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ABSTRACT  17 

Tomato spotted wilt virus (TSWV), belonging to the genus Tospovirus of the family Bunyaviridae, 18 

causes significant economic damage in several vegetables and ornamental plants worldwide. 19 

Similar to those of all other negative-strand RNA viruses, the nucleocapsid (N) protein plays 20 

very important roles in its viral life cycle. N proteins protect genomic RNAs by encapsidation 21 

and form a viral ribonucleoprotein complex (vRNP) with some RNA-dependent RNA 22 

polymerases. Here we show the crystal structure of the N protein from TSWV. Protomers of 23 

TSWV N proteins consist of three parts: N arm, C arm, and core domain. Unlike N proteins of 24 

other negative-strand RNA viruses, the TSWV N protein forms an asymmetric trimeric ring. To 25 

form the trimeric ring, the N and C arms of the N protein interact with the core domains of two 26 

adjacent N proteins. By solving the crystal structures of the TSWV N protein with nucleic acids, 27 

we showed that an inner cleft of the asymmetric trimeric ring is an RNA-binding site. These 28 

characters are similar to those of N proteins of other viruses in the family Bunyaviridae. Based 29 

on these observations, we discuss possibilities of TSWV encapsidation model.  30 
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IMPORTANCE 31 

Tospoviruses cause significant crop losses throughout the world. Particularly, TSWV has an 32 

extremely wide host range (>1,000 plant species including dicots and monocots), and their 33 

worldwide losses estimated to be in excess of US$1 billion annually. Despite such an 34 

importance, any proteins of Tospoviruses have not been elucidated so far. Among 35 

TSWV-encoded proteins, N protein is required for assembling the viral genomic RNA into viral 36 

ribonucleoprotein (vRNP), and that is involved in various steps of their life cycle, such as RNA 37 

replication, virus particle formation, and cell-to-cell movement. This study revealed the structure 38 

of the N protein, with or without nucleic acids, of TSWV as the first virus of the genus Tospovirus, 39 

so it completed our view of N proteins of the family Bunyaviridae.  40 
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INTRODUCTION 41 

Tomato spotted wilt virus (TSWV), a type member of the genus Tospovirus, is one of the 42 

most devastating pathogens known for vegetables and ornamental plants (e.g., tomato, potato, 43 

lettuce, pepper, cyclamen, and impatiens) (1). TSWV can infect more than 1,000 different plant 44 

species, including dicots and monocots, and is transmitted by insects (thrips) (2). TSWV was 45 

recently nominated as one of the top 10 most important plant viruses based on 46 

scientific/economic importance (3). 47 

The genus Tospovirus belongs to the family Bunyaviridae, a very large family of 48 

negative-strand RNA viruses, comprising more than 350 serologically distinct viruses (4). 49 

Bunyaviridae consists of five genera (Orthobunyavirus, Hantavirus, Nairovirus, Phlebovirus, 50 

and Tospovirus) (5). Except for Tospovirus, all genera belonging to the family Bunyaviridae are 51 

animal viruses including human and livestock pathogens, such as Rift Valley fever virus (RVFV; 52 

Phlebovirus), Severe fever with thrombocytopenia syndrome virus (SFTSV; Phlebovirus), 53 

Crimean–Congo hemorrhagic fever virus (CCHFV; Nairovirus), La Crosse virus (LACV; 54 

Orthobunyavirus), and Hantaan virus (HANV; Hantavirus) (5). 55 

As well as all other Bunyaviruses, TSWV virions contain single-strand, tripartite RNA 56 

genomes implementing negative-sense or ambisense coding strategies (5). A small (S) RNA 57 

segment encodes the nucleocapsid (N) protein and the NSs protein. A medium (M) RNA 58 
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segment encodes two surface glycoproteins (Gn and Gc) and the NSm protein. A large (L) RNA 59 

segment encodes the RNA-dependent RNA polymerase (LP: L protein) (6). The N protein 60 

interacts with genomic RNAs to form viral ribonucleoprotein complexes (vRNP) that work as a 61 

functional template for genomic RNA replication and viral mRNA transcription (7–10). In addition, 62 

the TSWV N protein interacts with Gn and Gc glycoproteins, and appears to be involved in the 63 

formation of the virion (11). Moreover, N protein is also reported to interact with NSm cell-to-cell 64 

movement proteins, and plays a role in spreading viral genomic RNA to adjacent cells (12, 13). 65 

Thus, TSWV N protein is a multifunctional protein, and the elucidation of the N protein structure 66 

will provide an important basis for further analyzing its biological function in diverse aspects of 67 

the TSWV life cycle.  68 

Among the family Bunyaviridae, the N protein structures of four out of five genera except for 69 

Tospovirus have been elucidated to date. For the genus Phlebovirus, the N proteins of RVFV 70 

and Toscana virus were elucidated in several different oligomerization states (dimer and 71 

tetramer-, pentamer-, or hexamer-ring) (14–17). For the genus Nairovirus, some 72 

oligomerization states (monomer and superhelical organization) of N proteins have been 73 

reported (18–21). N proteins of several viruses of the genus Orthobunyavirus were determined 74 

as tetramer-ring structures in crystals (22–28). Finally, N protein of the genus Hantavirus has 75 

been reported as a hexamer-ring in crystals (29). 76 
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In this study, we elucidated the last unknown structure of Tospovirus N protein in five genera 77 

of Bunyaviridae. X-ray crystal structure analysis showed that TSWV N protein forms non-planar 78 

trimeric ring structure with or without nucleic acids. Our data may provide further insight into the 79 

mechanism of vRNP formation in the family Bunyaviridae.  80 
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RESULTS 81 

Structure of the apo TSWV N protein. Recombinant TSWV N protein (residues M1–A258) 82 

was prepared and crystallized as reported previously (30). The structure of the TSWV N protein 83 

was determined by a single-wavelength anomalous diffraction method using selenium atoms as 84 

anomalous scatterers (Se-SAD) (Table 1). The asymmetric unit contains three TSWV N protein 85 

molecules denoted NPA, NPB, and NPC (Fig. 1C). The electron density clearly showed all 86 

atomic positions except for the first methionine plus artificially fused tag of all NP molecules and 87 

the C terminal eleven residues of NPA. 88 

  Each N protein molecule consists of three parts: an N-terminal arm (residues M1–N33, 89 

termed N arm), a C-terminal arm (residues S222–A258, termed C arm), and a central core 90 

domain (residues F34–S221) (Fig. 1A). The N arm is formed by one alpha helix (α1: residues 91 

K8–T16) with flexible strands (residues M1–T7 and Q17–N33). The core domain is formed by 92 

eleven alpha helices (α2–α12) and two beta strands (β1 and β2). The C arm is formed by one 93 

bent alpha helix (α13: residues V230–F246) wedged between two flexible strands (residues 94 

S222–S229 and G247–A258) (Fig. 1A). These N and C arms interact with the core domains of 95 

adjacent N protein molecules to form a trimeric ring structure (Fig. 1C), and positively charged 96 

clefts are located inside the ring (Fig. 1B, D and E). 97 
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  This trimeric ring of TSWV N protein was distorted (Fig. 1C), corresponding to the result of 98 

a self-rotation search which found no local three-fold axis (30). Despite the lack of a symmetry 99 

axis, the central core domains of the three molecules were identical and superposed very well 100 

with the root-mean-square deviation (RMSD) of 0.280 Å (NPA–NPB), 0.455 Å (NPB–NPC), and 101 

0.293 Å (NPC–NPA) for 188 Cα atoms. When we superimposed the core domains of NPA, NPB, 102 

and NPC, the N and C arms of each molecule were extended in different directions, indicating 103 

that the distortion of the trimer is caused by the flexible arm structures (Fig. 1F). In addition, the 104 

absence of conserved interactions between the surfaces of the core domains of adjacent N 105 

protein members of the ring appears to be important for trimer distortion. 106 

  Figure 2 shows the detailed arm-to-core interactions of the N protein trimeric ring. Both N 107 

arm-to-core and C arm-to-core interactions are conserved among all combinations (NPA–NPB, 108 

NPB–NPC, and NPC–NPA) of N protein molecules, whereas the interactions of core domains 109 

are not conserved. This suggests that the distortion of the trimeric ring was not caused by 110 

differences in arm-to-core interactions but by the arms’ flexibility. In the N arm, the residues L6, 111 

K8, I11, V12, L14, L15, T16, D20, E22, and F23 interact with the hydrophobic patch of the core 112 

domain containing residues K47, M48, S49, I51, S52, T55, N59, S62, I63, V66, F72, F74, and 113 

G75 by van der Waals forces (Fig. 2A and B). In addition, the main-chain atoms of K19, L21, 114 

and the side-chain atoms of D20 form hydrogen bonds with the side-chain atoms of S52, T55, 115 
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and S49, respectively (Fig. 2E). In the C arm, the residues A231, M232, H234, Y235, T238, 116 

L239, F242, Y243, M245, and F246 interact with another hydrophobic patch of the core domain 117 

containing residues M161, V164, V165, I168, Y169, A172, K187, L190, G191, C194, L197, 118 

K198, M204, V209, G212, K213, A216, L219, and S220 by van der Waals forces (Fig. 2C and 119 

D). In addition, the side-chain atoms of D171 form hydrogen bonds with the side-chain atoms of 120 

Y243 (Fig. 2F).  121 

 122 

Structure of the TSWV N protein with nucleic acids. To elucidate the structure of the TSWV 123 

N protein in complex with nucleic acids, we assembled different complexes that consist of N 124 

protein and several types of nucleic acid molecules of different nucleotide (nt) lengths (10–30 125 

nts RNA or DNA), and purified these complexes by size-exclusion chromatography (SEC). All 126 

complexes were eluted at almost the same position as the N protein apo form by SEC, but the 127 

ratio of absorbance of this peak at 260 and 280nm (A260/A280) was increased from 0.6 (apo 128 

form) to 1.2–1.5 (complex with nucleic acids) (data not shown). We obtained the best dataset 129 

from crystals of N protein bound with 25 deoxythymidine nucleotides (N-DNA complex) and with 130 

19 nts of viral RNA sequences (see Material and Methods) (N-RNA complex) at 3.0-Å and 3.3-Å 131 

resolutions, respectively. The complex structures were solved with molecular replacement using 132 

the monomer structure of apo form as a search model (Table 1, Fig. 3A and B). 133 
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  Although the distorted trimeric ring structures formed by N proteins with DNA/RNA were 134 

similar to the trimeric ring formed without nucleic acids, the relative positions of N protein of 135 

each trimeric ring are different. As expected, the arm-to-core interactions of these N-nucleic 136 

acid complexes are exactly the same as that of the N protein apo form, whereas the interactions 137 

of core domains are not conserved (data not shown). The structural difference of each trimeric 138 

ring distortion on the presence or absence of nucleic acid was also appeared in flexible arms. In 139 

particular, we found that by measuring the torsion angles of the polypeptide chains, the N arm 140 

bent at residues A31–N33 and the C arm bent at residues P224–A226. 141 

  Both DNA and RNA were bound at the central cleft of the core domain. In the positively 142 

charged cleft of the core domains, 11 (3 + 3 + 5) out of the 19 RNA nts and 16 (4 + 7 + 5) out of 143 

the 25 DNA nts were determined, respectively (Fig. 3A and B). Although the difference of the 144 

resolution was small, the final structural refinement showed that electron density map at the 145 

cleft of N-DNA complex was much clearer than that of N-RNA complex (Fig. 3A and B). So we 146 

analyzed the details of NP and nucleic acids interaction using N-DNA complex. In this structure, 147 

amino acid residues contributing to the interaction with DNA were depicted in stick form (Fig. 148 

3C-F). Amino-acid residues contributing to common interactions with DNA in the three 149 

molecules are depicted in Fig. 3C. The common interactions with the phosphates of the DNA 150 

molecule involved the side chains of R60, R94, and R95 and the main chains of F93 and R94. 151 
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On the other hand, residues M64, I86, T92, R94, P151, L152, Y184, and K192 interacted with 152 

the DNA molecule by van der Waals forces (Fig. 3C). In addition, in the NPA molecule, the main 153 

chain of V30 interacted with the DNA base, and the side chains of K65 and K68 interacted with 154 

the DNA phosphates (Fig. 3D). In the NPB molecule, the side chain of K68 interacted with the 155 

DNA phosphate, and the side chain of Q170 interacted with the DNA base (Fig. 3E). In the NPC 156 

molecule, the side chains of Y130 and Q170 interacted with the DNA bases (Fig. 3F). Residues 157 

R60, K68, T92, F93, R94, R95, Y130, L152, Q170, and K192 are highly conserved in 158 

Tospoviruses, while residues T92, R95, and K192 are conserved within both Tospoviruses and 159 

Orthobunyaviruses (Fig. 5). Though we could not address the exact number of nucleotides 160 

which bind N protein trimer due to the poor electron density map of nucleic acids at the N 161 

protein – N protein interfaces, the length range is estimated to be about 18−24 nts (that is 6−8 162 

nts per N protein protomer) based on the electron density map of N-DNA complex. 163 

   164 

Structural comparison with other N proteins in Bunyaviridae. Whereas, many structures of 165 

N proteins have been reported from 4 of the 5 genera in the family Bunyaviridae, there has 166 

been no structural detail of the N protein for any member of the Tospoviruses until this study. 167 

Then, we compared the structures of TSWV N protein with those of representative viruses 168 

belonging to other genera in the family Bunyaviridae. Although the amino acid sequence 169 
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similarity of N proteins was low among five genera, topological similarity has been reported 170 

among Phlebovirus, Hantavirus, Orthobunyavirus, and Tospovirus (31, 32). All N proteins 171 

contain a largely globular domain (i.e. core domain in this study) with a positively charged 172 

groove for RNA binding, and also have extensions such as N and C arms (Orthobunyavirus, 173 

Hantavirus and Tospovirus), only N arm (Phlebovirus), or mobile subdomains (Nairovirus) (33). 174 

Among them, current structure (TSWV (Tospovirus)) is most similar to that of Schmallenberg 175 

virus (SBV) (RMSD = 4.3 Å for 110 Ca atoms) from Orthobunyavirus, which is the 176 

phylogenetically closest genus with Tospovirus (Fig. 4A). Although the structures of the core 177 

domain and manners of RNA binding seemed to be similar (Fig. 4A and C), the sequences and 178 

structures of both arms and the oligomeric states were clearly different between two genera (Fig. 179 

5 and 4B). Namely, the TSWV N proteins formed a trimeric ring, whereas most Orthobunyavirus 180 

N proteins formed a tetrameric ring in crystal (Fig. 4B).   181 
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DISCUSSION 182 

The asymmetric trimeric ring structure of the TSWV N protein. N proteins encapsidate viral 183 

genomic RNA to form vRNP complexes, and vRNP works as a template for genomic RNA 184 

replication and mRNA transcription (33). The appearance of vRNP complexes varies among 185 

different families and genera of negative-strand RNA viruses, according to the structure and 186 

oligomeric form of each N protein (34). To the best of our knowledge, this is the first report of 187 

crystal structure of Tospovirus N protein in the apo, N-RNA binding, and N-DNA binding forms. 188 

TSWV N proteins form a distorted trimeric ring, displaying a unique oligomeric structure among 189 

all negative-strand RNA viruses (Fig. 1C). Recently, Li et al. reported the predicted structure of 190 

TSWV N protein (35). Their model of protomer agreed with our structure, especially in core 191 

domains. Although they argued that TSWV N proteins formed various multimers, their result of 192 

Blue Native PAGE showed that the most abundant band was N protein trimer, and it is 193 

consistent with our structure. 194 

In our TSWV N protein structures, both N and C arms interacted with the adjacent N 195 

proteins to form the trimeric ring (Fig. 2). These results were consistent with the previous 196 

observation that both N-terminal (residues M1–L39, L42–F56) and C-terminal (residues S233–197 

V248) regions of the TSWV N protein are important for the N–N homotypic interaction in the 198 

yeast two-hybrid system (8, 36). The F242A/F246A double mutant was previously reported to 199 
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reduce N–N homotypic interactions drastically. Here we provide structural evidence explaining 200 

why these two residues F242 and F246 are important for N–N interactions; these residues are 201 

located at the center of the C arm-to-core interaction (Fig. 2C). Thus, the arm-to-core interaction 202 

is very important for N–N oligomerization, although the amino acid sequences of both TSWV N 203 

protein arms show low similarity with those of other genera in the family Bunyaviridae (Fig. 5). 204 

 205 

Possible encapsidation models of the TSWV N proteins. Negative-strand RNA viruses 206 

(NSV) can be divided into two orders; the order Mononegavirales, also known as 207 

non-segmented NSV (nsNSV), and Multinegavirales, also known as segmented NSV (sNSV). 208 

The vRNP structures of nsNSV have been revealed as generally linear with a relatively rigid 209 

helical conformation by a cryoelectron microscopy (cryo-EM) reconstruction (37–40). On the 210 

other hand, the crystal structures of N proteins of respiratory syncytial virus (RSV) and 211 

Vesicular stomatitis virus (VSV) have also been determined as a 10-protomer ring (PDB code: 212 

2WJ8, 2GIC) (38, 41), while that of rabies virus was an 11-protomer ring (PDB code: 2GTT) (42). 213 

Also in the case of sNSV, the vRNP structures of the Bunyaviridae family have been considered 214 

to form a helix, although the electron microscopy (EM) images of them were irregular and 215 

flexible architectures (34). Actually, N proteins of CCHFV that belongs to the genus Nairovirus 216 

showed the helical organization even in the crystal, implying that this organization reflects their 217 
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vRNP structure in the living cells (20). The N proteins of the other three genera of the family 218 

Bunyaviridae have been reported to form smaller ring structures (3 to 6-mer) than those of 219 

nsNSVs in crystals (14–17, 22–29). In most of the reports, it has been suggested that their N 220 

protein rings of the genus Phlebo-, Hanta-, and Orthobunyavirus were rearranged to form coiled 221 

vRNPs when it enwraps a long genomic RNA on the basis of their 2D EM images (26, 27, 43). 222 

According to this model, Tospovirus vRNP may also form a helical structure in the native state 223 

by rearrangement of the trimer ring structure. 224 

   Although N protein of Influenza virus formed a trimer structure (but not a ring) in some 225 

crystals, it has been determined that the vRNP structure of them was a peculiar double-helical 226 

structure with two anti-parallel strands by cryo-EM reconstruction (44, 45). Therefore, we 227 

cannot exclude the third possibility that the vRNP structure in the native state is quite different 228 

from the N protein formation in crystals, like a vRNP of Influenza virus. The further study to 229 

elucidate the vRNP structure of Tospoviruses in solution is indispensible. 230 

231 
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MATERIALS AND METHODS 232 

Protein expression, purification, crystallization and data collection of N protein apo form, 233 

N-DNA, and N-RNA complexes. 234 

Cloning, expression, purification, and crystallization of the TSWV N protein have been 235 

described previously (30). Briefly, TSWV N protein fused with expression tag of pET28a was 236 

expressed in Escherichia coli strain B834(DE3) + pRARE2 cells, and purified with a HisTrap HP 237 

column (GE Healthcare) and succeeding HiTrap Heparin HP column. Next, eluted fractions 238 

were subjected to size-exclusion chromatography on a Superdex 200 16/60 column (GE 239 

Healthcare). The final eluted protein was concentrated to 5 mg ml-1, flash-cooled and stored at 240 

193K for further experiments. The 25-poly-dT-nucleotide was purchased from Sigma-Aldrich 241 

Japan. The 19nt RNA (containing the TSWV 5′ terminal sequence of the S RNA genome) was 242 

synthesized from a DNA template by in vitro transcription using T7 RNA polymerase. The 243 

transcription product (5′-GAGAGCAAUUGUGUCAGAA-3′) was purified using a HiLoad 16/60 244 

Superdex 75 prep grade column (GE Healthcare) with a buffer [20 mM HEPES NaOH (pH7.5), 245 

100 mM NaCl, 10% Glycerol]. To form N-nucleic acid complexes, purified N protein was mixed 246 

in a 1:1 molar ratio with DNA or RNA in a buffer [10 mM HEPES NaOH (pH7.5), 100 mM NaCl, 247 

20 mM KCl, 5 mM MgCl2 0.5 mM EDTA, 2 mM DTT] and incubated at 30°C for 30 min. After 248 

incubation, the N-nucleic acid complexes were purified using a HiLoad 16/60 Superdex 200 249 
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prep-grade column (GE Healthcare) with buffer (20 mM HEPES NaOH [pH 7.5], 100 mM NaCl, 250 

10% Glycerol). The crystallization conditions of the N protein without nucleic acids were 251 

previously described (30). The crystallization conditions of the N-DNA and N-RNA complexes 252 

were slightly modified as follows: 0.1 M HEPES (pH7.5), 25% (w/v) PEG1000 for the N-DNA 253 

complex. 0.1 M HEPES-NaOH (pH7.5), 25% (w/v) PEG1000, 0.1 M glycine for the N-RNA 254 

complex. We have tested various DNA and RNA strands for preparing a crystal of complex, and 255 

these nucleic acid molecules gave us the best resolution of crystals as a complex with N protein. 256 

The crystal size and shape of the N-nucleic acid complexes were similar to the N protein alone. 257 

The X-ray diffraction data sets for the selenomethionine-substituted (SeMet) N protein and 258 

N-DNA complex were collected on beamline BL41XU, SPring-8, Japan. The data set of the 259 

N-RNA complex was collected on beamline BL-17A, Photon Factory, Japan. Every data set was 260 

indexed, integrated, and scaled with XDS (46). 261 

 262 

Structure determination and refinement 263 

The phase determination of the SeMet N protein was previously described (30). Briefly, the 264 

initial phases were determined by Se-SAD method using SHELXC/D/E (47) and the initial 265 

model was built using ARP/wARP (48). After several cycles of refinement with “phenix.refine” 266 

and “autoBUSTER” with noncrystallographic symmetry restraints and manual fitting with COOT, 267 
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the R-work and R-free factors were converged to 21.0% and 25.5%, respectively (49–51). The 268 

structure of the N protein in complex with the 19nt RNA was determined at a resolution of 3.3 Å 269 

by the molecular replacement (MR) method with Phaser using the core domain of the 270 

SeMet-substituted TSWV N protein monomeric structure (PDB-ID 5IP1) as a search model (52). 271 

It should be noted that we could not get a correct MR solution with a search model of the N 272 

protein trimer because of the significantly different arrangement of the trimeric structure. RNA 273 

models of 3–5 residue lengths were built manually and fitted using NAFIT (53). After several 274 

cycles of refinement with “phenix.refine” with noncrystallographic symmetry restraints and 275 

manual fitting with COOT, the R-work and R-free factors were converged to 28.2% and 31.7%, 276 

respectively. The structure of N-DNA complex was determined at 3.0 Å in the same way. DNA 277 

models of 4-7 residue lengths were built manually and fitted using NAFIT. Finally, R-work and 278 

R-free factors were converged to 24.5% and 29.0%, respectively. Moreover, to confirm the 279 

trimer of N protein structure formation, a self-rotation search was performed using the CCP4 280 

program POLARRFN (54). The structures of the N protein apo form and N-DNA/N-RNA 281 

complex were depicted using PyMOL and APBS plugin (55, 56). 282 

 283 

Data availability 284 
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The atomic coordinates and the structure factors have been deposited in the Protein Data Bank 285 

under accession no. 5IP1 for the SeMet TSWV N protein structure, 5IP2 for the N-RNA complex 286 

structure, and 5IP3 for the N-DNA complex structure.  287 
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Table 1.  Data collection and refinement statistics 463 

  N protein (SeMet) N-RNA complex N-DNA complex 

Data collection 
   

Wavelength (Å) 0.97906 0.98000 1.00000 

Space group P21 P21 P21 

Cell dimensions   
   

    a, b, c (Å) 66.2, 96.0, 71.8 68.2, 94.7, 70.9 68.9, 86.5, 66.3 

  α, β, γ (°)  90, 113.4, 90 90, 112.6, 90 90, 112.1, 90 

Resolution (Å) a 50–2.70 (2.87–2.70) 50–3.3 (3.5–3.3) 50–3.00 (3.18–3.00) 

Rmeas (%)a,b 9.7 (76.3) 5.2 (94.8) 8.0 (99.6) 

<I / s(I)> a 10.8 (2.13) 16.5 (1.75) 17.1 (2.38) 

Completeness (%)a 92.3 (98.5) 99.0 (97.8) 99.4 (98.0) 

No. of unique reflections 41185 (7154) 12585 (1985) 14540 (2273) 

Redundancya 3.8 (3.8) 3.7 (3.7) 7.6 (7.6) 

    

Refinement 
   

No. of reflections 41171 12581 14534 

Rwork/Rfree (%) 21.04/25.52  28.23/31.66 25.05/29.13 

No. of atoms 
   

      Protein 5965 5439 5666 

      RNA/DNA ― 220 328 
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Averaged B-factors (Å2) 
   

      Protein 77.7 135.4 103.8 

      RNA/DNA ― 227.9 130 

RMSD from ideal 
   

      Bond lengths (Å) 0.003 0.002 0.005 

      Bond angles (°) 0.783 0.531 0.938 

Ramachandran analysis c 
   

      Favored (%) 96.95 98.22 95.82 

      Outliers (%) 0.27 0 0 

aValues in parentheses are for the highest resolution shell 464 

bRmeas is the redundancy-independent Rsym 465 

cRamachandran analysis was performed using MolProbity in the PHENIX package 466 

 467 
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