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Abstract 

Poly(A)-binding proteins (PABPs) play crucial roles in mRNA biogenesis, stability, transport and 

translational control in most eukaryotic cells. Although animal PABPs are well-studied proteins, the 

biological role, three-dimensional structure and RNA-binding mode of plant PABPs remain largely 

uncharacterized. Here, we report the structural features and RNA-binding mode of a Citrus sinensis PABP 

(CsPABPN1). CsPABPN1 has a domain architecture of nuclear PABPs (PABPN) with a single RNA 

recognition motif (RRM) flanked by an acidic N-terminal and GRPF-rich C-terminal. The RRM domain 

of CsPABPN1 displays virtually the same three-dimensional structure and poly(A)-binding mode of 

animal PABPNs. However, while the CsPABPN1 RRM domain specifically binds poly(A), the full-length 

protein also binds poly(U). CsPABPN1 localizes to the nucleus of plant cells and undergoes a dimer-

monomer transition upon poly(A) interaction. We show that poly(A) binding by CsPABPN1 begins with 

the recognition of the RNA-binding sites RNP1 and RNP2, followed by interactions with residues of the 

2 strands, which stabilize the dimer, thus leading to dimer dissociation. Like human PABPN1, 

CsPABPN1 also seems to form filaments in the presence of poly(A). Based on these data, we propose a 

structural model in which contiguous CsPABPN1 RRM monomers wrap around the RNA molecule 

creating a super-helical structure that could not only shield the poly(A) tail, but also serve as a scaffold for 

the assembly of additional mRNA processing factors. 

 

Keywords: CsPABPN1, poly(A)-binding protein, RRM domain, Citrus sinensis, dimer-monomer 

transition, 
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Introduction 

Most eukaryotic mRNAs are post-transcriptionally modified by processes like capping, splicing, 3’-end 

cleavage, polyadenylation and deadenylation [1,2]. The process of polyadenylation involves the addition 

of a poly(A) tail to the 3’-end of mRNAs generating a scaffold for the binding of poly(A)-binding proteins 

(PABPs), the main regulatory proteins that interact with the poly(A) tail [1,2].  

PABPs play multiple roles in post-transcriptional gene regulation, controlling not only the 3’-end 

processing, but also the stability, nuclear export, translational activity and decay of mRNAs [1-4]. Two 

evolutionary conserved PABPs exist in most eukaryotic cells: the cytoplasmic PABPCs and nuclear 

PABPNs [1,2].  

PABPC1 is the most studied variant among the PABPC family members; it contains four copies of 

non-identical RNA recognition motifs (RRMs) in its the N-terminal and a Pro-rich domain required for 

oligomerization and interaction with other proteins in its the C-terminal [5-7]. In contrast, eukaryotic cells 

seem to have only one nuclear PABP (PABPN1), characterized by a coiled-coil N-terminal, a single 

internal RRM domain and a C-terminal region with a nuclear localization signal (NLS). The PABPN1 

NLS is dependent on a Pro-Tyr dipeptide (PY-NLS) and a Gly-Arg-rich (GR) region that is also important 

for PABPN1 self-interaction [1,4,8-11].  

Despite sharing structurally similar RRM domains, PABPC1 and PABPN1 have different domain 

architectures and play distinct roles in the life cycle or fate of mRNAs [1-4,12-15]. For instance, while 

PABPC1 has been implicated in the control of mRNA translation and miRNA-dependent deadenylation 

and gene silencing, PABPN1 regulates the interaction between Poly(A) polymerase and the cleavage and 

polyadenylation specific factor during poly(A) synthesis, controlling the length of the poly(A) tail and the 

processes of alternative cleavage [2,15-22]. More recently though, human PABPN1 and related yeast 

PAB2 have also been implicated in mRNA decay [23,24]. 

In contrast to animal cells, the biological roles played by plant PABPs are less clear. Flowering plants 

have multiple PABPs with four RRM domains, which are related to the mammalian PABPCs [25,26]. 

Some of them have been reported to interact with translation initiation factors, complement yeast 
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translational and mRNA decay processes, and to mediate translation of plant virus RNA [27-31]. 

However, plant PABPNs have not yet been functionally or structurally characterized.  

In a previous protein-protein interaction study, we have identified two sweet orange (Citrus sinensis) 

PABPs, designated CsPABP1 and CsPABP2, as interacting partners of PthA4, the main transcriptional 

activator-like (TAL) effector of the citrus canker pathogen Xanthomonas citri [32]. CsPABP1 and 

CsPABP2, which are presumed to be the orthologs of mammalian PABPN1 and PABPC1, respectively, 

based on sequence similarities, also interacted with other PthA4-binding proteins implicated in chromatin 

remodeling, transcription regulation, mRNA processing and translational control [32]. In particular, both 

interacted with the citrus high mobility group protein CsHMG that selectively binds poly(U) RNA [32].  

Here, to gain new insight into the three-dimensional structure and RNA-binding properties of 

CsPABP1, we solved the solution structure of a CsPABP1 deletion derivative carrying the entire RRM 

domain. We present evidence indicating that CsPABP1 is a dimer in solution and undergoes a dimer-to-

monomer transition upon poly(A) binding. The identification of the key residues implicated in poly(A) 

interaction and dimer stabilization led us to propose a mechanism of dimer dissociation upon RNA 

binding. Our results also show that CsPABP1 localizes to the nucleus of plant cells. Collectively, our data 

reveal that CsPABP1, to our knowledge the first plant nuclear PABP to be characterized, indeed 

represents an authentic ortholog of the animal PABPNs and was thus renamed to CsPABPN1. Moreover, 

based on the three-dimensional structure of the CsPABPN1 RRM domain and electron microscopy images 

of the protein in the presence of poly(A), we propose a structural model where single RRM domains of 

CsPABPN1 arranged in tandem assemble into a super-helical structure that covers the poly(A) tail. 

 

Results 

CsPABPN1 is homologous to type II PABPs and localizes to the nucleus of plant cells 

CsPABPN1 is a 234 amino acid protein bearing an acidic DE-rich N-terminal, a single central RRM 

domain and a basic GRPF-rich C-terminal region (Fig. 1a). This domain architecture is typical of type II 

or nuclear PABPs. CsPABPN1 is closely related to several uncharacterized plant PABPs belonging to 
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dicot species, and yet shares 54% and 43% identity with the Xenopus embryonic XlePABP2 and human 

PABPN1, respectively (Fig. 1a).  

An interesting feature of CsPABPN1 is that it carries a DEH-rich insertion motif in its the N-terminal 

region (27-DEHEHEHDQDHEHEHDADNENEED-50) that seems unique to citrus species, since this 

motif was not found in any of the PAPB sequences so far available in the Genbank (Fig. 1a). In the 

Ricinus communis, Lotus japonicus and Arabidopsis thaliana PABP orthologs, however, the DEH-rich 

motif is partially replaced by the SSRPEEEEEEVEEEYDE, DADADAEQQDHDFASNH and 

TEEYEEHGGEEGAAAGDEELE regions, respectively (Fig. 1a). In addition, in the Citrus sinensis 

genome [33], we found two genes encoding proteins related to the CsPABPN1 isolated from cultivar 

“Pera”. The orange1.1g027515m gene encodes a protein that is nearly identical to CsPABPN1; 

nevertheless, it has a shorter C-terminal and a “DH” polymorphism within the DEH-rich motif. On the 

other hand, the second PAPB, encoded by the orange1.1g041633m gene, lacks the DEH-rich motif and 

shows a longer C-terminal (Fig. 1a).  

Because CsPABPN1 has a domain architecture that is common to nuclear PABPs, and it carries a 

putative PY-NLS in its the C-terminal end that is closely related to those of mammalian and yeast 

PABPNs [10,11] (Fig. 1a), we tested its subcellular localization in plant cells. We found that the full-

length CsPABPN1 localizes to the nucleus of Nicotiana benthamiana cells, thus confirming that it belongs 

to the PABPN subfamily (Fig. 1b). In addition, CsPABPN1 without the PY-NLS motif  was detected only 

in a dotted-like pattern in the cytosol of N. benthamiana cells (Fig. 1b), indicating that this motif, like in 

yeast [11], is required for the nuclear import of CsPABPN1.  

 

The RRM domain of CsPABPN1 specifically binds poly(A), whereas full-length CsPABPN1 also 

binds poly(U) 

RRM domains of PABPs are known to specifically bind poly(A) RNA [12,13,34]. To tested whether the 

CsPABPN1 RRM domain would show similar properties, a truncated version of CsPABPN1 

(CsPABPN1), carrying the entire RRM domain (Fig. 1a), was used in RNA-binding assays with labeled 
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single-strand RNA probes. This truncation was designed base on secondary structure predictions, which 

indicated that the first 56 and last 46 residues flanking the CsPABPN1 RRM domain are unstructured. As 

expected, CsPABPN1 specifically bound the poly(A15) probe in gel shift assays (Fig. 2a). Importantly, 

CsPABPN1 formed three major CsPABPN1:poly(A15) complexes of increased molecular weight, 

which were more evident as the amount of CsPABPN1 in the binding mix increased (Fig. 2a). Given that 

single RRM domains bind up to five consecutive adenines [12,13,34], the three CsPABPN1:poly(A15) 

complexes observed in Fig. 2a suggest a 1:1, 2:1 and 3:1 CsPABPN1:poly(A15) stoichiometry.  

In contrast, we found that, in addition to poly(A15), full-length CsPABPN1 also bound poly(U15) (Fig. 

2b). Moreover, only a single major CsPABPN1:RNA complex of higher molecular weight was observed 

with the poly(A15) and poly(U15) probes, suggesting that the N- and/or C-terminal of CsPABPN1 affect 

the binding specificity of the protein to RNA molecules (Fig. 2b). 

 

The RRM domain of CsPABPN1 adopts a canonical RRM fold 

To investigate the structural features of CsPABPN1 and provide insights into how this protein binds 

poly(A), we solved the solution structure of CsPABPN1, since the full-length protein is fairly insoluble 

and could not be purified or concentrated in the amounts required for structural resolution. Circular 

dichroism (CD) measurements revealed that CsPABPN1 is structured in solution showing two major 

negative peaks at 208 and 222 nm, suggesting the presence of α-helices (Supplementary Fig. S1a). These 

data, and the fact that CsPABPN1 bound poly(A15) (Fig. 2a), indicated that purified CsPABPN1 was 

suitable for structure resolution. Accordingly, 
15

N-labeled CsPABPN1 showed excellent HSQC peak 

dispersion (Supplementary Fig. S1b).  

A total of 2416 distance restraints, including 1023 medium and long NOEs, were used for structure 

calculations (Table 1). The twenty structures with the lowest energy were selected to represent the 

ensemble of protein structures (Fig. 3a), and the statistics show no significant violations of the molecular 

geometry parameters (Table 1). In addition, the Ramachandran plot analysis shows that 99.5% of phi-psi 
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angles are in the most favorable and additional allowed regions, with no angles in the disallowed region, 

whereas the root mean square deviations (RMSD) for the backbone and side chains are within expected 

values, indicating a good stereochemical quality of the ensemble (Table 1).  

The first twenty N-terminal residues of CsPABPN1 were disordered, as revealed by their 

heteronuclear NOE values, chemical shifts and 
15

N relaxation measurements, and thus were omitted from 

the structures represented in Fig. 3. In the structured N-terminal region, two extended α-helices precede 

the RRM domain of CsPABPN1 (Fig. 1a and 3b). These helices are not present or fully represented in the 

3D structures of the RRM domains of human PABPN1 and Xenopus XlePABP2 [13,14], the only 3D 

structures of single-RRM domain PABPs reported to date (Fig. 3b).  

On the other hand, as typically observed for RRM domains of PABPs [12-14], the CsPABPN1 RRM 

domain is composed of four-stranded antiparallel -sheet spatially arranged and backed by two -helices 

(Fig. 3c). The two conserved RNA-binding sites, known as RNP1 (K148 to F155) and RNP2 (I110 to 

V115) [12-14,34], correspond to the central 3 and 1 strands, respectively (Fig. 1a and 3c). A 

comparison of type I and type II PABP structures revealed that the RRM domain of CsPABPN1 shows the 

same topology of the RRM domains of PABPCs and PABPNs (Fig. 3d). However, as previously noticed 

for the human and Xenopus PABPNs [14], the so-called loop3 or variable loop [35], which joins strand 2 

with 3, adopts a different orientation compared to those of PABPC RRMs (Fig. 3d).  

 

The molecular basis of poly(A) binding in CsPABPN1 

To investigate the residues implicated in CsPABPN1 binding to poly(A), we performed NMR titrations 

of 
15

N-CsPABPN1 in the presence of poly(A15). We found specific chemical shift changes in the 
1
H-

15
N-

HSQC signals between poly(A)-bound and free protein (Fig. 4a). At a 1:30 poly(A):CsPABPN1 ratio, 

we observed significant changes in the chemical shifts of V112, N114, L140, G149, R183 and T184, 

followed by changes in I110, Y111, G113, C119, K148, Y152, V179, N185 and I186 at a 1:20 ratio (Fig. 

4a and b). Not surprisingly, I110, Y111, V112, G113 and N114 comprise the RNP2 site, whereas K148, 
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G149 and Y152 belong to the RNP1 site (Fig. 1a). Increased amounts of poly(A) (1:10 ratio) led to 

additional changes in the chemical shifts of E103, V115, D116, Y117, T120, T133, R136, V137, T138, 

I139, T141, F150, E154, A160, L165, H173, K178, A181, and K182, thus confirming that poly(A) 

binding in CsPABPN1 is restricted to the concave side of the -sheet (Fig. 4b), which has a large 

positively charged surface (Fig. 4c).  

To provide further insights into how CsPABPN1 binds poly(A), we generated a structural model of 

CsPABPN1 in complex with poly(A9), based on the 3D structures of the human PABPC RRM domains 

bound to poly(A) [12,34] and our NMR titration studies (Fig. 4d). According to this model, adenine 

recognition by CsPABPN1 is greatly mediated by Van der Waals contacts, hydrogen bonds and stacking 

interactions with the conserved residues of the RNP1 (F150, Y152, E154) and RNP2 (Y111, N114) sites, 

but also with K182 and residues of strand 2 (R136, T138) and helix α2 (Q99, K102) (Fig. 4d). 

Interestingly, Y111, N114, R136, F150, Y152 and E154 are among the residues that first underwent 

chemical shifts changes upon poly(A) interaction in our NMR titration experiments (Fig. 4a and b).   

To verify these results, some of the residues implicated in adenine binding, including Y111, N114, 

R136 and F150, were replaced by alanines. As anticipated, we found that all the mutant proteins lost their 

ability to bind poly(A15) in gel shift assays (Fig. 4e), thus corroborating our NMR studies and the 

structural model of the CsPABPN1-poly(A9) complex.  

Altogether, the results show that the poly(A) binding mode of the citrus CsPABPN1 is highly 

conserved with respect to that of Xenopus XlePABP2 and human PABPC RRM domains [12,13,34]. 

 

CsPABPN1 forms dimers in solution and yeast cells 

CsPABPN1 was found as a monomer in the NMR experiments, as estimated revealed by its the 

correlation timetau-c value of 8.2 ± 0.5 ~7.8 ± 0.8 ns (Supplementary Fig. S2). However, when the protein 

was analyzed by size-exclusion chromatography, it eluted as a single peak with an estimated molecular 

weight of approximately three times of its predicted size (Fig. 5a). Since XlePABP2 is a dimer in solution 
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[13] and CsPABPN1 has an extended and partially structured N-terminal region (Fig. 3a), we presumed 

that the CsPABPN1 elongated and partially unfolded N-terminal would likely affect its behavior in gel-

filtration chromatography. To investigate this assumption, we analyzed the hydrodynamic behavior of 

CsPABPN1 by SAXS. Surprisingly, we found that under lower ionic strength conditions, as those of the 

NMR experiments, CsPABPN1 is a monomer in solution (Fig. 5b). In contrast, under higher salt 

conditions, the protein seems to dimerize (Fig. 5b). The change in size and shape of CsPABPN1 between 

the lower and higher ionic strength conditions can be observed by the corresponding scattering and pair 

distance distribution function p(r) curves (Fig. 5b). In addition, we found that while the CsPABPN1 

NMR structure fitted remarkably well into the SAXS envelope model obtained under low-salt conditions, 

the SAXS envelope obtained under high-salt conditions showed a more elongated or extended shape 

consistent with a dimer (Fig. 5c).  

To further investigate the dimeric nature of CsPABPN1, yeast two-hybrid assays were performed with 

CsPABPN1 and the full-length protein. We found that although the RRM domain of CsPABPN1 was 

not sufficient for a self-interaction, the full-length protein strongly self-interacted in yeast cells (Fig. 5d). 

This suggests that the negatively charged N-terminal or the C-terminal region, which carries the NLS and 

is required for bovine PABPN1 self-association [8], is important for CsPABPN1 self-interaction. The fact 

that full-length CsPABPN1 self-interacted in yeast is also in accord with the observation that it formed a 

single and higher molecular weight complex with the poly(A15) compared with  CsPABPN1 (Fig. 2). 

Taken together, the results show that CsPABPN1 can be found as monomer or dimer depending on the 

environmental conditions, thus suggesting a putative regulatory mechanism for poly(A) recognition and 

binding. 

 

CsPABPN1 shows a dimer-monomer transition upon RNA binding 

Given the overall structural similarities shared between CsPABPN1 and XlePABP2, we tested whether 

CsPABPN1 would also display a dimer-monomer transition upon RNA interaction [13]. Chemical cross-



 10 

linking was used to investigate the oligomeric state of CsPABPN1 in the presence and absence of 

poly(A15). A cross-linking of the CsPABPN1 protein produced an approximately 32 kDa band observed 

in the SDS-PAGE gels, which is consistent with a CsPABPN1 dimer (Fig. 6a). However, in the presence 

of increased amounts of poly(A15), a ~16 kDa band accumulated predominantly in the SDS-PAGE gels 

(Fig. 6a), showing that CsPABPN1 undergoes a dimer-monomer transition upon poly(A) binding. The 

full-length CsPABPN1 also undergoes a dimer-monomer transition upon poly(A) but not poly(U) 

interaction (Supplementary Fig. S3). 

To understand how this transition might occur, we generated in silico models for dimeric CsPABPN1 

free or bound to poly(A9), based on the 3D structures of XlePABP2 (PDB code 2JWN) and human 

PABPC (PDB code 1CVJ), respectively [12,13]. The structural model of the dimer in the absence of RNA 

shows that, similar to XlePABP2, the CsPABPN1 dimer is stabilized by the antiparallel pairing of the 2 

and 2’ strands and by two salt bridges formed between R136 and D142, located in the ends of the 

opposing 2 strands (Fig. 6b). Consistent with the cross-linking assay showing that dimeric CsPABPN1 

does not fully hinder poly(A) binding (Fig. 6a), the structural model of the CsPABPN1 dimer in complex 

with poly(A) suggests that the positively charged cleft created by the joined concave faces of the RRM 

domains would allow the binding of the poly(A) molecule (Fig. 6c). However, the dimer model also 

predicts steric clashes of two adjacent adenine bases with L140 and D142 of the 2’ strand (Fig. 6d). 

Because the dimer is stabilized by the pairing of the 2 strands, and L140 is one of the first residues to 

show chemical shift changes upon poly(A) interaction (Fig. 4a), our results strongly indicate that poly(A) 

recognition by CsPABPN1 begins with the RNP sites, followed by interactions with the 2’ residues 

(Fig. 4b and d), leading to dimer dissociation.  

 

A proposed super-helical structure for CsPABPN1 bound to a poly(A) tail 

As shown for XlePABP2 [13] and CsPABPN1 (Fig. 5d and 6b), dimerization of this group of PABPs is 

in part mediated by the antiparallel pairing of the 2 and 2’ strands. However, in this dimeric 
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arrangement, the two RRM domains adopt an inverted orientation relative to the RRM domains of 

PABPCs, which are contiguously connected by a nine-residue linker [12]. In addition, in the crystal 

structure of the human PABPC (RRM1/2) bound to poly(A), the -sheet surfaces of the RRM1 and 2 

domains form a platform that binds poly(A) in an extended conformation of about four nucleotides per 

RRM domain [12]. Thus, considering that CsPABPN1 binds poly(A) preferentially as a monomer, and 

that the antiparallel dimer of CsPABPN1 is predicted to have steric clashes with adenine bases (Fig. 6d), 

it is expected that the RRM domains of multiple CsPABPN1 molecules would adopt a distinct 

arrangement when assembling into the poly(A) tail. Based on this assumption, and on the binding mode 

displayed by contiguous RRM domains of PABPCs, we generated a supra-macromolecular structural 

model for contiguous CsPABPN1 molecules bound to an extended poly(A50) strand (Fig. 7a and 

Supplementary Data S1). According to this model, adjacent CsPABPN1 molecules adopt almost the 

same poly(A)-binding topology as the contiguous PABPC RRM1/2 domains [12], but with a small twist 

(Fig. 7b) that seems to favor the wrapping of CsPABPN1 molecules around the RNA. In fact, the model 

shows remarkably well that the tandem arranged CsPABPN1 monomers wrap around the RNA strand 

creating a superhelical shield (Fig. 7a and Supplementary Data S1). In addition, the model shows that 

seven CsPABPN1 molecules are sufficient to make one full turn around the poly(A) tail. This 

CsPABPN1 multimeric assembly is not only stabilized by interactions with the adenine bases but also by 

hydrogen bonds and van der Waals contacts between the CsPABPN1 monomers (Supplementary Data 

S1). Notably, the interaction interface between monomers A and B are similar to that of monomers B and 

C (Fig. 7c), indicating a symmetric arrangement of the CsPABPN1 monomers along the poly(A) tail. 

The model also suggests that this macromolecular assembly results from the polymerization of 

CsPABPN1 units upon poly(A) interaction and dimer disruption, allowing the formation of long filaments 

over the length of the poly(A) tail (Fig. 7a).  

Because calf thymus PABP2 forms both linear filaments and oligomeric particles in the presence of 

poly(A) [36], we decide to investigate if CsPABPN1 could also form filaments or particles with  
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poly(A). Similar to calf thymus PABP2, CsPABPN1 formed both filaments and particles associated with 

filaments in the presence of poly(A50) (Fig. 7d). These structures were not observed with either the protein 

or poly(A50) alone, indicating that they are products of the CsPABPN1-poly(A50) interaction. The 

average diameter of the observed filaments and particles are approximately 4 and 11 nm, respectively. The 

overall shape and dimensions of these structures are thus reminiscent of the 7 nm filaments and 21 nm 

particles of full-length PABP2, which is twice as big as CsPABPN1 [36]. Furthermore, the diameter of 

the observed CsPABPN1-poly(A50) filaments is consistent with that of the structural model (Fig. 7a).  

 

Discussion 

While PABPCs have been extensively studied and shown to play roles in translation initiation and mRNA 

decay in several plant species, and to mediate virus RNA translation in host-virus interactions [27-31], 

plant PABPNs have not yet been functionally or structurally characterized.  

Here, we describe the first three-dimensional structure of the RNA-binding domain of a plant PABPN 

family member. The solution structure of the citrus CsPABPN1 RRM domain shows that the protein 

adopts a canonical RRM fold, with a poly(A)-binding mode that is also conserved among animal 

PABPNs. Our NMR titration studies revealed that poly(A) recognition by CsPABPN1 starts with 

residues of the RNP2 (β1 strand) and RNP1 (β3 strand) sites, followed by interactions with residues of the 

β2 strand, implicated in protein dimerization. Indeed, we show that CsPABPN1 can be found as 

monomer or dimer in solution, and that similar to the Xenopus XlePABP2 [13], undergoes a dimer-

monomer transition upon poly(A) interaction. Our structural model of dimeric CsPABPN1 strongly 

suggests that dimerization of CsPABPN1 is, to some extent, mediated by the antiparallel pairing of the 

2 strands, as demonstrated for the XlePABP2 protein [13]. However, yeast two-hybrid assays also 

indicate an important role of the N- and/or C-terminal domains in CsPABPN1 self-interaction, since the 

RRM domain alone was not sufficient for an interaction in yeast cells (Fig. 5d). This result is consistent 

with the observation that dimerization and nuclear localization of mammalian PABPN1 depend on the 



 13 

arginine-rich C-terminal region and its methylated status, and that the nuclear import of yeast PAB2 

requires a PY-NLS motif located in its the C-terminal end [8,10,11,37]. Given that the CsPABPN1 C-

terminal region is also rich in arginines and carries a putative PY-NLS motif (Fig. 1a), it is likely that this 

region is important not only for CsPABPN1 dimerization but also for its nuclear import. In fact, deletion 

of the CsPABPN1 PY-NLS motif caused the protein to accumulate in the cytosol of N. benthamiana cells 

(Fig. 1b), suggesting that the mechanism for the nuclear targeting of CsPABPN1 is similar to that of yeast 

PAB2 [11].   

The fact that CsPABPN1 undergoes a dimer-to-monomer transition upon poly(A) interaction prompted 

us to investigate the molecular basis of such transition. Based on our NMR titration and cross-linking 

experiments combined with the molecular modeling studies of monomeric and dimeric CsPABPN1, free 

and bound to poly(A), we propose a mechanistic model for the dimer-monomer transition. The well-

formed concave and positively charged cavity of the joined RRM domains in the dimeric arrangement 

(Fig. 6) serves as a platform for the poly(A) binding. However, as the RNA docks into the dimer cleft, it 

experiences some clashes with L140 and D142, which belong to the β2 strands and help to stabilize the 

dimer. Notably, L140 is one of the first residues to show chemical shift changes upon RNA interaction 

(Fig. 4). The subsequent interactions of poly(A) with residues of the RNP sites would further favor dimer 

dissociation. However, as the cross-linking assay indicates, an equilibrium between monomeric and 

dimeric CsPABPN1 bound to a poly(A) might also exist in the cell, and depending upon these domain 

topologies, other mRNA processing factors may be recruited to the poly(A) tail. Thus, monomeric or 

dimeric PABPNs bound to a poly(A) tail could play distinct roles in processes like alternative cleavage, 

polyadenylation or mRNA decay.   

An intriguing aspect of the dimeric arrangement of the RRM domains of the citrus and Xenopus 

PABPNs is that they adopt an antiparallel orientation relative to the adjacent RRM domains of PABPCs, 

which bind poly(A) in an extended conformation [12]. Considering that three CsPABPN1 molecules 

bound the poly(A15) probe (Fig. 2a), we hypothesized that single RRM PABPs could bind to a poly(A) tail 

in a similar fashion as the joined RRMs of PABPCs. The structural model of multiple CsPABPN1 
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molecules bound to poly(A50) generated here shows how multiple single RRM domains could wrap 

around the RNA to create a super helical shield (Fig. 7a). In this configuration, the single CsPABPN1 

RRM domains display almost the same binding topology as the clustered RRM domains of PABPCs, 

indicating that PABPNs and PABPCs have similar poly(A)-binding modes. According to this idea, it is 

worth noting that accumulation and nuclear localization of PABPCs compensated the depletion of human 

PABPN1 [38].  

The model of multiple CsPABPN1 RRM domains covering the poly(A) RNA is also consistent with 

the filamentous structures of CsPABPN1 (Fig. 7d) and calf thymus PABP2 bound to poly(A) observed 

by transmission electron microscopy [36]. The binding of PABPNs along the poly(A) tail is thought to 

protect the mRNA and serve as a scaffold for the assembly of other mRNA processing factors. In this 

regard, our model offers structural insights into how this macromolecular structure is assemble and 

stabilized. The model also predicts that the negatively charged N-terminal and positively charged C-

terminal, oriented to the outside of the superhelix, could interact with each other or act as anchoring points 

for additional protein-protein interactions, as experimental data indicate [5,8,39]. In line with this idea, it 

is interesting to note that CsHMG, an interactor of PthA4 and CsPABPN1, has a basic N-terminal and an 

acidic DE-rich C-terminal region [32] that could be responsible for CsPABPN1 interaction.  

The acidic DEH-rich motif of CsPABPN1 is also of particular note, since it was not found in other 

PABPs (Fig. 1a). The fact that C. sinensis has a CsPABPN1 homolog that lacks the DEH-rich motif (Fig. 

1a) suggests that this motif plays a particular role in mRNA binding or protein-protein interaction. 

Interestingly, the DEH-rich motif of CsPABPN1 is similar to a C-terminal region of human MTERF4, a 

RNA-binding protein that has the same structural topology of the TAL effectors [40-44]. The acidic C-

terminal of MTERF4 is thought to increase the binding affinity to RNA and to mediate protein-protein 

interactions [45]. 

In addition to CsPABPN1, CsHMG and PthA4 also bound poly(U) in gel shift assays [32]. We do not 

know yet if the interaction of CsPABPN1, CsHMG or PthA4 with poly(U) is of any biological relevance. 

However, it is interesting to note that oligouridylation of the 3’ end of mRNAs has recently been shown to 
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function as a mark for global mRNA decay in mammalian cells, whereas in plant cells, oligouridylation 

protected olygoadenylated mRNAs from 3’ end degradation [46-47]. In addition, PABPC1 suppressed 

uridylation of polyadenylated mRNAs in mammalian cells [46]. Since CsPABPN1 interacted with 

CsPABPC1 and CsTRAX [32], which are implicated in RNA-mediated deadenylation [19,48,49], it is 

possible that CsPABPN1 could recognize U-tails in uridylated mRNAs, or bind adjacently to such U 

tracks. We have compared the RRMs of PABPs and poly(U)-binding proteins, such as those of the human 

HnRNP C protein [50], and found that the RRMs of poly(A) and poly(U)-binding proteins have virtually 

the same protein folding [Supplementary Fig. S4]. Moreover, we found that the RNA-binding mode of 

human HnRNP C and CsΔPABPN1 is partially conserved and involves interactions with key residues of 

the RNP1 and RNP2 sites located in equivalent positions in both structures [Supplementary Fig. S4]. 

Although these are structural evidences indicating that the RRMs of PABPs and poly(U)-binding proteins 

have similar RNA-binding modes, the binding specificity or affinity for adenine or uridine can also be 

determined by protein regions adjacent to the RRMs. Accordingly, in human HnRNP C, there is an 

additional site of poly(U) interaction outside the RRM-binding cleft [50]. Because the RRM of 

CsΔPABPN1 was not sufficient for the interaction with poly(U) in gel shift assays, it is likely that the N 

or the C-terminal region of CsPABPN1 helps to stabilize the poly(U) interaction. Further studies will be 

required to prove this concept. 

 

Material and Methods 

Protein expression and purification 

The full-length CsPABPN1 and its deletion derivative comprising residues 57-188 (CsPABPN1), which 

spans the RRM domain (Fig. 1a), were subcloned into the NdelI/NotI sites of pET28a (Novagen). The 

recombinant 6xHis-tagged proteins were expressed in Escherichia coli BL21 (DE3) cells and purified by 

metal affinity and size-exclusion chromatography. Cells were grown at 37°C in LB medium containing 

kanamycin (50 mg.mL
-1

) to OD600nm = 0.6, followed by induction with 0.4 mM isopropyl-thio-β-D-

galactopyranoside (IPTG) for 3 h. After centrifugation, cells were suspended in binding buffer (20 mM 
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Tris-HCl pH 8.0, 200 mM NaCl, 15 mM imidazole) and incubated on ice with lysozyme (1 mg.mL
-1

) for 

30 min. Bacterial cells were disrupted by sonication and the soluble fractions were incubated with cobalt 

resin for 4 h at 4°C under slow agitation. The beads were washed four times with two column volumes of 

20 mM Tris-HCl pH 8.0, 200 mM NaCl, 15 mM imidazole, and retained proteins were eluted with the 

same buffer containing 500 mM imidazole.  

For protein NMR assignments, uniformly 
15

N- and 
13

C-
15

N-labeled CsPABPN1 was prepared by 

growing the E. coli cells at 37°C in M9 minimal medium supplemented with 
15

N-ammonium chloride 

and/or 
13

C-glucose (Cambridge Isotopes, Inc) to OD600nm = 0.6, followed by induction with 0.4 mM 

IPTG for 4 h. Labeled CsPABPN1 was purified as described above and dialyzed against 20 mM sodium 

phosphate buffer, pH 6.4, with 50 mM NaCl.   

 

Analytical gel filtration chromatography 

After affinity purification, protein samples were incubated with thrombin at 25°C for 16 h, for 6xHis tag 

removal, and subsequently dialyzed against 20 mM Tris-HCl pH 8.0, 50 mM NaCl. Protein samples were 

concentrated and further purified on a Superdex 75 10/300 GL column (GE Healthcare) equilibrated with 

20 mM Tris-HCl, pH 8.0, 50 mM NaCl. The estimated molecular weight of CsPABPN1 was determined 

by elution volume according to pre-run standards (bovine serum albumin - 68 kDa, ovalbumin - 44 kDa, 

ribonuclease A - 13.7 kDa and aprotinin - 6.5 kDa). 

 

CD measurements  

Circular dichroism (CD) spectroscopy experiments were conducted on a Jasco J-810 CD 

spectrophotometer equipped with a Peltier temperature control using 1-mm path quartz cuvettes. Spectra 

were acquired with 5 M of CsPABPN1 in 20 mM sodium phosphate, pH 6.4. CD measurements were 

collected between 195 and 260 nm using a scanning rate of 50 nm.min
-1

, with an average response time of 
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4 s. An average of 10 scans per measurement was made and the background spectrum of the buffer was 

subtracted from the curves. 

 

Chemical cross-linking 

Affinity-purified CsPABPN1 was dialyzed against 20 mM HEPES buffer, pH 7.5, and used in cross-

linking reactions, as described by Song et al. [13]. CsPABPN1 (100 M) alone or in combination with 

poly(A15) at 25 M to 1 mM was incubated on ice for 15 min. The crosslinker dithio-bis-

succinimidylpropionate (DSP) at 100 M was added to the reaction mixture, and after 30 min incubation 

at room temperature, the cross-linking reactions were analyzed by SDS-PAGE. Full-length CsPABPN1 

was expressed as a GST-fusion protein [32]. The protein was bound to glutathione sepharose resin 4B (GE 

Healthcare) and washed four times with PBS buffer, pH 7.4, 1 mM DTT. CsPABPN1 was cleaved from 

GST with thrombin (2U) and eluted with two column volumes of PBS, pH 7.4. Twenty M of CsPABPN1 

was incubated with increasing amounts of poly(A) or poly(U) RNA, and the crosslinker DSP was added to 

the reaction mixtures as described above. The cross-linking reactions were separated on a 10% SDS gel 

and transferred onto a PVDF membrane. CsPABPN1 was detected by Western blot using a 1:3000 anti-

rabbit CsPABPN1 serum raised against the purified CsPABPN1. 

 

Electrophoretic mobility shift assays (EMSA) 

The oligoribonucleotides A15, C15, G15 and U15 were labeled with 1 U of T4 polynucleotide kinase 

(Fermentas) and 20 Ci of [
32

P]-ATP. Labeled probes were purified and incubated for 20 min with 

CsPABPN1 or CsPABPN1 (100, 250 or 500 ng) in 20 L reactions in binding buffer containing 10 mM 

Tris-HCl, pH 7.5, 7 M MgCl2, 0.1 M EDTA, 0.6 M DTT [51]. RNA-protein complexes were resolved 

on non-denaturing 6% polyacrylamide gels and exposed to radiographic films for visualization.  

 

NMR spectroscopy and structure calculations 



 18 

Experiments were performed using an Agilent Inova NMR spectrometer at the Multiuser NMR facility at 

the Brazilian National Biosciences Laboratory (LNBio/CNPEM), operating at a 
1
H Larmor frequency of 

599.887 MHz, at 298 K. The spectrometer is equipped with a triple resonance cryogenic probe and a Z 

pulse-field gradient unit. Isotopically labeled CsPABPN1 (400 M) was solubilized in 20 mM sodium 

phosphate buffer, pH 6.4 and 50 mM NaCl. Deuterated water (D2O, Cambridge Isotopes, Inc) was used at 

10% (v/v) or 100% (v/v) final concentrations. Standard NMR experiments including 
1
H-

15
N-HSQC, 

HNCACB, CBCACONH, HNCO, HNCACO, HCCH-TOCSY and hCCH-TOCSY [52] were acquired for 

sequential assignments. NOE-derived distance restraints were obtained from the 
15

N-HSQC-NOESY and 

13
C-HSQC-NOESY (separately optimized for aliphatics and aromatics). The data were processed and 

analyzed using the NMRPipe/NMRView software [53,54]. The structure of CsPABPN1 was calculated 

in a semi-automated iterative manner with the program CYANA version 2.1 [55], using 100 starting 

conformers. CYANA 2.1 protocol was applied to calibrate and assign NOE cross-peaks. After the first 

few rounds of automatic calculations, the NOESY spectra were analyzed again to identify additional 

cross-peaks consistent with the structural model and to correct misidentified NOEs. The structures 

obtained were further refined by restrained minimization and molecular dynamic studies using the CNS 

software [56]. The 20 structures with the lowest target function were selected to represent the ensemble of 

protein structures. The quality of the structures was analyzed with PROCHECK-NMR [57]. For 

poly(A15)-binding experiments, the 2D 
1
H-

15
N-HSQC spectra were acquired on uniformly 

15
N-labeled 

samples with different molar equivalent ratios. The tau c value of CsPABPN1 was calculated based on 

2D 
1
H-

15
N-HSQC longitudinal (T1) and transverse (T2) relaxation times, according to Kay et al. [58]. 

 

Small angle X-ray scattering data collection and analysis 

SAXS data were collected at the D11A-SAXS beamline at the Brazilian Synchrotron Light Laboratory 

(LNLS/CNPEM). The radiation wavelength was set to 1.488 Ǻ and a charge-coupled device area detector 

(MARCCD 165 mm) was used to record the scattering patterns. The sample-to-detector distance was set 

to a scattering vector ranging from 0.10 to 2.2 nm
-1

. Protein samples at 4 and 6 mg.mL
-1

 were analyzed in 
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20 mM Tris-HCl, pH 7.5, 7 µM MgCl2, 0.1 µM EDTA and 0.6 µM DTT in the presence of 50 (low ionic 

strength) or 500 mM NaCl (high ionic strength). Protein samples were centrifuged for 30 min at 10,000 x 

g to eliminate any existing aggregates immediately before each measurement. The scattering curves of the 

protein solutions and buffers were collected in frames of 300 s. Two successive frames were collected to 

monitor radiation-induced damage in protein samples. The radii of gyration (Rg) were evaluated using 

Guinier approximation as implemented in the program PRIMUS [59]. The indirect Fourier transform 

package GNOM was used to evaluate the pair-distance distribution functions p(r). The low resolution 

envelopes of the CsPABPN1 protein under low and high salt conditions were determined using ab initio 

modeling implemented in DAMMIN [60]. Averaged models were generated from several runs using 

DAMAVER suite programs [61]. The SAXS models and the NMR structure were superimposed with 

SUPCOMB [62]. 

 

Transmission electron microscopy 

CsPABPN1 purified by affinity and gel-filtration chromatographies, at a 30 M final concentration, was 

incubated on ice for 2 h in binding buffer containing 10 mM Tris-HCl, pH 7.5, 7 M MgCl2, 0.1 M 

EDTA, 0.6 M DTT and 20 U Ribolock (Thermo Scientific, USA), in the presence and absence of 1.0 M 

poly(A50) (Invitrogen, USA). CsPABPN1-poly(A50), CsPABPN1 or poly(A50) alone were applied to glow-

discharged (15 mA, negative charge for 25 seconds) 400 mesh copper grids covered by a thin layer of 

continuous carbon film (Ted Pella Inc., USA). After 1 min, the excess sample was blotted using a filter 

paper and the grid washed three times using the binding buffer. Uranyl acetate solution (2%) was applied 

twice to the grids for 30 seconds and the excess solution was blotted. Images were collected at room 

temperature in a Jeol JEM-2100 microscope operated at 200 kV and recorded on a TemCam F-416 4k  

4k CMOS camera (Tietz Video and Image Processing Systems, Germany), using a nominal magnification 

of 60,000 and 100,000 in a defocus range of  1 to 3 µm. 
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Molecular modeling and docking  

Modeling of the CsPABPN1 dimer and molecular docking studies of CsPABPN1 in complex with 

poly(A9) RNA were carried out using the YASARA software [59]. The CsPABPN1 dimer model was 

generated using the solution structure of Xenopus laevis embryonic XlePABP2 (PDB code 2JWN) [13]. 

The poly(A9) RNA was docked into the RNA recognition motif of CsPABPN1 based on the 

crystallographic structures of human PABPC bound to poly(A) RNA (PDB codes 1CVJ and 4F02) [12, 

34].  

The macromolecular structural model of contiguous CsPABPN1 RRM bond poly(A50) was built 

based on the 3D structure of human PABPC which have two adjacent RRMs bound to a poly(A9) RNA 

(PDB code 1CVJ) [12]. The PABPC chain A was edited to remove the RRM linker residues 87-97 and the 

regions 11-86 (RRM1) and 98-179 (RRM2) were referred to chain A and B, respectively. The structure of 

CsPABPN1 RRM was then superimposed on chains A and B to generated a PDB file of the 

CsPABPN1 RRM dimer bound to poly(A9). Following energy minimization and simulated annealing, 

the CsPABPN1 RRM dimer was duplicated using a Python algorithm and the chain A of the duplicated 

model was superimposed on the chain B of the template model. In the duplicated model, chain A was 

removed and chain B became chain C of the seminal CsPABPN1 RRM concatemer. Next, the chain A of 

the template dimer was superimposed on the chain C of the concatemer, and the same process was 

repeated to create a CsPABPN1 RRM concatemer to cover the length of a poly(A50) molecule 

(Supplementary Data S1). The poly(A50) molecule was also built using the atomic coordinates of the 

poly(A9) of 1CVJ [12], following the same principal used to generate the CsPABPN1 RRM concatemer. 

The final structure of the CsPABPN1 RRM concatemer bound to poly(A50) was energy-minimized to 

eliminate possible steric hindrances. A steepest descent protocol, with backbone atoms fixed, was ran until 

atom speed reached 3,000 m/s, and a simulated annealing protocol was carried out to zero K as target 

temperature. All these tasks were performed with YASARA [63].  
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Site-directed mutagenesis 

Key residues involved in poly(A)-binding were each replaced by alanine (Y111A, N114A, R136A and 

F150A) by site-directed mutagenesis using the QuickChange Site-Directed Mutagenesis kit (Stratagene). 

All mutated constructs were verified by DNA sequencing. The mutated proteins, subcloned into pET28a, 

were expressed as 6xHis-tag fusions and purified as described above.  

 

Nuclear localization of CsPABPN1 

The full-length CsPABPN1 cDNA and a deletion derivative lacking the C-terminal PY-NLS motif (Fig. 

1a) were subcloned into the pENTR-3C and pENTR/D-TOPO vectors (Invitrogen), respectively, and 

moved into the binary vector pRFP1 for the production of RFP-CsPABPN1 fusion proteins. Nicotiana 

benthamiana leaves were transiently transformed with the respective constructs via Agrobacterium 

tumefaciens infiltrations and the subcellular localization of CsPABPN1 and its PY-NLS deletion 

derivative were monitored by confocal fluorescent microscopy as described previously [64]. 

 

Accession numbers 

The NMR restraints have been deposited in the Biological Magnetic Resonance Bank (BMRB) and 

Protein Data Bank (PDB) with the accession numbers 19167 and 2M70, respectively. 
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   Figure legends 

Fig. 1. CsPABPN1 is homologous to type II PABPs and localizes to the nucleus of citrus 

protoplasts. (a) Amino acid sequence alignment of CsPABPN1 from sweet orange “Pera” cultivar with 

type II PABPs from Citrus sinensis (orange1.1g027515m and orange1.1g041633m), Arabidopsis 

thaliana (AtPABPN1), Ricinus communis (RcPABP), Lotus japonicus (LjPABP), Oryza sativa 

(OsPABP), Xenopus laevis embryonic (XlePABP2) and Homo sapiens (HsPABPN1). Identical and 

conserved residues are highlighted in dark and light gray, respectively. The RRM domain of 

CsPABPN1 comprising the residues I110 to V180 is indicated. The secondary structural elements 

determined by NMR are shown above the alignment. Cylinders represent  helices and arrows  

strands. The two conserved RNA binding sites, RNP2 and RNP1, are boxed. The putative nuclear 

localization signal (NLS-RX6PY) is highlighted in the C-terminal end of CsPABPN1 and HsPABPN1. 

(b) Sub-cellular localization of RFP-CsPABPN1 (upper panel) and RFP-CsPABPN1-ΔNLS (middle 

panel) fusion proteins in N. benthamiana cells showing that CsPABPN1 is nucleoplasm located and that 

the deletion of its putative PY-NLS motif affects the protein nuclear targeting. RFP only control is 

shown on the bottom panel.  

 

Fig. 2. Interaction of CsPABPN1 and CsPABPN1 with single-strand RNA probes. EMSA using 

32
P-labeled single-strand RNA probes and increased amounts (100, 250 and 500 ng) of purified 

CsPABPN1 (a) or full-length CsPABPN1 (b). (a) Specific interaction of CsPABPN1 with poly(A15) 

showing three major CsPABPN1:polyA15 complexes of distinct molecular weights (arrows), 

suggesting a 1:1, 2:1 and 3:1 CsPABPN1:polyA15 stoichiometry. The intensity of the shifted bands 

correlates with the amount of CsPABPN1 in the binding mix. (b) The full-length CsPABPN1 protein 

formed a single major complex of higher molecular weight with the poly(A15) and poly(U15) probes 

(arrows), suggesting an effect of the N- and/or C-terminal on the binding and specificity of CsPABPN1 

to single-strand RNAs. Free probes are indicated by brackets. 
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Fig. 3. The solution structure of CsPABPN1. (a) Stereoscopic view of the backbone trace of the 

twenty lowest energy conformers representing the CsPABPN1 structure. The disordered N-terminal is 

not shown. (b) Superposition of CsPABPN1 (red) with the RRM domains of human PABPN1 (green) 

and X. laevis embryonic XlePABP2 (blue) proteins (PDB codes 3B4D and 2JWN, respectively). (c) 

Ribbon model of the CsPABPN1 RRM domain representing the secondary structure elements that were 

labeled taking into account the RRM domain only. The RNP2 and RNP1 are highlighted in blue and 

yellow, respectively. (d) Comparison of the RRM domains of CsPABPN1 (red), human PABPN1 

(green) and Xenopus XlePABP2 (blue) with those of type I PABPC proteins (grey), including the 

PABPC RRM1/RRM2 (PDB code 1CVJ), HUD RRM1 (PDB code 1FXL), hnRNP A1 RRM1/RRM2 

(PDB codes 1HA1 and 2UP1), SXL RRM1 (PDB codes 3SXL and 1BF7), P14 (PDB code 2F9D) and 

Daz-associated protein 1 RRM domains (PDB codes 2DGS and 2DH8). The variable loop3 (2/3 loop) 

adopts a different orientation in the PABPNs, relative to PABPCs.  

 

Fig. 4. The molecular basis of CsPABPN1 poly(A) binding. (a) Superposition of 
1
H-

15
N HSQC 

spectra of CsPABPN1 in the absence (green) and presence (red) of poly(A15) at a 1:20 poly(A) 

:CsPABPN1 ratio. The amino acid residues that underwent significant chemical shift changes upon 

RNA interaction are labeled. (b) Cartoon of the CsPABPN1 structure and its corresponding surface 

depicting the residues that showed chemical shift changes upon RNA interaction at 1:30 (blue), 1:20 

(green) and 1:10 (magenta) poly(A):CsPABPN1 ratios. Most of these residues are located in the 

concave side of the -sheet. (c) Electrostatic surface of CsPABPN1 showing that the concave side of 

the -sheet is positively charged. (d) Structural model of CsPABPN1 bound to a poly(A9) molecule 

(dark blue), showing the amino acid residues that likely contribute to RNA binding (magenta). (e) 

EMSA showing that the replacement of residues Y111, N114, R136 and F150, implicated in adenine 

binding, to alanines abrogated the binding of CsPABPN1 to poly(A15). 
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Fig. 5. CsPABPN1 dimerizes in solution and yeast cells. (a) Analytical gel filtration showing that 

CsPABPN1 (red) has an estimated molecular weight of ~45 kDa, according to its elution time relative 

to the protein standards Ovalbumin (43 kDa), Ribonuclease A (13.7 kDa) and Aprotinin (6.5 kDa). (b) 

SAXS scattering and pair distance distribution function p(r) plots of CsPABPN1 analyzed under low 

(black curves) or high-salt (red curves) conditions. The corresponding dmax and Rg values are indicated. 

(c) Cartoon depicting the superposition of the CsPABPN1 structure (green) fitted into the SAXS 

envelops determined under low (whitetop view) and high-salt conditions (magentabottom view). (d) 

Yeast two-hybrid assays showing the strong self-interaction of full-length CsPABPN1, in comparison 

with CsPABPN1. pOBD-Protein + pOAD-Protein (1) and the respective controls pOBD-Protein + 

pOAD-empty (2) and pOBD-empty + pOAD-Protein (3) are indicated.  

 

Fig. 6. CsPABPN1 undergoes a dimer to monomer transition in the presence of poly(A). (a) 

Cross-linking analysis of CsPABPN1 in the absence or presence of increased amounts of poly(A15) 

showing a dimer (D) to monomer (M) conversion as the amount of poly(A15) in the binding mix 

increases. (b) Dimeric model of CsPABPN1 (magenta and cyan) with secondary structure elements 

indicated. The dimer is stabilized by the antiparallel pairing of the 2 and 2’ strands and by two salt 

bridges between R136 and D142, located in the ends of the opposing 2 strands. (c) Dimeric model of 

CsPABPN1 bound to poly(A9), showing that the dimer arrangement does not preclude the interaction 

with the RNA molecule (dark blue). The electrostatic surface of the dimer in the absence of the ligand 

RNA, shown for comparison, depicts the positively charged cleft formed by the joined RRM domains. 

(d) Steric clashes of residues L140 and D142 of strand 2’ (cyan) with two adjacent adenines (blue).  

 

  Fig. 7. Structural model of CsPABPN1 assembly on a poly(A) tail and formation of CsPABPN1 

filaments in the presence of poly(A50). (a) Proposed structural model for the assembly of multiple 

CsPABPN1 monomers (green and magenta) bound to a poly(A50) strand (blue). The top view shows 
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fourteen CsPABPN1 monomers bound to poly(A50) in a spiral arrangement, where seven monomers 

are sufficient to make one turn around the RNA molecule. The details of the model, including the 

electrostatic surface, are shown below, with side views depicting the spiral configuration of the 

CsPABPN1 polymer. (b) Structural alignment between two consecutive CsPABPN1 monomers with 

the human RRM1/2 domains of PABPC (cyan), showing that the CsPABPN1 monomers adopt almost 

the same conformation of PABPC in this macromolecular assembly. (c) Cartoon representation of the 

interaction interface between CsPABPN1 monomers depicting mainly the hydrogen bonds that 

stabilize the interaction. Four hydrogen bonds are observed between monomers A and B (R136-E169, 

Q125-E169, E122-K178, E122-T170), with two additional hydrogen bonds between monomers B and C 

(R136-V179, I139-Q176). (d) Transmission electron micrographs showing that CsPABPN1 forms 

filaments and particles in the presence of poly(A50) (arrowheads). White bars correspond to 70 nm. The 

average diameter of the observed filaments (~4 nm) is consistent with the diameter of the structural 

model shown in panel (a). 

 

Table legends 

Table 1. NMR and refinement statistics for CsΔPABPN1 
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Abstract 

Poly(A)-binding proteins (PABPs) play crucial roles in mRNA biogenesis, stability, transport and 

translational control in most eukaryotic cells. Although animal PABPs are well-studied proteins, the 

biological role, three-dimensional structure and RNA-binding mode of plant PABPs remain largely 

uncharacterized. Here, we report the structural features and RNA-binding mode of a Citrus sinensis PABP 

(CsPABPN1). CsPABPN1 has a domain architecture of nuclear PABPs (PABPN) with a single RNA 

recognition motif (RRM) flanked by an acidic N-terminal and GRPF-rich C-terminal. The RRM domain 

of CsPABPN1 displays virtually the same three-dimensional structure and poly(A)-binding mode of 

animal PABPNs. However, while the CsPABPN1 RRM domain specifically binds poly(A), the full-length 

protein also binds poly(U). CsPABPN1 localizes to the nucleus of plant cells and undergoes a dimer-

monomer transition upon poly(A) interaction. We show that poly(A) binding by CsPABPN1 begins with 

the recognition of the RNA-binding sites RNP1 and RNP2, followed by interactions with residues of the 

2 strands, which stabilize the dimer, thus leading to dimer dissociation. Like human PABPN1, 

CsPABPN1 also seems to form filaments in the presence of poly(A). Based on these data, we propose a 

structural model in which contiguous CsPABPN1 RRM monomers wrap around the RNA molecule 

creating a super-helical structure that could not only shield the poly(A) tail, but also serve as a scaffold for 

the assembly of additional mRNA processing factors. 

 

Keywords: CsPABPN1, poly(A)-binding protein, RRM domain, Citrus sinensis, dimer-monomer 

transition, 
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Introduction 

Most eukaryotic mRNAs are post-transcriptionally modified by processes like capping, splicing, 3’-end 

cleavage, polyadenylation and deadenylation [1,2]. The process of polyadenylation involves the addition 

of a poly(A) tail to the 3’-end of mRNAs generating a scaffold for the binding of poly(A)-binding proteins 

(PABPs), the main regulatory proteins that interact with the poly(A) tail [1,2].  

PABPs play multiple roles in post-transcriptional gene regulation, controlling not only the 3’-end 

processing, but also the stability, nuclear export, translational activity and decay of mRNAs [1-4]. Two 

evolutionary conserved PABPs exist in most eukaryotic cells: the cytoplasmic PABPCs and nuclear 

PABPNs [1,2].  

PABPC1 is the most studied variant among the PABPC family members; it contains four copies of 

non-identical RNA recognition motifs (RRMs) in the N-terminal and a Pro-rich domain required for 

oligomerization and interaction with other proteins in the C-terminal [5-7]. In contrast, eukaryotic cells 

seem to have only one nuclear PABP (PABPN1), characterized by a coiled-coil N-terminal, a single 

internal RRM domain and a C-terminal region with a nuclear localization signal (NLS). The PABPN1 

NLS is dependent on a Pro-Tyr dipeptide (PY-NLS) and a Gly-Arg-rich (GR) region that is also important 

for PABPN1 self-interaction [1,4,8-11].  

Despite sharing structurally similar RRM domains, PABPC1 and PABPN1 have different domain 

architectures and play distinct roles in the life cycle or fate of mRNAs [1-4,12-15]. For instance, while 

PABPC1 has been implicated in the control of mRNA translation and miRNA-dependent deadenylation 

and gene silencing, PABPN1 regulates the interaction between Poly(A) polymerase and the cleavage and 

polyadenylation specific factor during poly(A) synthesis, controlling the length of the poly(A) tail and the 

processes of alternative cleavage [2,15-22]. More recently though, human PABPN1 and related yeast 

PAB2 have also been implicated in mRNA decay [23,24]. 

In contrast to animal cells, the biological roles played by plant PABPs are less clear. Flowering plants 

have multiple PABPs with four RRM domains, which are related to the mammalian PABPCs [25,26]. 

Some of them have been reported to interact with translation initiation factors, complement yeast 
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translational and mRNA decay processes, and to mediate translation of plant virus RNA [27-31]. 

However, plant PABPNs have not yet been functionally or structurally characterized.  

In a previous protein-protein interaction study, we have identified two sweet orange (Citrus sinensis) 

PABPs, designated CsPABP1 and CsPABP2, as interacting partners of PthA4, the main transcriptional 

activator-like (TAL) effector of the citrus canker pathogen Xanthomonas citri [32]. CsPABP1 and 

CsPABP2, which are presumed to be the orthologs of mammalian PABPN1 and PABPC1, respectively, 

based on sequence similarities, also interacted with other PthA4-binding proteins implicated in chromatin 

remodeling, transcription regulation, mRNA processing and translational control [32]. In particular, both 

interacted with the citrus high mobility group protein CsHMG that selectively binds poly(U) RNA [32].  

Here, to gain new insight into the three-dimensional structure and RNA-binding properties of 

CsPABP1, we solved the solution structure of a CsPABP1 deletion derivative carrying the entire RRM 

domain. We present evidence indicating that CsPABP1 is a dimer in solution and undergoes a dimer-to-

monomer transition upon poly(A) binding. The identification of the key residues implicated in poly(A) 

interaction and dimer stabilization led us to propose a mechanism of dimer dissociation upon RNA 

binding. Our results also show that CsPABP1 localizes to the nucleus of plant cells. Collectively, our data 

reveal that CsPABP1, to our knowledge the first plant nuclear PABP to be characterized, indeed 

represents an authentic ortholog of the animal PABPNs and was thus renamed to CsPABPN1. Moreover, 

based on the three-dimensional structure of the CsPABPN1 RRM domain and electron microscopy images 

of the protein in the presence of poly(A), we propose a structural model where single RRM domains of 

CsPABPN1 arranged in tandem assemble into a super-helical structure that covers the poly(A) tail. 

 

Results 

CsPABPN1 is homologous to type II PABPs and localizes to the nucleus of plant cells 

CsPABPN1 is a 234 amino acid protein bearing an acidic DE-rich N-terminal, a single central RRM 

domain and a basic GRPF-rich C-terminal region (Fig. 1a). This domain architecture is typical of type II 

or nuclear PABPs. CsPABPN1 is closely related to several uncharacterized plant PABPs belonging to 
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dicot species, and yet shares 54% and 43% identity with the Xenopus embryonic XlePABP2 and human 

PABPN1, respectively (Fig. 1a).  

An interesting feature of CsPABPN1 is that it carries a DEH-rich insertion motif in the N-terminal 

region (27-DEHEHEHDQDHEHEHDADNENEED-50) that seems unique to citrus species, since this 

motif was not found in any of the PAPB sequences so far available in the Genbank (Fig. 1a). In the 

Ricinus communis, Lotus japonicus and Arabidopsis thaliana PABP orthologs, however, the DEH-rich 

motif is partially replaced by the SSRPEEEEEEVEEEYDE, DADADAEQQDHDFASNH and 

TEEYEEHGGEEGAAAGDEELE regions, respectively (Fig. 1a). In addition, in the Citrus sinensis 

genome [33], we found two genes encoding proteins related to the CsPABPN1 isolated from cultivar 

“Pera”. The orange1.1g027515m gene encodes a protein that is nearly identical to CsPABPN1; 

nevertheless, it has a shorter C-terminal and a “DH” polymorphism within the DEH-rich motif. On the 

other hand, the second PAPB, encoded by the orange1.1g041633m gene, lacks the DEH-rich motif and 

shows a longer C-terminal (Fig. 1a).  

Because CsPABPN1 has a domain architecture that is common to nuclear PABPs, and it carries a 

putative PY-NLS in the C-terminal end that is closely related to those of mammalian and yeast PABPNs 

[10,11] (Fig. 1a), we tested its subcellular localization in plant cells. We found that the full-length 

CsPABPN1 localizes to the nucleus of Nicotiana benthamiana cells, thus confirming that it belongs to the 

PABPN subfamily (Fig. 1b). In addition, CsPABPN1 without the PY-NLS motif  was detected only in a 

dotted-like pattern in the cytosol of N. benthamiana cells (Fig. 1b), indicating that this motif, like in yeast 

[11], is required for the nuclear import of CsPABPN1.  

 

The RRM domain of CsPABPN1 specifically binds poly(A), whereas full-length CsPABPN1 also 

binds poly(U) 

RRM domains of PABPs are known to specifically bind poly(A) RNA [12,13,34]. To tested whether the 

CsPABPN1 RRM domain would show similar properties, a truncated version of CsPABPN1 

(CsPABPN1), carrying the entire RRM domain (Fig. 1a), was used in RNA-binding assays with labeled 
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single-strand RNA probes. This truncation was designed base on secondary structure predictions, which 

indicated that the first 56 and last 46 residues flanking the CsPABPN1 RRM domain are unstructured. As 

expected, CsPABPN1 specifically bound the poly(A15) probe in gel shift assays (Fig. 2a). Importantly, 

CsPABPN1 formed three major CsPABPN1:poly(A15) complexes of increased molecular weight, 

which were more evident as the amount of CsPABPN1 in the binding mix increased (Fig. 2a). Given that 

single RRM domains bind up to five consecutive adenines [12,13,34], the three CsPABPN1:poly(A15) 

complexes observed in Fig. 2a suggest a 1:1, 2:1 and 3:1 CsPABPN1:poly(A15) stoichiometry.  

In contrast, we found that, in addition to poly(A15), full-length CsPABPN1 also bound poly(U15) (Fig. 

2b). Moreover, only a single major CsPABPN1:RNA complex of higher molecular weight was observed 

with the poly(A15) and poly(U15) probes, suggesting that the N- and/or C-terminal of CsPABPN1 affect 

the binding specificity of the protein to RNA molecules (Fig. 2b). 

 

The RRM domain of CsPABPN1 adopts a canonical RRM fold 

To investigate the structural features of CsPABPN1 and provide insights into how this protein binds 

poly(A), we solved the solution structure of CsPABPN1, since the full-length protein is fairly insoluble 

and could not be purified or concentrated in the amounts required for structural resolution. Circular 

dichroism (CD) measurements revealed that CsPABPN1 is structured in solution showing two major 

negative peaks at 208 and 222 nm, suggesting the presence of α-helices (Supplementary Fig. S1a). These 

data, and the fact that CsPABPN1 bound poly(A15) (Fig. 2a), indicated that purified CsPABPN1 was 

suitable for structure resolution. Accordingly, 
15

N-labeled CsPABPN1 showed excellent HSQC peak 

dispersion (Supplementary Fig. S1b).  

A total of 2416 distance restraints, including 1023 medium and long NOEs, were used for structure 

calculations (Table 1). The twenty structures with the lowest energy were selected to represent the 

ensemble of protein structures (Fig. 3a), and the statistics show no significant violations of the molecular 

geometry parameters (Table 1). In addition, the Ramachandran plot analysis shows that 99.5% of phi-psi 
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angles are in the most favorable and additional allowed regions, with no angles in the disallowed region, 

whereas the root mean square deviations (RMSD) for the backbone and side chains are within expected 

values, indicating a good stereochemical quality of the ensemble (Table 1).  

The first twenty N-terminal residues of CsPABPN1 were disordered, as revealed by their 

heteronuclear NOE values, chemical shifts and 
15

N relaxation measurements, and thus were omitted from 

the structures represented in Fig. 3. In the structured N-terminal region, two extended α-helices precede 

the RRM domain of CsPABPN1 (Fig. 1a and 3b). These helices are not present or fully represented in the 

3D structures of the RRM domains of human PABPN1 and Xenopus XlePABP2 [13,14], the only 3D 

structures of single-RRM domain PABPs reported to date (Fig. 3b).  

On the other hand, as typically observed for RRM domains of PABPs [12-14], the CsPABPN1 RRM 

domain is composed of four-stranded antiparallel -sheet spatially arranged and backed by two -helices 

(Fig. 3c). The two conserved RNA-binding sites, known as RNP1 (K148 to F155) and RNP2 (I110 to 

V115) [12-14,34], correspond to the central 3 and 1 strands, respectively (Fig. 1a and 3c). A 

comparison of type I and type II PABP structures revealed that the RRM domain of CsPABPN1 shows the 

same topology of the RRM domains of PABPCs and PABPNs (Fig. 3d). However, as previously noticed 

for the human and Xenopus PABPNs [14], the so-called loop3 or variable loop [35], which joins strand 2 

with 3, adopts a different orientation compared to those of PABPC RRMs (Fig. 3d).  

 

The molecular basis of poly(A) binding in CsPABPN1 

To investigate the residues implicated in CsPABPN1 binding to poly(A), we performed NMR titrations 

of 
15

N-CsPABPN1 in the presence of poly(A15). We found specific chemical shift changes in the 
1
H-

15
N-

HSQC signals between poly(A)-bound and free protein (Fig. 4a). At a 1:30 poly(A):CsPABPN1 ratio, 

we observed significant changes in the chemical shifts of V112, N114, L140, G149, R183 and T184, 

followed by changes in I110, Y111, G113, C119, K148, Y152, V179, N185 and I186 at a 1:20 ratio (Fig. 

4a and b). Not surprisingly, I110, Y111, V112, G113 and N114 comprise the RNP2 site, whereas K148, 
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G149 and Y152 belong to the RNP1 site (Fig. 1a). Increased amounts of poly(A) (1:10 ratio) led to 

additional changes in the chemical shifts of E103, V115, D116, Y117, T120, T133, R136, V137, T138, 

I139, T141, F150, E154, A160, L165, H173, K178, A181, and K182, thus confirming that poly(A) 

binding in CsPABPN1 is restricted to the concave side of the -sheet (Fig. 4b), which has a large 

positively charged surface (Fig. 4c).  

To provide further insights into how CsPABPN1 binds poly(A), we generated a structural model of 

CsPABPN1 in complex with poly(A9), based on the 3D structures of the human PABPC RRM domains 

bound to poly(A) [12,34] and our NMR titration studies (Fig. 4d). According to this model, adenine 

recognition by CsPABPN1 is greatly mediated by Van der Waals contacts, hydrogen bonds and stacking 

interactions with the conserved residues of the RNP1 (F150, Y152, E154) and RNP2 (Y111, N114) sites, 

but also with K182 and residues of strand 2 (R136, T138) and helix α2 (Q99, K102) (Fig. 4d). 

Interestingly, Y111, N114, R136, F150, Y152 and E154 are among the residues that first underwent 

chemical shifts changes upon poly(A) interaction in our NMR titration experiments (Fig. 4a and b).   

To verify these results, some of the residues implicated in adenine binding, including Y111, N114, 

R136 and F150, were replaced by alanines. As anticipated, we found that all the mutant proteins lost their 

ability to bind poly(A15) in gel shift assays (Fig. 4e), thus corroborating our NMR studies and the 

structural model of the CsPABPN1-poly(A9) complex.  

Altogether, the results show that the poly(A) binding mode of the citrus CsPABPN1 is highly 

conserved with respect to that of Xenopus XlePABP2 and human PABPC RRM domains [12,13,34]. 

 

CsPABPN1 forms dimers in solution and yeast cells 

CsPABPN1 was found as a monomer in the NMR experiments, as revealed by the tau-c value of 8.2 ± 

0.5  ns (Supplementary Fig. S2). However, when the protein was analyzed by size-exclusion 

chromatography, it eluted as a single peak with an estimated molecular weight of approximately three 

times of its predicted size (Fig. 5a). Since XlePABP2 is a dimer in solution [13] and CsPABPN1 has an 
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extended and partially structured N-terminal region (Fig. 3a), we presumed that the CsPABPN1 

elongated and partially unfolded N-terminal would likely affect its behavior in gel-filtration 

chromatography. To investigate this assumption, we analyzed the hydrodynamic behavior of CsPABPN1 

by SAXS. Surprisingly, we found that under lower ionic strength conditions, as those of the NMR 

experiments, CsPABPN1 is a monomer in solution (Fig. 5b). In contrast, under higher salt conditions, 

the protein seems to dimerize (Fig. 5b). The change in size and shape of CsPABPN1 between the lower 

and higher ionic strength conditions can be observed by the corresponding scattering and pair distance 

distribution function p(r) curves (Fig. 5b). In addition, we found that while the CsPABPN1 NMR 

structure fitted remarkably well into the SAXS envelope model obtained under low-salt conditions, the 

SAXS envelope obtained under high-salt conditions showed a more elongated or extended shape 

consistent with a dimer (Fig. 5c).  

To further investigate the dimeric nature of CsPABPN1, yeast two-hybrid assays were performed with 

CsPABPN1 and the full-length protein. We found that although the RRM domain of CsPABPN1 was 

not sufficient for a self-interaction, the full-length protein strongly self-interacted in yeast cells (Fig. 5d). 

This suggests that the negatively charged N-terminal or the C-terminal region, which carries the NLS and 

is required for bovine PABPN1 self-association [8], is important for CsPABPN1 self-interaction. The fact 

that full-length CsPABPN1 self-interacted in yeast is also in accord with the observation that it formed a 

single and higher molecular weight complex with the poly(A15) compared with  CsPABPN1 (Fig. 2). 

Taken together, the results show that CsPABPN1 can be found as monomer or dimer depending on the 

environmental conditions, thus suggesting a putative regulatory mechanism for poly(A) recognition and 

binding. 

 

CsPABPN1 shows a dimer-monomer transition upon RNA binding 

Given the overall structural similarities shared between CsPABPN1 and XlePABP2, we tested whether 

CsPABPN1 would also display a dimer-monomer transition upon RNA interaction [13]. Chemical cross-
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linking was used to investigate the oligomeric state of CsPABPN1 in the presence and absence of 

poly(A15). A cross-linking of the CsPABPN1 protein produced an approximately 32 kDa band observed 

in the SDS-PAGE gels, which is consistent with a CsPABPN1 dimer (Fig. 6a). However, in the presence 

of increased amounts of poly(A15), a ~16 kDa band accumulated predominantly in the SDS-PAGE gels 

(Fig. 6a), showing that CsPABPN1 undergoes a dimer-monomer transition upon poly(A) binding. The 

full-length CsPABPN1 also undergoes a dimer-monomer transition upon poly(A) but not poly(U) 

interaction (Supplementary Fig. S3). 

To understand how this transition might occur, we generated in silico models for dimeric CsPABPN1 

free or bound to poly(A9), based on the 3D structures of XlePABP2 (PDB code 2JWN) and human 

PABPC (PDB code 1CVJ), respectively [12,13]. The structural model of the dimer in the absence of RNA 

shows that, similar to XlePABP2, the CsPABPN1 dimer is stabilized by the antiparallel pairing of the 2 

and 2’ strands and by two salt bridges formed between R136 and D142, located in the ends of the 

opposing 2 strands (Fig. 6b). Consistent with the cross-linking assay showing that dimeric CsPABPN1 

does not fully hinder poly(A) binding (Fig. 6a), the structural model of the CsPABPN1 dimer in complex 

with poly(A) suggests that the positively charged cleft created by the joined concave faces of the RRM 

domains would allow the binding of the poly(A) molecule (Fig. 6c). However, the dimer model also 

predicts steric clashes of two adjacent adenine bases with L140 and D142 of the 2’ strand (Fig. 6d). 

Because the dimer is stabilized by the pairing of the 2 strands, and L140 is one of the first residues to 

show chemical shift changes upon poly(A) interaction (Fig. 4a), our results strongly indicate that poly(A) 

recognition by CsPABPN1 begins with the RNP sites, followed by interactions with the 2’ residues 

(Fig. 4b and d), leading to dimer dissociation.  

 

A proposed super-helical structure for CsPABPN1 bound to a poly(A) tail 

As shown for XlePABP2 [13] and CsPABPN1 (Fig. 5d and 6b), dimerization of this group of PABPs is 

in part mediated by the antiparallel pairing of the 2 and 2’ strands. However, in this dimeric 
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arrangement, the two RRM domains adopt an inverted orientation relative to the RRM domains of 

PABPCs, which are contiguously connected by a nine-residue linker [12]. In addition, in the crystal 

structure of the human PABPC (RRM1/2) bound to poly(A), the -sheet surfaces of the RRM1 and 2 

domains form a platform that binds poly(A) in an extended conformation of about four nucleotides per 

RRM domain [12]. Thus, considering that CsPABPN1 binds poly(A) preferentially as a monomer, and 

that the antiparallel dimer of CsPABPN1 is predicted to have steric clashes with adenine bases (Fig. 6d), 

it is expected that the RRM domains of multiple CsPABPN1 molecules would adopt a distinct 

arrangement when assembling into the poly(A) tail. Based on this assumption, and on the binding mode 

displayed by contiguous RRM domains of PABPCs, we generated a supra-macromolecular structural 

model for contiguous CsPABPN1 molecules bound to an extended poly(A50) strand (Fig. 7a and 

Supplementary Data S1). According to this model, adjacent CsPABPN1 molecules adopt almost the 

same poly(A)-binding topology as the contiguous PABPC RRM1/2 domains [12], but with a small twist 

(Fig. 7b) that seems to favor the wrapping of CsPABPN1 molecules around the RNA. In fact, the model 

shows remarkably well that the tandem arranged CsPABPN1 monomers wrap around the RNA strand 

creating a superhelical shield (Fig. 7a and Supplementary Data S1). In addition, the model shows that 

seven CsPABPN1 molecules are sufficient to make one full turn around the poly(A) tail. This 

CsPABPN1 multimeric assembly is not only stabilized by interactions with the adenine bases but also by 

hydrogen bonds and van der Waals contacts between the CsPABPN1 monomers (Supplementary Data 

S1). Notably, the interaction interface between monomers A and B are similar to that of monomers B and 

C (Fig. 7c), indicating a symmetric arrangement of the CsPABPN1 monomers along the poly(A) tail. 

The model also suggests that this macromolecular assembly results from the polymerization of 

CsPABPN1 units upon poly(A) interaction and dimer disruption, allowing the formation of long filaments 

over the length of the poly(A) tail (Fig. 7a).  

Because calf thymus PABP2 forms both linear filaments and oligomeric particles in the presence of 

poly(A) [36], we decide to investigate if CsPABPN1 could also form filaments or particles with  
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poly(A). Similar to calf thymus PABP2, CsPABPN1 formed both filaments and particles associated with 

filaments in the presence of poly(A50) (Fig. 7d). These structures were not observed with either the protein 

or poly(A50) alone, indicating that they are products of the CsPABPN1-poly(A50) interaction. The 

average diameter of the observed filaments and particles are approximately 4 and 11 nm, respectively. The 

overall shape and dimensions of these structures are thus reminiscent of the 7 nm filaments and 21 nm 

particles of full-length PABP2, which is twice as big as CsPABPN1 [36]. Furthermore, the diameter of 

the observed CsPABPN1-poly(A50) filaments is consistent with that of the structural model (Fig. 7a).  

 

Discussion 

While PABPCs have been extensively studied and shown to play roles in translation initiation and mRNA 

decay in several plant species, and to mediate virus RNA translation in host-virus interactions [27-31], 

plant PABPNs have not yet been functionally or structurally characterized.  

Here, we describe the first three-dimensional structure of the RNA-binding domain of a plant PABPN 

family member. The solution structure of the citrus CsPABPN1 RRM domain shows that the protein 

adopts a canonical RRM fold, with a poly(A)-binding mode that is also conserved among animal 

PABPNs. Our NMR titration studies revealed that poly(A) recognition by CsPABPN1 starts with 

residues of the RNP2 (β1 strand) and RNP1 (β3 strand) sites, followed by interactions with residues of the 

β2 strand, implicated in protein dimerization. Indeed, we show that CsPABPN1 can be found as 

monomer or dimer in solution, and that similar to the Xenopus XlePABP2 [13], undergoes a dimer-

monomer transition upon poly(A) interaction. Our structural model of dimeric CsPABPN1 strongly 

suggests that dimerization of CsPABPN1 is, to some extent, mediated by the antiparallel pairing of the 

2 strands, as demonstrated for the XlePABP2 protein [13]. However, yeast two-hybrid assays also 

indicate an important role of the N- and/or C-terminal domains in CsPABPN1 self-interaction, since the 

RRM domain alone was not sufficient for an interaction in yeast cells (Fig. 5d). This result is consistent 

with the observation that dimerization and nuclear localization of mammalian PABPN1 depend on the 
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arginine-rich C-terminal region and its methylated status, and that the nuclear import of yeast PAB2 

requires a PY-NLS motif located in the C-terminal end [8,10,11,37]. Given that the CsPABPN1 C-

terminal region is also rich in arginines and carries a putative PY-NLS motif (Fig. 1a), it is likely that this 

region is important not only for CsPABPN1 dimerization but also for its nuclear import. In fact, deletion 

of the CsPABPN1 PY-NLS motif caused the protein to accumulate in the cytosol of N. benthamiana cells 

(Fig. 1b), suggesting that the mechanism for the nuclear targeting of CsPABPN1 is similar to that of yeast 

PAB2 [11].   

The fact that CsPABPN1 undergoes a dimer-to-monomer transition upon poly(A) interaction prompted 

us to investigate the molecular basis of such transition. Based on our NMR titration and cross-linking 

experiments combined with the molecular modeling studies of monomeric and dimeric CsPABPN1, free 

and bound to poly(A), we propose a mechanistic model for the dimer-monomer transition. The well-

formed concave and positively charged cavity of the joined RRM domains in the dimeric arrangement 

(Fig. 6) serves as a platform for the poly(A) binding. However, as the RNA docks into the dimer cleft, it 

experiences some clashes with L140 and D142, which belong to the β2 strands and help to stabilize the 

dimer. Notably, L140 is one of the first residues to show chemical shift changes upon RNA interaction 

(Fig. 4). The subsequent interactions of poly(A) with residues of the RNP sites would further favor dimer 

dissociation. However, as the cross-linking assay indicates, an equilibrium between monomeric and 

dimeric CsPABPN1 bound to a poly(A) might also exist in the cell, and depending upon these domain 

topologies, other mRNA processing factors may be recruited to the poly(A) tail. Thus, monomeric or 

dimeric PABPNs bound to a poly(A) tail could play distinct roles in processes like alternative cleavage, 

polyadenylation or mRNA decay.   

An intriguing aspect of the dimeric arrangement of the RRM domains of the citrus and Xenopus 

PABPNs is that they adopt an antiparallel orientation relative to the adjacent RRM domains of PABPCs, 

which bind poly(A) in an extended conformation [12]. Considering that three CsPABPN1 molecules 

bound the poly(A15) probe (Fig. 2a), we hypothesized that single RRM PABPs could bind to a poly(A) tail 

in a similar fashion as the joined RRMs of PABPCs. The structural model of multiple CsPABPN1 
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molecules bound to poly(A50) generated here shows how multiple single RRM domains could wrap 

around the RNA to create a super helical shield (Fig. 7a). In this configuration, the single CsPABPN1 

RRM domains display almost the same binding topology as the clustered RRM domains of PABPCs, 

indicating that PABPNs and PABPCs have similar poly(A)-binding modes. According to this idea, it is 

worth noting that accumulation and nuclear localization of PABPCs compensated the depletion of human 

PABPN1 [38].  

The model of multiple CsPABPN1 RRM domains covering the poly(A) RNA is also consistent with 

the filamentous structures of CsPABPN1 (Fig. 7d) and calf thymus PABP2 bound to poly(A) observed 

by transmission electron microscopy [36]. The binding of PABPNs along the poly(A) tail is thought to 

protect the mRNA and serve as a scaffold for the assembly of other mRNA processing factors. In this 

regard, our model offers structural insights into how this macromolecular structure is assemble and 

stabilized. The model also predicts that the negatively charged N-terminal and positively charged C-

terminal, oriented to the outside of the superhelix, could interact with each other or act as anchoring points 

for additional protein-protein interactions, as experimental data indicate [5,8,39]. In line with this idea, it 

is interesting to note that CsHMG, an interactor of PthA4 and CsPABPN1, has a basic N-terminal and an 

acidic DE-rich C-terminal region [32] that could be responsible for CsPABPN1 interaction.  

The acidic DEH-rich motif of CsPABPN1 is also of particular note, since it was not found in other 

PABPs (Fig. 1a). The fact that C. sinensis has a CsPABPN1 homolog that lacks the DEH-rich motif (Fig. 

1a) suggests that this motif plays a particular role in mRNA binding or protein-protein interaction. 

Interestingly, the DEH-rich motif of CsPABPN1 is similar to a C-terminal region of human MTERF4, a 

RNA-binding protein that has the same structural topology of the TAL effectors [40-44]. The acidic C-

terminal of MTERF4 is thought to increase the binding affinity to RNA and to mediate protein-protein 

interactions [45]. 

In addition to CsPABPN1, CsHMG and PthA4 also bound poly(U) in gel shift assays [32]. We do not 

know yet if the interaction of CsPABPN1, CsHMG or PthA4 with poly(U) is of any biological relevance. 

However, it is interesting to note that oligouridylation of the 3’ end of mRNAs has recently been shown to 
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function as a mark for global mRNA decay in mammalian cells, whereas in plant cells, oligouridylation 

protected olygoadenylated mRNAs from 3’ end degradation [46-47]. In addition, PABPC1 suppressed 

uridylation of polyadenylated mRNAs in mammalian cells [46]. Since CsPABPN1 interacted with 

CsPABPC1 and CsTRAX [32], which are implicated in RNA-mediated deadenylation [19,48,49], it is 

possible that CsPABPN1 could recognize U-tails in uridylated mRNAs, or bind adjacently to such U 

tracks. We have compared the RRMs of PABPs and poly(U)-binding proteins, such as those of the human 

HnRNP C protein [50], and found that the RRMs of poly(A) and poly(U)-binding proteins have virtually 

the same protein folding [Supplementary Fig. S4]. Moreover, we found that the RNA-binding mode of 

human HnRNP C and CsΔPABPN1 is partially conserved and involves interactions with key residues of 

the RNP1 and RNP2 sites located in equivalent positions in both structures [Supplementary Fig. S4]. 

Although these are structural evidences indicating that the RRMs of PABPs and poly(U)-binding proteins 

have similar RNA-binding modes, the binding specificity or affinity for adenine or uridine can also be 

determined by protein regions adjacent to the RRMs. Accordingly, in human HnRNP C, there is an 

additional site of poly(U) interaction outside the RRM-binding cleft [50]. Because the RRM of 

CsΔPABPN1 was not sufficient for the interaction with poly(U) in gel shift assays, it is likely that the N 

or the C-terminal region of CsPABPN1 helps to stabilize the poly(U) interaction. Further studies will be 

required to prove this concept. 

 

Material and Methods 

Protein expression and purification 

The full-length CsPABPN1 and its deletion derivative comprising residues 57-188 (CsPABPN1), which 

spans the RRM domain (Fig. 1a), were subcloned into the NdelI/NotI sites of pET28a (Novagen). The 

recombinant 6xHis-tagged proteins were expressed in Escherichia coli BL21 (DE3) cells and purified by 

metal affinity and size-exclusion chromatography. Cells were grown at 37°C in LB medium containing 

kanamycin (50 mg.mL
-1

) to OD600nm = 0.6, followed by induction with 0.4 mM isopropyl-thio-β-D-

galactopyranoside (IPTG) for 3 h. After centrifugation, cells were suspended in binding buffer (20 mM 
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Tris-HCl pH 8.0, 200 mM NaCl, 15 mM imidazole) and incubated on ice with lysozyme (1 mg.mL
-1

) for 

30 min. Bacterial cells were disrupted by sonication and the soluble fractions were incubated with cobalt 

resin for 4 h at 4°C under slow agitation. The beads were washed four times with two column volumes of 

20 mM Tris-HCl pH 8.0, 200 mM NaCl, 15 mM imidazole, and retained proteins were eluted with the 

same buffer containing 500 mM imidazole.  

For protein NMR assignments, uniformly 
15

N- and 
13

C-
15

N-labeled CsPABPN1 was prepared by 

growing the E. coli cells at 37°C in M9 minimal medium supplemented with 
15

N-ammonium chloride 

and/or 
13

C-glucose (Cambridge Isotopes, Inc) to OD600nm = 0.6, followed by induction with 0.4 mM 

IPTG for 4 h. Labeled CsPABPN1 was purified as described above and dialyzed against 20 mM sodium 

phosphate buffer, pH 6.4, with 50 mM NaCl.   

 

Analytical gel filtration chromatography 

After affinity purification, protein samples were incubated with thrombin at 25°C for 16 h, for 6xHis tag 

removal, and subsequently dialyzed against 20 mM Tris-HCl pH 8.0, 50 mM NaCl. Protein samples were 

concentrated and further purified on a Superdex 75 10/300 GL column (GE Healthcare) equilibrated with 

20 mM Tris-HCl, pH 8.0, 50 mM NaCl. The estimated molecular weight of CsPABPN1 was determined 

by elution volume according to pre-run standards (bovine serum albumin - 68 kDa, ovalbumin - 44 kDa, 

ribonuclease A - 13.7 kDa and aprotinin - 6.5 kDa). 

 

CD measurements  

Circular dichroism (CD) spectroscopy experiments were conducted on a Jasco J-810 CD 

spectrophotometer equipped with a Peltier temperature control using 1-mm path quartz cuvettes. Spectra 

were acquired with 5 M of CsPABPN1 in 20 mM sodium phosphate, pH 6.4. CD measurements were 

collected between 195 and 260 nm using a scanning rate of 50 nm.min
-1

, with an average response time of 
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4 s. An average of 10 scans per measurement was made and the background spectrum of the buffer was 

subtracted from the curves. 

 

Chemical cross-linking 

Affinity-purified CsPABPN1 was dialyzed against 20 mM HEPES buffer, pH 7.5, and used in cross-

linking reactions, as described by Song et al. [13]. CsPABPN1 (100 M) alone or in combination with 

poly(A15) at 25 M to 1 mM was incubated on ice for 15 min. The crosslinker dithio-bis-

succinimidylpropionate (DSP) at 100 M was added to the reaction mixture, and after 30 min incubation 

at room temperature, the cross-linking reactions were analyzed by SDS-PAGE. Full-length CsPABPN1 

was expressed as a GST-fusion protein [32]. The protein was bound to glutathione sepharose resin 4B (GE 

Healthcare) and washed four times with PBS buffer, pH 7.4, 1 mM DTT. CsPABPN1 was cleaved from 

GST with thrombin (2U) and eluted with two column volumes of PBS, pH 7.4. Twenty M of CsPABPN1 

was incubated with increasing amounts of poly(A) or poly(U) RNA, and the crosslinker DSP was added to 

the reaction mixtures as described above. The cross-linking reactions were separated on a 10% SDS gel 

and transferred onto a PVDF membrane. CsPABPN1 was detected by Western blot using a 1:3000 anti-

rabbit CsPABPN1 serum raised against the purified CsPABPN1. 

 

Electrophoretic mobility shift assays (EMSA) 

The oligoribonucleotides A15, C15, G15 and U15 were labeled with 1 U of T4 polynucleotide kinase 

(Fermentas) and 20 Ci of [
32

P]-ATP. Labeled probes were purified and incubated for 20 min with 

CsPABPN1 or CsPABPN1 (100, 250 or 500 ng) in 20 L reactions in binding buffer containing 10 mM 

Tris-HCl, pH 7.5, 7 M MgCl2, 0.1 M EDTA, 0.6 M DTT [51]. RNA-protein complexes were resolved 

on non-denaturing 6% polyacrylamide gels and exposed to radiographic films for visualization.  

 

NMR spectroscopy and structure calculations 
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Experiments were performed using an Agilent Inova NMR spectrometer at the Multiuser NMR facility at 

the Brazilian National Biosciences Laboratory (LNBio/CNPEM), operating at a 
1
H Larmor frequency of 

599.887 MHz, at 298 K. The spectrometer is equipped with a triple resonance cryogenic probe and a Z 

pulse-field gradient unit. Isotopically labeled CsPABPN1 (400 M) was solubilized in 20 mM sodium 

phosphate buffer, pH 6.4 and 50 mM NaCl. Deuterated water (D2O, Cambridge Isotopes, Inc) was used at 

10% (v/v) or 100% (v/v) final concentrations. Standard NMR experiments including 
1
H-

15
N-HSQC, 

HNCACB, CBCACONH, HNCO, HNCACO, HCCH-TOCSY and hCCH-TOCSY [52] were acquired for 

sequential assignments. NOE-derived distance restraints were obtained from the 
15

N-HSQC-NOESY and 

13
C-HSQC-NOESY (separately optimized for aliphatics and aromatics). The data were processed and 

analyzed using the NMRPipe/NMRView software [53,54]. The structure of CsPABPN1 was calculated 

in a semi-automated iterative manner with the program CYANA version 2.1 [55], using 100 starting 

conformers. CYANA 2.1 protocol was applied to calibrate and assign NOE cross-peaks. After the first 

few rounds of automatic calculations, the NOESY spectra were analyzed again to identify additional 

cross-peaks consistent with the structural model and to correct misidentified NOEs. The structures 

obtained were further refined by restrained minimization and molecular dynamic studies using the CNS 

software [56]. The 20 structures with the lowest target function were selected to represent the ensemble of 

protein structures. The quality of the structures was analyzed with PROCHECK-NMR [57]. For 

poly(A15)-binding experiments, the 2D 
1
H-

15
N-HSQC spectra were acquired on uniformly 

15
N-labeled 

samples with different molar equivalent ratios. The tau c value of CsPABPN1 was calculated based on 

2D 
1
H-

15
N-HSQC longitudinal (T1) and transverse (T2) relaxation times, according to Kay et al. [58]. 

 

Small angle X-ray scattering data collection and analysis 

SAXS data were collected at the D11A-SAXS beamline at the Brazilian Synchrotron Light Laboratory 

(LNLS/CNPEM). The radiation wavelength was set to 1.488 Ǻ and a charge-coupled device area detector 

(MARCCD 165 mm) was used to record the scattering patterns. The sample-to-detector distance was set 

to a scattering vector ranging from 0.10 to 2.2 nm
-1

. Protein samples at 4 and 6 mg.mL
-1

 were analyzed in 
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20 mM Tris-HCl, pH 7.5, 7 µM MgCl2, 0.1 µM EDTA and 0.6 µM DTT in the presence of 50 (low ionic 

strength) or 500 mM NaCl (high ionic strength). Protein samples were centrifuged for 30 min at 10,000 x 

g to eliminate any existing aggregates immediately before each measurement. The scattering curves of the 

protein solutions and buffers were collected in frames of 300 s. Two successive frames were collected to 

monitor radiation-induced damage in protein samples. The radii of gyration (Rg) were evaluated using 

Guinier approximation as implemented in the program PRIMUS [59]. The indirect Fourier transform 

package GNOM was used to evaluate the pair-distance distribution functions p(r). The low resolution 

envelopes of the CsPABPN1 protein under low and high salt conditions were determined using ab initio 

modeling implemented in DAMMIN [60]. Averaged models were generated from several runs using 

DAMAVER suite programs [61]. The SAXS models and the NMR structure were superimposed with 

SUPCOMB [62]. 

 

Transmission electron microscopy 

CsPABPN1 purified by affinity and gel-filtration chromatographies, at a 30 M final concentration, was 

incubated on ice for 2 h in binding buffer containing 10 mM Tris-HCl, pH 7.5, 7 M MgCl2, 0.1 M 

EDTA, 0.6 M DTT and 20 U Ribolock (Thermo Scientific, USA), in the presence and absence of 1.0 M 

poly(A50) (Invitrogen, USA). CsPABPN1-poly(A50), CsPABPN1 or poly(A50) alone were applied to glow-

discharged (15 mA, negative charge for 25 seconds) 400 mesh copper grids covered by a thin layer of 

continuous carbon film (Ted Pella Inc., USA). After 1 min, the excess sample was blotted using a filter 

paper and the grid washed three times using the binding buffer. Uranyl acetate solution (2%) was applied 

twice to the grids for 30 seconds and the excess solution was blotted. Images were collected at room 

temperature in a Jeol JEM-2100 microscope operated at 200 kV and recorded on a TemCam F-416 4k  

4k CMOS camera (Tietz Video and Image Processing Systems, Germany), using a nominal magnification 

of 60,000 and 100,000 in a defocus range of  1 to 3 µm. 
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Molecular modeling and docking  

Modeling of the CsPABPN1 dimer and molecular docking studies of CsPABPN1 in complex with 

poly(A9) RNA were carried out using the YASARA software [59]. The CsPABPN1 dimer model was 

generated using the solution structure of Xenopus laevis embryonic XlePABP2 (PDB code 2JWN) [13]. 

The poly(A9) RNA was docked into the RNA recognition motif of CsPABPN1 based on the 

crystallographic structures of human PABPC bound to poly(A) RNA (PDB codes 1CVJ and 4F02) [12, 

34].  

The macromolecular structural model of contiguous CsPABPN1 RRM bond poly(A50) was built 

based on the 3D structure of human PABPC which have two adjacent RRMs bound to a poly(A9) RNA 

(PDB code 1CVJ) [12]. The PABPC chain A was edited to remove the RRM linker residues 87-97 and the 

regions 11-86 (RRM1) and 98-179 (RRM2) were referred to chain A and B, respectively. The structure of 

CsPABPN1 RRM was then superimposed on chains A and B to generated a PDB file of the 

CsPABPN1 RRM dimer bound to poly(A9). Following energy minimization and simulated annealing, 

the CsPABPN1 RRM dimer was duplicated using a Python algorithm and the chain A of the duplicated 

model was superimposed on the chain B of the template model. In the duplicated model, chain A was 

removed and chain B became chain C of the seminal CsPABPN1 RRM concatemer. Next, the chain A of 

the template dimer was superimposed on the chain C of the concatemer, and the same process was 

repeated to create a CsPABPN1 RRM concatemer to cover the length of a poly(A50) molecule 

(Supplementary Data S1). The poly(A50) molecule was also built using the atomic coordinates of the 

poly(A9) of 1CVJ [12], following the same principal used to generate the CsPABPN1 RRM concatemer. 

The final structure of the CsPABPN1 RRM concatemer bound to poly(A50) was energy-minimized to 

eliminate possible steric hindrances. A steepest descent protocol, with backbone atoms fixed, was ran until 

atom speed reached 3,000 m/s, and a simulated annealing protocol was carried out to zero K as target 

temperature. All these tasks were performed with YASARA [63].  
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Site-directed mutagenesis 

Key residues involved in poly(A)-binding were each replaced by alanine (Y111A, N114A, R136A and 

F150A) by site-directed mutagenesis using the QuickChange Site-Directed Mutagenesis kit (Stratagene). 

All mutated constructs were verified by DNA sequencing. The mutated proteins, subcloned into pET28a, 

were expressed as 6xHis-tag fusions and purified as described above.  

 

Nuclear localization of CsPABPN1 

The full-length CsPABPN1 cDNA and a deletion derivative lacking the C-terminal PY-NLS motif (Fig. 

1a) were subcloned into the pENTR-3C and pENTR/D-TOPO vectors (Invitrogen), respectively, and 

moved into the binary vector pRFP1 for the production of RFP-CsPABPN1 fusion proteins. Nicotiana 

benthamiana leaves were transiently transformed with the respective constructs via Agrobacterium 

tumefaciens infiltrations and the subcellular localization of CsPABPN1 and its PY-NLS deletion 

derivative were monitored by confocal fluorescent microscopy as described previously [64]. 

 

Accession numbers 

The NMR restraints have been deposited in the Biological Magnetic Resonance Bank (BMRB) and 

Protein Data Bank (PDB) with the accession numbers 19167 and 2M70, respectively. 
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   Figure legends 

Fig. 1. CsPABPN1 is homologous to type II PABPs and localizes to the nucleus of citrus 

protoplasts. (a) Amino acid sequence alignment of CsPABPN1 from sweet orange “Pera” cultivar with 

type II PABPs from Citrus sinensis (orange1.1g027515m and orange1.1g041633m), Arabidopsis 

thaliana (AtPABPN1), Ricinus communis (RcPABP), Lotus japonicus (LjPABP), Oryza sativa 

(OsPABP), Xenopus laevis embryonic (XlePABP2) and Homo sapiens (HsPABPN1). Identical and 

conserved residues are highlighted in dark and light gray, respectively. The RRM domain of 

CsPABPN1 comprising the residues I110 to V180 is indicated. The secondary structural elements 

determined by NMR are shown above the alignment. Cylinders represent  helices and arrows  

strands. The two conserved RNA binding sites, RNP2 and RNP1, are boxed. The putative nuclear 

localization signal (NLS-RX6PY) is highlighted in the C-terminal end of CsPABPN1 and HsPABPN1. 

(b) Sub-cellular localization of RFP-CsPABPN1 (upper panel) and RFP-CsPABPN1-ΔNLS (middle 

panel) fusion proteins in N. benthamiana cells showing that CsPABPN1 is nucleoplasm located and that 

the deletion of its putative PY-NLS motif affects the protein nuclear targeting. RFP only control is 

shown on the bottom panel.  

 

Fig. 2. Interaction of CsPABPN1 and CsPABPN1 with single-strand RNA probes. EMSA using 

32
P-labeled single-strand RNA probes and increased amounts (100, 250 and 500 ng) of purified 

CsPABPN1 (a) or full-length CsPABPN1 (b). (a) Specific interaction of CsPABPN1 with poly(A15) 

showing three major CsPABPN1:polyA15 complexes of distinct molecular weights (arrows), 

suggesting a 1:1, 2:1 and 3:1 CsPABPN1:polyA15 stoichiometry. The intensity of the shifted bands 

correlates with the amount of CsPABPN1 in the binding mix. (b) The full-length CsPABPN1 protein 

formed a single major complex of higher molecular weight with the poly(A15) and poly(U15) probes 

(arrows), suggesting an effect of the N- and/or C-terminal on the binding and specificity of CsPABPN1 

to single-strand RNAs. Free probes are indicated by brackets. 
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Fig. 3. The solution structure of CsPABPN1. (a) Stereoscopic view of the backbone trace of the 

twenty lowest energy conformers representing the CsPABPN1 structure. The disordered N-terminal is 

not shown. (b) Superposition of CsPABPN1 (red) with the RRM domains of human PABPN1 (green) 

and X. laevis embryonic XlePABP2 (blue) proteins (PDB codes 3B4D and 2JWN, respectively). (c) 

Ribbon model of the CsPABPN1 RRM domain representing the secondary structure elements that were 

labeled taking into account the RRM domain only. The RNP2 and RNP1 are highlighted in blue and 

yellow, respectively. (d) Comparison of the RRM domains of CsPABPN1 (red), human PABPN1 

(green) and Xenopus XlePABP2 (blue) with those of type I PABPC proteins (grey), including the 

PABPC RRM1/RRM2 (PDB code 1CVJ), HUD RRM1 (PDB code 1FXL), hnRNP A1 RRM1/RRM2 

(PDB codes 1HA1 and 2UP1), SXL RRM1 (PDB codes 3SXL and 1BF7), P14 (PDB code 2F9D) and 

Daz-associated protein 1 RRM domains (PDB codes 2DGS and 2DH8). The variable loop3 (2/3 loop) 

adopts a different orientation in the PABPNs, relative to PABPCs.  

 

Fig. 4. The molecular basis of CsPABPN1 poly(A) binding. (a) Superposition of 
1
H-

15
N HSQC 

spectra of CsPABPN1 in the absence (green) and presence (red) of poly(A15) at a 1:20 poly(A) 

:CsPABPN1 ratio. The amino acid residues that underwent significant chemical shift changes upon 

RNA interaction are labeled. (b) Cartoon of the CsPABPN1 structure and its corresponding surface 

depicting the residues that showed chemical shift changes upon RNA interaction at 1:30 (blue), 1:20 

(green) and 1:10 (magenta) poly(A):CsPABPN1 ratios. Most of these residues are located in the 

concave side of the -sheet. (c) Electrostatic surface of CsPABPN1 showing that the concave side of 

the -sheet is positively charged. (d) Structural model of CsPABPN1 bound to a poly(A9) molecule 

(dark blue), showing the amino acid residues that likely contribute to RNA binding (magenta). (e) 

EMSA showing that the replacement of residues Y111, N114, R136 and F150, implicated in adenine 

binding, to alanines abrogated the binding of CsPABPN1 to poly(A15). 
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Fig. 5. CsPABPN1 dimerizes in solution and yeast cells. (a) Analytical gel filtration showing that 

CsPABPN1 (red) has an estimated molecular weight of ~45 kDa, according to its elution time relative 

to the protein standards Ovalbumin (43 kDa), Ribonuclease A (13.7 kDa) and Aprotinin (6.5 kDa). (b) 

SAXS scattering and pair distance distribution function p(r) plots of CsPABPN1 analyzed under low 

(black curves) or high-salt (red curves) conditions. The corresponding dmax and Rg values are indicated. 

(c) Cartoon depicting the superposition of the CsPABPN1 structure (green) fitted into the SAXS 

envelops determined under low (top view) and high-salt conditions (bottom view). (d) Yeast two-hybrid 

assays showing the strong self-interaction of full-length CsPABPN1, in comparison with CsPABPN1. 

pOBD-Protein + pOAD-Protein (1) and the respective controls pOBD-Protein + pOAD-empty (2) and 

pOBD-empty + pOAD-Protein (3) are indicated.  

 

Fig. 6. CsPABPN1 undergoes a dimer to monomer transition in the presence of poly(A). (a) 

Cross-linking analysis of CsPABPN1 in the absence or presence of increased amounts of poly(A15) 

showing a dimer (D) to monomer (M) conversion as the amount of poly(A15) in the binding mix 

increases. (b) Dimeric model of CsPABPN1 (magenta and cyan) with secondary structure elements 

indicated. The dimer is stabilized by the antiparallel pairing of the 2 and 2’ strands and by two salt 

bridges between R136 and D142, located in the ends of the opposing 2 strands. (c) Dimeric model of 

CsPABPN1 bound to poly(A9), showing that the dimer arrangement does not preclude the interaction 

with the RNA molecule (dark blue). The electrostatic surface of the dimer in the absence of the ligand 

RNA, shown for comparison, depicts the positively charged cleft formed by the joined RRM domains. 

(d) Steric clashes of residues L140 and D142 of strand 2’ (cyan) with two adjacent adenines (blue).  

 

  Fig. 7. Structural model of CsPABPN1 assembly on a poly(A) tail and formation of CsPABPN1 

filaments in the presence of poly(A50). (a) Proposed structural model for the assembly of multiple 

CsPABPN1 monomers (green and magenta) bound to a poly(A50) strand (blue). The top view shows 
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fourteen CsPABPN1 monomers bound to poly(A50) in a spiral arrangement, where seven monomers 

are sufficient to make one turn around the RNA molecule. The details of the model, including the 

electrostatic surface, are shown below, with side views depicting the spiral configuration of the 

CsPABPN1 polymer. (b) Structural alignment between two consecutive CsPABPN1 monomers with 

the human RRM1/2 domains of PABPC (cyan), showing that the CsPABPN1 monomers adopt almost 

the same conformation of PABPC in this macromolecular assembly. (c) Cartoon representation of the 

interaction interface between CsPABPN1 monomers depicting mainly the hydrogen bonds that 

stabilize the interaction. Four hydrogen bonds are observed between monomers A and B (R136-E169, 

Q125-E169, E122-K178, E122-T170), with two additional hydrogen bonds between monomers B and C 

(R136-V179, I139-Q176). (d) Transmission electron micrographs showing that CsPABPN1 forms 

filaments and particles in the presence of poly(A50) (arrowheads). White bars correspond to 70 nm. The 

average diameter of the observed filaments (~4 nm) is consistent with the diameter of the structural 

model shown in panel (a). 

 

Table legends 

Table 1. NMR and refinement statistics for CsΔPABPN1 

 

 

 



    Table 1. NMR and refinement statistics for CsPABPN1 

Structural Statistics  

NOE 2416 

Intra-residues (i,i) 708 

Sequential (i, i+1) 685 

Medium range (i, i+2 to i+4) 524 

Long range (i, i≥5) 499 

Rmsd from the average structure 

Backbone (residues 40-150) 0.83 ± 0.44 

Heavy atoms (residues 40-150) 1.06 ± 0.35 

Ramachandran plot 

Most favored regions (%) 79.5 

Additional allowed regions (%) 20.0 

Generously allowed regions (%) 0.5 

Disallowed regions (%) 0.0 

CYANA  

Target function (Å) 1.19 ± 0.12 

Distance violation >0.20 0 

Dihedral angles >5Å 0 
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Fig. S1. CsΔPABPN1 is structured in solution. (a) Circular dichroism curve of 

CsΔPABPN1 showing two major negative peaks at 208 and 222 nm, indicating the 

presence of α-helices. (b) 15NHSQC of CsΔPABPN1 showing excellent peak 

dispersion. 

 

 

Supplementary Material (To be Published)
Click here to download Supplementary Material (To be Published): Supplementary Information2.pdf

http://ees.elsevier.com/jmb/download.aspx?id=792643&guid=d4251cf4-4f41-4991-af6a-d4896f1e42d0&scheme=1


 

Supplementary Fig. S2 

 

 

 

Fig. S2. Tau C value of CsΔPABPN1 determined by 2D 15N-1H-HSQC longitudinal 

relaxation time (T1) and the transverse relaxation time (T2) ratio (T1/T2) versus residue 

number. The calculated tau c value of 8.2 ± 0.5 ns is consistent with a protein of 

approximately 16 kDa, which indicates that CsΔPABPN1 is a monomer in the buffering 

conditions used in the NMR experiments.  

 

 

 

 

 

 

 

 

 

 



Supplementary Fig. S3 

 

 

 

 

 

 

 

 

 

 

Fig. S3. Cross-linking analysis showing that full-length CsPABPN1 undergoes a dimer 

to monomer transition in the presence of poly(A), but not poly(U). The full-length 

CsPABPN1 protein was incubated in the absence (P) or presence of the crosslinker 

DSP (C), or in the presence of DSP and increased amounts of poly(A) or poly(U) RNA. 

CsPABPN1 forms monomers (M) and dimers (D) in the absence or presence of the 

crosslinker and shows a dimer to monomer conversion as the amount of poly(A) 

increases in the binding mix. The dimer/monomer proportion of CsPABPN1 does not 

seem to change substantially when the protein is titrated with increasing amounts of 

poly(U).  



Supplementary Fig. S4 

(a) 

            ______                                 ________                                   

CsPABPN1 SRSIYVGNVDYACTPEE-VQQHFQSCGTVNRVTILTDKFGQPKGFAYVEFVE 157  

2MXY     NSRVFIGNLNTLVVKKSDVEAIFSKYGKIVGCSVH-------KGFAFVQYVN 59 

1CVJ     VGNIFIKNLDKSIDNKA-LYDTFSAFGNILSCKVVCDENG-SKGYGFVHFET 147 

            ::: *::     :  :   *.  *.:   .:        **:.:*.:   
 

 

 

 

 

 

 

(b)                                               (c) 

 

 

 

 

 

 

 

Fig. S4. The CsPABPN1, PABPC and HnRNP C RRMs show similar 3D structures and 

conserved RNA-binding modes. (a) Structural alignments of the CsPABPN1, human PABPC 

(1CVJ) and human poly(U)-binding protein HnRNP C (2MXY) RRMs. Despite the overall low 

amino acid sequence identity, the RRMs display conserved RNP sites and similar structural 

folding. Three aromatic residues of the RNP sites (blue) that are critical for the interaction with 

poly(A) in CsΔPABPN1 (yellow) and PABPC (white), and with poly(U) in HnRNP C (green), are 

structurally conserved. (b) In the structure of HnRNP C bound to poly(U), F19, S47, F52 and 

F54 make contacts with uridine bases (green), including stacking interactions with F19 and F54 

[50]. Similarly, in our CsΔPABPN1-poly(A) modeled structure, Y111 and Y152, which 

respectively replaces F19 and F54 in HnRNP C, also make stacking interactions with adenines 

(sand). Moreover, T138, which corresponds to S47 in HnRNP C (panel ‘a’), also interacts with 

an adenine base. (c) Structural alignment between PABPC and HnRNP C bound to poly(A) and 

poly(U), respectively. Although the RNA-binding mode of PAPBC and HnRNP C is similar, 

K129, which is in the equivalent position of S47, does not interact with the adenine base.  

RNP2                                RNP1      


