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Abstract

In response to viral infections, the mammalian innate immune system induces the production of 

the second messenger 2’-5’ oligoadenylate (2–5A) to activate latent ribonuclease L (RNase L) that 

restricts viral replication and promotes apoptosis. A subset of rotaviruses and coronaviruses 

encode 2’,5’-phosphodiesterase enzymes that hydrolyze 2–5A, thereby inhibiting RNase L 

activation. We report the crystal structure of the 2’,5’-phosphodiesterase domain of group A 

rotavirus protein VP3 at 1.39 Å resolution. The structure exhibits a 2H phosphoesterase fold and 

reveals conserved active site residues, providing insights into the mechanism of 2–5A degradation 

in viral evasion of host innate immunity.
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Introduction

The mammalian innate immune system detects viral infections through pattern recognition 

receptors and initiates an immune response mediated predominantly by type I interferons 

(IFNs).1 IFN-mediated cell signaling subsequently results in the transcriptional upregulation 

of a number of interferon-response genes encoding antiviral restriction factors that block 

viral propagation by diverse mechanisms.2,3 A potent antiviral restriction mechanism 

involves the oligoadenylate synthase (OAS)–ribonuclease (RNase) L pathway.4 OAS genes 

are induced in response to IFN stimulation.5,6 Upon binding and activation by viral double-

stranded RNAs (dsRNA), catalytically active OAS isoforms convert ATP into 5’-

triphosphorylated, 2’-5’ linked adenylate oligomers (2–5A).7 Trimeric and longer species of 

2–5A bind to the inactive monomeric form of the pseudokinase-ribonuclease RNase L to 

induce dimerization of the enzyme and its catalytic activation.8,9 Activated RNase L exerts 

its antiviral effect by cleaving single-stranded RNA regions in viral RNAs, as well as by 

promoting apoptosis in infected cells through degradation of cellular mRNAs and rRNAs.10 

Thus, OAS enzymes function as pattern recognition receptors of viral dsRNA, while 2–5A is 
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a conserved second messenger of viral infection whose only known biological function is to 

activate RNase L.3,7

In the host-pathogen arms race, viruses have evolved diverse mechanisms to evade the innate 

immune response of the host, including direct inhibition of OAS-RNase L pathway. The 

genomes of coronaviruses and rotaviruses encode 2’,5’-phosphodiesterase (PDE) enzymes 

that degrade 2–5A and prevent its cellular accumulation, thereby blocking RNase L 

activation. Mouse hepatitis virus (MHV), an enveloped (+)RNA virus of the coronavirus 

family, expresses a cytoplasmic 30-kDa 2’,5’-phosphodiesterase protein ns2 that functions 

as an IFN antagonist and is required for the induction of hepatitis.11–13 Group A rotavirus 

(RVA), a member of the rotavirus family of segmented dsRNA viruses that cause severe 

infant diarrhea, encodes the capping enzyme VP3 that contains a C-terminal 

phosphodiesterase domain (Figure 1A).14 Both the VP3 PDE domain and ns2 have been 

shown to cleave 2-5A in vitro and in vivo, thereby antagonizing RNaseL activation while 

enhancing viral growth and pathogenesis.14,15 The proteins share 18% sequence identity 

(Figure 1B) and are functionally interchangeable, as the VP3 PDE domain is able to rescue 

the replication of ns2 mutant MHV in cells expressing RNase L.14 MHV ns2 and the C-

terminal domain of RVA VP3 are members of the 2H phosphoesterase family and contain 

two characteristic His-X-Ser/Thr motifs in their catalytic sites. Both proteins are structurally 

homologous to A-kinase-anchoring protein-7 (AKAP7), a 2H phosphoesterase domain-

containing protein that mediates signaling within cAMP microdomains by anchoring 

multiple signaling proteins.16 AKAP7 exhibits 2’,5’-phosphodiesterase activity and can 

complement an inactive ns2 gene in a MHV mutant to restore infectivity of the virus.17

Despite their essential role in antagonizing the OAS-RNase L innate immune response 

pathway, there is little structural information available for viral 2’,5’-phosphodiesterase 

enzymes. Here we report the structure of the PDE domain of the RVA VP3 protein (UniProt 

entry A2T3S1, residues 696–835) at a resolution of 1.39 Å, highlighting its evolutionary 

relationship with cellular phosphodiesterases and providing insights into the catalytic 

mechanism of 2–5A cleavage.

Materials and Methods

Protein purification and crystallization

The DNA sequence encoding the PDE domain of the minor core protein VP3 from group A 

rotavirus (residues 696–835) was synthesized by GeneArt (Life Technologies) and 

subcloned into bacterial expression vector 1B (obtained from the UC Berkeley MacroLab, 

sequence available from Addgene, www.addgene.org) by ligation-independent cloning 

(LIC). The VP3 PDE domain was expressed in Escherichia coli BL21 (DE3) Rosetta 2 

(Novagen) cells as a fusion protein containing an N-terminal hexahistidine (His6) affinity 

tag, the polypeptide sequence of the maltose binding protein (MBP), and the tobacco etch 

virus (TEV) protease cleavage site. Cells were grown to an optical density OD600 of 0.8 and 

protein expression was induced by addition of 0.2 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) for 16 h at 18°C. Cells were lysed in 20 mM Tris pH 8.0, 500 mM NaCl and 5 mM 

imidazole pH 8.0 using a homogenizer (Avestin). The lysate was clarified by centrifugation 

at 20,000 g for 30 min and applied to a 5 ml Ni-NTA Superflow cartridge (Qiagen). The 
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cartridge was washed with lysis buffer and bound protein was eluted using lysis buffer 

supplemented with 250 mM imidazole. Eluted protein was dialyzed against 20 mM Tris pH 

8.0, 150 mM NaCl and 10 % glycerol overnight at 4 °C in the presence of His6-tagged TEV 

protease to cleave the His6-MBP affinity tag. Dialyzed protein was re-applied to a 5 ml Ni-

NTA Superflow cartridge to remove TEV protease and the affinity tag. The flow through 

was concentrated and applied to a Superdex 75 16/600 column (GE Healthcare), eluting in 

20 mM Tris pH 8.0, 150 mM NaCl. The purified protein was concentrated to 15 mg ml-1 

using a 10,000 MWCO centrifugal concentrator (Merck).

Crystallization and structure determination

Crystals of the VP3 PDE domain were grown at 20 °C using the hanging drop vapor 

diffusion method. The drop was composed of equal volumes (1 μl + 1 μl) of purified protein 

and reservoir solution (0.1 M Tris-acetate pH 7.0, 0.2 M KSCN and 22 % PEG monomethyl 

ether 2000). For cryoprotection, crystals were briefly transferred into 0.1 M Tris-acetate pH 

7.0, 0.2 M KSCN, 25 % PEG monomethyl ether 2000, 15 % ethylene glycol, and flash-

cooled in liquid nitrogen. Native X-ray diffraction data were collected at beam line X06DA 

(PXIII) of the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland) to a 

resolution of 1.39 Å. The crystals belonged to space group P21 and contained four molecules 

in the asymmetric unit. Phases were obtained from a single-wavelength anomalous 

diffraction (SAD) experiment using the anomalous diffraction properties of endogenous 

sulfur atoms. 15 data sets were collected by exposing different parts of the same crystal, 

rotating the crystal through 360° in each data set and changing the kappa angle between 

datasets in 5 degree increments to ensure data completeness and redundancy. Data were 

processed using XDS18 and scaled using SCALA.19 Sulfur sites were located using 

Phenix.Hyss20 and phases calculated by the SAD phasing routine implemented in 

Phenix.Phaser21, resulting in a readily interpretable electron density map. The initial atomic 

model was built automatically using ARP/wARP22 and completed by manual building in 

COOT.23 The atomic model was refined against the high-resolution native data using 

PHENIX.refine.24 A single molecule of PEG was initially placed in the asymmetric unit 

using PHENIX.LigandFit25 and adjusted manually. The final model contains four copies of 

the VP3 PDE domain (residues 696–835), 597 water molecules, one PEG molecule and two 

K+ ions. Atomic coordinates and structure factors have been deposited in the Protein Data 

Bank (PDB) under accession code 5AF2.

Results and Discusssion

To elucidate the mechanism of 2–5A degradation by viral 2’, 5’-phosphodiesterases involved 

in immune evasion, we determined a high resolution structure of the C-terminal PDE 

domain of the RVA VP3 protein (residues 696–835). The structure was solved by a single-

wavelength anomalous diffraction experiment and refined at a resolution of 1.39 Å with an 

Rfree of 19.3 % (Table 1). The asymmetric unit of the crystal contained four copies of the 

VP3 PDE domain, although the protein is monomeric in solution as determined by size 

exclusion chromatography. The structure reveals a compact domain of approximate 

dimensions of 40 Å × 30 Å × 20 Å. The domain adopts a concave α-β fold typical of the 

LigT-like clade of the 2H-phosphoesterase superfamily26, consisting of 2 α-helices and 7 β-
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sheets (Figure 1B, C). The concave surface of the fold features a positively charged groove 

that reaches approximately 10 Å into the core of the protein (Figure 1C). The base of the 

groove is formed by the antiparallel strands β2 and β5. Each of the two strands harbors one 

of the catalytic His-X-Thr motifs (His718 and Thr720 in β2, His797 and Thr799 in β5), a 

characteristic feature of 2H phosphoesterases that form the catalytic site of the PDE domain 

(Figures 1B and 2B). The catalytic groove is flanked by two lobes. The lower lobe consists 

of 4 antiparallel β-sheets (β1, β2, β6, β7) capped by 2 α-helices (α1, α2) showing 

similarities to a Rossmann fold, a structural motif known to bind nucleotides27, whereas the 

upper lobe contains three antiparallel β-strands (β3-5).

We compared the VP3 PDE domain with the structures of other 2H phosphoesterase 

enzymes using the DALI server.28 Superposition with the phosphoesterase domain of 

AKAP7 29 (PDB ID 2VFK) reveals substantial structural homology, with a root mean 

square deviation of 2.8 Å over 137 Cα atoms (Figure 2A). AKAP7 adopts a globular α-β 
architecture consisting of four α-helices and eight β-sheets.29 In contrast to AKAP7 and a 

predicted structural model of the VP3 PDE domain14, the crystal structure of the VP3 PDE 

domain lacks two α-helical segments and one β-strand in the upper lobe. The DALI search 

additionally identified human 3’-5’ exoribonuclease USB130 (C16orf57, PDB ID 4H7W), 

2’-5’ RNA ligases from Pyrococcus horikoshii31 (PDB ID 1VDX) and Thermus 
thermophilus32 (PDB ID 1IUH) and the 1’-2’-cyclic nucleotide 2’-phosphodiesterase from 

Arabidopsis thaliana33 (PDB ID 1JH7) as close structural homologs, all of which contain 

the two additional α-helices in their upper lobes. The observed differences in secondary and 

tertiary structures are likely in part due to the diversity of substrate specificities across the 

2H phosphoesterase superfamily. Nevertheless, the overall structural similarity underscores a 

clear evolutionary relationship of VP3 to vertebrate 2H phosphoesterase domain-containing 

proteins including AKAP7, USB1, as well as CGI-18 and LENG9.26 This supports the 

hypothesis that a vertebrate host phosphodiesterase served as the ancestral precursor of 2’,

5’-phosphodiesterases harbored by rotaviruses and coronaviruses.17

The C-terminal domain of VP3 has 2’,5’-phosphodiesterase activity that cleaves 5’-AMP 

from the 2’-termini of 2-5A molecules.14 To obtain structural insights into its catalytic 

mechanism of 2–5A hydrolysis, we collected diffraction data from VP3 PDE domain 

crystals soaked with 5’-AMP as well as crystals grown in the presence of 50 mM 5’-AMP. 

In neither case were we able to observe electron density corresponding to the bound 

cleavage product. Closer inspection of the crystal packing interfaces revealed that in all four 

copies in the asymmetric unit, the catalytic site of the VP3 PDE domain is blocked by the 

insertion of a loop (Ser759-Asp760) from a symmetry-related molecule, likely explaining 

the lack of ligand binding in the structure. Comparison of the active sites of AKAP7 and the 

VP3 PDE domain reveals that the catalytic His-X-Thr motifs are found in equivalent 

positions, suggesting that the catalytic mechanism of substrate cleavage is conserved in the 

two proteins. We therefore modeled the binding of the ligand in the active site of the VP3 

PDE domain based on the superposition with the structure of AKAP7 in complex with 5’-

AMP (PDB ID 2FVK). In AKAP7, both active site threonines donate hydrogen bonds to the 

phosphate oxygen atoms of the AMP product, while His224 of the second catalytic motif 

(equivalent to His797 in VP3) forms an additional hydrogen bond to the bridging ester 

oxygen (Figure 2B). A similar binding mode is expected in VP3, with the phosphate group 
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being hydrogen-bonded to Thr720 and Thr799. The adenine moiety of the AMP ligand is 

sandwiched between the side chains of Arg219 and Phe179 in AKAP7, the two residues 

interacting with the base via cation-π and π-π stacking interactions, respectively.29 While 

the conserved Arg792 likely fulfills the same function in VP3, the phenylalanine position is 

occupied by Leu758, suggesting that the precise mode of product binding might differ 

slightly between VP3 and AKAP7. Assuming that the bound AMP represents the product 

cleaved off from the 2’ terminus of the 2–5A substrate, the adenosine residue upstream of 

the scissile phosphate would likely bind in the vicinity of amino acid residues Phe700, 

Val723, Tyr821, Arg823 and Ile825, in a conserved pocket adjacent to the catalytic site 

(Figures 1B, C and 2B). Hydrolysis of phosphodiesters by 2H phosphoesterases involves a 

nucleophilic attack on the scissile phosphate. The product of the reaction, however, varies 

depending on the attacking group and the type of ribose linkage in the substrate. We propose 

a catalytic mechanism of 2-5A hydrolysis for the VP3 PDE domain reminiscent of the 

catalytic mechanisms predicted for T. thermophilus 2’-5’ ligase32 and A. thaliana 1’-2’-

cyclic nucleotide 2’-phosphodiesterase.33 In VP3, the unprotonated form of His797 would 

act as a general base, deprotonating a water molecule for in-line nucleophilic attack on the 

scissile phosphate (Figure 2C). In turn, His718 acts as a general acid, facilitating the 

cleavage reaction by protonating the 2’-oxygen atom of the leaving group. During the 

reaction, the scissile phosphate is anchored by hydrogen bonds to Thr720 and Thr799, while 

the buildup of negative charge on the pentacovalent reaction intermediate might be stabilized 

by the overall positive surface electrostatic potential of the active site cleft.

In summary, our crystal structure of the C-terminal phosphodiesterase domain of rotavirus 

VP3 confirms its 2H phosphoesterase fold and pinpoints the location of conserved active site 

residues, providing clues about the molecular mechanisms of 2–5A recognition and 

hydrolysis. The global structural homology between the VP3 PDE domain, AKAP7 as well 

as other 2H phosphoesterase proteins, together with conservation of principal active site 

residues, suggest that viral 2’,5’-phosphodiesterases such as RVA VP3 and MHV ns2 have 

emerged by acquisition of an ancestral host 2’,5’-phosphodiesterase whose structural 

architecture was subsequently shaped by evolutionary pressures of the virus-host conflict.
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Figure 1. 
(A) Domain architecture of group A rotavirus VP3 protein (UniProt ID A2T3S1). The 

protein consists of an N7-methyltransferase (N7-MTase), 2’-O-methyltransferase (2’-O-

MTase) and guanylyltransferase/RNA-triphosphatase (GTase/RTPase) domains, followed by 

a C-terminal phosphodiesterase (PDE) domain spanning residues 696–835. (B) Multiple 

sequence alignment for 2H phosphoesterase superfamily members displaying 2’,5’-

phosphodiesterase activity. Primary sequences of RVA VP3 (Uniprot ID A2T3S1), MHV 

ns2 (UniProt ID P19738) and human AKAP7 (Hs_AKA7G, UniProt ID Q9P0M2) proteins 

were aligned using MAFFT34 with the E-INS-I strategy. Conserved catalytic His-X-Ser/Thr 

Brandmann and Jinek Page 8

Proteins. Author manuscript; available in PMC 2016 October 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



motifs (red boxes) and active site residues (red asterisks) are highlighted. Secondary 

structure elements of RVA VP3 are indicated above the sequence. (C) Crystal structure of 

the VP3 PDE domain. Left and middle: Two perpendicular views shown in cartoon 

representation. Histidine and threonine sidechains of the two His-X-Thr catalytic motifs are 

shown as sticks. Right: Surface representation colored according to electrostatic surface 

potential.
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Figure 2. 
(A) Comparison of RVA VP3 (light blue) and human AKAP7 (grey, PDB ID 2FVK) 

phosphodiesterase domains. The structures were superimposed using the DALI server and 

are shown in identical orientations. The catalytic His and Thr residues as well as bound 

AMP ligand in AKAP7 are shown in stick representation. The AMP molecule is colored 

yellow. (B) Zoomed-in view of the overlaid catalytic centers of the PDE domains of VP3 

and AKAP7. Catalytic and substrate binding residues are shown as sticks and colored as in 

(A). Hydrogen bond interactions are depicted as dashed lines. (C) Proposed model for the 

2’,5’-phosphodiesterase catalytic mechanism of VP3. The sidechain of His797 acts as a 

general base to abstract a proton from a water molecule, promoting the nucleophilic attack 

on the phosphate group. His718 acts as a general acid to donate a proton to the 2’-oxygen of 

the leaving group. The 2’-5’-oligoadenylate substrate is depicted in red.
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Table 1
Data collection and refinement statistics.

Dataset Native Sulfur SAD

X-ray source SLS X06DA (PXIII) SLS X06DA (PXIII)

Space group P21 P21

Cell dimensions

   a, b, c (Å) 61.3, 75.0, 63.2 61.3, 75.1, 63.0

   α, β, γ (°) 90, 112.8, 90 90, 112.7, 90

Wavelength (Å) 1.00000 2.06640

Resolution (Å)* 45.12–1.39 (1.43–1.39) 45.96–2.14 (2.19–2.14)

Rsym (%)* 7.2 (62.22) 6.2 (13.5)

CC1/2* 0.999 (0.891) 1.000 (0.974)

I/σI* 20.1 (3.7) 52.67 (6.72)

Observations* 1409763 (85738) 2019684 (7779)

Unique reflections* 105693 (7685) 53486 (2350)

Multiplicity* 13.3 (11.7) 37.8 (3.3)

Completeness (%)* 99.7 (98.4) 92.7 (55.3)

Refinement

Resolution (Å) 45.12–1.39

No. reflections 105679

Rwork / Rfree 0.171 / 0.193

No. atoms

   Protein 4692

   Ligands 72

   Water 597

B-factors

   mean 21.8

   Protein 20.6

   Ligands 30.8

   Water 29.5

R.m.s. deviations

   Bond lengths (Å) 0.006

   Bond angles (°) 1.12

Ramachandran plot

   % favored 97.9

   % allowed 2.1

   % outliers 0.0

*
Values in parentheses denote highest resolution shell
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