motif (in cyan) and N139 on the RRM1 motif (in 

green) across the interface between these two motifs in the complex. The figure labels the a 

helices and b strands within the La NTD and also highlights the bridging intermolecular 

hydrogen bonding contacts from U8 to both the La and RRM1 motifs.

(C) A comparison between the extended conformations of the U6-U7, U7-U8, and U8-U9 

steps in the complex.

(D) Stereo view of the protein-RNA interface highlighting intermolecular contacts between 

5′-U1-G2 and U7-U8-U9OH 3′ ends and the La NTD. Stacking interactions between bases 
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and aromatic residues as well as hydrogen-bonding contacts involving U8 and U9 are 

highlighted.
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Figure 3. Details of RNA Architecture and Protein-RNA Contacts in the Complex
(A) Positioning of the O2 of U7 with respect to the side chain amide of N56 of the La motif. 

Note stacking of the sugar ring of U9 on the aromatic ring of F55.

(B) Hydrogen bonding of the O2 of U8 with the side chain amide of Q20 of the La motif and 

the O4 of U8 with the backbone amide of I140 of the RRM1 motif. U8 also stacks with Y23 

of the La motif.

(C) Hydrogen bonding between the nonbridging phosphate oxygen linking the U8-U9 step 

and the backbone amide of R57 and the side chain hydroxyl of Y24, both from the La motif.

(D) Hydrogen bonding between the 2′-OH and 3′-OH groups of U9 and the carboxylate 

oxygens of the side chain D33 of the La motif. U9 also stacks with F35 of the La motif.

(E) Hydrogen bonding of the O4 of U1 with the side chains of R32 of the La motif and N139 

of the RRM1 motif.

(F) Hydrogen bonding of the 2′-OH of G2 with the side chain of Q141 of the RRM1 motif 

and hydrogen bonding of the nonbridging phosphate oxygen linking the G2-C3 step and the 

side chain of K185 of the RRM1 motif.
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Figure 4. Gel Electrophoretic Mobility Shift Assays of Binding of Wild-Type and Mutant La 
NTD to the 32P-labeled 9 nt 5′-UGCUG UUUU-3′ RNA
(A) Representative electrophoretic mobility gel shift assay data for binding of r(U-G-C-U-

G-U-U-U-U) to La NTD point mutants. The specific La NTD point mutation under 

consideration is shown below each gel. Protein concentrations (nM) used are indicated 

above each lane and were identical for each protein construct.

(B) Plots of radiolabeled RNA fraction bound as monitored by gel electrophoretic mobility 

shift binding assays against La NTD concentration. The polar La NTD point mutants include 

N56A and Q20A, whereas the aromatic point mutants include Y24A, Y24F, Y23A, and 

Teplova et al. Page 21

Mol Cell. Author manuscript; available in PMC 2015 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



F35A. Solid lines indicate theoretical values of the best least squares analysis according to 

equation 1 in the Experimental Procedures section. Estimated dissociation constants for 

wild-type and mutant La NTD-rUGCUGUUUU 9-nt RNA complexes are listed in the 

boxes. Data represent mean ± standard deviation (SD) for at least two independent 

experiments.

(C) Corresponding plots for complex formation between either wild-type or D33 single 

point mutants (D33E, D33A, and D33I) of La NTD and the 5′-UGCUGUUUU-3′ sequence. 

Data represent mean ± SD for at least two independent experiments.
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Figure 5. Plots of Gel Electrophoretic Mobility Shift Competition Assays Monitoring Addition of 
Unlabeled 9 nt RNAs to a Complex of Either Wild-Type La NTD or D33A Mutant and 32P-
Labeled 9 nt 5′-UGCUGUUUU-3′ RNA
(A) Plots of competition assays with unlabeled competitor 9 nt RNAs, which include wild-

type sequence as a control and U7C and U7A substitutions.

(B) Plots of competition assays with unlabeled competitor 9 nt RNAs containing U8C and 

U8A substitutions.

(C) Plots of competition assays with unlabeled competitor 9 nt RNAs containing U9C, U9A, 

and U9dT substitutions.

(D) Complex contains wild-type La NTD. Plots of competition assays with unlabeled 

competitor 9-nt RNAs, which include the wild-type RNA sequence as a control and its 

U9Um substitution. Um stands for 2′-OmeU.

(E) Complex contains D33A La NTD mutant. Plots of competition assays for the wild-type 

RNA sequence and its U9Um substitution.

The plots monitor a fraction of radiolabeled 9 nt wt-RNA bound to La LTD or D33A mutant 

against concentrations (nM) of unlabeled competitor 9 nt RNA containing either wild-type 

sequence, single point mutations in the 3′-UUUOH segment, or U9Um substitution. Solid 

lines plot theoretical values of the best least squares analysis according to equation (2) (Lin 

& Riggs, 1972). Krel indicates the relative binding strength and is expressed as a ratio of the 

apparent dissociation constant (KD) measured for the La NTD mutant 9 nt RNA complex to 

the KD measured for the La NTD-wild-type RNA. Estimated Krel values are listed in the 
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box. The gel shift data are plotted in Figures S2 and S3. Data represent the mean ± SD for at 

least two independent experiments.
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Figure 6. Comparison of Protein-RNA Interactions in the La NTD-RNA Complex with Those 
Reported for Classical RRM Motif-ssRNA and Winged-Helix Motif-DNA Duplex Complexes
(A) Protein-RNA recognition in the La NTD-9-mer RNA complex. Helix α5 within the La 

motif and β sheet composed of β7, β4, β6, and β5 in the RRM1 motif are colored red.

(B) Protein-ssRNA recognition in the Sex-lethal protein-tra mRNA precursor complex 

(PDB code: 1B7F; Handa et al., 1999). The four-stranded β sheet of the first RRM of the 

Sex-lethal (SxL) protein, which interacts with a segment of ssRNA, is colored red.
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(C) Protein-DNA recognition in the heterodimeric cell cycle transcription factor E2F–DP 

bound to duplex DNA (PDB code: 1CF7; chains A, C, and D; Zheng et al., 1999). The α 

helix of the winged-helix motif of E2F domain, which interacts with a segment of duplex 

DNA, is colored red.
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Table 1

Crystallographic Data Collection and Analysis

Data Collection MAD Native

Space group P21212 P21212

Unit cell dimensions a = 153.10 Å a = 156.21 Å

b = 53.90 Å b = 55.03 Å

c = 56.75 Å c = 57.78 Å

α = β = γ = 90° α= β = γ = 90°

Wavelength (Å) 0.9798 0.9795 0.9611 1.1000

Resolution range (Å) (last shell) 20–2.58 (2.67–2.58) 20–2.40 (2.49–2.40) 20–2.70 (2.80–2.70) 40–1.85 (1.92–1.85)

Redundancy 7.6 7.6 6.8 5.3

Unique observations 26,887 35,083 23,001 42,919

Completeness (%) (last shell) 100.0 (100.0) 100.0 (100.0) 99.9 (100.0) 99.4 (99.4)

Rsym (%)a (last shell) 14.2 (61.2) 15.3 (58.5) 15.0 (60.4) 10.3(49.6)

Phasing power 0.660 1.108 0.863

Overall figure of merit (acentric/centric) 0.44 (0.28)

Refinement

Resolution range (Å) 20~1.85

Rfactor(Rfree)(%)b,c 20.0 (24.5)

Rms bond length deviations (Å) 0.011

Rms angles deviations (°) 1.662

Average temperature factor (Å2) 24.3

Percent core (allowed) in Ramachandran plot 93.5 (5.9)

a
Rsym is the unweighted R value on I between symmetry mates.

b
Rfactor = ∑hkl‖Fobs(hkl)| – |Fcalc(hkl)‖∑hkl|Fobs(hkl)|.

c
Rfree is the crossvalidation R factor for 5% of reflections against which the model was not refined.
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