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Abstract

Messenger RNA export is mediated by the TAP-p15 heterodimer, which belongs to the family of 

NTF2-like export receptors. TAP-p15 heterodimers also bind to the constitutive transport element 

(CTE) present in simian type D retroviral RNAs, and mediate export of viral unspliced RNAs to 

the host cytoplasm. We have solved the crystal structure of the RNA recognition and leucine-rich 

repeat motifs of TAP bound to one symmetrical-half of CTE RNA. L-shaped conformations of 

protein and RNA are involved in a mutual molecular embrace on complex formation. We have 

monitored the impact of structure-guided mutations on binding affinities in vitro and transport 

assays in vivo. Our studies define the principles by which CTE RNA subverts the mRNA export 

receptor TAP, thereby facilitating nuclear export of viral genomic RNAs, and more generally, 

provide insights on cargo RNA recognition by mRNA export receptors.
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Nucleocytoplasmic transport receptors1,2 facilitate the export of processed RNA from the 

nucleus to the cytoplasm, where the RNA provides the critical information-carrying 

template that mediates the translation process of protein synthesis. Specific RNA cargoes are 
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recognized by versatile soluble transport receptors (exportins) and exported through the 

nuclear pore complex (NPC) in a unidirectional manner3–6.

Transport of small nuclear, ribosomal, micro and transfer RNAs through nuclear pore 

complexes is mediated by the β-karyopherin superfamily of exportins, composed of 

superhelices of modular HEAT repeats, in conjunction with the regulator Ran, a guanosine 

triphosphatase. The RNA cargoes are bound by exportin-Ran-GTP complex in the nucleus, 

and released in the cytoplasm following GTP hydrolysis7. Recent crystal structures of Ran-

GTP complexes of exportins Xpo-1 bound to tRNA8 and Exp-5 bound to pre-miRNA9 have 

established how the β-karyopherin superfamily use shape, flexibility and electrostatic 

complementarity to recognize and distinguish between RNA cargos based on their distinct 

3'-overhang ends.

By contrast, bulk mRNA export is independent of β-karyopherin-Ran, and dependent on the 

export factor TAP (also known as NXF1 in metazoans) bound to the protein p1510–13. TAP 

is a multidomain protein composed of conserved N-terminal RNA recognition (RRM) and 

leucine-rich repeat (LRR) motifs, a central NTF2-like domain that binds p1514, and a C-

terminal ubiquitin associated (UBA)-like fold15. Crystal structures are available of the 

individual domains in the free state16,17, including a structure of the NTF2-like domain 

bound to p1514. Both the NTF2-like and UBA-like folds contain binding sites for Phe-Gly-

repeats that are prevalent in FG-nucleoporins18, thereby contributing to nuclear pore 

complex (NPC) association and export of cellular mRNAs19.

Normally, the TAP-p15 heterodimer is only recruited to mature, fully-spliced mRNAs via 

interactions with export adaptors, Aly/REF and the shuttling SR proteins4. Retroviruses 

subvert mRNA nuclear export factors to promote the efficient export of unspliced forms of 

viral RNA, essential for viral replication in the cytoplasm. The TAP-p15 complex is 

recruited by a cis-acting RNA element embedded in viral pre-mRNAs of simian type D 

retroviruses, called the constitutive transport element (CTE) RNA11,20,21, and mediates the 

export of viral unspliced genomic RNA from the nucleus to the cytoplasm11, thereby 

circumventing their nuclear retention22. A cellular CTE equivalent was also found in the 

alternatively spliced intron of the Tap gene and shown to facilitate the efficient expression 

of TAP mRNA containing this intron, thus pointing to a CTE-dependent mechanism to 

overcome nuclear retention of mRNAs with unspliced introns23.

Given that TAP-p15 recognizes the CTE RNA, we set out to solve the structure of 

components of this complex, as part of our efforts to define the molecular principles 

underlying protein-RNA recognition associated with targeting and sequestration of a novel 

RNA fold for TAP-mediated transport through the nuclear pore. Based on the anticipated 

structure of TAP bound to CTE RNA, we planned to measure the impact of structure-guided 

disruption of intermolecular contacts on binding affinities in vitro and on nucleocytoplasmic 

export activities using intact TAP-p15 complex and full-length CTE RNA at the cellular 

level.
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RESULTS

Previous research has established that the N-terminal domain of TAP (TAP-NTD) composed 

of RRM and LRR domains (Fig. 1a) is sufficient for binding full-length CTE RNA (Fig. 

1b)10,12,16,24. The conserved internal loops of the full-length CTE RNA are related by two-

fold symmetry, and it has been shown that a single internal loop is sufficient for TAP 

binding in vitro and in vivo10,24.

Structure of TAP-NTD bound to hCTE RNA

We therefore generated a soluble construct of TAP-NTD (amino acids 96 to 362, Fig. 1a) 

and attempted crystallization trials with both full-length CTE (Fig. 1b) and a 62-nt CTE 

fragment (Fig. 1c), composed of one symmetrical half (containing a stable GAAA variant of 

the hairpin loop) of the full-length RNA construct, designated half-CTE (hCTE). We were 

able to grow crystals of the complex of TAP-NTD with hCTE that diffracted to 2.30 Å 

resolution, and solved the structure by molecular replacement using the known crystal 

structure of TAP-NTD in the free state16 and the A-form RNA duplex structures as 

independent search models (see Online Methods). Similar to previously reported structures 

of free TAP-NTD16,17, N-terminal amino acids 96–117 were disordered in the crystal 

structure of the complex with hCTE.

Two alternate views of the structure of the 1:1 complex of TAP-NTD and 62-nt CTE RNA 

are shown in Fig. 1d,e (structural statistics are listed in Table 1), with the RNA in a stick 

representation and the protein in a ribbon representation. The same views with the protein in 

an electrostatic surface representation are shown in Supplementary Fig. 1a,b. Both the 

protein and RNA adopt L-shaped conformations and are involved in a mutual molecular 

embrace (Fig. 1d,e).

The structures of TAP-NTD in the free and hCTE RNA-bound states are compared 

following superposition of their LRR domains in Supplementary Fig. 2a. The linker 

spanning the Ser194 to Leu204 segment of TAP-NTD bound to the hCTE is well ordered 

and fixes the relative orientations of the RRM and LRR domains on complex formation 

(Supplementary Fig. 2b).

Structure of the hCTE RNA in complex with TAP

When bound to the TAP protein, the large internal loop of the hCTE RNA zippers up 

through formation of four mutually stacked non-canonical pairs (schematic in Fig. 2a and 

stereo view in Fig. 2b), with the pairing alignments of U11•G50, A12•A48, C16•C49 and 

A17•G47 non-canonical pairs shown in Fig. 2c–f. Three residues A13, G14 and A15 are 

splayed out (in yellow, in Fig. 1d,e and Fig. 2b) of the zippered up duplex, while three other 

residues, A44 (stacked on top of G18•C43), A45 (stacked on top of A17•G47) and U46 are 

also unpaired, and facilitate the formation of the L-shaped scaffold of the bound hCTE 

RNA.

There are two A-A bulges within the hCTE RNA, with A39–A40 in the upper stem and 

A54–A55 in the lower stem (Fig. 2a). While A40 inserts into the duplex to form a 

A40•(G21-U38) triple, A39, A54 and A55 are flipped out of the helix (Fig. 2g,h). For both 
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bulges, base pairs that flank the bulges are collinearly stacked, so that there is no bending or 

kinking of the stems at either A-A bulge site in the complex.

hCTE RNA recognition by the RRM and LRR domains

The residues involved in intermolecular protein-RNA contacts in the complex of TAP-NTD 

bound to hCTE RNA are shown schematically in Fig. 3a, with the basic (Arg and Lys), 

aromatic (Tyr), and acidic (Glu) amino acid side chains interacting with the L-shaped hCTE 

scaffold highlighted in a stereo view of the complex in Supplementary Fig. 3a.

The intermolecular contacts between the hCTE RNA and the RRM domain of TAP are 

shown in Fig. 3b, with an entire RRM perspective shown in Supplementary Fig. 3b. In 

essence, different segments of the hCTE RNA, spanning the upper stem (A20, A31-U34) 

and the loop-lower stem junction (G50–G51), form primarily sugar-phosphate backbone 

contacts with basic and hydroxyl-containing side chains of the RRM domain of TAP-NTD 

in the complex (Fig. 3a,b and Supplementary Fig. 3b). The intermolecular contacts are either 

with the edge of the β-sheet (β2 strand) or with side chains projecting from the face of the β-

sheet (adjacent β1 and β4 strands), and β1-α1 and β2-β3 loops of the RRM in the complex. 

In addition, residue A15 is flipped out from the internal loop and forms a base specific-

peptide backbone contact with the edge (β2 strand) of the β-sheet in the complex (Fig. 3a, 

and Supplementary Fig. 3a,b).

The intermolecular contacts between the hCTE RNA and the LRR domain of TAP are 

shown in Fig. 3c, with an entire LRR perspective shown in Supplementary Fig. 3c. In 

essence, the A13-G14 segment of the internal loop and the A54–A55 bulge of the lower 

stem of hCTE RNA form base edge and sugar-phosphate backbone contacts with loop 

elements projecting from the same face of the LRR domain of TAP in the complex (Fig. 3c 

and Supplementary Fig. 3c).

Key intermolecular contacts in the CTE-TAP complex

Residues A13, G14 and A15 are flipped out of the internal loop and form key intermolecular 

contacts with the RRM and LRR domains of TAP in the structure of the complex (Fig. 3a). 

The adenine ring of A13 interacts with the LRR domain, with the base sandwiched between 

the side chains of Arg276 and Arg233, and its Watson-Crick edge N1 nitrogen forming a 

water-mediated hydrogen bond with the amide of Arg233, buttressed by additional 

intermolecular hydrogen bonds involving its sugar-phosphate backbone (Fig. 3d). The 

guanine ring of G14 is flipped out and positioned on the surface of the LRR domain that is 

shaped by the side chains of Tyr278, Arg279 and Lys304 (Fig. 3e). The Watson-Crick edge 

of G14 forms direct and water-mediated hydrogen bonds to the side chains of Glu308 and 

Lys304, with its alignment further buttressed by additional intermolecular hydrogen bonds 

involving its sugar-phosphate backbone. The adenine ring of A15 is flipped out and interacts 

with the RRM domain, with the base sandwiched between the side chain of Glu151 and the 

sugar ring of G51, and the NH2-6 proton along its Watson-Crick edge hydrogen-bonded to 

the backbone carbonyl of Phe152 (Fig. 3f).

The side chains of Arg128 and Arg158 from the RRM domain of TAP form intermolecular 

contacts with sugar-phosphate backbones of stem segments on either side of the zippered up 
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loop, and contribute to anchoring of the L-shaped RNA scaffold in the complex 

(Supplementary Fig. 3a and Fig. 3b). The guanidinium group of Arg128 participates in 

intermolecular hydrogen bond formation with the backbone phosphates of the G50–G51 

step, while that of Arg158 forms intermolecular hydrogen bonds with the backbone 

phosphates of the C32-C33-U34 step (Fig. 3b).

Impact of TAP-CTE mutants on in vitro binding affinity

We have investigated the impact of mutations of the amino acids that contact flipped out 

A13, G14 and A15 nucleotides of the hCTE, and Arg128 and Arg158 of the RRM domain 

that contact sugar-phosphate backbones of CTE stem segments and contribute to the 

electrostatic interactions in the complex, on the binding affinities for complex formation 

between TAP-NTD and CTE. We measured a binding affinity of app. 0.09 µM for binding 

of wild-type TAP-NTD to hCTE RNA in 200 mM KCl buffer (red curve, Fig. 4a) by 

isothermal titration calorimetry (ITC). Mutations of both Arg233 and Arg276, that sandwich 

A13 (Fig. 3d), to Ala, result in a drop in binding affinity of greater than two orders of 

magnitude (orange curve, Fig. 4a), as does triple mutation of Tyr278, Arg279 and Lys304, 

that form a platform for G14 (Fig. 3e), to Ala (blue curve, Fig. 4a). A drop in binding 

affinity is also observed for reverse-charge mutations of both Arg128 and Arg158 on the 

RRM domain, that interact with the sugar-phosphate backbone of the hCTE (Fig. 3b), to 

Glu, (black curve, Fig. 4a). By contrast, mutation of Glu151, that is stacked on A15 (Fig. 

4f), to Ala (green curve, Fig. 4a), results in a modest 2-fold loss in binding affinity.

The binding affinities of the same TAP-NTD mutants for the hCTE RNA were also 

monitored by nitrocellulose filter-binding assays (see Supplementary Methods) in which the 

RNA was present in trace quantities, thereby providing an advantage over ITC for accurate 

determination of tight interactions. The measured binding affinity of 0.03 µM for complex 

formation with wild-type TAP-NTD drops by greater than two orders of magnitude for the 

dual R233A R276A mutants, the triple Y278A R279A K304A mutants and the dual reverse 

charge R128E R158E mutants (Fig. 4b), similar to what was observed by ITC measurements 

(Fig. 4a). By contrast, a 5-fold drop in binding affinity is observed for the E151A mutant 

(Fig. 4b). The binding affinities of TAP-NTD mutants measured by ITC and filter-binding 

assays are summarized in Fig. 4c.

We have also investigated the impact of mutations of the A13, G14 and A15 nucleotides of 

the hCTE on the binding affinities for complex formation with TAP-NTD by a nitrocellulose 

filter-binding competition assay. Replacement of A13 by C or G resulted in an affinity drop 

in the 50 to 85-fold range (Fig. 4d), replacement of G14 by C or A resulted in an affinity 

drop in the 170 to 210-fold range (Fig. 4e), while replacement of A15 by G resulted in an 

affinity drop in the 340-fold (Fig. 4f). By contrast, a modest 3-fold drop in affinity was 

observed following replacement of A15 by C (Fig. 4f). The binding affinities of hCTE 

mutants measured by competitive filter binding assays are summarized in Fig. 4g.

Impact of TAP-CTE mutants on in vivo export activity

The effect of mutations disrupting the TAP-CTE interaction was tested in vivo using an 

assay that allows quantification of TAP export activity25. In this assay, human cells are 
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transfected with a reporter plasmid harboring a Renilla luciferase (RLuc) coding sequence 

within an inefficiently spliced intron, which is therefore retained within the nucleus (Fig. 

5a). When the CTE is inserted within the intron, export of the unspliced mRNA is stimulated 

compared to the control reporter lacking the CTE resulting in increased luciferase activity 

(Fig. 5b, white versus red bars). Over-expression of TAP-p15 heterodimers bypasses nuclear 

retention and further stimulates the export of the inefficiently spliced mRNA leading to a 

further increase in luciferase activity for both the control reporter and the CTE-containing 

RNA (Fig. 5b).

CTE-mediated mRNA export is reduced by mutations in the TAP protein that disrupt its 

binding to the CTE RNA, as indicated for the reverse-charge dual mutations R128E and 

R158E (Fig. 5b). Substitution of three additional residues (Y278A, R279A and K304A) 

abolishes TAP export activity as efficiently as deletion of the entire LRR domain (ΔLRR). A 

reduction in mRNA export activity of TAP was also observed for the dual R233A and 

R276A mutants. By contrast, the E151A mutant, for which there was a modest decrease in 

binding affinity by in vitro measurements (Fig. 4c), resulted in an increase in transport 

activity (Fig. 5b). The reason for this increase is unknown and remains to be investigated. 

Western blot analysis indicated that the expression levels of TAP mutants were comparable 

to that of the wild-type control (Supplementary Fig. 4). Conversely, CTE mutants within the 

exposed A13-G14-A15 segment that no longer interact with TAP (replacement of AGA by 

either GAG or CCC) failed to stimulate export of the unspliced mRNA (Fig. 5c).

To investigate how TAP mutations can affect bulk mRNA export we analyzed the 

stimulatory effect of TAP-p15 overexpression on the export of the control reporter lacking 

the CTE. As mentioned above, this mRNA is exported inefficiently but its export can be 

stimulated by coexpression of TAP-p15 heterodimers (Fig. 5d). Interestingly, with the 

exception of the mutant lacking the entire LRR or carrying five amino acid substitutions in 

the LRR and RBD domains, all TAP mutants stimulated the export of the reporter mRNA as 

efficiently as the wild-type (Fig. 5d). These results suggests different requirements for TAP-

mediated export of CTE containing RNAs and mRNAs, in agreement with the idea that TAP 

is recruited to mRNAs by adaptor proteins. It is important to note that the stimulation of 

RLuc expression in our assays can be contributed by an increase in export, as well as in 

translation efficiency, as reported previously26.

Two TAP molecules can bind one full-length CTE in vitro

TAP has been shown previously to specifically bind full-length CTE in vitro and in vivo, 

with the symmetry-related CTE internal loops representing two independent binding sites 

per CTE molecule11,24. We have further explored TAP-NTD binding to a full-length CTE 

(Fig. 1b) containing both internal loops (158-nt construct) in vitro. TAP-NTD binds CTE 

with 2:1 stoichiometry (Fig. 6a), while it binds hCTE with 1:1 stoichiometry (Fig. 6b), as 

determined by electrophoretic mobility shift (gel-shift) assays. The two RNA band shifts 

observed upon TAP-NTD titration to the CTE (Fig. 6a) most likely represent complexes 

with one and two molecules of TAP-NTD bound to CTE, respectively. Saturation of binding 

is reached upon two molar equivalents of TAP-NTD added to the CTE, with the equilibrium 

shifted towards the higher molecular weight complex. Consistently, the gel-filtration column 
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elution profile of TAP-NTD mixed with CTE at 2:1 protein to RNA ratio (in green), when 

compared to the elution profiles of the free TAP-NTD (in blue) and CTE (in red), indicate 

formation of a stable complex (Fig. 6c, top panel; and Supplementary Methods). We next 

attempted to estimate an apparent molecular weight of the complex and compare it to that of 

the free components. The observed trend towards higher values estimated for TAP-NTD (37 

kDa) and the CTE (63 kDa) compared to their calculated molecular weights (30.5 kDa for 

TAP-NTD and 51 kDa for CTE) most likely reflects the non-globular shapes of these 

molecules. An estimated apparent molecular weight of the complex (144 kDa) is consistent 

with that estimated (137 KDa) for 2:1 TAP-NTD to CTE stoichiometry (Fig. 6c, bottom 

panel).

The binding affinity and stoichiometry of the CTE and TAP-NTD interaction has been 

further probed based on nitrocellulose filter-binding experiments. The KD of TAP-NTD 

measured for the full-length CTE is 0.09 µM (Fig. 6d), which is 3-fold weaker than the value 

measured by the same assay for hCTE. In this regard, KD variations exhibiting 2 to 3-fold 

differences have been observed when proteins are tested with RNAs of different length27. 

The stoichiometric binding experiment was conducted under conditions where the RNA 

concentration of the unlabeled CTE was 16-fold higher than the measured KD. The data 

were compared to models of saturable protein binding, resulting in a stoichiometric 

equivalence point of 2 (Fig. 6e and Supplementary Methods). These data clearly establish 

that two TAP molecules bind to one full-length CTE.

DISCUSSION

Our structure of TAP-NTD bound to hCTE RNA, combined with in vitro binding and in 

vivo transport assay studies on mutants, provides the first insights into the structural basis of 

protein-RNA recognition that are critical for nucleocytoplasmic transport of retroviral CTE 

RNA by the mRNA export factor TAP.

hCTE RNA adopts a L-shaped fold on complex formation

The pair of symmetry-related internal loops with their highly conserved sequences constitute 

a unique feature of the retroviral CTE RNA (Fig. 1a). There is currently no structure of 

either CTE or hCTE RNAs in the free state, and based on our current knowledge of RNA 

architecture28,29, it is more than likely that the internal loop of hCTE RNA interconverts 

between conformational states in the absence of bound TAP-NTD. By contrast, the internal 

loop of the hCTE RNA adopts a unique L-shaped fold when bound to the TAP-NTD (Fig. 

1d,e). An L-shaped RNA fold has been previously reported for the streptomycin-RNA 

complex, with the antibiotic bound within a pocket at the elbow of the L-shaped RNA 

scaffold30, and also for HCV IRES domain II31.

The L-shaped architecture of the bound hCTE RNA is generated by a combination of 

stacking and looping out interactions on complex formation. The core of the zippered-up 

internal loop involves a continuous stack of four non-canonical pairs (Fig. 2b), including one 

each of wobble G•U (Fig. 2c) and water-mediated C•C (Fig. 2e) pairs, together with 

reversed A•A (Fig. 2d) and sheared G•A (Fig. 2f) pairs (non-canonical pairing alignments 

are reviewed in32). Towards one end of this zippered-up duplex, the bases of the A13-G14-
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A15 segment are flipped out and unstacked relative to each other, but interact individually 

with either the LRR domain (A13 and G14; Fig. 3c–e) or the RRM domain (A15, Fig. 3f), 

and facilitate continuous stacking of U11•G50 of the internal loop with C10-G51 of the 

lower stem. At the other end, bases within the A44-A45-U46 are unpaired and aligned 

orthogonal to each other (i.e. do not participate in intermolecular contacts), and facilitate the 

orthogonal alignment of the sheared G47•A17 and Watson-Crick G18-C43 pairs (Fig. 2b), 

thereby contributing to formation of the L-shaped scaffold.

Bulge bases are a common feature of higher order RNAs and confer structural diversity to 

RNA scaffolds33,34. We observe stable base pair formation of flanking pairs and coaxial 

stacking of stems flanking both A39–A40 (Fig. 2g) and A54–A55 (Fig. 2h) bulge sites.

Novel features of RRM-RNA interactions

The RRM domain of TAP-NTD utilizes a non-canonical RNA binding interface in its 

complex with the hCTE RNA (Supplementary Fig. 3b). In most RRM-RNA complexes, the 

single-stranded RNA traverses and makes base-specific intermolecular contacts with side 

chains projecting from the central β-strands of the β-sheet of the RRM (reviewed in35,36,37), 

as observed in the structure of the ternary complex of spliceosomal U2B” bound to a 

fragment of U2 small nuclear RNA38 (Supplementary Fig. 5a). Rather, the intermolecular 

interactions in the TAP-hCTE RNA complex are between the sugar-phosphate backbone of 

multiple double-stranded segments (G50-G51G, A20 and A31-U34), as well as a single 

flipped out base (A15), and the periphery of the β-sheet (Supplementary Fig. 3b). A15, G50–

G51 segments contact one edge (β2 strand) of the β-sheet (Supplementary Fig. 3b and Fig. 

3b,f) in a manner similar to that observed in the complex of nascent RNA transcripts 

containing UUU-3’ termini bound to the RRM domain of the La protein39 (Supplementary 

Fig. 5b). Intermolecular interactions are also observed between the side chains projecting 

from loop elements of the RRM and the upper hCTE stem segments (A20 and A31-U34) 

(Supplementary Fig. 3b and Fig. 3b).

Novel features of LRR-RNA interactions

The intermolecular contacts involving the LRR domain are restricted solely to the internal 

loop (A13-G14) and the lower bulge (A54–A55) RNA residues that target side chains 

projecting from loop elements on the same face of the domain in the complex (Figs. 3a,c). 

The intermolecular contacts involve both specific bases (A13-G14) and sugar-phosphate 

backbone (A13-G14 and A54–A55), with the emphasis on intermolecular contacts at the 

single-stranded RNA level. There are similarities with the LRR-RNA interface in the 

structure of the complex of Toll-like receptor 3 (TLR3) with dsRNA40 (Supplementary Fig. 

5c), except that in the TLR3 complex, loop elements projecting from the same face of the 

LRR domain form intermolecular contacts with the sugar-phosphate backbone at the double-

strand RNA level.

In vitro and in vivo disruption of TAP-CTE interactions

Our in vitro studies on TAP-NTD bound to hCTE RNA by ITC (Fig. 4a,c) and direct (Fig. 

4b,c) and competitive filter-binding assays (Fig. 4d–g) have focused on mutants of flipped 

out residues A13, G14 and A15 of the RNA, the amino acids that contact these flipped out 
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nucleotides, and Arg128 and Arg158 of the RRM domain, that participate in intermolecular 

protein-RNA contacts in the complex (Fig. 3 and Supplementary Fig. 3). We observe a 

dramatic reduction in binding affinity following disruption of contacts involving A13 and 

G14 independent of whether the mutation is in the RNA or protein residues involved in 

intermolecular recognition (Fig. 4). The intermolecular contacts involving A13 (Fig. 3d) and 

G14 (Fig. 3e) include a combination of base stacking, Watson-Crick edge hydrogen-bonding 

and sugar-phosphate backbone recognition, and appear to be critical for complex formation. 

Similarly, intermolecular contacts involving Arg128 and Arg158 (Fig. 3b) are important for 

molecular recognition, since reverse charge mutations result in a dramatic reduction in 

binding affinity (Fig. 4a–c).

Flipped out residue A15 exhibits a more nuanced response to mutations, with replacement 

by G15 impacting dramatically on binding affinity, while replacement by C15 has a minimal 

effect on binding affinity (Fig. 4f). Both adenine and cytosine have amino groups at similar 

positions and hence the observed intermolecular hydrogen bond involving the amino group 

of A15 and the backbone carbonyl (Fig. 3f) is most likely retained (perhaps through a 

bridging water molecule) on replacement by cytosine.

It is noteworthy that the in vivo export studies on TAP-p15 complex bound to full-length 

CTE RNA establish that the RNA export activity of TAP is either reduced or eliminated by 

the same protein (Fig. 5b) and RNA (Fig. 5c) mutations investigated in the in vitro binding 

studies. Therefore, our studies establish that the intermolecular contacts identified in the 

crystal structure of the minimalist complex of TAP-NTD and hCTE RNA (Fig. 3) are also 

critical for nucleocytoplasmic export activity at the cellular level mediated by full-length 

TAP and CTE. Interactions observed in the crystal structure finally explain the effects of 

alanine mutations of RRM Arg128, Lys129 and Lys132, and LRR Arg233, Arg276, Tyr278 

and Lys304 on CTE-dependent nuclear export and CTE-binding in vivo that have been 

previously identified by analysis of 38 TAP surface mutants17. While five of these side 

chains (Arg128, Arg233, Arg276, Tyr278 and Lys304) directly contact CTE (Fig. 3), the 

remaining two (Lys132 and Lys129) participate in water-mediated hydrogen-bonding and 

electrostatic interactions with lower and upper RNA stems, respectively.

Model of two TAP-NTD’s binding to full-length CTE RNA

The conserved internal loops of full-length CTE RNA are related by two-fold symmetry 

(Fig. 1b). Similarly, the two hCTE RNA molecules in the asymmetric unit of the crystal of 

the complex are related by two-fold non-crystallographic symmetry as they stack with 5' to 

3' directionality of their blunt ends (Fig. 7a). The packing arrangement of the two molecules 

of the complex in the asymmetric unit is shown in Fig. 7b, with the RNA in a ribbon and 

stick representation and the protein in an electrostatic surface representation. In essence, the 

observed packing arrangement provides insights into how individual TAP-NTD domains 

could target each of the two internal loop sites in full-length CTE RNA. There are five 

additional base pairs in the center of the full-length CTE RNA (dashed box region in Fig. 

7c) together with two adjacent CAA and UA bulges compared to the end-to-end stacked 

hCTE RNAs in the structure of the complex (Fig. 7a). In addition, the lower half of CTE 

differs from the upper half by the presence of a 6-nt asymmetric AAGA/CA internal loop 
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(Fig. 7c) compared to a 2-nt AA-bulge (A54–A55) of the hCTE in the structure of the 

complex (Fig. 7a), and hence binding to full-length CTE will most likely require rotation 

and translation of one TAP-NTD molecule of the complex relative to the other. We have 

generated a model of TAP-NTD bound to each internal loop of full-length CTE to form a 

2:1 complex as shown in Fig. 7d (details of modeling of the various bulges based on RNA 

structures available in the data base are outlined in Supplementary Methods), in which the 

bound NTD-CTE molecules are separated by roughly one turn of helix, when compared 

with the packing alignments of the two 1:1 complexes of TAP-NTD bound to hCTE in the 

asymmetric unit in the crystal structure of the complex (Fig. 7b).

It is apparent that one face of hCTE RNA interacts with the TAP-NTD, leaving the other 

face exposed to solvent, in the structure of the complex (Fig. 1d,e and Fig. 7b,d). It is 

conceivable that the C-terminal domain of TAP and/or p15, that forms a complex with TAP, 

could assist in fully encapsulating the CTE RNA, thereby facilitating efficient 

nucleocytoplasmic transport.

Implications for mechanism of TAP-mediated mRNA export

Although it has been shown that TAP readily crosslinks to mRNA in vivo, suggestive of a 

direct stable interaction during export, TAP binds RNA weakly in vitro, with a measured KD 

of app. 70 µM for 15-mer RNA41. Weak non-specific RNA binding to TAP might be one 

factor that restricts cellular mRNAs from export before splicing. TAP is recruited to fully-

spliced mRNAs through multiple adaptors, such as REF and SR proteins whose own 

recruitment is regulated by RNA-processing events reviewed in42,43. Both REF and SR 

proteins bind the N-terminal region of TAP through Gly-Arg rich sequences adjacent to their 

RRMs44, with a contribution of the RRM of REF/SR to stable binding and efficient 

recruitment of mRNA for export41. Since the nonspecific RNA-binding site on TAP has 

been mapped to an Arg-rich motif (61–118 aa), a region that overlaps with minimal REF/SR 

protein-binding region (1–202 aa)44, it is possible that the RRM domain of TAP might be 

involved in interaction with REF and SR proteins. We have shown that the RRM binds CTE 

RNA via a portion of its β-sheet face and edge, together with loop segments, leaving its α-

helical face available for further interactions with protein or RNA. However, it remains to be 

investigated whether TAP RRM could also act as a protein-protein interaction module. 

Similarly, the precise role of the LRR domain of TAP in cellular mRNA export remains to 

be elucidated at this time. We have shown that loop elements projecting from the same face 

of the LRR domain interact with flipped out bases of the conserved internal loop and an AA 

bulge of the CTE RNA. This interaction leaves the opposite concave β-sheet surface of the 

LRR available for interaction in a manner similar to that observed between U2A’ (LRR 

fold) and U2B" (RRM fold) in the structure of the ternary complex of these proteins with 

RNA38. Further structural studies aimed at elucidation of ternary TAP-RNA complexes with 

adaptor proteins should clarify this issue.

Summary

Our combined structural, in vitro binding and in vivo transport studies define the principles 

of molecular recognition by which a cis-acting CTE of retroviruses subvert the messenger 
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RNA export factor TAP, thereby facilitating nucleocytoplasmic export of viral genomic 

RNA.

METHODS

Methods and any associated references are available in the online version of the paper at 

http://www.nature.com/nsmb/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of TAP-NTD bound to the hCTE RNA. (a) Domain architecture of full-length 

TAP and TAP-NTD construct (96 to 362) consisting of the RRM domain (in green) and the 

LRR domain (in blue) used for crystallization of the complex. (b) The full-length CTE RNA 

consisting of two large internal loops whose sequences are related by two-fold symmetry 

(indicated by thick and thin arrows). (c) Sequence of one symmetrical half of CTE (half 

CTE, designated hCTE). The 1 to 62 sequence of hCTE corresponds to the half containing 

the hairpin loop (top half) of the full-length CTE in panel B, with the hairpin loop replaced 
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by a stable GAAA RNA loop (in red) in the construct used for crystallization. The bases 

colored in red are different from the wild-type CTE sequence and were incorporated to 

facilitate efficient in vitro transcription (5'-GG), hammerhead ribozyme cleavage site 

(UC-3') and improve crystal quality (GAAA loop with GC closing pair). The residues are 

numbered from 1 to 62. (d, e) Two alternate views of the crystal structure of the 1:1 

complex of TAP-NTD bound to hCTE. The RRM domain is in green, the LRR domain is in 

blue, and the RNA is in wheat. Flipped out RNA residues A13, G14 and A15 are in yellow. 

The N and C termini of TAP-NTD and the 5' and 3' ends of the RNA are labeled.
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Figure 2. 
Fold of the internal loop and bulged bases in the hCTE-TAP complex. (a) The sequence and 

numbering of the internal loop and bulged bases of hCTE, with dashed red lines indicating 

formation of four non-canonical pairs on complex formation. (b) A stereo pair of the 

structure of the zippered up internal loop of hCTE in the complex. The RNA is in wheat and 

flipped out A13, G14 and A15 are in yellow. The core of the fold contains four stacked 

pairs, with junctional U11•G50 and G18-C43 pairs aligned at right angles to each other. (c–

f) Pairing alignments of non-canonical pairs within the zippered up internal loop of the 

complex. The non-canonical pairing alignments are U11•G50 (panel c), A12•A48 (panel d), 

C16•C49 (panel e) and A17•G47 (panel f). (g, h) Conformation of the A-A bulges in the 
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upper (A39–A40) and lower (A54–A55) stems of the hCTE RNA in the complex. The A39–

A40 bulge in the upper stem of the complex is shown in panel g, with A39 flipped out, while 

A40 is stacked within the duplex and forms an A40•(G21•U38) triple. The A54–A55 bulge 

in the lower stem of the complex is shown in panel h, with both A54 and A55 flipped out, 

but mutually stacked on each other.
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Figure 3. 
Key interactions between hCTE RNA and the TAP-NTD in the complex. (a) Schematic 

highlighting intermolecular hydrogen bond and hydrophobic protein-RNA contacts in the 

complex. hCTE RNA residues involved in base-specific and sugar-phosphate specific 

recognition are represented as shaded and red lined boxes, respectively. Amino acid residues 

of RRM (in green) and LRR (in blue) involved in hydrogen-bonding and hydrophobic/

stacking interactions are shown by solid and dashed arrows, respectively. (b) Intermolecular 

contacts between residues of hCTE RNA (A20, A31-U34 and G50–G51) and the RRM 

domain of TAP-NTD in the complex. (c) Intermolecular contacts between residues of hCTE 

RNA (A13-G14 and A54–A55) and the LRR domain of TAP-NTD in the complex. (d–f) 
Intermolecular hydrogen bonds involving flipped out A13, which is inserted between 

Arg276 and Arg233 (panel d), flipped out G14, which is positioned on the surface patch 

involving Tyr278, Arg279 and Lys304 (panel e), and flipped out A15, which is inserted 

between Glu151 and the sugar of G51 (panel f).
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Figure 4. 
In vitro ITC and direct and competitive filter binding data on TAP-NTD and hCTE RNA 

mutants. (a, b) Isothermal titration calorimetry (panel a) and nitrocellulose filter (panel b) 

binding curves for complex formation between TAP-NTD and its mutants with hCTE RNA. 

Wild-type protein in red circles, dual R233A R276A mutants in orange diamonds, triple 

Y278A R279A K304A mutants in blue pentagons, single E151A mutant in green squares 

and dual R128E R158E mutants in black triangles. (c) Summary of the binding constants 

measured from ITC and filter binding assays. (d–f) Competitive nitrocellulose filter binding 

assay curves for complex formation between TAP-NTD and hCTE RNA mutants. Wild-type 

A13 (in red circles) mutated to G13 (in blue triangles) and C13 (in green squares) (panel d), 

wild-type G14 (in red circles) mutated to A14 (in blue triangles) and C14 (in green squares) 

(panel e), and wild-type A15 (in red circles) mutated to G15 (in blue triangles) and C15 (in 

green squares) (panel f). (g) A summary of the binding constants from competitive filter 

binding assays.
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Figure 5. 
In vivo RNA export assay. (a) Schematic representation of the pCMV128-RLuc-CTE 

reporter and the corresponding control without CTE. SD and SA, splicing donor and 

acceptor sites. (b) Human cells were transfected with a mixture of three plasmids: one 

expressing pCMV128-RLuc-CTE reporter or a control reporter lacking the CTE, another 

expressing Firefly luciferase, and a third expressing TAP (wild type or mutants). A plasmid 

expressing p15 was included in the transfection mixtures as indicated. Renilla luciferase 

activity was normalized to that of the Firefly luciferase transfection control and set to 1 in 
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the absence of exogenous TAP. Mean values ± standard deviations are shown. (c) Human 

cells were transfected with the pCMV128-RLuc-CTE reporter carrying CTE wild-type or 

mutants. Plasmids expressing TAP and p15 were co-transfected as indicated. A plasmid 

expressing Firefly luciferase served as a transfection control. Luciferase activity was 

analyzed as described in panel a. (d) Human cells were transfected with a mixture of three 

plasmids: one expressing pCMV128-RLuc reporter lacking the CTE, another expressing 

Firefly luciferase, and a third expressing TAP (wild type or mutants). A plasmid expressing 

p15 was included in the transfection mixtures. Renilla and Firefly luciferase activities were 

measured and analyzed as described in panel b.
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Figure 6. 
Stoichiometry of TAP-NTD binding to CTE RNA. (a) Electrophoretic mobility gel shift 

data for binding of TAP-NTD to full-length CTE establishing 2:1 stoichiometry of the 

complex. The positions of the free CTE and of the TAP-NTD-CTE complexes are indicated 

on the right. TAP-NTD to CTE molar ratios are listed above the lanes. CTE is fully bound at 

2:1 TAP-NTD to CTE molar ratio. (b) Electrophoretic mobility gel shift data for binding of 

TAP-NTD to hCTE establishing 1:1 stoichiometry of the complex. (c) Gel filtration profiles 

(upper panel) monitoring the interaction between TAP-NTD (blue) and full-length CTE 
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(red), and a calibration curve for an analytical gel filtration column shown with molecular 

mass standards (lower panel). The mixture of TAP-NTD and CTE at 2:1 protein to RNA 

ratio (green) migrates as a single peak corresponding to a higher molecular weight fraction. 

The elution volumes of TAP-NTD (blue triangle), CTE (red triangle) and TAP-NTD + CTE 

complex (green diamond) are denoted on the calibration curve. (d) Nitrocellulose filter 

binding curve for complex between TAP-NTD and full-length CTE. The apparent 

equilibrium binding constants (KD) measured by non-linear least-squares fit according to 

equation 1 in the Online Methods section is listed together with ± fitting error. (e) 

Stoichiometry of TAP-NTD binding to CTE measured by filter binding assay. The total 

RNA concentration used in the equilibrations is listed and is 16-fold greater then the KD of 

TAP-NTD for CTE determined by direct titration (panel d). The data are compared to 

theoretical saturation curves for 1:1, 2:1, and 4:1 protein:RNA stoichiometry. The 2:1 curve 

most closely approximates the data, establishing that two copies of TAP-NTD interact with 

a single CTE molecule. The plots in panels d and e represent mean ± standard deviation for 

two independent measurements.

Teplova et al. Page 23

Nat Struct Mol Biol. Author manuscript; available in PMC 2012 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Packing of two molecules of complex (TAP-NTD bound to hCTE) in the crystallographic 

asymmetric unit and a model of the 2:1 complex of TAP-NTD bound to full-length CTE. (a) 

The alignment of two hCTEs in the crystallographic asymmetric unit of the complex. The 

bases colored in red reflect differences from the wild-type CTE sequence. (b) The 

orientation of two molecules of complex (TAP-NTD bound to hCTE RNA) in the 

crystallographic asymmetric unit. (c) The full-length CTE RNA consisting of two large 

internal loops whose sequences are related by two-fold symmetry (indicated by thick and 
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thin arrows). (d) Model of the complex of full-length CTE with two TAP-NTD molecules 

bound to two CTE internal loops generated based on the structure of the two molecules of 

complex (TAP-NTD bound to hCTE) in the crystallographic asymmetric unit. The missing 

parts of the full-length CTE were modeled using idealized A-form RNA duplexes and RNA 

structural elements from previously determined structures (see Supplementary Methods for 

details) followed by rounds of idealization of geometric parameters with REFMAC and 

Coot programs.
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Table 1

X-ray data collection and refinement statistics

Data collection TAP-NTD/hCTE complex TAP-NTD

Space group P21 P412121

Cell dimensions

    a, b, c (Å) 55.4, 117.0, 84.8 139.4, 139.4, 207.1

    α, β, γ (°) 90.0, 106.4, 90.0 90.0, 90.0, 90.0

Resolution (Å) 50-2.3 50-3.0

Rmerge 7.4 (23.1)a 8.8 (51)

I / σI 18.1 (3.1) 17.9 (1.6)

Completeness (%) 96.6 (92.3) 99.5 (97.1)

Redundancy 4.8 6.9

Refinement

Resolution (Å) 20-2.3 49-3.0

No. reflections 42,253 (2,256) 40,963 (2,055)

Rwork / Rfree 20.3 / 25.6 26.0 / 31.0

No. atoms

    Protein 3971 6489

    RNA 2680

    Water 135 8

B-factors

    Protein 48.4 76.7

    RNA 49.4

    Water 38.2 43.5

R.m.s. deviations

    Bond lengths (Å) 0.007 0.010

    Bond angles (°) 1.3 1.3

a
Values in parentheses are for highest-resolution shell.
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