
Structural basis of substrate selectivity of viperin

Michael K. Fenwick1, Dan Su1, Min Dong1, Hening Lin1,2,*, Steven E. Ealick1,*

1Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York, 14853

2Howard Hughes Medical Institute, Cornell University, Ithaca, New York, 14853

Abstract

Viperin is a radical S-adenosylmethionine (SAM) enzyme that inhibits viral replication by 

converting cytidine triphosphate (CTP) into 3′-deoxy-3′,4′-didehydro-CTP and by additional 

undefined mechanisms operating through its N- and C-terminal domains. Here, we describe crystal 

structures of viperin bound to a SAM analog and CTP or uridine triphosphate (UTP) and report 

kinetic parameters for viperin-catalyzed reactions with CTP or UTP as substrates. Viperin orients 

the C4′ hydrogen atom of CTP and UTP similarly for abstraction by a 5′-deoxyadenosyl radical, 

but the uracil moiety introduces unfavorable interactions that prevent tight binding of UTP. 

Consistently, kcat is similar for CTP and UTP whereas Km for UTP is much greater. The structures 

also show that nucleotide binding results in ordering of the C-terminal tail and reveal that this 

region contains a P-loop that binds the γ-phosphate of the bound nucleotide. Collectively, the 

results explain the selectivity for CTP and reveal a structural role for the C-terminal tail in binding 

CTP and UTP.
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Introduction

Antiviral defense mechanisms within the innate immune system include the production of 

interferons and the expression of hundreds of interferon-stimulated genes (ISGs).1–3 RSAD2 

is an ISG that encodes viperin, an antiviral radical S-adenosylmethionine (SAM) enzyme.4–6 

Early studies found that viperin associates with the endoplasmic reticulum (ER) and inhibits 

the replication of human cytomegalovirus, a double stranded DNA virus.5 Since then, 

viperin has been shown to inhibit the replication of several positive7–19 and negative20–23 

sense single-stranded RNA viruses, and the retroviruses HIV-124 and equine infectious 

anemia virus.25 In addition, viperin has been shown to be a component of the Toll-like 

receptor 7 (TLR7) and TLR9 signaling pathways26–28 and a regulator of thermogenesis in 

adipose tissues29 and cellular levels of farnesyl pyrophosphate synthase.30

Recently, rat viperin was shown to convert cytidine triphosphate (CTP) into the RNA chain 

terminator 3′-deoxy-3′,4′-didehydro-CTP (ddhCTP), which inhibits the RNA-dependent 

RNA polymerases of dengue, West Nile, Zika, and hepatitis C viruses.31 Viperin activity, 

reported by the level of 5′-deoxyadenosine (5′-dA) formation, was also detected for other 

nucleotides, including cytidine diphosphate, deoxy-CTP, and uridine triphosphate (UTP), but 

was much lower than that obtained using CTP.31 The finding that the substrate of viperin is a 

triphosphate nucleotide is consistent with the active site structure of mouse viperin,32 which 

displays structural homology to the triphosphate binding site of the GTP-modifying radical 

SAM enzyme MoaA.33 However, the structural basis of substrate selectivity of viperin has 

not yet been demonstrated.

In addition to the radical-based mechanism, studies of various N- and C-terminal truncations 

suggest that additional undefined antiviral mechanisms operate through regions outside the 

radical SAM core domain. N-terminal deletions as short as typically 33-50 residues and 

short C-terminal truncations ranging from 1 to 17 residues lead to the loss of antiviral 

activity against several viruses.8–11, 13–15, 21, 24, 25 The N-terminal truncations remove an 

amphipathic helix that is believed to localize viperin to the cytosolic face of the ER34 

suggesting that its subcellular localization can play an important role in viral inhibition. In 

contrast, the precise function of the C-terminal extension has remained elusive due in part to 
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disorder observed in the final 25 residues of nucleotide-free structures of viperin,32 however, 

roles in binding an FeS cluster assembly protein14, 35 and in interfering with viral replication 

by binding viral or host proteins have been reported.9, 10, 16, 19

In the present study, we describe high resolution crystal structures of mouse viperin bound to 

S-adenosylhomocysteine (SAH; a structural analog of SAM) and CTP or UTP with an 

ordered C-terminal tail. In addition, we report kinetic parameters for ddhCTP and ddhUTP 

synthesis. The results provide a structural basis for the early steps of ddhCTP and ddhUTP 

formation, the high selectivity of viperin for CTP, and a role for the C-terminal tail in 

substrate binding.

Materials and Methods

Overexpression, purification, and crystallization.

Three mutations were made to mouse viperin to produce a crystallizable variant suitable for 

studying nucleotide binding. These include deletion of the first 44 residues, which removes 

the N-terminal membrane-associating helix,34 and mutation of Glu261 and Glu266 to 

alanine,36 which removes interactions between a surface loop and the positively charged 

barrel that occur in crystals of mouse viperin lacking nucleotides.32 The associated gene, 

MmviperinΔ44/E261A/E266A, was synthesized using codon optimization for expression in 

Escherichia coli and sub-cloned into pET28a for overexpression of the following product: 

NH2-MGSDKIHHHHHHSSGENLYFQG45…A261…A266…W362-COOH.

The viperin variant was prepared via quasi-anaerobic expression followed by anaerobic 

purification and crystallization.37, 38 E. coli Nico (DE3) cells were transformed with 

pET28a-MmviperinΔ44/E261A/E266A and pSuf39 for coexpression of the viperin fragment 

and iron-sulfur biosynthetic proteins. Large-scale cultures were grown at 37 °C in shaker 

flasks containing 1.85 L of selective minimal medium (1 X minimal medium salts, 40 mg/L 

kanamycin, 34 mg/L chloramphenicol, 6 g/L dextrose, 3 mM MgSO4, and 0.1 mM CaCl2) at 

a rotation rate of 180 rpm until the optical density reached 0.5-0.55. The cultures were then 

chilled at 4 °C for 2.5 h, and supplemented with L-Cys, Fe(NH4)2(SO4)2, and isopropyl β-

D-1-thiogalactopyranoside to final concentrations of 0.28 mM, 0.086 mM, and 0.2 mM, 

respectively. Protein expression was induced for 20 h at 15 °C using a shaker rotation rate of 

50 rpm. After induction, the cultures were chilled to 4 ºC, harvested via centrifugation at 

6,000 x g and 4 ºC for 15 min, and flash frozen in liquid nitrogen.

Pellets were thawed in an anaerobic glovebox (Coy Laboratories), mixed with lysis buffer 

(50 mM HEPES, 400 mM NaCl, 25 mM imidazole, 5 mM dithiothreitol, 0.4 mg/mL 

lysozyme, and 1.9 kU benzonase, pH 7.3), and sonicated while maintained on ice. The lysate 

was centrifuged outside the glovebox at 60,000 x g for 20 min at 4 °C, then returned and 

subjected to nickel chelate chromatography using wash (50 mM HEPES, 400 mM NaCl, 25 

mM imidazole, pH 7.3) and elution (50 mM HEPES, 400 mM NaCl, 250 mM imidazole, pH 

7.6) buffers. The protein was transferred to (His)6 tag-cleavage buffer (25 mM HEPES, 225 

mM NaCl, and 3 mM DTT, pH 7.4) using a BioRad Econo Pac 10DG desalting column and 

then incubated with tobacco etch virus protease for 7 h. The mixture was then subjected to 

subtractive nickel chelate chromatography, transferred to 5 mM HEPES, 27 mM NaCl, pH 

Fenwick et al. Page 3

Biochemistry. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7.1, and frozen in liquid nitrogen. Identical procedures were used to prepare 

MmviperinΔ4432 for the kinetic assays.

MmviperinΔ44/E261A/E266A (0.2 mM) containing a [4Fe-4S] cluster was cocrystallized 

with SAH (6 mM) and CTP (10 mM) or UTP (10 mM) using the hanging drop vapor 

diffusion method. Solutions of viperin and the ligands were mixed with reservoir solutions 

in a 1:1 ratio at 23 °C. Typical reservoir solutions contained 100 mM Bis-tris propane, pH 

6.2-6.8, 200 mM NaCl, and 19-22% (w/v) polyethylene glycol (PEG) 4000 or 6000; the 

PEG concentration was increased 18-21% in the cryoprotectant.

X-ray image collection and processing.

Crystals were irradiated with X-rays having wavelength λ = 0.9791 Å at NE-CAT beamline 

24-ID-C of the Advanced Photon Source (Argonne National Laboratory). X-ray images 

were recorded at 1 °/s for a CTP or UTP-containing crystal positioned 255 or 340 mm, 

respectively, from a PILATUS 6M-F detector. The recorded intensities were indexed, 

integrated, and scaled using HKL2000.40

Structure determination and refinement.

The structures of the CTP- and UTP-bound complexes were determined by molecular 

replacement using PHASER41 with the nucleotide-free structure as the search model.32 

Manual structure building was performed using COOT42 and automatic refinement was 

performed using PHENIX43 with a maximum likelihood target function and translation/

libration/screw motion (TLS) restraints.44 Structural and electron density illustrations were 

prepared using Chimera45 and PyMOL.46

Kinetic assay for mouse viperin with CTP.

Mouse viperin kinetic assays were performed by varying the concentration of CTP from 10 

μM to 100 μM in 100 μL reaction buffer containing 200 mM ammonium formate, pH 8.2, 

100 μM SAM, 2 μM viperin and 3 mM dithionite. All the reaction components except 

dithionite were incubated at room temperature for 5 min. Reactions were initiated by adding 

dithionite and incubated for 5 min at 37 °C, then quenched by mixing with 100 μL 

acetonitrile and 50 μM UTP as an internal standard. After centrifuging at 17,000 g for 20 

min, the supernatants were analyzed by LC-MS on a Shimazu LC-20AD coupled with a 

Thermo Scientific LCQ Fleet mass spectrometer. Assay mixtures were loaded on a 

Phenomenex Kinetex 5 μm EVO C18 column (50 mm × 2.1 mm) equilibrated with 100% 

buffer A (water with 0.1% acetic acid) and 0% buffer B (acetonitrile with 0.1% acetic acid). 

An isocratic wash of 100% A was applied from 0-3min, and 0-90% B from 3-6 min before 

returning to 0% A from 6-8 min. Detection of products and substrates was conducted using 

electrospray in negative mode with mass scan window from 400 to 500. The amounts of 

ddhCTP in the reactions were calculated by multiplying the initial CTP concentration with 

the area ratio (ddhCTP/CTP) in the extracted-ion chromatogram.

Kinetic assay for mouse viperin with UTP.

Mouse viperin kinetic assays were performed by varying the concentration of UTP ranging 

from 25 μM to 500 μM in 100 μL reaction buffer containing 200 mM ammonium formate, 
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pH 8.2, 100 μM SAM, 5 μM viperin and 3 mM dithionite. All the reaction components 

except dithionite were mixed and incubated at room temperature for 5 min before 

introducing dithionite. Reactions were initiated by adding dithionite and incubated for 10 

min at 37 °C, then quenched by mixing 100 μL acetonitrile and 100 μM CTP as an internal 

standard. The samples were treated and analyzed as previously described for the assay with 

CTP. The amounts of ddhUTP in the reactions were calculated by multiplying the initial 

UTP concentration with the area ratio (ddhUTP/UTP) in the extracted-ion chromatogram.

Results and Discussion

Crystal structure analysis

Crystal structures of a mouse viperin fragment (residues 45-362) with two surface loop point 

mutations (E261A/E266A)36 bound to a [4Fe-4S] cluster, SAH, and CTP or UTP were 

determined at 1.5 and 1.9 Å resolution, respectively (Figure 1A and Tables 1 and 2). The 

associated electron density maps show well defined electron density for the [4Fe-4S] 

clusters and ligands (Figure S1). The crystals of both complexes belong to space group 

P212121 and have similar unit cell dimensions. The asymmetric units contain two viperin 

molecules and display noncrystallographic twofold symmetry involving an interface formed 

by the mutated surface loop (Figure S2A,B). However, the structure of the mutated loop is 

similar to that of wild-type viperin (Figure S2C). Analysis of the protein interfaces and 

surfaces using PISA suggests that viperin is monomeric.47

Overall structure of the CTP-bound complex: ordering of the C-terminal extension

Previous studies showed that nucleotide-free viperin contains a (βα)6 partial barrel and has a 

disordered N-terminal extension and a partially ordered C-terminal extension (Figure 1B).32 

Binding of CTP results in ordering of the C-terminal extension and the formation of a well-

ordered nucleotide binding site in which a 25-residue tail folds over the barrel opening 

(Figure 1C). The N-terminal extension remains disordered, consistent with previous 

predictions of intrinsic disorder in this region.32

Ordering of the C-terminal tail introduces a six residue α-helix (α10) followed by an eight 

residue P-loop that binds the γ-phosphate (Pγ) of CTP and a 310-helix (3105) (Figure 1C). 

The C-terminal tail forms several hydrophobic and electrostatic interactions with residues 

near the N-terminal sides of the barrel β-strands, with the P-loop residues Arg347 and 

Tyr351 forming a salt bridge and a hydrogen bond with Pγ, respectively (Figure 1D). In one 

monomer, all but the final two residues (Asp361 and Trp362) become ordered, whereas in 

the second, these two residues become partially ordered through interactions between 

Trp362 and crystallographically related viperin molecules. The structure thus shows that the 

C-terminal truncations of 17 residues or the final residue of human viperin (Figure S3) that 

lead to decreased inhibition of several viruses are associated with removal of the P-loop and 

solvent-exposed C-terminal tryptophan.

Ordering of the nucleobase binding site involves the formation of two Type I β-turns 

involving residues M298KDS301 (turn A) and C314TGG317 (turn B) and a β-hairpin (β9-β10; 

residues 312-321) that is rotated out of alignment with the remaining strands of the barrel 
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(Figure 1E). Turn A forms at the C-terminal end of helix α7, which is shortened from seven 

(295-301) to four residues (295-298) with Lys299, Asp300, and Ser301 forming hydrogen 

bonds with the N4 amino group of cytosine, the backbone of Asp340 of the C-terminal tail, 

and the side chain of Arg347 of the P-loop, respectively (Figure S4A). In addition, the side 

chain of Tyr302 undergoes a 100° change in its χ1 angle, packs against the cytosine and 

ribose moieties, and forms hydrogen bonds with a Pα oxygen atom of CTP and the side 

chain of Glu293 from β7. In the nucleotide-free structure, the β-hairpin region forms a loop 

with residues G316GRK319 disordered and with Cys314 located at the cytosine binding site.
32 In the CTP-bound complex, the β-hairpin is stabilized by turn B, hydrogen bonds between 

the backbones of Asp320 and Asn313, and several additional hydrogen bonds with the 

cytosine moiety of CTP and other protein segments (Figure S4B). These include hydrogen 

bonds between the side chain of Cys314 and the N4 atom, the side chain of Lys319 and the 

O2 atom, the backbones of Gly317 and Glu255, and the side chain of Asn313 and the 

backbone of F336.

Active site architecture: structural basis of C4′ radical formation

The structure of viperin bound to CTP displays the canonical active site architecture of 

radical SAM enzymes with additional capping by the C-terminal tail. SAH adopts the 

canonical SAM conformation48 as observed in the nucleotide-free structure.32 CTP is 

surrounded by 25 residues from the core domain and C-terminal extension, 18 of which 

making direct contacts (d < 3.5 Å) (Figure 2A).

The cytosine ring is situated between several hydrophobic residues and forms hydrogen 

bonds with residues of turns A and B. The N4 amino group forms a hydrogen bond with the 

backbone carbonyl of Lys299 and has an N4…S separation distance (3.6 Å) and N4-H…S 

angle (120°) with the sulfur atom of Cys314 consistent with values for amide N-H…S 

hydrogen bonds in proteins.49 The O2 atom forms a hydrogen bond with the ε-amino group 

of Lys319 located near turn B. The N3 atom is also within hydrogen bonding distance of the 

Lys319 Nζ atom, although the ε-amino group is better aligned to form additional hydrogen 

bonds with the backbone carbonyl oxygen atom of Phe92 and the Nδ1 atom of His93.

The triphosphate moiety of CTP makes sixteen potential hydrogen bonds or other 

electrostatic interactions (d < 3.5 Å) with inward pointing side chains of the barrel and P-

loop. These occur between Pα oxygen atoms and the side chains of Lys220, Asn222, 

Lys247, and Tyr302, between Pβ oxygen atoms and the side chains of Asn77, Lys120, 

Lys220, and Lys247, and between Pγ oxygen atoms and the side chains of Lys120, Lys220, 

Arg245, Lys247, Arg347, and Tyr351. Four additional hydrogen bonds are formed with 

water molecules, including three with oxygen atoms of Pβ and one with an oxygen atom of 

Pγ. Notably, five of the phosphate binding residues occupy equivalent barrel sites used by 

MoaA to bind the triphosphate moiety of GTP, as predicted previously from structural 

alignments using the nucleotide-free structure (Figure 2B).32

The ribose moiety of CTP adopts a 2′-endo conformation and packs between SAH, Tyr302, 

and hydrophilic residues that make hydrogen bonds with its hydroxyl groups. The O2′-
hydroxyl group forms a hydrogen bond with the Nε2 atom of His79 and the O3′-hydroxyl 

group forms hydrogen bonds with the hydroxyl group of Ser124 and the side chain carbonyl 
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oxygen atom of Asn77. The O3′ and O5′ atoms are also within hydrogen bonding distance 

of the Nε2 atom of His79 and the Nδ2 atom of Asn222, respectively. The C4′ atom is 

positioned 3.8 Å from the C5′ atom of SAH with its hydrogen suitably oriented for 

abstraction by a 5′-deoxyadenosyl radical for generation of a C4′ radical (Figure 2C).

Reaction kinetics and structural basis of substrate selectivity

Recent biochemical studies have shown that rat viperin exhibits high catalytic activity for 

the conversion of CTP to ddhCTP31 [see also the additional biochemical studies of human 

viperin and fungal viperin like enzymes (VLEs)50–52 with other substrates]. Among other 

ribonucleoside triphosphates studied, conversion of UTP could also be detected but the 

efficiency is much lower than the reaction with CTP.31 To further characterize the substrate 

selectivity, we measured kinetic parameters for the mouse viperin fragment 

MmviperinΔ4432 with CTP or UTP as substrates (Figure 3A and B and Figure S5). For CTP, 

the kcat value is 0.6 min−1, but we could not obtain the exact Km value because even at the 

lowest concentration tried, 10 μM, the enzyme was already saturated. Thus, the Km value 

should be much smaller than 10 μM, and we estimate that it could be around 1 μM. For UTP, 

the kcat is only slightly smaller, 0.5 min−1, but the Km value, 40 μM, is estimated to be 40 

times greater than that for CTP. These results show that mouse viperin strongly prefers CTP 

as the substrate and the selectivity mainly comes from the lower Km value for CTP. Since 

Km is an upper estimate of Kd, the data suggest that viperin binds CTP more tightly than 

UTP.

Consistent with the kinetic parameters, the overall structures of the UTP- and CTP-bound 

complexes are very similar (root mean square deviation of 0.13 Å after backbone 

superimposition) and the ribose and triphosphate moieties of UTP and CTP make the same 

interactions with viperin, but the uracil moiety is much less effective than the cytosine 

moiety at binding and ordering turns A and B. Substitution of an oxo group for an amino 

group at the ring 4-position -- resulting in a protonated rather than deprotonated nitrogen 

atom at the 3-position -- introduces three unfavorable interactions that are reflected in local 

structural differences (Figure 3C), increased B-factors (Figure 3D), and weaker electron 

density (Figure 3E and F). First, unlike N4 of CTP, O4 of UTP is unable to make a hydrogen 

bond with the backbone carbonyl of Lys299 and accordingly the O4⋯O separation distance 

(3.7 Å) is greater than the N4⋯O distance (3.0 Å). A second unfavorable contact, also 

related to O4, disrupts hydrogen bonding involving Cys314. In the CTP-bound complex, the 

sulfur atom of Cys314 is 3.5 Å from both N4 of CTP and the carbonyl oxygen atom of 

Arg318, suggesting roles of hydrogen bond acceptor and donor, respectively. In the UTP-

bound complex, the sulfur atom is instead situated between two carbonyl oxygen atoms and 

thus an unfavorable interaction arises (notably, the S⋯O4 distance is 4.0 Å). Finally, the 

highly ordered conformation of Lys319 in the CTP-bound complex suggests that N3 of UTP 

introduces potential bad contacts by placing its proton less than 3.0 Å from the ε-amino 

nitrogen and Cε atoms, which direct protons towards N3 of the cytosine ring. Collectively, 

the results suggest that the higher selectivity for CTP compared to UTP is associated with 

the higher degree of chemical complementarity between the cytosine moiety and the 

nucleobase binding site.
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Conserved and variable residues in viperins and viperin-like enzymes (VLEs)

Previous structure-based sequence analysis identified several VLEs having conserved 

[4Fe-4S] cluster and SAM binding residues, and several additional active site residues 

conserved over the six kingdoms.32 Beyond the CTP binding site, the VLEs conserve the 

Cys84, Cys88, and Cys91 sites, which bind the [4Fe-4S] cluster; the Asn85 and Asn158 

sites, which stabilize the barrel base; the Phe/Tyr90, Phe/Tyr92, and Val224 sites, which 

form the SAM adenine binding site; the Ser180 and Arg194 sites, which bind the SAM 

carboxylate and hydroxyl groups; and a GGE motif,53, 54 which binds the SAM amino 

group. Additional sequence comparisons based on the CTP-bound complex show that the 

triphosphate binding site is highly conserved whereas the ribose binding site is less 

conserved and the nucleobase binding site is remarkably variable (Figure 4, Figure 5, and 

Figure S6).

Many animal VLEs conserve all of the 25 amino acids that closely surround CTP (Figure 

2A), although minor variations occur at the Lys299 and Ser124 sites (Figure S6A). The 

protist Capsaspora owczarzaki VLE contains an asparagine at the Cys314 site whereas the 

Trichomonas vaginalis VLE contains a serine at this site and shows variation at the Ile304 

and Tyr351 sites (Figure 5 and Figure S6B). The green alga Chlamydomonas reinhardtii 
VLE has an alanine at the His93 site and an insertion of 95 amino acids near turn B (Figure 

5 and Figure S6C). Fungal, archaebacterial, and bacterial VLEs show variation at the 

Lys299, Cys314, and Lys319 sites, with fungal VLEs also showing variation at the His79 

and Tyr351 sites, archaebacterial VLEs at the His93 site, and bacterial VLEs at the His93 

and Tyr351 sites (noting however that most of the bacterial VLEs lacking a tyrosine at the 

Tyr351 site have a tyrosine at the G348 site) (Figure 5 and Figure S6D–F). Interestingly, the 

genes encoding the VLEs of Vibrio vulnificus CMCP6 and various Photobacteria (P. 
profundum ATCC BAA-1252, P. swingsii CAIM 1393, and P. phosphoreum ANT220) reside 

next to a putative thymidylate kinase gene suggesting a possible function of DNA 

modification.

The structure-based sequence analysis suggests that the VLEs are members of a family of 

radical SAM enzymes having a conserved architecture well-suited for performing radical 

reactions on nucleotides or structurally related molecules. Nearly all of the triphosphate 

binding residues are conserved, including all protruding inward from the barrel, Tyr302, and 

Arg347 from the P-loop. The high degree of conservation of the Arg347 site implies that P-

loops are utilized throughout this family, possibly for selection of triphosphate nucleotides. 

The VLEs showing variations in the ribose and/or nucleobase binding sites are interesting 

systems for future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall structure of mouse viperin.
(A) One-dimensional schematic representation of viperin fragment cocrystallized with CTP 

or UTP showing structural organization and coloring scheme used in subsequent figures. AH 

denotes the amphipathic helix, which is not part of the viperin fragment. (B) Ribbon 

representation of MmviperinΔ44 bound to a [4Fe-4S] cluster and SAH (PDB code 5VSL).32 

Secondary structure elements and disordered regions of the N- and C-terminal extensions are 

indicated. (C) Ribbon representation of MmviperinΔ44/E261A/E266A bound to a [4Fe-4S] 

cluster, SAH, and CTP. Changes in secondary structure assignments and new secondary 
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structure elements observed in the CTP-bound complex are indicated. (D) Packing of C-

terminal tail against the barrel opening and Pγ of CTP. (E) Nucleobase binding site. The 

residues surrounding the cytosine moiety from the core domain have a similar architecture in 

the nucleotide-free structure, whereas those from the C-terminal extension form turn A and a 

β-hairpin containing turn B. CTP and SAH are shown as balls and sticks and the [4Fe-4S] 

cluster as spheres. Potential hydrogen bonds and other electrostatic interactions are shown as 

dashed lines.
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Figure 2. Active site architecture.
(A) Stereoview of CTP binding site. The side chains of twenty-five residues from the core 

domain and C-terminal extension, including two from the C-terminal tail (sticks), and five 

water molecules (black spheres) surround CTP (balls and sticks). Potential hydrogen bonds 

and other electrostatic interactions are shown as dashed lines. (B) Stereoview comparison of 

triphosphate binding residues of the (βα)6 partial barrels of viperin and MoaA. Eight 

residues in MoaA (PDB code 2FB333) bind the triphosphate moiety of GTP (balls and sticks 

with yellow colored carbon atoms and tan colored phosphorus atoms), five of which (Arg17, 
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Lys69, Lys163, Asn165, and Arg192) have the same barrel locations as residues of viperin 

that bind the triphosphate moiety of CTP. (C) Stereoview model of substrate complex. SAM 

is modeled based on SAH coordinates.
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Figure 3. Kinetic studies and structural basis of substrate selectivity.
(A) Plot of initial rate of ddhCTP production versus CTP concentration (with 100 μM 

SAM). The enzyme was saturated even at the lowest substrate concentration, 10 μM. The 

kcat is 0.6±0.1 min−1. (B) Plot of initial rate of ddhUTP production versus UTP 

concentration (with 100 μM SAM). Km for UTP = 40±10 μM. kcat = 0.5±0.1 min−1. Each 

value is the mean of three replicates ± s.d. (C) Stereoview superimposition of nucleobase 

binding sites of the CTP and UTP-bound complexes. Core domain residues are colored light 

blue and dodger blue, and C-terminal extension residues light green and dark green, 
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respectively. CTP and UTP are shown as balls-and-sticks with carbon atoms colored cyan 

and light purple, respectively; nearby water molecules are shown as spheres and colored 

similarly. The hydrophobic residues have similar structures in the two complexes and are 

omitted for clarity. Potential hydrogen bonds and other electrostatic interactions are shown 

as blue and magenta dashed lines in the CTP and UTP-bound complexes, respectively. (D) 

Average main chain B-factors for viperin bound to CTP or UTP. The averages are 

normalized by the average for all residues. Residues in the UTP-bound complex showing 

significantly higher B-factors relative to the CTP-bound complex are indicated. (E) Electron 

density of the cytosine binding site. (F) Electron density of the uracil binding site. Panels E 

and F show composite omit maps computed using PHENIX with default settings and drawn 

at a contour level of 1.2 times the root mean square value of the map using PyMOL.46
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Figure 4. Degree of conservation of residues of the CTP binding site of viperins or VLEs.
Twenty-five residues surrounding CTP are colored according to the number of different 

types of amino acids observed at the corresponding sites in forty-six viperins or VLEs from 

the six kingdoms (Figure S6). Sites showing absolute conservation or predicted conservative 

substitutions are colored magenta, high conservation with one predicted non-conservative 

substitution colored blue, moderate conservation with two to four predicted non-conservative 

substitutions colored green, and variable with five or more predicted non-conservative 

substitutions colored orange red.
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Figure 5. Amino acid sequence alignment of viperins or VLEs from the six kingdoms.
25 residues surrounding CTP are highlighted using the coloring system used in Figure 4. 

Other absolutely conserved sites are highlighted in maroon and other mostly conserved sites 

are highlighted in yellow. The viperin or VLE sequences aligned are from Homo sapiens 
(NP_542388.2), Mus musculus (AAH57868.1), Trichomonas vaginalis G3 

(XP_001324419.1), Capsaspora owczarzaki ATCC 30864 (XP_004363934.1), 

Chlamydomonas reinhardtii (XP_001693132.1), Colletotrichum higginsianum IMI 349063 

(XP_018157122.1), Thielavia terrestris NRRL 8126 (XP_003653480.1), Methanocalculus 
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sp. 52_23 (KUK70247.1), Candidatus Methanomethylophilus alvus (WP_048097766.1), 

Photobacterium profundum (WP_011218337), and Treponema medium ATCC 700293 

(EPF28955.1). Sequences were aligned using MUSCLE55 and illustrated using ESPript 3.0 

(http://espript.ibcp.fr56).
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Table 1.

X-ray data collection statistics.

MmviperinΔ44/E261A/E266A
SAH
CTP

MmviperinΔ44/E261A/E266A
SAH
UTP

Beamline APS 24-ID-C APS 24-ID-C

λ (Å) 0.9791 Å 0.9791 Å

Space group P212121 P212121

a (Å) 36.5 36.5

b (Å) 142.6 141.3

c (Å) 143.7 143.5

Resolution range (Å) 50.0-1.45 50.0-1.90

Resolution of highest shell (Å) 1.50-1.45 1.97-1.90

No. of reflections 474,193 180,923

No. of unique reflections 131,974 58,202

Redundancy
3.6 (3.6)

a 3.1 (3.0)

% Complete 98.9 (99.1) 96.6 (97.3)

<I/σI> 8.6 (2.0) 8.2 (2.1)

Rmerge (%) 9.7 (56.3) 14.6 (56.6)

a
Values in parentheses are associated with the highest resolution shell.
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Table 2.

Structure refinement statistics.

MmviperinΔ44/E261A/E266A
SAH
CTP

MmviperinΔ44/E261A/E266A
SAH
UTP

No. of reflections 131,887 58,170

No. of reflections in working set 125,188 55,266

Resolution (Å) 39.8-1.45 45.3-1.9

No. of protein atoms 4,994 4,903

No. of waters 959 756

No. of ligand atoms 148 149

RMSD bonds (Å) 0.013 0.008

RMSD angles (°) 1.8 0.953

Rwork (%) 14.1 14.6

Rfree (%) 16.0 18.2

Ramachandran analysis

Most favored (%) 89.0 88.7

Additional allowed (%) 11.0 11.1

Generously allowed (%) 0.0 0.2
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