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ABSTRACT OF THE THESIS 

 

Evolution and Antiviral Specificity of IFIT Genes 

 

by 

 

Jaxon DeShae Wagner 

Master of Science in Biology 

 

University of California San Diego, 2020 

Professor Matthew Daugherty, Chair 
Professor Kevin Corbett, Co-Chair 

 
 The cell intrinsic immune response serves as the first line of defense against pathogens. 

In particular, pattern recognition of foreign nucleotides allows the cell to upregulate expression 

of the signaling cytokine, type I interferon. This results in the production of interferon-stimulated 

genes (ISGs) while mounting an antiviral response within the cell. In order for ISGs to 

continually antagonize viral replication within the cell they must be able to co-evolve with the 

rapid evolution and mutation rate of viruses.  Phylogenetic analyses show rapid evolution among 
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mammalian interferon-induced tetratricopeptide repeats (IFITs). The antiviral mechanisms of 

Human IFIT1 and Mouse IFIT1B are well discerned; each of these proteins is able to specifically 

recognize viral mRNAs and prevent their translation. However, the antiviral mechanisms of 

IFIT2 and IFIT3 are not well understood. Prior work from the Daugherty lab revealed that 

expression of IFIT2 and IFIT3 show antiviral activity against some viruses. This activity is not 

seen when IFIT2 and IFIT3 alone are singularly expressed. Knowing this, two questions 

remained. First, how are IFIT2 and IFIT3 interacting with each other to confer antiviral activity? 

And second, how do IFIT2 and IFIT3 recognize viral RNA? In order to research the latter, I took 

advantage of the observation that IFIT2/3 preferentially binds to viral mRNAs at a location 

immediately surrounding the start codon. I therefore designed and tested an eGFP reporter 

system with altered 5’UTR lengths and sequences proximal to the start codon. Our findings 

indicate that protein translation was inhibited by altering the mRNA near the start codon 

sequence and the untranslated region to make them resemble viral mRNAs. Further studies of 

IFIT2/3 antiviral activity will elucidate which viral pathogens are susceptible to this cell intrinsic 

immune response and provide more insight to the mechanisms behind the inhibition of viruses at 

the translational level. 

 

 



1 
 

INTRODUCTION 

1.1 Cell Intrinsic Antiviral Immunity 

Cellular intrinsic immunity, also referred to as intracellular innate immunity, serves as the 

first line of defense with regard to foreign pathogens (Uthaisangsook et al., 2002). This broad 

form of cellular immunity is activated by pathogen-associated molecular patterns (PAMPs) or 

pattern recognition receptors (PRRs). These have been evolutionarily conserved among 

mammalian species and respond to non-self-markers within the cell (Mogensen, 2009). Cellular 

recognition of PAMPs and PRRs, such as viral RNA, result in the activation of complex 

signaling cascades such as cGas, RIG-I, and MDA-5 (Fensterl & Sen, 2015; Loo & Gale, 2011). 

Each of these has a specific recognition pattern and is capable of upregulating the production of 

interferon stimulated genes (ISGs) that interfere with viral replication (García et al., 2006).  

1.2 Mammalian Host Detection of Foreign Nucleotides 

In order for cell intrinsic immunity to activate restriction factors and upregulate ISGs in 

response to viral infection, they first must be able to detect foreign nuceltides within the cell. 

Specific patterns associated with viral infection include double-stranded RNA (dsRNA) (Reikine 

et al., 2014), negative sense RNA (Schaefer et al., 2017), cytosolic DNA and altered nucleotide 

cap structures that are specific to each virus (Fensterl & Sen, 2015; Loo & Gale, 2011). 

A few examples of this pattern recognition are RIG-I, cGAS and MDA-5. RIG-I detects 5’-

triphosphate caps of viral dsRNA (Loo & Gale, 2011) and cGAS detects cytosolic DNA, whereas 

MDA-5 detects long dsRNA within the cell (Reikine et al., 2014). Recognition and binding of 

foreign nucleotides initiates downstream signaling, and upregulation of antiviral proteins known 

as interferons (IFNs).  IFNs activate transcription and expression of Interferon-stimulated genes 
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(ISGs) that act as effectors and antiviral mediators of the cell intrinsic immune response. (Fleith et 

al., 2018) 

ISGs are capable of inhibiting infections through a broad range of mechanisms. Although most 

of these mechanisms are still to be discovered some are well classified. Some of these include 

IFITs (interferon-induced with tetratricopeptide repeats), PKR (protein kinase R) and tetherin. 

IFITs are able to identify non-self mRNA and inhibit viral protein translation (Ganser-Pornillos, 

et al., 2010). PKR undergoes auto-activation and phosphorylates eukaryotic initiation factor 2 

(eIF2α) enhancing eukaryotic translation while inducing translational arrest of viral mRNAs 

(García et al., 2006). Tetherin channels viral proteins, blocking the release and budding of 

enveloped viruses at the cell membrane. (Schneider, William M et al.) 

1.3 The Host-Virus Arms Race 

As previously discussed, mammalian cells are capable of combating viral infection by 

recognizing specific patterns along foreign nucleotides within the cell. Although these strategies 

are highly effective at inhibiting viral replication and infection, mammalian species are still 

susceptible to viral infection.  This is due to the rapid mutation rate of viruses that inevitably 

undermine the defense mechanisms of the host immune system (Daugherty & Malik, 2012). As 

viruses evolve and undergo positive selection to evade the host immune system, host sensors and 

restriction factors also evolve in an attempt to combat the virus. This creates a cyclical relationship 

at the point of interaction between these two systems known as the Red Queen Hypothesis 

(Daugherty & Malik, 2012). The evolutionary pressures on both sides of the relationship have 

created rapidly evolving and highly polymorphic regions of the human genome that are under 

constant pressure at the point of interaction with viruses. 
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1.4 IFITs: Inhibiting Viral mRNA Translation 

IFITs have been involved in the inhibition of a wide range of viruses (Diamond and 

Farzan, 2013; Fensterl and Sen, 2015; Vladimer et al., 2014). The number and identity of these 

genes varies between species. For example, humans have five IFITs (IFIT1,1b, 2 ,3,5), mice 

have six (IFIT1, 1b, 1c, 2, 3 and 3b) and rats have 4 (IFIT1, 1b, 2 and 3) (Daugherty et al., 2016). 

These structurally similar IFIT proteins are composed of helix-turn-helix tetratricopeptide 

repeats (TPRs)—34 amino acid sequences known to mediate protein-protein (Abbas et al., 2013) 

and protein-RNA (Diamond, 2014) interactions. 

Each IFIT is able to recognize and interact with viral mRNA through differing 

mechanisms. An example of this has been shown with mouse IFIT1B recognizing cap-0 

methylated RNA structures (Daffis et al., 2010; Daugherty et al., 2016). Host mammalian RNA 

are methylated at the nascent nucleotide (cap-1), whereas many viral RNA structures are 

unmethylated at the starting 5’end (cap-0). Mouse IFIT1B is able to recognize this distinction 

between host and viral RNA and bind to viral RNA, blocking eukaryotic translation factor eIF4e. 

Viruses such as influenza A, that have cap-snatching mechanisms, steal the 5’-end of host 

mRNA and are not inhibited through this cap-recognition mechanism and by Mouse IFIT1B. 

(Burgui et al., 2007). Another instance where viruses can avoid detection of the host is by coding 

for their own 2’O methyltransferase, mimicking the methylation of host mRNA (Daugherty et 

al., 2016.) 

On the other hand the positively-charged cavity of HIFIT1 interacts with the 5’ end of 

viral mRNA, inhibiting translation (Fensterl & Sen, 2015). Human IFIT1 (HIFIT1) has been 

shown to inhibit Vesicular Stomatitis Virus (VSV), Semliki Forest virus (SFV), Sindbis Virus 
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and other viruses that have a cap-1 methylated RNA structure (Daugherty et al., 2016; Candace 

Todd, unpublished data)   

Although the mechanisms and recognition patterns of some IFITs have been well 

characterized, the exact mechanism of how IFIT 2 and IFIT3 display self vs non-self-recognition 

as well as how they interact with viral RNA remains unclear. It has been shown that when co-

expressed IFIT2 and IFIT3 do show antiviral activity against SFV and VSV (Candace Todd, 

Elena Estrada, unpublished data). 

1.5 IFIT2/3 Antiviral Activity  

Unlike HIFIT1 and MIFIT1B single expression of IFIT 2 or IFIT 3 alone does not inhibit 

viral activity. Against some, but not all viruses, when co-expressed IFIT2 and IFIT 3 show 

strong anti-viral activity (Fig. 1). Moreover, after interferon treatment, viral replication can be 

rescued by RNAi-mediated knockdown of either IFIT2 or IFIT3 (Candace Todd, unpublished 

data). These findings led to the proposal that IFIT2 and IFIT3 are forming a protein-protein 

interaction creating a heterodimer between the two proteins. 

1.6 IFIT 2/3 Heterodimer Models 

Initially, the Daugherty Lab proposed that the interaction seen between IFIT2 and IFIT3 

was potentially due to the positively charged residues along the nucleotide binding channels 

(Yang et al., 2012). This led us to consider a Salt-Bridge interaction forming a heterodimer 

between IFIT2 and IFIT3. In the model, acidic and basic residues would face away from one 

another, opposite the RNA binding site. These residues would oppose one another (Daugherty, 

unpublished data). For instance, the acidic residue of IFIT2 would bind with the basic residue of 

IFIT 3, and vice versa. To research this salt bridge hypothesis point mutations were cloned to 

break two points of the salt-bridge. After analyzing the mutated IFITs in viral reporter systems 
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the anti-viral activity of IFIT2 and IFIT3 co-expression diminished (Elena Estrada, unpublished 

data). This revealed the importance of these salt bridge interactions in mediating anti-viral 

activity. However, co-immuno-precipitation results revealed that the mutated salt-bridges were 

still able to heterodimerize and pull-down together like WT IFIT2 and IFIT3 (Agustina D’Urso, 

unpublished data). 

Phylogenetic analysis has shown the IFIT2 and IFIT 3 have coevolved with each other 

through genetic recombination, possibly as a way to evolve with pathogens (Daugherty & Malik, 

2012). This recombination region of IFIT2 and IFIT 3 has been evolutionarily conserved and 

therefore was considered important for the interaction taking place between the two proteins. 

Therefore, another heterodimer model was proposed where the heterodimer interaction is taking 

place at the recombination region within the first sub-domain of IFIT2 and IFIT3 (Fig. 2). Point 

mutations were made on both proteins in this region. The key point mutation that restricted 

antiviral activity within the heterodimer was S111 in the recombination region of MIFIT2 (Elena 

Estrada, unpublished data). 

In order to investigate this model further, truncation mutations of MIFIT3 were cloned. 

Truncations included the first subdomain (M3T1), the first 2 subdomains (M3T12), the last 2 

subdomains (M3T23) and the last subdomain (M3T3). Again, under viral reporter analysis the 

antiviral activity was disrupted in all 4 truncations (Jaxon Wagner, unpublished data). Co-

immunoprecipitation data showed that M3T12 was able to form a heterodimer with Mouse 

IFIT2. Suggesting again that the heterodimer interaction was taking place near the first 

subdomain of IFIT2 and IFIT3 (Agustina D’Urso, unpublished data). 
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1.7 IFIT2/3: N-terminal translation and antiviral activity 

An important step in the initiation of mRNA translation involves recruitment of the 43S 

preinitiation complex of the ribosomal subunits (Querido, Jailson Brito, et al. 2020). This allows 

for eukaryotic initiation factor eIF4F to bind and form the 48S ribosomal subunit. Binding of the 

initiation factor takes place near the 5’cap and is crucial for translation to occur resulting in the 

formation of the 48S ribosomal subunit and scanning for the start codon. (Querido, Jailson Brito, 

et al. 2020). The blocking of eukaryotic translation factors binding and scanning the start codon 

at the N-terminal region of mRNA is one-way antiviral proteins exhibit their inhibitory effects at 

the translational level (Fensterl & Sen, 2015). 

The average human mRNA has a 5’untranslated region (UTR) that is roughly 218 

nucleotides. Eukaryotic initiation factors have been shown to start scanning along mammalian 

mRNA up 50 nucleotides upstream of the start codon. Within the last 50 nucleotides of the 

5’UTR evidence shows that a “blind spot” is created where translation cannot occur (Querido, 

Jailson Brito, et al. 2020). Another possible mechanism for the antiviral effects of IFIT2 and 

IFIT3 is the recognition of this blind spot among the 5’UTR of certain mRNAs. If scanning of 

eukaryotic initiation factors cannot occur ribosomal assembly would displace and inhibit proteins 

from being made. 

eGFP library reporting systems suggest that both nucleotide composition near the N-

terminus and beginning of the coding sequence of mRNA contribute to the overall efficiency of 

protein translation. This translation efficiency is highly dependent within the first five codon 

sequences and highly dependent upon amino acid and nucleotide motifs near the N-terminal 

region (Verma, M., Choi, J., Cottrell, K.A. et al. 2019). Mechanistic studies also show that when 

IFIT2 is bound to host and viral RNA a decrease in ribosomal pausing is observed, enhancing 
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translational efficiency (Tran, V., Ledwith, M.P., Thamamongood, T. et al. 2020). After 

receiving data showing that IFIT2 and IFIT3 bind near the start codon of viral and host mRNAs 

(Eric Van Nostrand (Yeo lab), unpublished) eGFP reporter systems were created within the 

Daugherty lab having altered N-terminus and C-terminus HA-tags as well as different length 

5’UTRs (Fig. 3). Our data suggest that eGFP reporters with an N-terminal HA tag and a 

shortened UTR to mimic viral RNA have reduced protein translation when coupled with IFIT2 

and IFIT3. This effect is not seen when IFIT2 and IFIT3 are singularly expressed (Fig.4).   

 

Chapter 1 is coauthored with Wagner, Jaxon, D’Urso, Agustina, Estrada, Elena. The 

dissertation thesis author was the primary author of this chapter.  
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MATERIALS AND METHODS 
 

 
2.1 Cell Culturing 
 

All 293t cells were cultured in DMEM and 10% heat-inactivated fetal bovine serum 

(FBS) and incubated at 37℃ with 5% CO2. Cells were maintained at a 25% split every 2 days. 

 
2.1 eGFP co-Transfection Assay 
 
 Two sets of 100ng of each eGFP-HA reporter was placed in 50 µl of optimem. The 

reporter was then combined with 50 µl of optimem containing 400ng of Empty pAR097 plasmid 

or combined 400ng of pAR097 IFIT plasmid. After combination DNA was subjected to 1.5 µl of 

Mirus TransIT-X2® Dynamic Delivery System and allowed to sit at room temperature for 30 

minutes. 293t cells at 70% confluency were then transfected with 100 µl of mixture DNA in 

separate 24-wells. Transfection was allowed to occur overnight at at 37℃ with 5% CO2 for 24 

hours. They were then harvested and cleaned with PBS in preparation for immunoblotting.    

 
2.3 Immunoblotting 
 

293t Cells were lysed in 3mL 4X SDS buffer, 1mL Milli-Q water, and 220µl of 2-

mercaptoethanol and run in a 12% polyacrylamide SDS-PAGE gel. Samples were then 

transferred to a nitrocellulose membrane and probed for HA in a 5% BSA solution with HA 

antibodies from Genetex (#GTX115044) and visualized with a Thermo Scientific West Pico Plus 

chemiluminescence kit, per the manufacturer’s instructions. 

2.5 Short UTR Cloning in pQCXIP 

 Four eGFP reporter variants (Fig. 3) were cloned into the parental plasmid pQCXIP 

between the XbaI and NotI restriction sites. HA-GFP was cloned with an N-terminal HA-tag and 
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GFP-HA was cloned with a C-terminal HA-tag. Another two variants of these clones contained a 

short (~10 nucleotide) 5’untranslated region (UTR). In order to create a short UTR plasmid, the 

UTR was cut upstream of the CMV promoter between the two restriction sites then re-ligated 

back into the plasmid.   

2.4 Cloning in pAR097 
 

WT and mutant IFITs were cloned into a parental plasmid (pAR097) that allows for the 

co-expression of two genes separated by a P2A site. P2A results in a ribosome stalling, 

terminating, and reinitiating translation. This allows the same ribosome to translate two distinct 

proteins at comparable levels (Fan, 2014).  

The P2A site enables pAR097 to serve as a multicistronic vector that can be utilized for 

various applications. For example, transfection efficiency can be analyzed by inserting mCherry 

and a gene of interest into pAR097. The P2A site also allows for co-expression of IFIT2 and 

IFIT3, which is beneficial for simultaneous expression of both proteins. In addition, due to 

limitations in transfection scale and efficiency, transfection with a single plasmid containing both 

IFIT2 and IFIT3 ultimately leads to higher concentrations of IFIT2 and IFIT3 (i.e. 400 ng each) 

when compared to co-transfection of individual IFIT2 and IFIT3 plasmids (i.e. 200 ng each). 

pAR097 was used for all transfections for Semliki forest virus reporter assays and co-

immunoprecipitations.  

In addition, Flp-In™ 293 T-REx cell lines are compatible with pAR097, a Flp-In™ 

expression vector. Co-transfection of pAR097 with the Flp recombinase vector pOG44 targets 

pAR097 integration to the FRT site, a transcriptionally active locus in every Flp-In™ 293 T-REx 

cell (Invitrogen, 2010). pAR097 also contains a Dox-inducible promoter such that dox controls 

pAR097 gene expression. In summary, pAR097 allows for Dox-induced expression of WT and 
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mutant IFIT2/3 at a stable locus, ensuring homologous gene expression levels. These stable cell 

lines may then be infected with live virus such that the antiviral effects of WT and mutant 

IFIT2/3 may be observed.      

2.6 Semliki Forest Virus Reporter Assay 

Semliki forest virus (SFV) Reporter Assay utilizes the pSMART (SFV, Mammalian 

RNA-polymerase II dependent promotor, Affinity tags, Restriction site expansion, Translation 

enhancer) vector to produce recombinant SFV with a beta-galactosidase reporter (Fig. 4B). 

Transfection of mammalian cells with pSMART leads to the production of SFV non-structural 

proteins which replicate DNA and amplify the mRNA encoding SFV structural proteins 

(DiCiommo et al., 2004). This results in increased expression of pSFV3-CMV-lacZ-pA, which 

turns on the beta-galactosidase reporter gene. When 4-methylumbelliferyl-β-D-

galactopyranoside (4-MUG) is cleaved by beta-galactosidase, it generates the fluorophore 4-

methylumbelliferone whose fluorescence can be monitored by a fluorescent plate reader (G-

Biosciences, 2019). Low levels of beta-galactosidase reporter output as measured by 

fluorescence indicate antiviral activity. This occurs when co-transfected antiviral proteins inhibit 

expression of pSFV3-CMV-lacZ-pA, thereby reducing beta-galactosidase expression.  

The SFV Reporter Assay was performed in 293T cells in a 24-well format. Two negative 

controls of 500 ng of empty pAR097 and four positive controls of 100 ng pSMART and 400 ng 

of empty pAR097 were transfected. 100 ng of pSMART and 400 ng of the gene(s) of interest in 

pAR097 were co-transfected in triplicate. Each transfection solution was incubated for 30 

minutes with 1.5 μl of TransIT-X2® (Mirus Bio).  

For complete cell lysis 24 hours post-transfection, the plate was frozen at -80ºC, thawed 

at 37ºC, frozen at -80ºC, thawed at 37ºC, frozen at -80ºC, and thawed at 37ºC. 5 mL of 37ºC 
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optiMEM and 200 ul of 15 mg/ml 4-MUG in DMSO were mixed. 200 ul of this solution was 

added to each well of lysed cells. The plate was rocked to mix thoroughly and analyzed using a 

BioTek Instruments, Inc. Cytation 5 plate reader. The imaging procedure was designed for a 24-

well plate with a setpoint of 37ºC with a gradient of 0ºC. The machine read fluorescence 

endpoints in 20 second intervals for a 40 minute time period, equating to 121 reads per plate. The 

read speed was normal with a delay of 100 milliseconds and a height of 7 millimeters. The filter 

was set with an excitation of 365/20 and an emission of 445/20 with top optics, extended gain, 

xenon flash, high lamp energy, and extended dynamic range.      

The average slopes (difference between reader outputs every 20 seconds) were 

calculated. The average slope over its standard deviation was determined for each time point. 

The maximum sum of these ratios was chosen as the time point of analysis. The average slopes 

at the maximum sum of ratios time point were averaged per condition to obtain an average 

fluorescence output per transfected gene(s) of interest. To account for variance, the average 

fluorescence output for the negative control was subtracted from the average fluorescence 

outputs of each condition. These data were then normalized by the positive control. The positive 

control had a viral reporter output of one. Values less than one were taken to be a percentage of 

viral reporter output, meaning that the protein(s) of interest displayed antiviral activity.  

2.7 Statistical Analysis 

All reporter assay conditions were done in triplicate, except in SFV reporter assays where 

four positive controls and two negative controls were transfected. Paired, two-tailed t-tests were 

performed in Excel to determine the statistical differences between various assay conditions.  
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RESULTS 

 
3.1 IFIT2/3 short UTR N-terminal antiviral activity 
 

Protein translation inhibition of IFIT2/3 was examined by probing HA after co-

transfection with eGFP reporters containing an HA tag. Two “normal” eGFP plasmids were 

cloned with differing HA tags. One HA-tag on the N-terminus of the mRNA and one HA-tag on 

the C-terminus. In order to mimic the short UTR’s of viral mRNA we also cloned the same 

plasmids with differing HA-tags but removed the long UTR in front of the CMV promoter 

creating “short” UTR plasmids. In total we had 4 plasmids HA-GFP, GFP-HA, short-HA-GFP 

and short-GFP-HA. The eGFP plasmids were then transfected into a 239t cell line. Short UTR 

eGFP with an N-terminus HA tag (short-HA-GFP) was inhibited by a co-transfection of IFIT2 

and IFIT3. Whereas the same short UTR plasmid with a C-Terminus HA tag did not show this 

effect (short-GFP-HA). This finding was supported by varying concentrations of reporter 

plasmid (100/200ng) and IFIT2/3 (400/300ng) (Fig. 4).  

Co-transfection was replicated with plasmids containing IFIT2 and IFIT3 alone at 

varying concentrations. No decrease in protein levels were seen while probing for HA. 

Therefore, the inhibiting interaction of IFIT 2 and 3, in this reporter system is taking place at the 

N-terminal region of the mRNA and is more preferential toward short UTR plasmid (Fig. 4).  

In order to ensure the lack of protein expression was not due to a short untranslated 

region alone, multiple assays were conducted with varying levels of plasmids of both eGFP with 

an N-terminal and C-terminal HA-tag as well as varying UTRs. Results showed that at even low 

levels of reporter plasmid concentration (10ng) IFIT2 and IFIT3 co-transfected was not having 

an inhibitory effect on any plasmid with a C-terminal HA tag, regardless of UTR length. 
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Chapter 3, in part is currently being prepared for submission for publication of the 

material. Wagner, Jaxon; D’Urso, Agustina, Estrada, Elena; Todd, Candace. Daugherty. 

Matthew. The dissertation/thesis author was the primary investigator and author of this material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

14 

DISCUSSION 

4.1 IFIT 2/3: Antiviral Activity 
 

IFITs are a group of ISGs with helix-turn-helix tetratricopeptide-repeats known to 

mediate protein-protein (Abbas et al., 2013) and protein-RNA (Diamond, 2014) interactions. 

They are able to recognize and interact with viral mRNA through differing mechanisms. Mouse 

IFIT1B recognizing cap-0 methylated RNA structures (Daffis et al., 2010; Daugherty et al., 

2016). Whereas Human IFIT1 has been shown to inhibit viral replication of viruses with RNA 

cap-1 methylation that mimics mammalian mRNA (Daugherty et al., 2016). Phylogenetic 

analyses have shown that the mechanisms and recognition patterns of some IFITs have been well 

characterized, the exact mechanism of how IFIT 2 and IFIT3 display self vs non-self-recognition 

as well as how they interact with viral RNA remains unclear.  

Through multiple reporter and co-immunoprecipitation assays we have proved that IFIT2 

and IFIT3 show antiviral properties in some viruses when coupled. This antiviral property is 

distinct from MIFIT1B. IAV minireplicon assays show a diminished IAV infection with co-

expression of IFIT2/3 (Elena Estrada, unpublished data). Since IAV uses a “cap-snatching” 

mechanism with host 5’ mRNA caps (Burgui et al., 2007) and is not recognized by MIFIT1B, a 

distinct mechanism of antiviral activity must be occurring between IAV and IFIT2/3. This 

mechanism is capable of recognizing viral RNA without using tools such as methylation and 

distinct host structures to determine self vs non-self mRNA. 

The antiviral properties of IFIT2/3 and the crystal structure of IFIT2 (Yang et al., 2012) 

have brought about a heterodimer hypothesis that alludes to the interaction between IFIT2 and 

IFIT3 taking place in an evolutionary conserved region of the first sub-domain in each protein. 

This was further proven by mutating the recombination region within the first sub-domain of 
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IFIT2. When MIFIT2 S111 is mutated along the recombination tetracopeptide repeat, SFV 

reporter outputs are significantly higher than when wild-type (WT) IFIT2/3 are co-expressed. 

Therefore, the mediating interaction is dependent upon S111 in MIFIT2 and this amino acid 

plays a role in forming the heterodimer with IFIT3. 

4.2 IFIT2/3: RNA Binding and Translation Efficiency 
 

We have previously seen that in both cases of HIFIT1 and MIFIT1B disrupt viral 

replication at the translation level. Each is capable of recognizing self vs non-self-markers and 

carries out inhibiting mechanisms that directly interact with viral RNA. Recent research suggests 

that IFIT2 is capable of decreasing ribosomal stalling and increasing translation efficiency of 

transcripts when bound, having a positive effect on host mRNA (Querido, Jailson Brito, et al. 

2020). Due to the fact that preinitiation of the ribosomal complex is so important for eukaryotic 

translation to occur, inhibition of attachment of the ribosomal complex and eukaryotic initiation 

factors could be an inhibiting mechanism used by IFIT2/3. Our results suggest that in mice, 

IFIT2/3 have preferential binding near the 5’N-terminal region of RNA transcripts and are 

inhibiting eGFP reporters with short 5’UTRs and an N-terminal HA-tag (Fig. 4). Therefore, by 

changing the nucleotide sequence at the beginning of the transcript we are seeing a decrease of 

protein translation while co-expressing IFIT2/3. 

Leaky scanning the first 50 nucleotides upstream of the start codon is important for 

transcripts to be translated. As the scanning of the UTR decreases below 50 nucleotides 

translation is disrupted (Querido, Jailson Brito, et al. 2020). A possible mechanism of IFIT2/3 

heterodimer is the recognition of a specific codon sequence near the N-terminus and short 

5’UTR of certain viruses. In doing so the recombination between the two proteins forms a 

heterodimer surrounding the viral mRNA that does not allow the recruitment of eukaryotic 
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initiation factors or the unwinding of the transcript during the process of translation. This in 

effect would inhibit viral protein translation and stunt the replication process of the virus. Further 

research on the effects of IFIT2 and IFIT 3 at near the N-terminal region of mRNA transcripts 

will elucidate a more developed understanding behind the nature of their antiviral effects.    
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FIGURES 

 

 

A. 

 

 

B. 

 

 

 

 
 
 
Figure 1. Co-expression of IFIT2/3 (A)GFP-expressing VSV transfected into in doxycycline 
induced cells containing No IFIT, IFIT2, IFIT3 and IFIT2/3 co-expressed. GFP expression is not 
reduced under No IFIT, IFIT2 alone and IFIT3 alone conditions. Co-expression of IFIT2 and 
IFIT3 shows inhibition of VSV. (B) Viral titer data in doxycycline induced cells containing 
IFIT2, IFIT3, and IFIT2/3. IFIT2/3 conferring reduced viral replication. 
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Figure 2. IFIT2/3 recombination heterodimer model. IFIT2 and IFIT3 predicted protein 
domains. Subdomain 1 (1 – 128 AA) is highly homologous, with a small region undergoing 
recurrent recombination. 
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Figure 3. eGFP reporting system. Four eGFP plasmids were cloned. Differing HA-tags and 
5’UTR lengths were inserted. One HA-tag on the N-terminus of the mRNA (HA-GFP) and one 
HA-tag on the C-terminus(GFP-HA). Short UTR’s of viral mRNA we also cloned with differing 
HA-tags but removed the long UTR in front of the CMV promoter (Short N-terminus HA-GFP 
and Short C-Terminus GFP-HA) 
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Figure 4. Short UTR plasmids co-transfected into 293t cell lines. Co-transfection included eGFP 
reporter coupled with empty pQXCIP, IFIT2, IFIT3 or IFIT2/3. Tranfection was done at varying 
concentrations of reporter and IFIT plasmid, either (100ng/400ng) or (200ng/300ng) 
respectively. 
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