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ABSTRACT OF THE DISSERTATION 

 

Structural and Functional Characterizations of Flavivirus NS5: Perspective for Drug 
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by 

 

 

Boxiao Wang 

 

 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 

University of California, Riverside, June 2020 

Dr. Jikui Song, Chairperson 

 

 

Flaviviruses have historically caused severe epidemics or pandemics, but few therapies 

are available currently. NS5 is a critical enzyme responsible for flaviviral life cycle, and 

suppresses host immune response via host-pathogen interaction as well. In this study, we 

determined the crystal structure of Zika virus (ZIKV), a member of flavivirus family, 

revealing flavivirus NS5 proteins share a conserved domain conformation. A small 

molecule inhibitor, I29, was subsequently proved to bind to ZIKV NS5. Meanwhile, we 

solved the structure of ZIKV NS5 in complex with its host partner, human STAT2 

(hSTAT2), suggesting a bypass pathway to interfere immune response. We were able to 

rescue viral strains with mutations of residues involved in hSTAT2-binding, providing 

novel insights into vaccine development.  
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Introduction 

1. Flaviviruses are global health concerns 

Flaviviruses are a type of arthropod-borne RNA virus, including Zika Virus (ZIKV), 

Dengue Virus (DENV), West Nile Virus (WNV), Japanese Encephalitis Virus (JEV), etc., 

have caused a great number of global disease outbreaks. Infection of flavivirus would 

lead to a broad range of symptoms from mild ones like fever, headache or joint pain to 

severe ones like birth defect, nervous system damage or even fatally hemorrhagic fever. 

Flavivirus belongs to the Flaviviradae family which consists of three genera, hepacivirus, 

pestivirus and flavivirus, of particular note is hepatitis C virus (HCV), which is a member 

of flaviviradae and could lead to severe liver disease. As arthropod, especially mosquito, 

being the primary vector, the transmission of some flaviviruses are prone to have 

seasonal patterns owing to the climate-driven outbreaks of mosquito, constantly 

threatening the global health
1
. Despite the significant risk posed by flavivirus, there are 

no antiviral therapies and only limited vaccines so far. A comprehensive understanding of 

the molecular basis underpinning the viral life cycle and host-pathogen interaction is 

therefore indispensable for available treatments. 

2. Flaviviral life cycle 

Flavivirus genomes are ~11 kb single positive strand RNA molecules flanked by 5' 
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UTR and 3' UTR. After entering host cells, the viral genome will be translated into a 

single polyprotein chain which can further be proteolytically processed into three 

structural proteins (C, prM/M and E) and seven non-structural (NS) proteins (NS1, NS2A, 

NS2B, NS3, NS4A, NS4B and NS5). To efficiently produce new viral genomes, NS 

proteins are gathered to form the replication complex (RC), with NS5 possessing RNA 

polymerase activity for RNA replication and methyltransferase activity for capping 

neosythesized viral genome, NS3 containing a helicase domain for unwinding the 

double-stranded RNA and a triphosphate responsible for RNA capping, NS1 associating 

the RC to ER membranes, and the rest of NS proteins either acting as cofactors or being 

involved in membrane alterations
2
. The neosynthesized viral RNA is then encapsidated 

into viral particles formed by structural proteins, resulting in the assembled viruses being 

transmitted from ER to Golgi apparatus for the release of infectious virions
3
. 

3. NS5 plays a critical role in flaviviral life cycle 

NS5 is the largest and most conserved protein among all NS members. It has an 

N-terminal methylltransferase (MTase) domain and a C-terminal RNA-dependent RNA 

polymerase (RdRp) domain.  

3.1 RdRp performs a de novo RNA replication 

The RdRp domain synthesizes viral RNA in a primer-independent manner termed "de 
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novo RNA replication"
4-6

. Three subdomains, Palm, Thumb and Fingers, are the basic 

components of RdRp and engaged in processing this replication mode. Upon initiation of 

viral genome replication, a dinucleotide primer, pppAG, has to be generated first for 

pairing with a strictly conserved CU sequence at the 3' end of template, the polymerase 

then undergoes a conformational change from an initiation phase to an elongation phase, 

subsequently triggering the processive RNA polymerization
4,7,8

. Structural and 

biochemical studies of hepatitis C virus (HCV) RdRp which is a counterpart of flavivirus 

RdRp highlights the critical role of a flexible region in phase transition: this linker region 

inserted in Thumb subdomain, named "priming loop", protrudes to block the active site in 

apo state, while retracts in the polymerase : template : dinucleotide primer ternary 

complex, generating more space for RNA-binding
9,10

. Furthermore, the crystallization of 

an RdRp-RNA complex mimicking the elongation phase has to be exclusive of intact 

priming loop and the crystal structures display a further distance between Thumb and the 

other two subdomains, suggesting the absence of priming loop and a more 

RNA-accommodated conformation when polymerizing nascent strand
9
. Besides the CU 

sequence initiating RNA replication by Watson-Crick base pairs with dinucleotide primer, 

the highly structured 5' UTR and 3' UTR of flaviviral genome are also essential for RNA 

replication. On one hand, there are two adjacent stem-loop structures resided within the 3' 

UTR, which are conserved among flaviviruses
11-14

. These two regions, collectively 
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termed "3' SL", are critical for producing minus strand and binds host cellular proteins for 

enhancing RNA replication
15-17

. In addition, 3' SL is capable of interacting with NS5 and 

NS3, suggesting this region might promote the formation of replication complex
18

. On 

the other hand, 5' UTR contains two stem-loop regions: a large stem loop A (SLA) and a 

short stem loop B (SLB) 
19,20

. SLA was found to fold into a Y-shaped structure and serve 

as a promoter of RdRp activity
21,22

, whereas SLB encompasses a 5' upstream AUG region 

(5' UAR) to promote the genome cyclization which is necessary for viral replication
23,24

. 

Collectively, the specific structures of flaviviral genome are critical to the de novo RNA 

replication, 

3.2 MTase is responsible for capping viral genome 

In spite of three Flaviviradae genera sharing similar genome constructions, a cap 

structure in the 5' UTR is only required to flavivirus life cycle. It turns out that flaviviral 

NS5 proteins display an unique conformation where a methyltransferase domain locates 

on the N-terminus. In accordance with the previous studies of a wide range of animal 

viruses, it is most likely that the cap modification is involved in the progress of 

pre-mRNA processing and the translation of mature mRNA, enables the nucleus shuttling 

of viral genome and prevents viral RNA from the degradation by host immune system
25

. 

Previous biochemical and kinetic studies suggested four steps to get involved in the 

methylation reaction: (1) The NS3 triphosphate removes the 5′-γ-phosphate of the nascent 
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genome
26,27

, (2) The MTase domain exerts the guanyltransferase (GTase) activity to 

catalyze a guanosine monophosphate (GMP) onto the 5' end via a phosphodiester bond 

linkage, the so called "capping"
28,29

, (3) The MTase then transfers the methyl group to the 

N7 site of guanine moiety, resulting in a second-methylation-favored substrate 
30,31

, (4) 

The methyltransferase carries out the second methylation reaction at the ribose 

2′-O position of adenosine
32,33

. The methyltransferase relies on the 

S-adenosyl-L-methionine (SAM) to be the donor and converts SAM to the by-product, 

S-adenosyl-L-homocysteine (SAH). Taken together, the whole process can be 

sequentially depicted as GpppA-RNA → m
7
GpppA-RNA → m

7
GpppAm-RNA. This 

methylation mechanism has been partially elucidated by the structures of MTase domain 

with different substrates. The MTase domain is constituted mainly by a typical Rossmann 

fold which contains seven beta strands surrounded by four alpha helixes, two extended 

accessories are appended onto both N-terminus and C-terminus of the core 

construction
31,32

. The SAM binding site is harbored within the Rossmann fold, a central 

cleft beside the SAM site possesses a positively charged surface poised to interact with 

RNA substrate
25,34

. Interestingly, the crystal structure of DENV MTase in complex with a 

m
7
GpppA-RNA substrate demonstrated the first methylation modification introduces an 

extra hydrophobic stacking interaction between the methyl group and a phenylalanine 

residue on MTase domain, providing the molecular basis of methylation sequentiality 
34

. 
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3.3 The domain interface regulates the enzymatic activities of NS5 

Besides solely functioning their enzymatic activities, these two domains, RdRp and 

MTase, mutually exert impacts on each other. In the context of full-length NS5 protein, 

DENV MTase was shown to ensure sufficient RdRp activity by reinforcing the binding 

affinity of RdRp to RNA template and de novo dinucleotide primer, hence playing a 

crucial role in both initiation phase and elongation phase of RNA replication
35

. Similarly, 

the full-length NS5 exhibits a higher methyltransferase activity than MTase alone, 

whereas the addition of RdRp into MTase showed no difference on methylation level
36

. 

Of particular note is the physically linked MTase-RdRp being the precondition of this 

bilateral impact
35,36

, suggesting that inner protein conformational changes are essential 

for the regulations. To date, crystal structures of flavivirus NS5 proteins can be 

categorized to two classes, with JEV NS5 and DENV2 NS5 displaying an open and 

extended conformation while DENV3 NS5 being more compact
37-40

. The 

crystallographically distinct conformations were confirmed under the solution state by 

small-angle X-ray scattering (SAXS)
41

. However, unlike NS5 proteins exclusively 

exhibiting single conformations in crystal structures, DENV3 NS5 in solution ranges 

from the compact form to the extended form, suggesting a highly dynamic conformation 

which might be involved in the mutual regulation between MTase and RdRp
41

. 
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4. The NS3-NS5 interaction ensures an intact viral genome producing.  

In light of RC being the primary unit of genome replication, the assembly of 

non-structural proteins is critical for viral life cycle. Since NS3 and NS5 are the two 

members with enzymatic activities among all non-structural proteins, conceivably, 

studying the NS3-NS5 interaction and the underlied enzymatic cooperation has become a 

focus in this field. Using UV cross-linking experiments, NS3 and NS5 were identified to 

be coupled with the 3' end of positive viral RNA strand in cell extracts
18

. The direct 

interaction between NS3 and NS5 was further characterized by both in vitro and in vivo 

methods and was shown to be essential for RNA replication
42-45

. Biochemical studies 

agree with the importance of this association, namely, NS5 is able to stimulate the 

activities of NS3 helicase and triphosphatase while the MTase guanylyltransferase is 

enhanced in the presence of NS3
29,46,47

. Certain residues or regions have been mapped for 

the NS3-NS5 interaction: residues 320-368 of NS5 engaged in the binding where Lysine 

330 is the centered site, while NS3 Asparagine 570 is indispensable for its interaction 

with NS5 owing to mutation of asparagine to alanine interfering viral infection and viral 

protein production
48,49

. Even though part of the molecular basis of NS3-NS5 interaction 

has been addressed as mentioned above, it is still poorly understood how these enzymes 

systematically coordinate with each other and what kind of allosteric regulations may 

occur to accommodate this dynamic process of RNA replication. High-resolution 
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structures of NS3-NS5-RNA complex are needed to comprehensively illustrate the 

mechanism of running this biological machine.  

5. An arm-race between host immune system and flavivirus 

5.1 Innate immunity vs adaptive immunity 

To fight against pathogen invasion, mammalian host has evolved a complicated immune 

system which can be classically categorized into two parts, innate immunity and adaptive 

immunity. Innate immunity evokes a rapid but nonspecific response supported by 

physical barriers such as skin, chemicals in blood and immune cells, performing the first 

line of recognizing and antagonizing foreign antigens. In contrast, adaptive immunity 

refers to an antigen-specific immune response, that is, once the antigen is recognized, a 

series of immune cells are generated by cell divisions and maturations to specifically 

attack the antigen. In addition, an immunological memory is formed, which permits a 

more efficient response to similar attack in the future.  

5.2 Overview of innate immune response 

For triggering the rapid innate immune response, a sensing system of foreign pathogens 

is necessary. Based upon the difference of subcellular localization, the sensing systems 

can be categorized into two classes. The membrane bound Toll-like receptors (TLRs) are 

the first class which is responsible for recognizing extracellular pathogens and viral 



9 

nucleic acids in endosomal compartment
50,51

. As for the second class, several families 

were shown to specifically detect intracellular pathogen-associated molecular patterns, 

the RIG-I like receptors (RLR), including retinoic acid-inducible gene I (RIG-I), 

laboratory of genetics and physiology 2 (LGP2) and melanoma differentiation associated 

gene 5 (MDA5), are able to recognizes cytoplasmic viral RNA, while cGAS (cyclic 

GMP-AMP synthase), IFI16 (interferon gamma-inducible protein 16) and other proteins 

perform as cytosolic sensors as well
52-55

. A classical signaling pathway cascade of sensing 

flavivirus infection and activating innate immune response has been revealed. The 

flaviviral RNA is primarily detected by RIG-I and MDA5, with RIG-I serving as a rapid 

sensor in early stage and MDA5 playing its role in later stage
56-59

. The sensing of viral 

RNA by RLR activates the inhibitors of kappa-B kinase epsilon (IKKε) and TANK 

binding kinase 1 (TBK-1), followed by the phosphorylation of nuclear factor kappa B 

(NF-κB) and interferon regulatory factor 3 (IRF3)
60

. As transcription factors, 

phosphorylated NF-κB and IRF3 translocate into nucleus and transcribe the genes for 

type I interferon (IFN) producing
52,56

. In addition ,previous studies revealed that cGAS is 

involved in recoginizing DENV infection by activating ER-resident factor STING to 

promote the generation of type I IFN
61,62

. Type I IFN is a group of cytokines which are 

able to invoke an antiviral state in cells and potentiate adaptive immune responses. 

Secreted type I IFNs are received by a heterodimeric transmembrane receptor formed by 



10 

IFNAR1 and IFNAR2, leading to the activation of Janus kinase 1 (JAK1) and tyrosine 

kianse 2 (Tyk2)
63

. The activated kinase proteins in turn phosphorylate IFNARs to provide 

docking sites for signal transducer and activator of transcription 2 (STAT2), STAT2 is 

then phosphorylated and recruits STAT1 to form a heterodimer
63,64

. The heterodimerized 

STAT1/STAT2 bind to the third component, IFN-regulatory factor 9 (IRF9), to form a 

trimeric complex termed IFN-stimulated gene factor 3 (ISGF3)
65

. Upon the 

phosphorylation of STAT1 and STAT2, ISGF3 complex translocates into nucleus and 

binds to IFN-stimulated response elements (ISRE) to promote the expression of hundreds 

of IFN-stimulated genes (ISG) for antagonizing viral infection
65

. To date, the canonical 

type I IFN signaling pathway has been elucidated like mentioned above, however, 

accumulated studies suggest the regulation of type I IFN is highly divergent, especially 

the assembly of ISGF3. Given a rapid reaction to non-self pathogenic particles being 

essentially important for innate immunity, it is conceivable that host cells have to switch 

themselves from resting-state to active-state within a short time. This inference is 

supported by the identification of basal expression of ISG, that is, host cells permanently 

produce a small amount of ISG which is independent of type I IFN inducing
66-68

. A 

preformed STAT2-IRF9 was shown to regulate the basal expression of ISG, and IFN 

treatment will trigger a fast switch from STAT2-IRF9 to the canonical ISGF3 complex
68

. 

Furthermore, under homeostatic conditions, the three components of ISGF3 exhibit 
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multiple combinations, including unphosphorylated STAT1 - unphosphorylated STAT2 

(U-STAT1/U-STAT2), U-STAT2/IRF9 or U-ISGF3 (U-STAT1/U-STAT2/IRF9)
69

. All 

these combinations are suggested to serve as precursors of the canonical ISGF3, or even 

they are ISGF3 themselves
69

. Despite lacking a profound understanding of ISGF3 

assembly, biochemical studies are partially in line with the notion that the formation of 

ISGF3 does not rely on a single pathway. Monomeric STAT2 has to associate with its 

partners to enter the nucleus, wherein the activation of a conditional NLS in STAT2 

requires the phosphorylation of dimerized STAT1-STAT2, or STAT2-IRF9 complex 

enables STAT2 to be nuclear owing to a bipartite basic NSL in IRF9
70-73

. In light of 

nucleus shuttling being a crucial step for ISGF3 transcribing genes, the identification of 

multiple NLS regions implies potentially diverse modes of formation and activation of 

ISGF3 complex. 

5.3 Flavivirus NS5 proteins antagonize innate immune response 

Mouse models indicated an intact type I IFN response ensures a robust flaviviral 

resistance, suggesting that type I IFN is a tough barrier to flaviviral infection
74-77

. To 

counteract this, flaviviruses have evolved a multitude of antagonists to establish their 

infections. Among the most outstanding antagonist is NS5, whose mechanisms by which 

interfere host immunity are diverse and species-specific. DENV NS5 was shown to target 

human STAT2 (hSTAT2) to promote its ubiquitin-dependent degradation, thereby 
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inhibiting type I IFN response
78,79

. Besides a direct hSTAT2-DENV NS5 interaction, this 

process additionally requires a proteolytically cleaved DENV NS5 which serves as a 

mature form to introduce an association to a host protein, ubiquitin protein ligase E3 

component n-recognin 4 (UBR4)
78,80

. UBR4 was demonstrated to stimulate the 

degradation of STAT2, and the first ten amino acids of DENV NS5 were mapped to 

interact with UBR4, especially Thr2 and Gly3 which are conserved amongst the four 

serotypes of DENV
80

. ZIKV NS5 and DENV NS5 share a similar manner in suppressing 

type I IFN, with ZIKV NS5 likewise binding to hSTAT2 and inducing the proteosomal 

degradation of hSTAT2
81

. However, UBR4 is not involved in ZIKV NS5-mediated 

STAT2 degradation
81

. This difference leads to a proteolytically-processed N-terminus of 

NS5  being non-essential to ZIKV diminishing hSTAT2
81

. Intriguingly, the expression of 

ZIKV NS5 has no influence on the stability of hSTAT1, and the infection of ZIKV 

enhances type II IFN that is regulated by STAT1-STAT1 homodimer
82

. YFV NS5 was 

also shown to bind to hSTAT2, however, this binding has to be triggered by type I IFN 

treatment
83

. Upon type I IFN stimulation, an E3 ubiquitin ligase TRIM23 is activated and 

thereafter results in a K63-linker polyubiquitination of YFV NS5, which is critical for 

STAT2 binding
83

. Unlike the three above mentioned flaviviral NS5 proteins targeting 

human STAT2 to inhibit innate immunity, JEV NS5 shuts down type I IFN response by 

impeding the phosphorylation of Tyk2 and STAT1 and the nuclear shuttling of STAT1, 
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probably contributed by protein tyrosine phosphatases (PTP) being involved in removing 

phosphate group from host proteins
84

. WNV NS5 was shown to interact with prolidase 

(PEPD) which is responsible for IFNAR1 maturation, thereby prevents the accumulation 

of STAT1 and suppresses type I IFN
85,86

. Taken together, these disease-causing 

flaviviruses commonly use NS5 as the antagonist to suppress human type I IFN. In spite 

of high conservatives amongst various flaviviruses, however, NS5 proteins achieve their 

goals in rather divergent manners. The molecular basis underpinned type I IFN 

suppression will help illustrate the species difference and provide insights into vaccine 

development.  

6. Subcellular localization of NS5 proteins 

Currently, NS5 is known to exert its functions predominantly in cytoplasm, no matter 

viral genome replication or host immune antagonization. Interestingly, it is also observed 

that NS5 translocates from cytomplasm to nucleus and accumulates to form specific 

geometric shapes in nucleus. DENV NS5 was first identified to contain an nuclear 

localization signal (NLS) within residues 369-405 which can be recognized by importin 

α/β, an adjacent region (residues 320-368) was further tested to be the second NLS to 

interact with importin β
48,87,88

. These two regions were initially assumed to confer the 

ability of cytoplasmic-nuclear shuttling to NS5. However, the subcellular localization of 

DENV NS5 was found to be serotype-dependent, where DENV2 NS5 and DENV4 NS5 
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are localized in nucleus but DENV1 and DENV3 mainly reside in cytoplasm
89,90

. Driven 

by figuring out the serotypic difference, a C-terminal flexible region (cNLS) was found to 

play a determinant role in nuclear localization of DENV NS5 proteins
91

. The exact 

functions of NS5 in nucleus have not been well established, only previous studies 

recommended that nuclear DENV NS5 binds to spliceosome complexes and impedes 

expression of antiviral factors by altering cellular splicing
92

. Similar to DENV NS5, YFV 

NS5 and ZIKV NS5 were also shown to predominantly accumulate in nucleus
81,83

. Using 

Super-Resolution Microscopy, a recent study demonstrated that ZIKV NS5 interacts with 

importin α to retain spherical shell-liked nuclear bodies which are exclusive of DNA
93

. A 

monopartite NLS located within residues 390-393 was responsible for binding to 

importin α, yet the C-terminus of ZIKV NS5 corresponded to cNLS of DENV NS5 didn't 

impact nuclear localization
93

. Collectively, the subcellular localization of flavivirus NS5 

proteins seems to be divergent among species or serotypes, the underlied molecular basis 

and functions still remain elucidated.  

7. Treatment of flaviviruses 

To date, no drug has been approved for the treatment of flavivirus. The ongoing studies 

of drug discovery mainly focus on NS5, especially RdRp domain, because NS5 is critical 

to viral proliferation and there is no analogue in human. A successful case that can 

support this concept is sofosbuvir, a nucleotide inhibitor used to treat hepatitis C virus. As 
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a substrate analogue, sofosbuvir has to undergo a metabolic catalysis to an active 

triphosphate form and subsequently incorporate nascent RNA to terminate viral genome 

replication
94,95

. This commercially approved medication, intriguingly, has been 

demonstrated to improve the survival rates of ZIKV-infected mice as well, revealing an 

attractive prospect of developing nucleoside inhibitors to treat flavivirus
96

. In addition to 

a direct termination of RNA replication, small molecule which binds to allosteric pockets 

of RdRp and leads to its functional disability is another option. X-ray crystallographic 

screening of small molecule candidates revealed that specific candidates are able to 

associate with a pocket of DENV RdRp closed to the active site (termed "N" pocket)
39,97

. 

This binding is suggested to interfere the conformational changes of RdRp from its 

initiation state to elongation state, while the best candidates gave reasonable values in cell 

culture assays
39

. Although some compounds showed outstanding performance in 

biochemical and cellular assays, they mostly failed in animal experiments or clinical 

researches. The major challenges of antiviral drug discovery are cellular permeability and 

toxicity, thereby taking these compounds either cannot be effectively absorbed or causes 

severe side effects.  

Vaccine is regarded as another powerful tool for antiviral therapy. A landmark of viral 

vaccines is YF-17D, a live-attenuated vaccine which have historically protected over 

millions of people from yellow fever infection. YF-17D is derived from the wild -type 
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yellow fever virus being serially passaged in mouse and chicken tissues
98

, whereby 

YF-17D is able to stimulate immune response and is not lethal. However, accumulating 

cases were reported that YF-17D treatment might cause severe vaccine-associated diverse 

events, including YF vaccine-associated viscerotropic disease and YF vaccine-associated 

neurotropic disease
99

. In comparison with inactivated vaccine, live-attenuated vaccine 

readily invokes host immune response but potentially leads to diseases owing to the 

remained viral activity. Therefore, a fine-tuning modification system which can precisely 

regulate viral activity is essentially important to live-attenuated vaccine development. 

Conceivably, the molecular basis of flavivirus antagonizing host immune system would 

provide significant information for modifying the infectious efficacy of live-attenuated 

vaccine.  

ZIKV caused a serious epidemic in 2016 which swept across almost the whole 

American continent, became a remarkable threat to pregnant women owing to it 

potentially leading to microcephaly of newborns. While the epidemic patterns of DENV 

display to be endemic and seasonal, and the dengue hemorrhagic fever caused by DENV 

is extremely dangerous or even lethal. These two flaviviruses have become an enormous 

burden on public health, however, currently there are no available therapies to treat them. 

In this study, to understand the molecular basis of flaviviral life cycle and to provide 

novel insights to drug or vaccine development in the future, we first solved the crystal 
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structure of ZIKV NS5, revealing a conserved domain conformation amongst flaivirus 

NS5 proteins. Further biochemical experiment verified the purified NS5 for 

crystallization to be enzymatically active. A small molecule inhibitor which was ever 

developed for targeting DENV NS5, I29, was thereafter proved to also bind to ZIKV NS5 

via computationally structural superposition and X-ray crystallography. Next, we 

identified a multivalent binding mode between ZIKV NS5 and its host target, hSTAT2, 

using both crystal structure and cryo-electron microscopy (cryo-EM) structure. 

Biochemical and cellular assays characterized critical residues involved in this binding. 

Surprisingly, structure of ZIKV NS5-hSTAT2 complex indicated that ZIKV NS5 and 

human IRF9 (hIRF9) share a highly resembled interface when binding to hSTAT2. Pull 

down and co-immunoprecipitation (co-IP) experiments showed that ZIKV NS5 competes 

against hIRF9 to bind to hSTAT2, hence suggesting a bypass pathway for type I IFN 

suppression. Furthermore, we also solved the EM structure of DENV NS5-hSTAT2, 

demonstrating that DENV NS5 associates with hSTAT2 in a similar manner like ZIKV 

NS5. Finally, we are able to rescue ZIKV strains with mutations of hSTAT2-bound 

residues, which providing novel insights to future live-attenuated vaccine development.  
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Materials and Methods 

Expression and purification of proteins 

For structural and biochemical studies, the DNA sequence encoding full-length ZIKV 

NS5, MTase domain (residues 1-273), RdRP domains (residues 273-903) or ZIKV 

NS3-Hel (residues 171–617) was amplified from the cDNA of ZIKV/Macaca 

mulatta/UGA/MR-766/1947 and inserted into a modified pRSFDuet-1 vector (Novagen), 

in which the NS5 or NS3-Hel gene was preceded by an N-terminal His6 - SUMO tag and 

ULP1 (ubiquitin-like protease 1) cleavage site. The cloning of DENV2-NS5, full-length 

hSTAT2, hSTAT21-713 and IRF9 were in the same way as those of ZIKV proteins. For in 

vitro pull-down assays, the cDNA sequence encoding full-length hSTAT2 was cloned into 

the pGEX6P-1 vector (GE Healthcare). The obtained plasmids were then transformed 

into BL21 (DE3) RIL cell strain (Agilent Technologies) for expression. Except for ZIKV 

NS5, the transformed cells were first grown at 37
o
C and then chilled to 16

o
C when A600 

reached 0.8, followed by the addition of 0.4mM Isopropyl β- d-1-thiogalactopyranoside 

(IPTG) for induction. While for ZIKV NS5, the cells were induced at room temperature 

when A600 was 0.8 or even higher. After another 18h of cell growth, the cells were 

collected and the His6 -SUMO-tagged protein was purified using a Ni-NTA affinity 

column. ZIKV NS5 was further purified on a Butyl Sepharose column (GE Healthcare) 

for separation from degraded protein products, followed by removal of the His6 -SUMO 
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tag through ULP1 cleavage and size-exclusion chromatography on a Superdex 200 

16/600 column (GE Healthcare) pre-equilibrated in buffer containing 25mM Tris, pH 7.5, 

300mM NaCl, 5mM DTT (dithiothreitol) and 5% glycerol. As for other proteins, the His6 

-SUMO tag has to be removed by ULP1-mediated cleavage, followed by a series of 

further purification, with Butyl Sepharose column and Superdex 200 16/600 column for 

ZIKV MTase, DENV2-NS5 and hSTAT21-713, Q column and Superdex 200 16/600 

column for ZIKV RdRp, heparin column and Superdex 200 16/600 column for IRF9 and 

full-length hSTAT2 and Phenyl Sepharose column and Superdex 200 16/600 column for 

ZIKV NS3-Hel. For GST pull-down assays, the GST-tagged full-length hSTAT2 protein 

was first purified using a glutathione Sepharose Fast Flow 4 column, followed by ion 

exchange chromatography on a Heparin column (GE Healthcare) and  size-exclusion 

chromatography on a Superdex 200 16/600 column (GE Healthcare) using the buffer as 

described above. Expression and purification of ZIKV NS5 and hSTAT2 mutants 

followed the same approach as that for wild-type proteins 

SDS–polyacrylamide gel electrophoresis analysis indicated that the purities of these 

proteins were qualified for subsequent experiments. Protein solution of purified proteins 

were preserved at -80
o
C respectively.  

Crystallization and X-ray structure determination. 

Full-length ZIKV NS5 was mixed with SAH and GTP in a 1:3:3 molar ratio for 
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complex formation. Initial crystallization conditions were identified through 

sparse-matrix screens (Hampton Research Inc.). The crystals were subsequently 

reproduced by hanging-drop vapor diffusion method at 4?C, from drops mixed from 1ml 

of ZIKV NS5 and 1ml of precipitant solution (0.7–0.9M lithium sulfate, 0.1M MES, pH 

6–7). Crystals were soaked for 1min in a cryoprotectant solution, comprising of 

crystallization buffer and 20% glycerol, before flash frozen in liquid nitrogen. As for the 

NS5 RdRP – hSTAT2 complex, equimolar ZIKV RdRP and hSTAT21-713 were mixed to 

achieve a final protein concentration of ~6 mg/mL. The crystallization condition was 

initially identified via sparse matrix screening kits (Qiagen Inc.), and further optimized 

through hanging-drop vapor diffusion method by mixing 1L of the ZIKV RdRP – 

hSTAT21-713 complex with 1L of precipitant solution (0.2M ammonium sulfate, 11% 

PEG 8000 and 0.1M Tris-HCl, pH 8.5). Crystals were equilibrated in a cryoprotectant 

comprised of precipitant solution supplemented with additional 30% glycerol, and were 

subsequently flash-frozen in liquid nitrogen. The acquiring of ZIKV RdRp complexed 

with I29 was exactly the same as that of ZIKV RdRP – hSTAT21-713 complex, except for 

an additional I29 molecule in a 1 (protein) :3 (inhibitor) molar ratio  

The X-ray diffraction data for ZIKV NS5 were collected on the BL 5.0.3 beamline at 

the Advanced Light Source, Lawrence Berkeley National Laboratory while The X-ray 

diffraction data for NS5 RdRP – hSTAT2 complex and ZIKV RdRp - I29 complex were 
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collected on the BL 5.0.1 instead. The diffraction data were indexed, integrated and 

scaled using the HKL2000 program
100

. The structures were solved using the molecular 

replacement method in PHASER
101

, with the structure of Japanese encephalitis virus NS5 

(PDB ID: 4K6M) as search model for ZIKV NS5, the structure of human STAT1 (PDB 

ID: 1YVL) as search model for ZIKV RdRp - hSTAT2 complex. The structures were 

further refined by iterative model building and refinement with Coot
102

 and Phenix
103

, 

respectively. The statistics of data collection and structure determination were 

summarized in Table 1. 

De novo RdRp assay 

For ZIKV, the de novo RdRp reaction (20ml) contained 50mM Tris (pH 8.0), 10mM 

NaCl, 5mM MgCl2 , 2mM MnCl2 , 10mM DTT, 0.5mM ATP, 0.5mM UTP, 0.5mM GTP, 

5mM CTP, 15mCi of [α- 32 P] (10μCi μL
-1

 , 3,000Ci mmol
-1

 ; Perkin-Elmer), 1mg of 

RNA template and 2mg of ZIKV NS5 protein or ZIKV NS3-Hel. The RNA template was 

in vitro transcribed from a PCR product using T7 polymerase (New England BioLabs). 

The PCR product contained a T7 promoter, followed by a cDNA fragment representing a 

ZIKV subgenome with deletion of nucleotides 171–10343 (GenBank accession no. 

KU963573.2). The de novo RdRp reaction mixtures were incubated at 23
 o

C for 30min, 

or 33
 o
C for 30, 60 and 120min. The final reactions were further extracted with 

phenol–chloroform and precipitated with isopropanol. The RNA pellet was dissolved in 
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20ml of 1x denaturing gel loading dye, and loaded onto a 10% denaturing polyacrylamide 

gel with 7M urea. 32 P-labelled RNA results were detected via the autoradiograph of the 

PAGE gel. 

Cryo-EM data acquisition  

The protein samples of hSTAT21-713 and ZIKV NS5 were mixed in a 1:1 molar ratio, 

followed by size-exclusion chromatography on a Superdex 200 10/300 column (GE 

Healthcare) pre-equilibrated with buffer containing 25 mM Tris-HCl, pH 7.5, 175 mM 

NaCl, 5 mM DTT. The peak was collected and subjected to negative stain electron 

microscopyfor sample optimization. 

For cryo-EM sample preparation, an aliquot of 2.5 L of the above optimized ZIKV 

NS5 – hSTAT21-713 sample at a concentration of approximately 0.5 mg/ml was applied to 

a Quantifoil holey carbon grid (1.2/1.3, 300 mesh), that was glow discharged for 25 

seconds with a PELCO Easy Glow system. The grid was blotted and plunge-frozen in 

liquid ethane with a Vitrobot IV (Thermo-Fisher) at 4°C under 100% humidity. The 

frozen grids were stored in liquid nitrogen before use. 

For cryo-EM image acquisition, the cryo-EM grids were loaded into an FEI Titan Krios 

electron microscope operated at 300 kV, equipped with Gatan Quantum imaging filter 

(GIF) and a post-GIF K2 Summit direct electron detector. Movies were recorded as 

dose-fractionated frames in super-resolution mode with Legion3.1
104

 at nominal 
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magnification of 130,000×, corresponding to a calibrated pixel size 0.535 Å on the 

specimen. The slit width in the GIF system was set to 20eV to remove inelastically 

scattered electrons. A total of 1859 movies were recorded for the data set, the dose rate on 

the camera was set to 1.7 electrons/pixel/s, corresponding to 6.0 electrons/Å
2
/s. An 

exposure time of 8 sec was used at a rate of 0.2 s/frame, giving rise to 40 frames and a 

total dosage of 48 electrons/Å
2
 for each movie. Details of the experimental conditions are 

summarized in Table 2.  

Cryo-EM data processing 

All but the first and last frames in each movie were motion-corrected with a subframe 

5x5 to generate two motion-corrected micrographs (with and without dose-weighting), 

which were both binned 2x2 to yield a pixel size of 1.07Å with MotionCor2
105

. The 

micrographs without dose-weighting were used for contrast transfer function (CTF) 

determination with ctffind4.1.18
106

 and for particle picking with Gautomatch 

(https://www.mrc-lmb.cam.ac.uk/kzhang/). The micrographs with dose-weighing were 

used for particle extraction and 3D reconstruction, as detailed below. 

We selected 1762 micrographs by manual screening to discard those either with 

under-focus values greater than 3.0 µm, or containing crystalline ice. A total of 1,088,157 

particles were extracted from these selected micrographs using RELION
107,108

. These 

particles were subjected to a reference-free 2D classification by requesting 200 classes. 

https://www.mrc-lmb.cam.ac.uk/kzhang/
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Based on the presence of structures in the 2D class averages, we selected 868,048 

particles (Supplementary Fig.2), which were subjected to a three-dimensional (3D) 

classification in RELION with C1 symmetry. The initial reference used for this 3D 

classification step was generated by cryoSPARC
109

 from the same particles. The 3D 

classification was used to sort particles into 3 classes with 5 pixels and 3.8º as the 

translation and rotation search parameters, respectively. 35% of the particles went to a 

class (the “good” class) with clear secondary structures features (Supplementary Fig.2). 

The particles in this “good” class were then subjected to another round of 3D 

classification by requesting 3 classes, which further yielded a class with improved 

structural features. The 118,760 particles in this class were subjected to 3D 

auto-refinement and post process, yielding a map at 4.0 Å resolution (Supplementary 

Fig.1). Data processing workflow is detailed in Supplementary Fig.S5. 

The global resolution reported above is based on the ‘‘gold standard’’ refinement 

procedures and the 0.143 Fourier Shell Correlation (FSC) criterion. Local resolution 

evaluation (Supplementary Fig.1) was performed with Resmap
110

. 

Atomic model building based on thecryo-EM map 

Atomic model building was accomplished in an iterative process involving Coot, 

Chimera
111

 and Phenix. Briefly, the above crystal structure of ZIKV RdRP – hSTAT2 was 

fitted into the cryo-EM map as initial models by using the ‘fit in map’ routine in Chimera. 
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This fit revealed the extra density corresponding to MTase domain and the absence of 

density for ND, suggesting high flexibility of ND in solution (indeed, even in the crystal, 

ND is partially disordered). The cryo-EM densities for SH2 and partial LD were of 

insufficient quality for model building. The crystal structure of the MTase domain fits 

perfectly well into the cryo-EM density and was combined with our crystal structure of 

NS5 RdRP – hSTAT21-713 to create an initial atomic model for NS5 – hSTAT21-713. We 

then manually adjusted side chains and linker loops to match the cryo-EM density map. 

This process of real space refinement and manual adjustment steps was repeated until the 

peptide backbone and side chain conformations were optimized. Ramachandran and 

secondary structure restrains were used during the refinement. Our final atomic model 

consists of the full-length NS5 and residues 140-509 of hSTAT2 with good model 

geometry, as summarized in Table 2. 

Negative-stain data acquisition and structure determination.  

The protein samples of hSTAT21-713 and DENV-2 NS5 were mixed in a 1:1 molar ratio, 

and purified in the same manner as that for the hSTAT21-713 – ZIKV NS5 complex. Three 

µl of the complex sample was then applied to the carbon-coated grid and incubated for 1 

min. After removal the excess sample solution, the grid was stained with 1% (w/v) uranyl 

formate. 

Negative-stain EM micrographs were acquired manually and a TIETZ F415MP 
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16-megapixel CCD camera at 68,027× magnification in an FEI Tecnai F20 electron 

microscope operated at 200 kV. The micrographs were saved by 2× binning to yield a 

pixel size of 4.4 Å. 

For negative-stain EM data processing, 138,246 particles were extracted from 300 

micrographs using RELION. These particles were subjected to a reference-free 2D 

classification by requesting 100 classes. Based on the 2D class averages results, we 

selected 116,778 particles, which were subjected to a three-dimensional (3D) 

classification by requesting 3 classes. The initial reference used for this 3D classification 

step was generated by cryoSPARC from the same particles. Based on the 3D 

classification results, 35,062 particles in one class were subjected to 3D auto-refinement, 

yielding a map at about 17.1 Å resolution (Fig. 5a,Supplementary Fig.9e,f). The crystal 

structures of the MTase and RdRP domains of DENV-2 NS5 (PDB 5ZQK) and hSTAT2 

(this study) were respectively fitted into the EM map by using the ‘fit in map’ routine in 

Chimera. 

GST pull-down assays 

Sixty μg of GST-hSTAT2 fusion protein was incubated with 150 μg of ZIKV NS5, in 

the form of either full length or individual domains, wild type or mutated, in a 1 mL 

pull-down buffer (10 mM Tris-Cl, pH 8.0, 100 mM NaCl, 5% glycerol, 5mM DTT and 

0.1% Triton X-100) for 1 h at 4 °C. The mixtures were centrifuged at the speed of 15,000 
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rpm on an Eppendorf microcentrifuge 5424R for 15 minutes, followed by incubation of 

the supernatant with 20 μL glutathione sepharose 4 fast flow resins (GE Healthcare) for 

15 minutes. Subsequently, the beads were separated from the supernatant through 

centrifugation at the speed of 500 rpm and subjected to two and four washes with the 

pull-down buffer for NS5 mutants and hSTAT2 mutants, respectively. The bound proteins 

were analyzed by SDS–PAGE followed by SYPRO Ruby protein gel stain (Bio-Rad). For 

IRF9 competition assay, the mixture of GST-hSTAT2 and ZIKV NS5 was further 

incubated with IRF9 in an IRF9:NS5 molar ratioof1:40, 1:20 or 1:10, followed by washes 

and SDS-PAGE analyses as described above. 

Electrophoretic mobility shift assay 

 ZIKVNS5 – RNA complex formation was assayed with an in vitro transcribed, cap-1 

yeast mRNA (YLR164W, 749 nt), by agarose gel electrophoretic mobility shift. NS5 and 

STAT2 stocks were first diluted to 1 µM in THE-300 buffer (34 mM Tris,  57 mM 

HEPES, adjusted to pH 7.5 with glacial acetic acid; 0.1 mM EDTA, 300 mM NaCl, 

0.05% (v/v) TWEEN 20, 25% (v/v) glycerol, 2 mM DTT, 0.2 mg/mL BSA). The mRNA 

was diluted to 522 ng/µL (~2 µM) in water, heated to 65˚C for 5 minutes in a dry block, 

then snap-cooled in ice. Final samples (7.5 µL) contained RNA (52 ng/µL), NS5 (110 

nM), and STAT2 (90 nM), in THE-150 buffer (composition as for THE-300 buffer, but 

with 150 mM NaCl). Samples were mixed, incubated for 15 minutes at room temperature 
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(~25˚C), and then directly loaded onto a 35 mL, pre-chilled (6 ˚C, > 30 minutes) 1% 

agarose gel cast with 34 mM Tris, 57 mM HEPES, pH 7.5, 0.1 mM EDTA, 10% (v/v) 

glycerol. The glycerol content of the samples was sufficient to allow loading in the 

absence of additional loading buffer. The gel was electrophoresed at 80 V in the casting 

buffer at 6 ˚C for 35 minutes, then stained with ethidium bromide and imaged with a 

Bio-Rad Gel Doc EZ imager. Images were analyzed with ImageJ. 

Cell lines and viruses 

 293T, Vero and A549 cells were cultured in high glucose Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 5 mM L-glutamine and 10% fetal bovine serum 

(FBS). Zika virus (ZIKV/Macaca mulatta/UGA/MR-766/1947: GenBank: KX601169.1) 

and VSV-GFP were grown in Vero cells. Virus titers were determined by plaque assay 

with Vero cells. 

Plasmids and transfections 

 ZIKV NS5 and NS5 mutants were amplified by RT-PCR from total viral RNA and 

cloned into the pCAGGS vector. C-terminal HA or FLAG tags for these constructs were 

encoded in the reverse primer sequences. Dengue virus type 2 strain TSV01 (GenBank: 

AY037116.1) NS5, and NS5 mutants were amplified from a viral cDNA clone provided 

by Dr. Shou-wei Ding (University of California, Riverside Department of Microbiology 
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and Plant Pathology) and cloned into pCAGGS with a C-terminal HA tag encoded in the 

reverse primer. STAT1 and STAT2, and STAT2 mutants were cloned into pCAGGS by 

RT-PCR from RNA isolated from 293T cells, with C-terminal FLAG tags encoded in the 

reverse primer sequences. Transfections were done in 293T cells using polyethylenimine 

(PEI). 

To generate recombinant MR766 ZIKV viruses, we generated a panel of mutants in 

DNA-ZIKV-MR766, the rescue system provided by Dr. Evans at Icahn School of 

Medicine at Mount Sinai, New York, which carried the different mutations in NS5 gene 

112
. Subsequently, we rescued the ZIKV mutants following a procedure reported 

previously
112

. Briefly, we transfected 293T cells with the different rescue constructs and 

subsequently transferred the supernatant to incubate with Vero cells for viral 

amplification.  

Co-immunoprecipitation 

 Using PEI, 1 x 10
6
 293T cells were co-transfected with 0.5 µg each of pCAGGS 

encoding STAT1- or STAT2-FLAG and DENV or ZIKV NS5-HA, or their mutants. Cells 

were harvested 30 hours post-transfection (hpt) in NP-40 buffer (0.25% NP-40, 50 mM 

Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, 10% glycerol, and 1 mM PMSF). 

Transfected cells were subsequently lysed by rotating end-over-end at 4°C for 15 minutes, 

followed by centrifugation at 15,000 rpm in 4°C for 15 minutes. To evaluate the 



30 

interaction between ZIKV NS5 and the endogenous hSTAT2 proteins, 1 x 10
6
 293T cells 

were transfected with 0.5 µg each of pCAGGS encoding ZIKV NS5-HA, WT or mutant. 

Cells were harvested 30 hpt and lysed. To minimize the variation of the level of 

endogenous hSTAT2 proteins in the immunoprecipitation procedure, we supplied the 

lysate of 2X10
6
 293T cells to each lysate sample transfected with ZIKV NS5-HA, WT or 

mutant. Immunoprecipitation was performed on the whole cell extract (WCE) by rotating 

end-over-end at 4°C for 1 hour with 1 µg mAb anti-FLAG antibody (F1804, Sigma) or 1 

µg mAb anti-HA antibody (Catalog #26183, Thermo-Fisher) followed by rotating 

end-over-end at 4°C for 1 hour with recombinant protein G Sepharose 4B beads (Catalog 

#101243, Thermo-Fisher) pre-blocked with 5% bovine serum albumin (BSA). The beads 

were pelleted and washed 2 times with PBS, and bound protein was eluted by boiling in 

Laemmli buffer. Co-IPs and WCE were analyzed by SDS-PAGE followed by 

immunoblotting with mouse anti-GAPDH (Catalog #10087-384, VWR), anti-HA, and 

anti-FLAG primary antibodies followed by goat anti-mouse IgG (H+L) HRP-linked 

secondary antibody (Catalog #31160, Thermo-Fisher). 

hSTAT2 degradation assay 

 To observe the degradation of endogenous hSTAT2 in the presence of over-expressed 

NS5 mutants, 5 x 10
5
 293T cells were PEI-transfected with increasing amounts of 

pCAGGS encoding HA-tagged NS5 variants as indicated in the figure legend. At 48 hpt, 
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the cells were harvested in Laemmli buffer and analyzed by SDS-PAGE followed by 

immunoblotting with anti-GAPDH, anti-HA, and rabbit anti-STAT2 primary antibodies 

(Catalog #72604S, Cell Signaling) followed by anti-mouse or goat anti-mouse secondary 

IgG antibodies (H+L) HRP-linked (Catalog #31460, Thermo-Fisher). 

Confocal immunofluorescence microscopy 

 293T cells grown on glass coverslips were co-transfected using PEI with 0.25 µg each 

of pCAGGS encoding hSTAT1- or hSTAT2-FLAG and ZIKV/DENV NS5-HA, or their 

mutants. About 48 hpt, cells were fixed and permeabilized with methanol for 20 minutes 

at -20°C, and then blocked with 3% BSA/0.2% Tween-20/PBS at 30°C for 1 hour. The 

cells were incubated with mAb anti-HA and rabbit anti-FLAG primary antibodies 

(Catalog #14793S, Cell Signaling) for 1 hour at 30°C, followed by two 5-minute washes 

with PBS+0.2% Tween-20 (PBS-T). Alexa Fluor 555-conjugated anti-mouse and Alexa 

Fluor 488-conjugated anti-rabbit secondary antibodies were added to the cells for 1 hour 

at 30°C. After two additional washes with PBS, the coverslips were mounted onto slides 

with Vectashield(Vector Laboratories) containing DAPI. Images were captured using a 

Leica SP5 confocal microscope. Confocal laser scanning was performed using a Zeiss 

LSM 880 Meta (Carl Zeiss Microimaging, Thornwood, NY) fitted with a Plan 

Apochromatic X63/1.4 or X40/1.4 oil objective lens. Images were collected at 16 bits and 

at a resolution of 1024 by 1024 pixels. A total of 100 cells per condition were counted 
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and analyzed by microscopy. Image processing and analysis were carried out using 

Fiji/ImageJ software.  

VSV-GFP assay 

 To determine the overall levels of IFN influenced by NS5 or NS5 mutants, 2.5 x 10
5
 

293T cells were transfected with pCAGGS encoding HA-tagged NS5 and NS5 Mut
YRDH

. 

At 30 hpt, the transfected cells were primed with 2 µg poly(I:C) transfection. 18 hours 

later serial 1:2 dilutions of the supernatants from cultures transfected with the NS5 

variants were used to treat A549 cells. 24 hours after supernatant treatment, A549 cells 

were infected with VSV-GFP (gift from Dr. Dusan Bogunovic) at MOI=1. Infected cells 

were visualized 24 hpi for GFP expression by the Nikon Eclipse te2000-U fluorescent 

microscope. 

Quantitative RT-PCR 

 To quantitate ISG54 mRNA levels in the presence of NS5 or NS5 mutants, 5 x 10
5
 

293T cells were PEI-transfected with increasing amounts of pCAGGS encoding 

HA-tagged NS5 variants indicated in the figure legend. At 30 hpt, the transfected cells 

were treated with 1,000 U/mL universal type I interferon (PBL, 11200-1) for 18 hours. 

After IFN treatment, cells were harvested in PBS and split into two equal-volume 

samples. One sample was re-suspended in Laemmli buffer and analyzed by SDS-PAGE 
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followed by immunoblotting with anti-GAPDH and anti-HA antibodies. The second 

sample was used to isolate total RNA for qRT-PCR using Trizol (Catalog # N8080127, 

Fisher). 1 µg of RNA was reverse transcribed using random hexamer (Catalog # 

N8080127, Fisher). qRT-PCR was performed using iQ™ SYBR Green Supermix 

(Catalog # 1708880, BioRad). The ΔCt values were calculated using -actin mRNA as 

the internal control. The ΔΔCt values were determined using control samples 

(non-transfected non-IFN-treated) as the reference value. Relative levels of transcripts 

were calculated using the formula 2(-ΔΔCt). 

Multi-cycle growth curve experiment 

 To compare the replication kinetics of our mutant viruses to rWT ZIKV, we performed 

multi-cycle growth curve experiments, in which IFN-competent A549 cells or 

IFN-deficient Vero cellswere infected (MOI of 1) for 1 hr. with either the rescued mutant 

virus or the rescued WT virus. Supernatants were collected daily up to 4 days post 

infection, and then titers of the supernatants were determined by plaque assays in Vero 

cell.   
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Results 

Crystal structure of ZIKV NS5 reveals a conserved domain conformation 

The crystal structure of full-length ZIKV NS5 was solved at 3.3Å resolution, almost the 

entire sequence can be traced except the first five N-terminal amino acids, residues 

747-748 and the last sixteen residues at C-terminus (Fig. 1a). The N-terminal MTase 

domain resides onto the top of the C-terminal RdRp domain, a linker region (residues 

266-275) physically bridges these two domains (Fig. 1b). The MTase domain is 

predominantly constituted by a canonical Rossmann fold, where seven strands of β-sheet 

are sandwiched by two α-helixes. A SAH molecule was found in MTase domain (Fig. 1b), 

although this chemical was not intentionally added when crystallization. This is possibly 

due to ectopically expressed ZIKV NS5 stably binding to SAH in bacteria. Closed to the 

SAH binding site, a positively charged area is formed by the core Rossmann fold 

fragment, which is supposed to stabilize RNA strand for viral genome capping (Fig. 1b). 

The RdRp domain adopts a capped right-hand structure which is comprised of Palm, 

Thumb and Fingers subdomains, and a priming loop in Thumb subdomain blocks the 

putative RNA entrance (Fig. 1b). Two zinc ions are harbored within RdRp domain, as 

observed for the NS5 proteins of JEV and DENV3. The association between MTase 

domain and RdRp domain does not introduce extensive interdomain contacts, leading to a 

modest buried surface area of around 1400 Å.  
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Next, we compared the structure of ZIKV NS5 with its flaviviral counterparts, JEV NS5, 

DENV2 NS5 and DENV3 NS5. ZIKV NS5 superimposes well with JEV NS5, with an 

RMSD of 0.17 Å over 872 Cα atoms (Fig. 2a). In contrast, structural superposition of 

ZIKV NS5 and DENV NS5 gives a rather higher RMSD of 0.606 Å over 844 Cα atoms, 

mainly attributed to the differential orientation between MTase domain and RdRp domain 

(Fig. 2b). Unlike ZIKV NS5 and JEV NS5, DENV3 MTase sits on the top of RdRp 

domain in a more downward position, thereby resulting in a more compact conformation 

(Fig. 2b). The orientation of MTase - RdRp stacking of DENV2 NS5 is similar to that of 

ZIKV NS5 and JEV NS5, with an RMSD of 0.23 Å over 872 Cα atoms (Fig. 2c). It is 

worth mentioning that a slight movement of DENV3 MTase in comparison to ZIKV 

MTase and JEV MTase, resulting in differential orientations of RNA entrance and 

substrate binding site (Fig. 2.a,c). In accordance with published crystal structures of 

flavivirus NS5 proteins, DENV3 NS5 displays a "compact" fold whereas ZIKV NS5 and 

JEV NS5 exhibit an "open" fold, DENV2 NS5 is highly similar to "open" fold but seems 

to show an "intermediate" fold.  

I29 is a potential inhibitor targeting ZIKV NS5 

In light of the conserved conformation amongst flavivirus NS5 proteins, we further 

asked whether any small molecule inhibitor is able to target ZIKV NS5.  

To address this, we first tested the enzymatic activity of our purified ZIKV NS5 protein 
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for crystallization. A ZIKV subgenomic RNA was artificially constructed which contains 

a T7 promoter followed by a ZIKV subgenome with deletion of nucleotides 171-10343 

(GenBank accession no. KU963573.2) (Fig. 3a). Using the ZIKV subgenome to be the 

template and ZIKV NS3 helicase domain to be the negative control (Fig. 3b), we 

performed the de novo RdRp assay. ZIKV NS5 is observed to replicate RNA in a 

time-dependent manner, that is, along with the increase of incubation time, the RNA 

production is significantly improved (Fig. 3c). It is worth mentioning that a much shorter 

band is generated at 23
o
C, indicating an insufficient reaction at low temperature (Fig. 3c). 

In contrast, no visible band was found in the reactions from NS3-Hel (Fig. 3c), whereby 

confirmed the positive bands are produced by a truly active RdRp assay and the purified 

ZIKV NS5 protein represents an enzymatically active form. 

As mentioned in the introduction, a series of small molecule candidates bind to the "N" 

pocket in DENV NS5 to interfere the RNA replication (Fig. 4a)
39

. Detailed analysis of 

this inhibitor-binding site revealed that the critical residues for the inhibitor binding are 

also conserved in ZIKV NS5, arranged in a similar structural environment (Fig. 4b); 

therefore, suggesting that the same compound may also be inhibitory to the enzymatic 

activity of ZIKV NS5.  

To verift our computational analysis, we further tried the co-crystallization of ZIKV 

RdRP and I29 inhibitor. As observed in the structure of DENV RdRp - I29 complex
39

, I29 
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occludes the N pocket of ZIKV RdRp and is positioned in closed proximity to the 

priming loop (Fig. 5a). However, electron density of the I29-binding site is not in 

sufficient quality of modeling the entire molecule, raising the challenge of 

comprehensively characterizing the binding mode (Fig. 5b). This complex structure, 

albeit with relatively uncertain positioning of I29 molecule, provided preliminary 

evidence that I29 binds to ZIKV RdRp in a similar manner as DENV RdRp, thereby 

supports the inhibitory activity of I29 on ZIKV RdRp.  

Molecular basis of the ZIKV NS5 - hSTAT2 complex 

NS5 plays a crucial role in antagonizing host immune response. Elucidating the 

molecular basis of NS5 binding to host factor would provide detailed information for 

understanding the suppression of host immunity. Following the solved ZIKV NS5 

structure, we next attempted to solve the structure of ZIKV NS5 - hSTAT2. 

In line with previous study
81

, our co-IP assay confimed the interaction between ZIKV 

NS5 and hSTAT2 while hSTAT1 showed no binding to ZIKV NS5 (Fig. 6a). We then 

examined which domain of NS5 is involved in the interaction. Pull down results 

suggested that MTase and RdRp both interact with hSTAT2 (Fig. 6b). The purification of 

recombinantly expressed full-length hSTAT2 gave a rather low yiled and readily 

degraded bands (data not shown), prompting us to search for an optimal construct for 

structure determination. Surprisingly, we found that a hSTAT2 fragment (residues 1-713) 
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showed higher stablity than full-length hSTAT2 (data not shown) and retained the ability 

of binding to ZIKV NS5 (Fig. 6c,d).  

Using the fragment hSTAT21-713, the crystal structure of ZIKV RdRp - hSTAT21-713 was 

solved at 3.0 Å resolution. We were capable of defining ZIKV RdRp, the core fragment 

(CF, residues 137-681) and the pY-tail segment (residues 690-705) of hSTAT2, along 

with partial hSTAT2 ND (residues 25-68 and residues 76-112) (Fig. 7a,b,c). The CF of 

hSTAT2 adopts a classical elongated fold, similar to that of hSTAT1
113,114

 and other STAT 

proteins
115-117

, with the coiled-coil domain (CCD), DNA binding domain (DBD), linker 

domain (LD) and SRC homology 2 (SH2) domain sequentially packed against each other 

to form the integrated core fragment. Structural superimposition of hSTAT1 CF and 

hSTAT2 CF results in a root-mean-square deviation (RMSD) of 0.57 Å over 404 C 

atoms, which is consistant with the ~40% sequence identity between the CFs of these two 

proteins. The three subdomains of ZIKV RdRp, palm, fingers and thumb, form a 

right-hand cup fold (Fig. 7b), as previously observed in our crystal structure of apo-state 

ZIKV NS5.  

Due to the lack of MTase in our crystal strucutre, we determined the cryo-EM structure 

of full-length ZIKV NS5 complexed with hSTAT2 for pursuing the comprehensive view. 

The complex structure gave an overall resolution at 4.0 Å (Fig. 7d,e, and Supplementary 

Fig. 1-3), with CCD, MTase and RdRP varying from 3.5 Å to 4.0 Å, DBD and LD 
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varying from 4.0 Å to 5.0 Å and SH2 domain changing from 5.0 Å to 5.5 Å 

(Supplementary Fig. 1c). The cryo-EM map is of sufficient quality to unambuiguiously 

model CCD and DBD of hSTAT2 and both the two domains of ZIKV NS5, while only 

partial LD of hSTAT2 can be fitted into the map (Fig. 7d,e, and Supplementary Fig. 3). 

Except for the MTase domain, the cryo-EM structure superimposes well with the crystal 

structure of ZIKV RdRp - hSTAT2 complex (Supplementary Fig. 4a), indicating there is 

no significant difference between the complex under solution state and that under 

crystallographic state. Taken together with these two structrues, the ZIKV NS5 - hSTAT2 

complex exhibits a multivalent binding mode. The CCD domain predominantly 

contributes to the binding of hSTAT2 to ZIKV NS5, where the tip of CCD inserts into the 

inter-domain cleft formed by MTase and RdRp (Fig. 7b,c,d,e). On one side, the aromatic 

ring of hSTAT2 F175 stacks against H855 of ZIKV RdRp, and hSTAT2 R176 forms 

hydrogen bonds with RdRp residues, including the one with the backbone of G850, the 

bidentate one with the side chain of D734 (Fig. 8a,b). These interactions are reinforced by 

van der Waals contacts involving Q165, D168, Q169, D171, V172, I179, E195 and T202 

of hSTAT2 CCD and V335-T337, L847, W848 and L852 of RdRP (Fig. 8b). On the 

opposite side, an -helix from the MTase domain, including residues S20-K28, is 

positioned in close proximity to residues K218, T225, L299, R300, Q303, E306 and 

R310 of hSTAT2 (Fig. 8d,e), while the loop segment projected from the central  sheet of 
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MTase, containing residues G107-H110, is docked onto a concave surface walled by 

hSTAT2 Q200, L203, N204, D207, Q289, D291 and P292 (Fig. 8d,f). The ND of hSTAT2 

also makes contact with ZIKV RdRp via a group of van der Waals and hydrogen bonding 

interactions, including D53, F61, R92, Q95, S98 and Q99 of hSTAT2 ND and T314, 

S317, V322, R327, A343 and I750 of RdRP (Fig. 8a,c). We were not able to trace 

hSTAT2 ND in the cryo-EM structure, suggesting this hSTAT2 ND - ZIKV RdRp binding 

is not stable in solution. Our crystal structure likewise indicates the flexibility of ND, 

albeit visible, the electron density of partial ND which is distant from RdRp-binding 

interface is poor (data not shown). Structural comparison of hSTAT2-bound NS5 with the 

free state ZIKV NS5 reveals a similar domain orientation between the MTase and RdRP 

domains(Supplementary Fig. 4b), with an RMSD of 2.3 Å over 778 aligned C atoms. 

The major difference is a modest shift of MTase domain toward the hSTAT2 CCD in the 

hSTAT2-bound state (Fig. 8b). The resemblance of the two states implies that ZIKV NS5 

has evolved with a conformation well poised for interaction with hSTAT2. In addition, 

The NS5 MTase domain is anchored to the middle segment of hSTAT2 CCD, with the 

potential RNA binding surface of the MTase domain arching over the second and fourth 

helix of hSTAT2 CCD (Supplementary Fig. 4c,d). Indeed, in vitro electrophoretic 

mobility shift assay (EMSA) confirms that hSTAT2 competes against a capped RNA 

molecule for ZIKV NS5 binding (Supplementary Fig. 4e). 
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The hSTAT2 interaction regulates the cellular localization of ZIKV NS5 

To test our structural observations, we selected key interaction-defining residues for 

mutagenesis, including Y25 from NS5 MTase, R327, D734 and H855 from NS5 RdRP, 

and F175 and R176 from hSTAT2. The effects of these mutations on the protein-protein 

interaction were analyzed by co-IP assays using 293T cells transfected with HA-tagged 

ZIKV NS5 and FLAG-tagged hSTAT2. Mutation to alanine of hSTAT2 F175 (Mut
F
) or 

R176 (Mut
R
) substantially reduced the binding of hSTAT2 to NS5 (Fig. 8g). Likewise, 

introduction of the D734A/H855A (Mut
DH

), Y25A/D734A/H855A (Mut
YDH

), 

R327A/D734A/H855A (Mut
RDH

) or Y25A/R327A/D734A/H855A (Mut
YRDH

) mutations 

on ZIKV NS5 remarkably reduced the NS5 – hSTAT2 interaction as well (Fig. 8h). In 

line with overexpressed hSTAT2, endogenous hSTAT2 demonstrated robust association 

with wild-type ZIKV NS5, but only weak interaction with the Mut
YRDH

 mutant 

(Supplementart Fig. 5a). In vitro GST pull-down assay further verified the mutational 

effects, with the binding to hSTAT2 is gradually reduced along with the accumulation of 

ZIKV NS5 mutations (Supplementary Fig. 5b).  

A previous study demonstrated that, as with other flaviviruses
118

, ZIKV NS5 localizes 

predominantly within the nucleus in the absence of overexpressed STAT2; yet 

co-expression of ZIKV NS5 with hSTAT2 leads to their co-localization to the 

cytoplasm
81

. To elucidate potential impact of hSTAT2 - ZIKV NS5 interaction on the 
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subcellular localization of ZIKV NS5, we thereby performed immunofluorescence (IF) 

assays using 293T cells transfected with FLAG-tagged hSTAT2, HA-tagged ZIKV NS5. 

Consistent with the previous study
81

, co-expressing of hSTAT2 and ZIKV NS5 led to 

complete retention of ZIKV NS5 in the cytoplasm, while transfection of ZIKV NS5 

resulted in ZIKV NS5 resides within nucleus (Fig. 8i and Supplementary Fig. 6). In 

contrast, ZIKV NS5 mutants tended to translocate from cytoplasm to nucleus, especially 

nearly 90% of NS5 Mut
RDH 

and Mut
YRDH

 are localized within the nucleus (Fig. 8i and 

Supplementary Fig. 6). Introducing the mutations of hSTAT2-binding sites on ZIKV NS5 

turned out to shape the cellular localization of ZIKV NS5, confirming the molecular basis 

of ZIKV NS5 - hSTAT2 interaction. 

ZIKV NS5 competes against IRF9 for hSTAT2 binding  

STAT2 and IRF9 are intrinsic partners in mammalian cells, collectively regulating type 

I IFN response. Previous studies demonstrated that CCD of mouse STAT2 is involved in 

binding to IRF9
119

. Intriguingly, the binding interface of hSTAT2 CCD - ZIKV RdRp 

highly resembles that of mouse STAT2 - mouse IRF9, suggesting that ZIKV NS5 and 

IRF9 cannot simutaneously associtate with STAT2 (Fig. 9a,b). We then designed a 

competitive pull-down assay to test the hypothesis. With fixed amounts of hSTAT2 and 

ZIKV NS5 but gradually increasing amounts of hIRF9, we observed IRF9 indeed 

excluded ZIKV NS5 from binding to hSTAT2, showing as opposite trends of band 
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intensity change of ZIKV NS5 and hIRF9 (Fig. 9c). Consistent with in vitro pull-down 

assay, in vivo co-IP assay utlizing 293T cells transfected with FLAG-tagged hSTAT2, 

HA-tagged ZIKV NS5 or Myc-tagged IRF9 indicated that increase of ZIKV NS5 reduces 

IRF9 precipitation and vice versa (Fig. 9d). In addition, F175 and R176 of hSTAT2, the 

two residues critical to the binding of ZIKV NS5, were also essential to interact with 

IRF9, with hSTAT2 Mut
F
 or Mut

R
 mutations leading to the disruption of hSTAT2-IRF9 

complex (Fig. 9e).  

DENV and ZIKV NS5s share a similar hSTAT2-binding mechanism 

Sequence analysis of the ZIKV NS5-interaction sites of hSTAT2 shows relatively high 

conservation for the CCD region but less conservation for the ND (Supplementary Fig. 

7a,b), which might contribute to the evolutionarily divergent interaction of STAT2 with 

ZIKV NS5
81

. On the other hand, the hSTAT2-interacting residues of ZIKV NS5 are 

considerably conserved in DENV and other members of flavivirus family 

(Supplementary Fig. 7c,d), raising the possibility that DENV NS5 might interact with 

hSTAT2 in a similar manner. To test this, we determined the EM structure of the DENV 

serotype 2 (DENV-2) NS5 – hSTAT2 complex (Fig. 10a and Supplementary Fig. 7e,f). 

Structural comparison of DENV-2 NS5 - hSTAT2 complex and free-state DENV-2 NS5 

indicated a reasonable arrangement of our complex model (Fig. 10b). Indeed, DENV-2 

NS5 associates with hSTAT2 in a similar manner as ZIKV NS5, with one end of the 
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hSTAT2 CCD embraced by both the MTase and RdRP domains of DENV-2 NS5 (Fig. 

10b).  

Furthermore, we mutated residues D732 and L853 of DENV-2 NS5 to alanine, 

equivalent to D734 and H855 of ZIKV NS5, and performed co-IP assay using 293T cells 

co-transfected with FLAG-tagged hSTAT2 and HA-tagged DENV-2 NS5. Wild-type 

DENV-2 NS5, but neither those carrying the single mutations D732A or L853A nor the 

double mutation D732A/L853A, interacted strongly with hSTAT2 (Fig. 4c). In addition, 

ectopic expression of hSTAT2 led to retention of wild-type, but not 

D732A/L853A-mutated DENV-2 NS5, in the cytoplasm (Fig. 4d). Together, these data 

suggest that DENV-2 NS5 and ZIKV NS5 engage hSTAT2 in a similar fashion. 

The ZIKV NS5 – hSTAT2 interaction leads to hSTAT2 degradation and IFN 

suppression 

We further evaluated the effect of the ZIKV NS5 – hSTAT2 interaction on the stability 

of hSTAT2 and related type I IFN response in cells. Expression of wild-type ZIKV NS5 

in 293T cells led to a dose-dependent decrease on the protein level of endogenous 

hSTAT2 (Fig. 11a). The NS5-dependent degradation of hSTAT2 was slightly attenuated 

in cells transfected with NS5 Mut
DH

, and became even less evident in cells transfected 

with NS5 Mut
RDH

 or Mut
YRDH

 (Fig. 11a). Next, we performed the vesicular stomatitis 

virus (VSV)-GFP based IFN bioassay
120

 to evaluate the impact of the NS5 – hSTAT2 
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interaction on IFN production. The replication efficiency of VSV, which is impaired in 

the presence of high levels of IFN, was increased in A549 cells treated with supernatants 

from cell cultures transfected with wild-type NS5 compared to those treated with NS5 

Mut
YRDH

 (Fig. 11c), suggesting that the NS5 Mut
YRDH

 mutation impaired NS5-mediated 

suppression of IFN production. Consistent with these results, qRT-PCR analysis of two 

representative type I IFN-stimulated genes, ISG54 and OAS-1, in IFN-treated 293T cells 

revealed that the expression of wild-type ZIKV NS5, but not NS5 Mut
YRDH

, led to a 

dose-dependent reduction of ISG54 and OAS-1 expression (Fig. 11b). Given that 

previous studies have shown that ZIKV NS5, in addition to suppression of hSTAT2, 

inhibits interferon  production through targeting the retinoic acid-inducible gene I 

(RIG-I) pathway
121-123

, we further interrogated the effects of ZIKV NS5 mutations on 

type I IFN suppression along the RIG-I signaling pathway. Toward this,we performed an 

IFN-β promoter-driven luciferase assay to determine whether the NS5 mutation also 

affects theRIG-I-(2CARD)-, TBK1-,andIRF3-activated IFN- production. Consistent 

with previous observations
121-123

, cells transfected with wild-type NS5, in comparison 

with controls, showed substantial suppression of the luciferase activity activated by 

RIG-I-(2CARD), TBK1,or IRF3 (Supplementary Fig. 8). Transfection with Mut
YRDH

 led 

to a similar suppression of the luciferase activity (Supplementary Fig. 8), suggesting that 

this mutation did not compromise the inhibitory role of ZIKV NS5 in RIG-I pathway. 
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These data highlight the importance of the ZIKV NS5 – hSTAT2 interaction in 

proteasome-mediated degradation of hSTAT2 and downstream IFN signaling
123,124

. 

The ZIKV NS5 – hSTAT2 interaction is required for efficient viral infection of 

IFN-competent cells 

Finally, we sought to determine the effect of the ZIKV NS5 – hSTAT2 interaction on 

viral infection. Toward this end, we first introduced the different NS5 mutations to the 

cDNA-ZIKV-MR766 construct, a rescue plasmid that has previously been used for 

generating recombinant MR766 ZIKV
112

. Next, we generated both the recombinant 

wild-type (rWT) virus and the mutant viruses through transfecting 293T cells with the 

cDNA-ZIKV-MR766 construct, as described previously
112

. Interestingly, the rescue 

plasmids carrying the Y25A (Mut
Y
), H855A (Mut

H
), Mut

RDH
, or Mut

YRDH
 failed to yield 

recombinant viruses, likely due to a severe attenuation effect caused by these mutations. 

Nevertheless, we were able to rescue viruses with wild-type or R327A NS5. Additionally, 

we rescued a D734A-containing virus, in which an additional mutation G338E 

recurrently emerged after several passages in Vero cells during two independent rescue 

processes. Both of these two mutant ZIKV exhibit a similar replication kinetics as rWT 

ZIKV in Vero cells (Fig. 12a), which is known to be deficient in IFN production
125

.We 

then performed multi-cycle growth curve experiments using IFN-competent A549 cells, 

which were infected by the different mutant viruses at a multiplicity of infection (MOI) 
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of 1. Our results indicated that, in comparison with ZIKV rWT, both mutant viruses 

yielded significantly reduced virus titers after 48 hrs. post infection (Fig. 12b), suggesting 

an IFN-dependent attenuation effect for the R327A and G338E/D734A NS5 mutations. 

Together, these data establish that the hSTAT2-NS5 interaction is critical for productive 

ZIKV infection under IFN-competent condition. 
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Disccusion 

In response to viral infection, host has developed a complicated, precise and multilayer 

immune system. To overcome this, virus has also evolved a series of strategies for hiding 

itself from host immunity or directly interfering with immune response. In this arm race, 

a comprehensive understanding of viral life cycle and host-pathogen interactions is 

important for antagonizing viral infection. NS5, the enzyme responsible for flaviviral 

genome replication, plays a critical role in virus proliferation and is an ideal target for 

drug discovery. Our crystal structure of ZIKV NS5 indicated a conserved domain 

conformation amongst flavivirus NS5 proteins, providing molecular basis for further drug 

discovery. Whilst structural superimpostions within known flavivirus NS5 structures 

suggested two alternative stacking orientations of MTase and RdRp, a compact fold and 

an open fold. This difference, albeit modest, falls in line with the notion that NS5 is 

dynamic and exists multiple conformations in solution
41

. Structural comparison and 

X-ray crystallization revealed that I29 molecule is capable of binding to ZIKV NS5, 

however, optimization of resolution of crystal structure , biochemical assays and cellular 

experiments are required for further investigation of the impact of this inhibitor on ZIKV 

infection. Moreover, a multivalent interaction mode between ZIKV NS5 and hSTAT2 was 

determined. Despite comprehensive mapping of binding sites and biochemical validation 

of critical residues for the NS5-hSTAT2 interaction in our study, some questions are still 
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remained to be addressed and new issues were raised. ZIKV NS5 was reported to bind to 

human STAT2 but not mouse STAT2
81

, however, our structures are not able to illustrate 

the species difference of the binding. It is conceivable that a higher resolution structure of 

ZIKV NS5- hSTAT2 will provide more details on the MTase - CCD interface, which 

might identify human STAT2-specifc residues involved in NS5-binding. While the 

competitive binding to hSTAT2 of ZIKV NS5 and IRF9 suggested a bypass pathway for 

type I IFN suppression, or even provided a novel insight for hSTAT2 degradation. Given 

that hSTAT2 needs to associate with hSTAT1 or IRF9 for nuclear localization
70-73

, the 

disruption of hSTAT2-IRF9 will lead to a significant reduction of hSTAT2 nuclear 

translocation. Additionally, the retention of hSTAT2 in cytoplasm likely increases the 

chance of being degraded, since ubiquitin-dependent proteasomal degradation occurs in 

cytoplasm and hSTAT2 level can be regulated naturally without viral infection. 

Collectively, the dissociation of hSTAT2-IRF9 by ZIKV NS5 might not only interfere 

with the formation of ISGF3 complex, but also play a crucial role in hSTAT2 degradation. 

Further cellular assays are indeed required to verify this hypothesis.  
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Figures and Tables 

 

 

 

 

Figure 1. Structural overview of ZIKV NS5. (a) Colour-coded domain architecture of ZIKV NS5. (b) 

Orthogonal views of ribbon (left) and electrostatic surface (right) representations of ZIKV NS5. The MTase 

domain, the N-terminal extension, palm, fingers, priming loop and thumb of the RdRp domain, and the 

interdomain linker are coloured in slate, orange, pink, green, red, light blue and magenta, respectively. Zinc 

ions (purple) and SAH are shown in sphere representation. 
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Figure 2. Structural comparison of NS5 proteins from ZIKV, JEV, DENV3 and DENV2. Structural 

comparison of ZIKV NS5 with (a) JEV NS5 (PDB ID: 4K6M), (b) DENV 3 NS5 (PDB ID: 4V0Q) and (c) 

DENV2 NS5 (PDB ID: 5ZQK), with ZIKV NS5 and JEV NS5 exhibiting an "open" fold, DENV3 NS5 

displaying a "compact" fold and DENV2 NS5 tending to be an "intermediate" conformation but being 

similar to the "open" fold. 
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Figure 3. De novo RNA synthesis by ZIKV NS5 protein. (a) The subgenomic ZIKV RNA contains an 

internal deletion from nucleotides 171 to 10,343 (GenBank accession no. KU963573.2). (b) 

SDS–polyacrylamide gel electrophoresis analysis of purified ZIKV NS5 and ZIKV NS3-Hel. (c) ZIKVde 

novo RNA replication assay. The subgenomic ZIKV RNA was incubated with recombinant ZIKV NS5 

protein, ZIKV NS3-Hel or alone (mock). The relative amount of 32 P-labelled RNA product is displayed in 

the autoradiograph of the PAGE gel. The reactions containing recombinant proteins were divided into four 

groups. Group1 was incubated at 23
o
C for 30min. Groups 2, 3 and 4 were incubated at 33

o
C for 30, 60 or 

120min, respectively. 
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Figure 4. Identification of a potential inhibitor-binding site in ZIKV NS5. (a) Binding of a 

small-molecule inhibitor of DENV3 NS5 at its ‘N pocket’. The residues of DENV3 NS5 and 

small-molecule inhibitor are shown in blue and yellow sticks, respectively. The hydrogen bonding 

interactions are depicted as dashed lines. (b) The residues of ZIKV NS5 corresponding to the inhibitor 

binding site of DENV3 NS5 are shown in pink sticks. 
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Figure 5. Structural of ZIKV RdRp in complexed with I29 inhibitor. (a) A close-up view of the 

inhibitor binding site. I29 is reprensented as sticks and colored in green. The priming loop is colored in red 

and the the "N" pocket is boxed. (b) Fo-Fc map of I29 inhibitor is colored in orange and contoured at 2 

level with the carving raidus of 2 Å . As indicated in the maintext, the density is not of good quality to trace 

the entire molecule, especially the benzo ring in the middle.  
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Figure 6. Biochemical analysis of the interaction between ZIKV NS5 and hSTAT2. (a) co-IP assay of 

293T cells transfected with plasmids encoding C-terminally HA-tagged NS5 (NS5-HA) and FLAG-tagged 

hSTAT2 (hSTAT2-FLAG) or hSTAT1 (hSTAT1-FLAG). Immunoblot analysis of the whole cell extract 

(WCE) was used as input. IP was performed using antibodies against HA, FLAG and GAPDH. *antibody 

heavy chain. (b) GST pull-down assay of the MTase and RdRP domains of ZIKV NS5 using GST-tagged 

full-length hSTAT2. (c) Size-exclusion chromatography analysis of the interaction between hSTAT21-713 

and ZIKV NS5. (d) SDS-PAGE analysis of the elution fractions in (c).  
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Figure 7. Crystal and cryo-EM structures of the ZIKV NS5 – hSTAT21-713 complex. (a) ZIKV NS5 

and hSTAT2 primary sequences with domains used for crystallization marked with arrowheads. (b) Ribbon 

representation of the ZIKV RdRP – hSTAT21-713 complex. The disordered linkers are shown as dashed lines. 

(c) Surface representation of the ZIKV RdRP – hSTAT21-713 complex. (d-e) Shaded surface views of the 

cryo-EM density map (d) and ribbon representation of the atomic model (e) of the ZIKV NS5 – 

hSTAT21-713 complex. The color scheme in (a-e) is applied to subsequent figures unless indicated otherwise. 
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Figure 8.Cellular analysis of the ZIKV NS5 – hSTAT2 interaction. (a-c) Ribbon and surface view 

showing NS5 RdRP – hSTAT2 interaction (a), with the details for the CCD- and ND-mediated interactions 

further highlighted in expanded views (b)and (c), respectively. Hydrogen bonds in (b) and (c) are shown as 

dash lines. (d-f) Ribbon and surface view of the NS5 MTase – hSTAT2 interaction (d), with details 

highlighted in expanded views (e) and (f). (g-h) Co-IP analysis showing the effects of hSTAT2 mutations (g) 

and NS5 mutations (h) on the NS5 – hSTAT2 interaction. Immunoblot analysis of the IP and whole cell 

extract (WCE) was performed using antibodies against HA, FLAG and GAPDH.(i) IF analysis of 293T 

cells transfected with plasmids encoding NS5-HA and/or hSTAT2-FLAG. The transfected cells were fixed 

for immune staining using antibodies against HA (Red) and FLAG (Green). Nuclei were visualized by 

DAPI (blue) counter staining. 
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Figure 9. ZIKV NS5 competes against IRF9 for hSTAT2 binding. (a) Ribbon and surface view of the 

ZIKV NS5-binding sites (orange) of hSTAT2 CCD. (b) Ribbon and surfaceview of the ZIKV NS5-binding 

sites (blue) of mouse STAT2 CCD. (c) In vitro pull-down assay of ZIKV NS5 using GST-hSTAT2 in the 

presence of various amount of IRF9. (d) Co-IP assay of HA-tagged ZIKV NS5 (NS5-HA), FLAG-tagged 

hSTAT2 (hSTAT2-FLAG) or hSTAT1 (hSTAT1-FLAG) and Myc-tagged IRF9 (IRF9-Myc). (e) IP assay 

of endogenous hSTAT2 with HA-tagged ZIKV NS5 (NS5-HA), wild type. 
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Figure 10. Analysis of the DENV NS5 – hSTAT2 interaction. (a) Fitting of the crystal structures of the 

MTase and RdRP domains of DENV-2 (PDB 5ZQK) and hSTAT2141-490 (this study) within EM density. (b) 

Superposition of the crystal structure of free DENV-3 NS5 (grey) and the cryo-EM structure of 

hSTAT2-bound DENV-2 NS5 (orange).For clarity, only the CCD of hSTAT2 (green) is shown in the 

complex structure. (c) Co-IP assay of HA-tagged DENV-2 NS5 (NS5-HA), FLAG-tagged hSTAT2 

(STAT2-FLAG) or hSTAT1 (hSTAT1-FLAG). The D732A, L853A and D732A/L853A mutations are 

denoted as Mut
D
, Mut

L
 and Mut

DL
, respectively. (a) IF analysis of 293T cells transfected with plasmids 

encoding DENV-2 NS5-HA and/or hSTAT2-FLAG. The transfected cells were fixed for immune staining 

using antibodies against HA (Red) and FLAG (Green). Nuclei were visualized by DAPI (blue) counter 

staining. 
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Figure 11. Role of the ZIKV NS5 – hSTAT2 interaction in ZIKV NS5-mediated degradation of 

hSTAT2 and type I IFN signaling suppression. (a) Immunoblot analysis of 293T cells transfected with 

indicated plasmids encoding wild-type or mutant NS5-HAs at three different amounts using antibodies 

against HA, hSTAT2, and GAPDH. (c) VSV-GFP infection of A549 cells treated with 1:2 serial dilutions of 

the supernatants derived from poly(I:C)-stimulated 293T cells, non-transfected (mock), or transfected with 

NS5 or NS5 Mut
YRDH

. (b) qRT-PCR analysis of ISG54 and OAS-1 mRNAs of non-transfected 293T cells 

(mock), or cells transfected with plasmids encoding wide-type or mutant NS5-HAs, followed by treatment 

with IFN for 18 hr. Error bars represent s.d. of triplicate experiments. Statistical analysis used two-tailed 

Student’s t-test. ns, p> 0.05. 
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Figure 12. Role of the ZIKV NS5 – hSTAT2 interaction in ZIKV infection. (a-b) Growth curves of Vero 

(a) and A549 (b) cells infected with the rWT and mutant MR766 viruses. Values of titers are expressed in 

PFU per milliliter. Means and standard errors were estimated from 3 independent experiments, with each 

performed in triplicate. Statistical analysis used the two-way ANOVA test. ns, p> 0.05. 
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Supplementary Figure 1. Cryo-EM analysis of the ZIKV NS5 – hSTAT2 complex. (a) A representative 

cryo-EM micrograph with select particles circled. (b) Representative 2D class averages. (c) Local 

resolution evaluation of the reconstructed map by Resmap
110

. (d-e) Angular distribution (d) and global 

resolution evaluation based on “gold-standard” Fourier shell correction (FSC) (e), both generated by 

RELION
107,108

. 
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Supplementary Figure 2. Data processing workflow used for cryo-EM reconstruction of the ZIKV 

NS5 - hSTAT2 complex.  
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Supplementary Figure 3. Details of the cryo-EM densities overlaid with their atomic models (ribbon) 

of the domains in ZIKV NS5 – hSTAT2 complex. (a-b) Ribbon representations of the atomic model of 

NS5 – hSTAT2, with NS5 (a) and hSTAT2 (b) overlaid with their respective density maps. N- and 

C-termini are indicated by letter ‘N’ and ‘C’. Two main interfaces between the MTase and CCD domains 

are shown in inset. (c-d) DBD, LD and CCD domains in hSTAT2. (e-h) MTase, NE, Fingers, Thumb and 

Palm domain in NS5.  
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Supplementary Figure 4. Structural analysis of the ZIKV NS5 – hSTAT2 interaction. (a)  

Superposition of the crystal structure of NS5 RdRP – hSTAT21-713 (grey) and the cryo-EM structure of 

full-length NS5 – hSTAT21-713 (cyan). While the cryo-EM structure contains the MTase domain, there is no 

change in the relative orientations of different domains between the two structures. (b) Structural 

superposition of free (PDB 5TMH) and hSTAT2-bound ZIKV NS5. The conformational transition of the 

MTase domain of ZIKV NS5 from free state to the hSTAT2-bound state is indicated by arrows. For clarity, 

the hSTAT2 domains, other than the CCD, were removed. (c) Surface view of the MTase domain of ZIKV 

NS5 bound to hSTAT2 CCD (green ribbon). The four helices of the CCD are sequentially numbered from 

‘1’ to ‘4’. The potential RNA binding site is indicated by dashed circle. (d) Surface of the DENV-3 MTase 

bound to viral cap-0 RNA (PDB 5DTO). (e) hSTAT2 inhibition of ZIKV NS5 – RNA binding assayed by 

electrophoretic mobility shift. Addition of NS5 to a cap-1 (m
7
GpppG2ʹOMe) yeast mRNA (YLR164W, 749 

nt) resulted in a shift of the RNA band. Further addition of STAT2 resulted in release of RNA from the 

NS5 – RNA complex, with concomitant accumulation of free RNA. 
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Supplementary Figure 5. Analysis of the interaction between ZIKV NS5 and hSTAT2. (a) IP analysis 

of endogenous hSTAT2 in 293T cells transfected with WT or mut
YRDH

 NS5. Immunoblot was performed 

using antibodies against hSTAT2, HA, and GAPDH. (v) In vitro pull-down assay of ZIKV NS5 mutations 

using GST-hSTAT2 as bait. wt: wild type. 
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Supplementary Figure 6. Quantification of nuclear localization of NS5, WT or mutants.  
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Supplementary Figure 7. Sequence and structural analyses of the DENV NS5 – hSTAT2 interaction. 

(a-c) Sequence conservation analysis of the ZIKV NS5 – hSTAT2 interaction using the ConSurf server 
126

. 

The sequence conservation of hSTAT2 and ZIKV NS5 residues are colored coded and mapped onto the 

crystal structure of ZIKV RdRP – hSTAT2 (a) and cyro-EM structure of ZIKV NS5 – hSTAT2 (b,c). (d) 

Sequence alignment of the NS5 proteins from members of the Flaviviridae family, with the identical 

residues colored in red and the hSTAT2-binding sites of ZIKV NS5 marked by green asterisks. (e) 

Representative negative-stain EM image of DENV NS5-hSTAT21-713. Bar: 40nm. (f) Characteristic 2D 

class averages with CTF correction. 
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Supplementary Figure 8. IFN-β promoter-driven luciferase activity assay. Fold increase of interferon β 

production activated by RIG-2CARD (a) TBK-1 (b) and IRF3 (c) in 293T cells transfected with WT or 

Mut
YRDH

 ZIKV NS5. 
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Table 1 Crystallographic data collection and refinement statistics 

 

 ZIKV NS5 

(PDB 5TMH) 

ZIKV RdRp - hSTAT21-713                                                  

(PDB 6UX2) 

Data collection   

Space group P 2 21 21 P 1 21 1 

   

    a, b, c (Å) 95.1, 136.5, 197.0 85.11, 124.7, 84.78 

 ()  90, 90, 90 90, 109.39, 90 

Resolution (Å) 50.00-3.30 (3.42-3.30)
a 

50.00-3.00 (3.11-3.00)
a 

Rmerge  0.31 (0.84) 0.126 (0.696)
 

I (I) 5.30 (1.70) 10.26 (1.67)
 

CC1/2
 

0.979 (0.748) 0.996 (0.813) 

Completeness (%) 99.40 (97.10) 97.86 (83.07) 

Redundancy 6.2 (5.7) 6.0 (5.0) 

   

Refinement   

Resolution (Å) 48.30-3.28 (3.36-3.28) 49.24-3.01 (3.12-3.01) 

No. reflections 39405 (3511) 32543 (2733) 

Rwork / Rfree 26.2/29.3 (34.4/40.5) 24.2/26.4 (35.6/37.8) 

No. atoms   

    Protein 13391 9260 

    Ligand/ion  38 22 

    Water  83 

B factors   

    Protein 54.12 69.82 

    Ligand/ion 68.85 89.00 

    Water  56.40 

R.m.s. deviations   

    Bond lengths (Å) 0.002 0.006 

    Bond angles () 0.55 1.00 

a
Values in parentheses are for highest-resolution shell. 
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Table 2 Statistics of cryo-EM structure determination of the full-length ZIKV NS5 - 

hSTAT21-713 complex 

 

 ZIKV NS5 – hSTAT2 1-713  

Cryo-EM data collection and processing  

Voltage (kV) 300 

Microscope Krios 

Camera K2 summit  

Magnification  x130,000 

Pixel size (Å) 1.07 

Frame exposure time (s) 0.2 

Number of frames/movie 40 

Total electron dose (e-/Å
2
) 48 

Particle defocus range (μm) 1.0-3.0 

Number of movies 1,762 

Number of particles for final map 118,760 

Symmetry for final maps C1 

Resolution (Å) 4.0  

Map sharpening B-factor (Å
2

) 
-167 

Atomic model refinement 

Number of protein residues 1,231 

Number of atoms 9,893 

RMSD bond lengths (Å) 0.01 

RMSD bond angles (°) 1.01 

MolProbity score 2.55 

Clash score 13.59 

Rotamer outliers (%) 0.85 

Ramachandran statistics  

Favored (%) 90.99 

Allowed (%) 9.01 

Outliers (%) 0 
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