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A B S T R A C T

The alphaviral nonstructural protein 2 (nsP2) cysteine proteases (EC 3.4.22.-) are essential for the proteolytic
processing of the nonstructural (ns) polyprotein and are validated drug targets. A common secondary role of
these proteases is to antagonize the effects of interferon (IFN). After delineating the cleavage site motif of the
Venezuelan equine encephalitis virus (VEEV) nsP2 cysteine protease, we searched the human genome to identify
host protein substrates. Here we identify a new host substrate of the VEEV nsP2 protease, human TRIM14, a
component of the mitochondrial antiviral-signaling protein (MAVS) signalosome. Short stretches of homologous
host-pathogen protein sequences (SSHHPS) are present in the nonstructural polyprotein and TRIM14. A 25-
residue cyan-yellow fluorescent protein TRIM14 substrate was cleaved in vitro by the VEEV nsP2 protease and
the cleavage site was confirmed by tandem mass spectrometry. A TRIM14 cleavage product also was found in
VEEV-infected cell lysates. At least ten other Group IV (+)ssRNA viral proteases have been shown to cleave host
proteins involved in generating the innate immune responses against viruses, suggesting that the integration of
these short host protein sequences into the viral protease cleavage sites may represent an embedded mechanism
of IFN antagonism. This interference mechanism shows several parallels with those of CRISPR/Cas9 and RNAi/
RISC, but with a protease recognizing a protein sequence common to both the host and pathogen. The short host
sequences embedded within the viral genome appear to be analogous to the short phage sequences found in a
host's CRISPR spacer sequences. To test this algorithm, we applied it to another Group IV virus, Zika virus
(ZIKV), and identified cleavage sites within human SFRP1 (secreted frizzled related protein 1), a retinal Gs alpha
subunit, NT5M, and Forkhead box protein G1 (FOXG1) in vitro. Proteolytic cleavage of these proteins suggests a
possible link between the protease and the virus-induced phenotype of ZIKV. The algorithm may have value for
selecting cell lines and animal models that recapitulate virus-induced phenotypes, predicting host-range and
susceptibility, selecting oncolytic viruses, identifying biomarkers, and de-risking live virus vaccines. Inhibitors of
the proteases that utilize this mechanism may both inhibit viral replication and alleviate suppression of the
innate immune responses.

1. Introduction

Group IV viruses are positive sense single stranded RNA ((+)ssRNA)
viruses. Several new and emerging pathogens can be found among the
group which includes the Coronaviridae, Picornaviridae, and Flaviviridae
families among others. Alphaviruses belong to the Togaviridae family of
Group IV. These viruses utilize multiple redundant mechanisms to an-
tagonize the interferon (IFN) response (Hollidge et al., 2011), but also
have limitations with regards to the size of their genomes. To evade the

innate immune responses, alphaviruses shut off host cell transcription
and translation, typically within hours post-infection (Garmashova
et al., 2006, 2007a; Simmons et al., 2009) to prevent the expression of
IFN-stimulated genes (ISG) that can inhibit their replication (Simmons
et al., 2009; Schoggins and Rice, 2011; Zhang et al., 2007; Fros and
Pijlman, 2016).

The nonstructural proteins (nsPs) play essential roles in replication,
but also can play secondary roles, typically in IFN-antagonism. For
example, the papain-like protease of SARS is also a deubiquitinase
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(Ratia et al., 2008; Compton et al., 2017). The role of the nsPs in IFN-
antagonism can be either enzymatic or non-enzymatic (e.g., binding).
The nonstructural proteins of alphaviruses are translated as a single
polyprotein (nsP1234) which is then processed by the nsP2 protease to
yield four separate proteins (nsP1, nsP2, nsP3, nsP4). This is an es-
sential step during viral replication (Fig. 1A). The nsP2 protease is a
validated drug target (validated by both deletion and mutation of the
nucleophilic cysteine) (Hardy and Strauss, 1989; Strauss et al., 1992;
Ding and Schlesinger, 1989). The nsP2 of alphaviruses contains an N-
terminal domain, a helicase, a papain-like protease, and an S-adenosyl-

L-methionine-dependent RNA methyltransferase (SAM MTase) domain
(Fig. 1). The nsP2 of Old World alphaviruses (Sindbis virus(SINV),
Semliki Forest virus (SFV), and Chikungunya (CHIKV)), can inhibit
transcription in a manner that is independent of its protease activity,
but reliant on its helicase activity (Akhrymuk et al., 2012). These nsP2
proteins induce the rapid degradation of Rpb1, a catalytic subunit of the
RNA polymerase II complex, through nsP2-mediated ubiquitination
(Akhrymuk et al., 2012). Transcriptional shut-off mechanisms are
known to differ for Old and New World alphaviruses (Garmashova
et al., 2007a). In cells infected with the New World alphavirus, VEEV,

Fig. 1. Organization of the alphaviral
nonstructural polyprotein. (A) The nsP2
contains an N-terminal region, a helicase
(purple), a papain-like cysteine protease
(gray), and SAM MTase (lime). The nsP2
cysteine protease cleaves the polyprotein to
produce nsP1, nsP2, nsP3, and nsP4. (B)
Crystal structure (PDB 5EZS) (Hu et al.,
2016) of the nsP2 cysteine protease in-
hibited with E64d shows that the protease
and SAM MTase domains pack together. The
peptide-like E64d inhibitor binds beneath
the β-hairpin (red) at the interface of these
two domains. The structure of the pre-clea-
vage nsP23 complex (PDB 4GUA) shows the
packing of the nsP3 domain (cyan) (Shin
et al., 2012). (C) Sequence alignment of the
human TRIM14 protein with the alphaviral
nsP cleavage sites. The P4 residue is shown
in blue. The highly conserved cleavage site
motifs are shown in red and green. The New
World alphaviruses and TRIM14 share the
QEAGA↓G sequence.
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transcriptional shutoff is mediated by a ∼35-residue sequence at the N-
terminus of the capsid protein; the capsid is thought to partially ob-
struct the nuclear pore complex to block host mRNA export
(Garmashova et al., 2007b; Atasheva et al., 2010). While these viruses
can effectively counter the innate immune responses using these shutoff
mechanisms, intrinsic immune factors pose additional challenges since
these proteins are present prior to viral infection, and sufficient quan-
tities of viral proteins (e.g., capsid) may not be present to override their
effects early in infection. Catalytic amounts of the viral enzymes may
thus be important for establishing infection.

The (+)ssRNA genomes of Group IV viruses are essentially mRNA
that can be translated immediately after entry into the cell, preceding
genome replication events (Fata et al., 2002). We hypothesized that the
alphaviral protease cleavage sites may share homology with human
proteins and that the virus may use these short stretches of host se-
quences in its cleavage sites as an embedded mechanism of IFN-an-
tagonism that can be propagated generationally. We previously char-
acterized the VEEV nsP2 substrate specificities using kinetic,
mutational, and structural studies (Compton et al., 2017; Hu et al.,
2016). Here, we have examined potential host protein targets of the
nsP2 protease by searching the human genome for proteins sharing
sequence identity with the nsP12, nsP23, and nsP34 cleavage site se-
quence motifs. We identified one human protein, TRIM14 (also known
as Pub (Hirose et al., 2003)), sharing six consecutive residues with an
alphaviral nsP12 cleavage site using BLAST.

TRIM14 is a tripartite motif (TRIM) protein and was recently shown
to function as an adaptor protein in the MAVS signalosome (Nenasheva
et al., 2015; Zhou et al., 2014). Stable overexpression of TRIM14 has
been shown to inhibit alphaviral replication (SINV) by 3–4 logs 24 h
post-infection (Nenasheva et al., 2015). TRIM14 overexpression also
increases the transcription of IFNs and interferon-stimulated genes
(ISG) (Nenasheva et al., 2015). The viral proteases' ability to cleave a
host protein involved in the production of the innate immune responses
appears to be a common antagonistic mechanism used by this and other
Group IV viral proteases. To test this viral “search and delete” algo-
rithm, we identified four host protein sequences that can be cleaved by
the Zika ns2B/ns3 protease. We discuss the similarities of this co- or
post-translational silencing mechanism with those of CRISPR/Cas9 and
RNAi/RISC and its potential applications. Many variations of these si-
lencing mechanisms have been proposed; however, a protein-version
has not. The algorithm may be a useful bioinformatics tool (Ibrahim
et al., 2018) to predict host-pathogen interactions specifically with
Group IV viruses. An abstract of this work has been published
(Morazzani et al., 2017).

2. Materials & methods

2.1. Materials

RIPA buffer, Halt™ Protease Inhibitor Cocktail and all general che-
micals were purchased from Fisher Scientific (Waltham, MA). Plasmid
constructs were synthesized by Genscript USA, Inc. (Piscataway, NJ).
BugBuster™ and IPTG (#420291) were purchased from EMD Millipore
(Billerica, MA). Column resins and PD-10 gel filtration columns were
purchased from G. E. Healthcare (Pittsburgh, PA).
Ethylenediaminetetraacetic acid (EDTA)-free Protease inhibitor tablets
were from Roche, Inc. Black half-area Corning 3993 non-binding sur-
face 96-well plates were from Corning Inc. (Corning, NY). Pierce Precise
Tris-HEPES acrylamide gels (8–16% gradient) and BupH Tris-HEPES
SDS-PAGE running buffer were from Thermo Scientific (Rockford, IL).
The anti-TRIM14 antibody HPA053217 was from Sigma (St. Louis, MO)
and the anti-TRIM14 antibody ARP34737_P050 was from Aviva
Systems Biology (San Diego, CA). The anti-actin antibody was from
Abcam Inc. (Cambridge, MA).

2.2. Plasmid constructs of FRET substrates

A pET-15b plasmid (Novagen Inc., Madison, WI) encoding cyan
fluorescent protein (CFP), an nsP2 protease cleavage site motif, AG(A/
C/R)↓(G/Y/A), and yellow fluorescent protein (YFP) in between the
NdeI and XhoI cut sites was synthesized by Genscript Inc. (Piscataway,
NJ). An N-terminal hexa-histidine tag preceded a thrombin cleavage
site. Protein sequences are included in the Suppl. Info. Twelve CFP-YFP
constructs were used: V12 which contains 25-residues of the VEEV
nsP12 cleavage site; V34 which contains 25-resdiues of the VEEV nsP34
cleavage site; S12 which contains 25-residues of the SFV nsP12 clea-
vage site; three TRIM14 substrates containing 25-, 22-, or 19-residues of
human TRIM14; six substrates containing sequences from SFRP1,
SFRP2, SFRP4, Gs Galpha, NT5M, and FOXG1.

2.3. Plasmid constructs of the nsP2 cysteine Protease-SAM MTase

The VEEV nsP2 cysteine protease and SAM MTase domains (re-
sidues 457-792) were encoded on a single polypeptide and were fused
to thioredoxin (Trx) and a hexa-histidine tag with a thrombin cleavage
site in a pET-32a vector (Novagen, Inc.). Similar constructs were made
for the Eastern (EEEV) and Western (WEEV) equine encephalitis virus
nsP2 cysteine protease-SAM MTase proteins. The His-tag in the VEEV
construct was associated with thioredoxin and both were removed by
thrombin cleavage.

The nsP2 cysteine protease-SAM MTase of CHIKV in a modified
pMCSG9 vector was kindly provided by Dr. Jonah Cheung at the New
York Structural Biology Center (Cheung et al., 2011). The CHIKV pro-
tease/SAM MTase was fused to a decahistidine-tagged maltose-binding-
protein (MBP) at the N-terminus that could be cleaved using TEV pro-
tease.

2.4. Expression & purification of the nsP2 cysteine proteases

To ensure purification of the reduced state of the VEEV nsP2 cy-
steine protease, we used an nsP2-Trx fusion protein (Suppl. Info.) (Hu
et al., 2016). BL-21(DE3) pLysS E. coli were transformed with the Trx-
VEEV-nsP2 plasmid. Luria Bertani (LB) media (3–6 L) containing 50 μg/
mL ampicillin and 25 μg/mL chloramphenicol was inoculated and
grown to an OD600 of approximately 1.0 and induced with 0.5 mM IPTG
overnight at 17 °C. Cells were pelleted and lysed with lysis buffer
(50mM Tris pH 7.6, 500mM NaCl, 35% BugBuster, 5% glycerol, 2 mM
β-mercaptoethanol (BME), 25 U of DNase, 0.3 mg/mL lysozyme) and
sonicated ten times for 15 s intervals in an ice bath. Lysates were
clarified by centrifugation at 20,000×g for 30min and loaded onto a
nickel column equilibrated with 50mM Tris pH 7.6, 500mM NaCl,
2 mM BME, 5% glycerol. The column was washed with the same buffer
containing 60mM imidazole. Protein was eluted using the same buffer
containing 300mM imidazole. Protein was dialyzed with thrombin
(overnight at 4 °C) against 50mM Tris pH 7.6, 250mM NaCl, 5 mM
dithiothreitol (DTT), 1mM EDTA, 5% glycerol, and then diluted 1:3
with Buffer A (50mM Tris pH 7.6, 5% glycerol, 5 mM DTT) and loaded
onto an SP-Sepharose column equilibrated with Buffer A. Protein was
eluted using a salt gradient (0–1.25M NaCl) and then concentrated,
flash frozen in liquid nitrogen and stored at −80 °C or at −20 °C in
buffer containing 50% glycerol. The buffer was exchanged to the cor-
responding assay buffer (50mM HEPES pH 7.0) prior to kinetic ex-
periments using PD-10 columns. The EEEV and WEEV nsP2 cysteine
proteases were expressed and purified using a similar protocol with an
additional Q-Sepharose column purification step prior to the SP-Se-
pharose column. The CHIKV nsP2 protease was purified using a similar
method (Hu et al., 2016); the His-tag and MBP were removed.

2.5. Expression & purification of the ZIKV ns2B/ns3 protease

The pet15 plasmid encoding the ZIKV ns2B/ns3 protease was a kind
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gift of Dr. Rolf Hilgenfeld and Dr. Jian Lei (Univ. Lübeck, Germany) (Lei
et al., 2016). The construct contains two conservative substitutions that
are distant from the active site, C1080S and C1143S. The protease was
purified using the same procedure as was used for the VEEV nsP2
protease.

2.6. Expression & purification of FRET protein substrates and CFP-PRY/
SPRY substrate

BL-21(DE3) E. coli were transformed with the plasmids encoding the
substrates. LB/Amp (1.5–3.0 L) was inoculated and grown to an OD600

of approximately 1.0 and induced with 0.5mM IPTG overnight with
shaking at 17 °C. Cells were pelleted by centrifugation, lysed with lysis
buffer (50mM Tris pH 7.6, 500mM NaCl, 35% BugBuster, 25 U DNase,
0.3 mg/mL lysozyme, 1 EDTA-free protease inhibitor tablet), and
briefly sonicated for 1min in an ice bath. Lysates were clarified by
centrifugation (20,500×g for 30min at 4 °C) and loaded onto a nickel
column equilibrated with 50mM Tris pH 7.6, 500mM NaCl. The
column was washed with the same buffer after loading, and with 10–20
column volumes of buffer containing 60mM imidazole until the A280

returned to baseline. The protein was eluted with the same buffer
containing 300mM imidazole. The protein was dialyzed against 50mM
Tris pH 7.6, 150mM NaCl overnight at 4 °C with 50 U thrombin. The
His-tag was removed by re-running the protein on a nickel column and
collecting the flow-through. The protein then was dialyzed against
50mM Tris pH 7.6, 5mM EDTA, 250mM NaCl (overnight at 4 °C),
followed by dialysis against 50mM Tris pH 7.6 (2 h). For substrates
containing cysteine, 2mM BME or DTT was included in the buffers.
Protein was loaded onto a Q-Sepharose column equilibrated with
50mM Tris pH 7.6 and eluted with a salt gradient (0–1M NaCl). Most
substrates were produced in high yield (typical yields were 60–80mg
per liter of media) and could be concentrated readily to 9.0–10.5 mg/
mL. The substrates were used for continuous and discontinuous assays.
Similar substrates have been used to study other proteases (Ruge et al.,
2011).

For expression of the PRY/SPRY domain of TRIM14, a homology
model was used to isolate the globular domain (Suppl. Info.). The do-
main was fused to an N-terminal His-tagged CFP (CFP-PRY/SPRY) and
expressed in E. coli Shuffle pLysY (#C3030, New England Biolabs Inc.,
Ipswich, MA) to enable disulfide bond formation. Cells were lysed in the
presence of protease inhibitors (2 tablets per 100mL, Pierce™
#A32955, Grand Island, NY) in 50mM Tris pH 7.6, 500mM NaCl, 35%
BugBuster, 5 mg DNase, and 30mg lysozyme. The lysate was sonicated
for 1min and clarified by centrifugation (20,500×g, 30min, 4 °C).
Protein was purified by nickel column (50mM Tris pH 7.6, 500mM
NaCl), washed with buffer containing 60mM imidazole, and eluted
with a gradient (60–300mM imidazole). For cleavage assays, the CFP-
PRY/SPRY protein was buffer exchanged into 50mM HEPES pH 7.4,
150mM NaCl. The VEEV nsP2 protease was briefly treated with a serine
protease inhibitor (AEBSF, 1mg/mL) for 7min at room temperature
(RT) and the inhibitor was removed by a PD-10 column (50mM Tris pH
7.6, 500mM NaCl, 5 mM DTT, 5% glycerol). CFP-PRY/SPRY cleavage
reactions were setup in the same buffer and contained 2 μM substrate
and 2 μM enzyme. The substrate was digested overnight at room tem-
perature for 18 h and reactions were stopped with an equal volume of
2× Laemelli buffer containing BME (355mM). Cleavage products were
separated by SDS-PAGE and blotted onto nitrocellulose. The cut pro-
ducts were detected using an anti-Histag antibody (1:2000, Novagen
Inc., #70796) or anti-TRIM14 antibody (1:1000 Aviva,
ARP34737_P050). This TRIM14 antibody was raised to an immunogen
sequence (LVEAVESTLQTPLDIRLKESINCQLSDPSSTKPGTLLKTSPSPER-
SLLLK) that is present in the predicted PRY/SPRY domain and precedes
the QEAGA↓G sequence.

2.7. Continuous FRET assay

For measurement of steady state kinetic parameters the method
described by Ruge et al. was followed (Ruge et al., 2011). Cleavage of
the YFP/CFP FRET substrates was monitored continuously at room
temperature (23 ± 3 °C) using excitation/emission wavelengths of
434/470 nm and 434/527 nm to calculate emission ratios and a Spec-
traMax M5 plate reader from Molecular Devices, LLC. (San Jose, CA).
The substrate was buffer-exchanged into 50mM HEPES pH 7.0. Enzyme
concentrations of ≤1 μM and a substrate concentration range of
10–140 μM (8 different concentrations) were used to measure steady
state kinetic parameters. Data were collected in triplicate (50 μL reac-
tion volumes) in half-area black low binding surface 96-well plates from
Corning, Inc. (Corning 3993). After the reads were completed, the
plates were sealed with film and allowed to digest overnight at room
temperature (23 ± 3 °C). Final emission ratios were read the next day.
The fraction of substrate cleaved, f, was calculated from the emission
ratios at each time point using the following equation:

=
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The nmols of substrate cleaved at each time point were calculated
by multiplying f by the nmols of substrate at t= 0 (So). The value of
runcut corresponds to the emission ratio measured in the absence of
enzyme and the value of rcut is the emission ratio measured when the
substrate was fully cleaved. Initial velocities were calculated at each [S]
concentration from the linear range (f≤ 20%). Plots of time vs. nmols
were linearly fit for each [S] concentration and vo was obtained from
the slopes of the lines. Rates of spontaneous hydrolysis were measured
in the absence of enzyme and were subtracted from the enzyme cata-
lyzed rates. Data were fit to the Michaelis-Menten equation, vo =
(Vmax*[S])/(Km + [S]) using GraFit (Erithricus Software Ltd., Surrey,
UK).

2.8. Discontinuous gel-based assay

Reaction mixtures (5 μM nsP2-Trx, 50 μM FRET substrate, 50mM
HEPES pH 7.0, 150mM NaCl) were incubated overnight (∼18 h) at
room temperature (23 ± 3 °C). The reactions were run until> 90% of
the substrate was cleaved by the enzyme. Reactions were stopped by
mixing with Laemelli buffer (1:1) and heating the samples for 3min at
≥70 °C. Cleavage products (10 μL) were separated by SDS-PAGE. The
calculated molecular weight (MW) of the uncut TRIM14 FRET substrate
containing a 25 amino acid cleavage sequence was 56.7 kDa, and
29.2 kDa and 27.5 kDa for the cut CFP and YFP products. The MW of
the enzyme for the Trx-His-tagged enzyme was 52.2 kDa, and 38.3 kDa
for the Tag-free enzyme. The bands were well separated in 12% gels or
8–16% gradient gels and boiling of the samples was required to achieve
the sharp banding pattern. Densitometry was done using the BioRad Gel
Dock Imager software (BioRad Inc., Hercules, CA).

2.9. Mass spectrometry

Gel bands were washed with 250mM ammonium bicarbonate in
50% acetonitrile (ACN) until completely destained. Bands were then cut
into small cubes and dehydrated by 100% ACN. Modified porcine
trypsin solution (Promega Inc., Madison, WI, #V511) in 50mM am-
monium bicarbonate was added to gel cubes and proteins were in-gel
digested overnight. The resulting peptides were extracted from the gel
pieces by sonication in 2% formic acid (FA) in 60% ACN. The extracts
were then collected and this step was repeated three more times. A final
gel dehydration step (i.e., sonication with 100% ACN) was used to
minimize peptide loss. Peptide digests corresponding to the same band
were combined and concentrated via speed-vac.
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Concentrated in-gel digests were reconstituted in 0.1% FA and 5%
ACN and injected onto a reverse phase column (C18, Michrom Magic –
C18AQ-5μ 200 Å 0.1×150mm) using a Tempo MDLC system (AB
Sciex, Foster City, CA) coupled to a quadrupole-time of flight (TOF)
MS/MS Q-Star Elite mass spectrometer (MS) (AB Sciex). Peptides were
loaded onto the column using 98% solvent A (5% ACN, 0.1% FA in
water) and 2% solvent B (95% ACN, 0.1% FA in water) for 30min and
separated by a 130min linear gradient of increasing solvent B by
0.37%/min to a final concentration of 50%. MS and MS/MS peptide
spectra were acquired using information dependent acquisition (IDA).
A mass range of 350–1600 Da was monitored in TOF MS scan. The three
most abundant precursor ions from TOF MS scans with an intensity>
20 counts per second were submitted for MS/MS analyses. Former
target ions were excluded from MS/MS submission for 15 s. MS data
were acquired using Analyst QS (AB Sciex). Tandem mass spectra were
extracted by mascot.dll and analyzed using Mascot (Matrix Science,
London, UK; Mascot Server version 2.4.1). Mascot was set up to search
three in-house databases: 1: contaminants 20120713 (247 sequences;
128,130 residues); 2: cRAP 20121128 (112 sequences; 37,418 re-
sidues); and 3: VEEV database (6 sequences; 1,980 residues). Common
contaminants were included in the first two databases while the com-
plete VEEV protease, Trx, complete sequence of CFP-TRIM14-YFP, as
well as its predicted N-terminal and C-terminal sequences as produced
by the VEEV protease were included in the third database. Data were
analyzed assuming the digestion was semitryptic (at least one peptide
terminal was R or K) and allowing for 3 miscleavages. Fragment ion
mass tolerance was set to 0.20 Da and a parent ion tolerance to 0.20 Da.
Deamidation of asparagine and glutamine, oxidation of methionine
were set as variable modifications. After identification by Mascot, the
spectra of resulting N-terminal and C-terminal peptides of TRIM14
products from VEEV proteolysis (HYWEVDVQEAGA and GWWVGAM-
VSK) were inspected manually in the raw acquired data, and the re-
sulting singly charged fragments were manually annotated.

2.10. Western blotting

Cells were lysed in RIPA buffer containing Halt Protease Inhibitor
Cocktail at a 2× final concentration. Lysates were separated in a 10%
NuPAGE Bis-Tris gel and electroblotted onto a nitrocellulose membrane
using the iBlot system (Invitrogen Inc., Grand Island, NY). Following
protein transfer, blots were blocked in 1× phosphate-buffered saline
(PBS) containing 0.05% Tween-20 and 5% dry milk and incubated at
4 °C overnight. Protein-specific primary antibodies (Ab) were diluted in
blocking buffer and incubated at RT for 2 h. Following incubation, blots
were washed 3 times with PBS containing 0.05% Tween-20 (PBST).
After washing, blots were incubated with corresponding secondary
antibody at RT for 1 h then washed 3 times with PBST. For protein
detection, blots were treated with SuperSignal™ West Pico
Chemiluminescent Substrate (Thermo Sci. Inc., Waltham, MA) and
imaged using BioRad imaging software. TRIM14 protein was detected
using a polyclonal anti-TRIM14 Ab (1:500, HPA053217) followed by
goat anti-rabbit horseradish peroxidase (HRP, 1:500) secondary Ab.
Actin protein was detected using anti-actin Ab (1:5000) followed by
goat anti-mouse HRP (1:5000) secondary Ab.

A549 cells (adenocarcinoma human alveolar basal epithelial cells,
ATCC) were used for viral infection studies. Infected A549 cell lysates
collected at 6 and 24 h post-infection (10 μg/lane) were separated in a
10% NuPAGE Bis-Tris gel and transferred onto a nitrocellulose mem-
brane. TRIM14, TRIM14 cleavage product (CP), and α-actin were de-
tected by Western blot analysis using protein specific antibodies.
Recombinant Human TRIM14 protein was used as control. The VEEV
Trinidad, EEEV FL93-939, WEEV CBA87, and CHIKV AF15561 viruses
were used.

To test the effects of a previously identified VEEV nsP2 cysteine
protease inhibitor (Campos-Gomez et al., 2016), CA074 methylester
(CA074me), A549 cells were treated with CA074me and infected at a

multiplicity of infection equal to 10 with VEEV or CHIKV. After in-
cubation of virus with cells for 1 h, cell monolayers were washed twice
with medium to remove residual virus. Complete medium containing
CA074me (50, 100, 200 μM) was added and the cells were incubated at
37 °C, 5% CO2. 18–24 h post-infection, supernatants and cell lysates
were collected for analysis by Western blot.

The specificity of the polyclonal rabbit Sigma Prestige™ anti-
TRIM14 antibody (HPA053217) has already been analyzed and is
available online (Fagerberg et al., 2014; Uhlen et al., 2015). The
HPA053217 antibody had been raised using the immunogen sequence
(HIDNITQIEDATEKLKANAESSKTWLKGKFTELRLLLDEEEALAKKFIDK-
NTQLTLQVYREQADSCREQLDIMNDLS). This N-terminal sequence is
common to full-length TRIM14 and the α- and β-isoforms of TRIM14.
The sequence precedes the ubiquitination site.

For expression of recombinant full-length His6-tagged TRIM14
(rTRIM14) and the VEEV nsP2 in cells pcDNA3.4 plasmids containing
the sequences were co-transfected into A549 cells (Sigma) using
Lipofectamine 3000 (Invitrogen Inc.). Cells were collected at 6, 24, 48 h
post-transfection and lysed by sonication (10 s) in MPER containing
10mM DTT, 1% NP-40, 5mM EDTA, and 4mg/mL AEBSF (4-(2-ami-
noethyl)benezenesulfonyl fluoride). Blots were probed with the Sigma
HPA053217 anti-TRIM14 antibody (1:500) and mouse anti-Histag an-
tibody (1:1000, Abcam ab18184).

2.11. Modeling of substrate binding interaction

The binding models of substrates including VEEV P12, P23, P34 and
TRIM14 were predicted with an ensemble-docking protocol using the
AutoDock program (Morris et al., 2009). Multiple conformations of the
VEEV nsP2 structure (PDB 2HWK) and the CHIKV nsP2 (PDB 3TRK)
were obtained from MD simulations and cluster analysis. The active site
of the protein was defined by a grid of 70×70 x 70 points with a grid
spacing of 0.375 Å centered at the catalytic residue Cys-477. The La-
marckian Genetic Algorithm (LGA) was applied with 50 runs and the
best pose with the most favorable binding free energy was selected. MD
simulations were performed for the predicted substrate binding models
using the AMBER 12 package and the ff99SB force field. The solvated
systems were subjected to a thorough energy minimization prior to MD
simulations. Periodic boundary conditions were applied to simulate a
continuous system. The particle mesh Ewald (PME) method was em-
ployed to calculate the long-range electrostatic interactions. The si-
mulated system was first subjected to a gradual temperature increase
from 0 K to 300 K over 100 ps, and then equilibrated for 500 ps at 300 K,
followed by production runs of 2-ns length in total. The binding free
energies were calculated using the MM-PBSA method. Decomposition
of the calculated binding free energies was performed using the same
MM-PBSA module in AMBER 12 package.

3. Results

3.1. VEEV nsP2 cysteine protease cleaves human TRIM14 at Ala-333

We previously identified the sequences N- and C-terminal to the
scissile bond that were recognized by the VEEV nsP2 cysteine protease
using a set of variable length substrates and found that 25-residue
substrates containing P19-P6' (Schechter and Berger nomenclature
(Schechter and Berger, 1967)) produced the lowest Km values (Hu et al.,
2016). A BLAST search (Altschul et al., 1990) using the nsP2 cleavage
sites and the human genome uncovered one protein, TRIM14, which
had a high level of sequence identity to the VEEV nsP12 cleavage site
(Fig. 1C). The nsP12 cleavage site sequence QEAGA↓G is highly con-
served among the more virulent New World alphaviruses, VEEV/EEEV/
WEEV, but not in the Old World alphaviruses such as SINV, SFV, and
CHIKV. Some overlap in substrate specificities has been observed for
the VEEV and CHIKV nsP2 proteases; for example, both are able to
cleave the Old World SFV nsP12 cleavage site (Hu et al., 2016; Zhang
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et al., 2009).
Using a CFP-YFP substrate containing 25-amino acids of the human

TRIM14 protein, the purified VEEV nsP2 protease was found to cleave
the TRIM14 substrate (Fig. 2). Cleavage was confirmed by SDS-PAGE;
the effects of site-directed mutagenesis on the cleavage of the TRIM14
substrate were similar to those observed for the substrate containing the
VEEV nsP12 cleavage site, suggesting similar enzyme and substrate
contacts (Fig. 2C). For the VEEV nsP2 protease, the cleavage site in the
CFP-YFP substrate was confirmed by tandem mass spectrometry (Fig. 3,
Suppl. Fig. S1), and cleavage occurred at the expected site at QEAGA↓G.
The tryptic peptides of both parts of the substrate were identified.

3.1.1. Steady state kinetic parameters for the VEEV nsP2 cysteine protease
and TRIM14 substrate

Steady state kinetic parameters were measured to determine if the
Km and Vmax measured with the TRIM14 25-residue substrate were si-
milar to those obtained with substrates containing the viral cleavage
sites (Fig. 2A and B). The Km and Vmax obtained with the wild type (WT)
VEEV nsP2 protease and the TRIM14 substrate were comparable to
those obtained with the nsP12 and nsP34 substrates. The length of the
TRIM14 substrate also was varied and 25-, 22-, and 19-residue sub-
strates were tested with the VEEV nsP2 protease (Fig. 2B, Suppl. Fig.

S2). As the length of the region N-terminal to the scissile bond de-
creased, an increase in the Km was observed consistent with weaker
binding.

To determine if the cleavage was specific to the VEEV nsP2 pro-
tease, we expressed and purified the proteases of VEEV, EEEV, WEEV
and CHIKV. With the 25-residue TRIM14 substrate, complete cleavage
of the substrate (50 μM) by the VEEV protease (5 μM) was visible after
24 h at 23 ± 3 °C by SDS-PAGE (Fig. 2C). However, with the shorter
TRIM14 substrates the purified CHIKV, EEEV, and WEEV nsP2 pro-
teases only produced low levels of cleavage product even after ex-
tensive incubation (64 h, 23 ± 3 °C) (VEEV > WEEV > EEEV >
CHIKV) (Suppl. Fig. S2). The corresponding substrates containing the
viral cleavage site sequences at the nsP12 junctions also were digested
for relative comparison since these proteases differ in activity. The
activity of the WEEV and EEEV proteases were the lowest which may be
a result of the constructs used. The constructs contain only the nsP2
protease and SAM MTase domains (Fig. 1A and B); these proteases may
require an additional domain for full activity (e.g. the ZIKV ns3 pro-
tease requires ns2B for full activity (Phoo et al., 2016)). While all four
proteases had detectable activity only the VEEV nsP2 cysteine protease
consistently cut all of the TRIM14 substrates (Fig. 4E, Suppl. Figs. S2
and S7).

Fig. 2. In vitro assays demonstrating the cleavage of TRIM14 by the VEEV nsP2 cysteine protease. (A)Measurement of the VEEV nsP2 cysteine protease steady
state kinetic parameters for the 25-residue CFP-TRIM14-YFP substrate measured at R.T. in 50mM HEPES pH 7.0 for 30min. The Km and Vmax were comparable to
those measured using similar substrates containing the VEEV nsP12 or nsP34 cleavage sites. (B) Steady state kinetic parameters for the VEEV nsP2 cysteine protease
and substrates containing either the natural viral cleavage sequences at each of the junctions or the variable length TRIM14 sequences. All were measured in 50mM
HEPES pH 7.0 and R.T. (C) Effects of site-directed mutagenesis on cleavage of CFP-YFP substrates containing the SFV nsP12 cleavage site, the VEEV nsP12, nsP23,
nsP34 cleavage sites, and the TRIM14 sequence. Cleavage reactions were run in 1× PBS pH 7.4 and 5mM DTT and were incubated for 19 h at R.T. using 30 μM
substrate and 2.2 μM enzyme. Subtle changes in MW (∼2 kDa) and additional cleavage product bands for some of the enzyme variants are likely due to trace amounts
of residual thrombin from the purification. A C477A nsP2 protease variant was included as a control in the Suppl. Info.
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3.1.2. Modeling of the substrate-bound complexes
To gain insight into the structural basis of substrate specificity, we

modeled the binding interactions of TRIM14 with the VEEV nsP2 cy-
steine protease (Suppl. Fig. S3). Like the New World alphaviral sub-
strates, TRIM14 contains a Glu at position P4 which may explain why
no significant cleavage of TRIM14 was observed with the Old World
CHIKV nsP2 protease (Figs. 1C and 4E). In the nsP12 cleavage site, the
P1′-P6′ residues are identical in sequence for VEEV/EEEV/WEEV, as are
the P1-P5 residues. This suggests that residues beyond P5 are important
for recognition of the TRIM14 substrate. To understand why the 25-
amino acid substrate led to the lowest Km and highest kcat, we examined
our previously determined crystal structure of the free VEEV nsP2
protease, PDB 5EZQ (Hu et al., 2016). The crystal structure contains the
C-terminal P2-P19 residues (Leu-776-Ala-792) of the VEEV nsP23
cleavage site; the P10-P19 residues are helical and are packed against
the protease domain in the crystal. The P8-P9 residues are directed into
the cleft formed by the protease and SAM MTase domains (Suppl. Fig.
S4). Chou-Fasman secondary structure predictions suggest that the
nsP12 and nsP34 substrates may contain helical regions within the P1-
P19 residues.

To understand why the EEEV and WEEV enzymes cut TRIM14
poorly, we examined regions beyond P5 (Suppl. Fig. S3). Based on the
Km values (Fig. 2), the P13-P19 residues of the substrate appear to make
additional contacts to the enzyme. In PDB 5EZQ the P17 residue (Ser-
778), within the helix of the symmetry related molecule is within hy-
drogen bonding distance to the backbone NH and C]O of the papain-
like protease domain residue Met-555. Met-555 is conserved in the
VEEV/EEEV/WEEV nsP2 cysteine proteases. The P19-P16 residues of
the substrates differ in charge and flexibility in the New World poly-
proteins and may be recognized differently by these closely related
proteases: “VEEP” in VEEV nsP12; “VDKE” in EEEV nsP12; and “IEKE”
in WEEV nsP12. The homologous residues in TRIM14 are “DCFA”. The
requirement of an additional domain or motif also cannot be excluded.

To confirm our models of the VEEV nsP2 cysteine protease, we
examined cleavage of the TRIM14 substrate by mutants of the protease
(Fig. 2C). The K706Q mutation affected the cleavage of V12 and
TRIM14 consistent with the disruption of substrate binding interactions
in the predicted S4 subsite (Suppl. Fig. S3). The P4 residues (Glu) are
the same in both of these substrates (Fig. 1C). The purity of the VEEV
nsP2 protease was examined using a C477A variant (Suppl. Fig. S5).
Strauss et al. had previously shown that the nonstructural polyprotein

was not cut by any intracellular host enzymes in eukaryotic cells
(Strauss et al., 1992). Similarly, non-specific cleavage of these protein
substrates was not observed with the CFP-YFP substrates expressed and
purified from E. coli.

3.1.3. Cleavage of the PRY/SPRY domain by the VEEV nsP2 protease
To determine if the cleavage sequence could be cut in the context of

the globular PRY/SPRY domain residues 208–442 of TRIM14 were
fused to CFP (CFP-PRY/SPRY, 57.7 kDa) and treated with purified
VEEV nsP2 protease. Cleavage of the protein in the column fractions
containing the PRY/SPRY domain was observed in vitro (Figs. 4D and
44.9 kDa product). A shorter truncation product also co-purified and
could be cut by the protease. Interestingly, the immunoblots showed
poorer detection of the cleaved products when compared with the
uncut protein suggesting that the cut protein may more readily ag-
gregate or self-associate, and may enter the gel more poorly.

3.1.4. Confirmation of TRIM14 cleavage in VEEV-infected cell lysates
Sequence alignment analysis shows that full length TRIM14 (442

amino acids, 49.8 kDa) and the TRIM14-α isoform (406 amino acids,
45.1 kDa) contain the cleavage site sequence while the TRIM14–β iso-
form (28.3 kDa) does not (Suppl. Fig. S6). TRIM14 was shown to be
poly-ubiquitinated (Zhou et al., 2014; Jia et al., 2017) and multiple
bands were detected in immunoblots (Fig. 4A–C). The anti-TRIM14
antibody used in this work is a Sigma Prestige™ antibody (HPA053217)
that has been previously validated and shown to be specific for its
antigen in cell lysates and peptide libraries; characterization of this
antibody can be found in the Human Protein Atlas (Uhlen et al., 2015).
The peptide used to generate this antibody is shown in Suppl. Fig. S6.

The calculated MW of unmodified TRIM14 cleavage products are
37.2 kDa and 12.6 kDa (or 7.9 kDa for the TRIM14α isoform). The re-
combinant TRIM14 used as a control in the immunoblots is a GST-fu-
sion (∼76 kDa). It is important to note that the stability of the cleavage
products and the full length protein in cells is unknown, and quanti-
tative conclusions are limited using cell lysates (e.g., calculation of the
percentage of TRIM14 cleaved in virus-infected cells). TRIM14 is
polyubiquitinated for both degradation (K48-linked) (Jia et al., 2017)
and signaling (K63-linked at Lys-365) (Zhou et al., 2014). Over-
expression of TRIM14 has been shown to suppress alphaviral replica-
tion (Nenasheva et al., 2015) and hepatitis C replication (Wang et al.,
2016).

Fig. 3. Mass spectra of the CFP-TRIM14-YFP proteolytic products. Proteolytic products of the CFP-TRIM14–YFP 25-residue substrate after cleavage by the VEEV
nsP2 cysteine protease were separated by SDS-PAGE, excised, trypsinized, and identified by tandem mass spectrometry to verify the specificity of the protease.
Annotated MS/MS spectra of the HYWEVDVQEAGA and GWWVGAMVSK are shown (enlarged spectra can be found in the Suppl. Info.). For simplicity only singly
charged fragments were annotated. All predicted singly charged fragment ions were found.
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TRIM14 cleavage in VEEV-infected cells was monitored over time
and cell lysates were collected at 6, 12, 24, 36, 48, 72, and 96 h. The
band intensities varied over time; however, only the VEEV- and WEEV-
infected cell lysates contained a new ∼37 kDa cleavage product that
was not found in the uninfected controls (Fig. 4A and B). The 50 kDa
band intensified during infection and may be due to enhanced expres-
sion of TRIM14 during viral infection. TRIM14 expression can be de-
tected in the absence of virus (Zhou et al., 2014) indicating that this
protein is an intrinsic immune response effector protein. TRIM14 ex-
pression also can be further induced by IFN and also can be considered
an innate immune response effector (Carthagena et al., 2009). The MW
of the cleavage product was consistent with the calculated MW and
with the in vitro results using purified recombinant nsP2 proteases, the
CFP-PRY/SPRY domain construct (Fig. 4D), and the 25-, 22-, and 19-
residue CFP-YFP TRIM14 substrates (Fig. 2, Suppl. Fig. S2). A549 cells
(human lung carcinoma, Sigma-Aldrich 86012804, HPA Culture Col-
lection) also were co-transfected with a plasmid expressing full length
His-tagged TRIM14 and a tag-free VEEV nsP2 cysteine protease

(sequence is shown in the Suppl. Information). Cells were collected at 6,
24, 48 h. In the virus-infected cells, the cleavage product was observed
at the 24 h time point (Fig. 4A). In the co-transfection experiment (CMV
promoter) the cleavage product could be detected transiently at the 6 h
point and was short lived (Fig. 4F, Suppl. Fig. S7). At the 24 h point a
transient decrease in the TRIM14 band intensities also was observed
(Suppl. Fig. S7). The early appearance of degradation product also was
reported for feline calicivirus (FCV) (observed between 5 and 8 h)
(Kuyumcu-Martinez et al., 2004a) and for foot-and-mouth disease virus
(FMDV) (within 2 h) (Grigera and Tisminetzky, 1984). Thus, these
proteolytic cleavages may occur early in virus-infected cells (≤24 h).

TRIM14 may be cleaved before or after poly-ubiquitination; since
the cleavage site precedes Lys-365, cleavage of the two species cannot
be distinguished. Upon viral infection Lys-63-linked polyubiquitination
of TRIM14 at Lys-365 occurs and was shown to be important for the
assembly of the MAVS signalosome (Zhou et al., 2014) (Figs. 5 and 6).
Thus, cleavage of TRIM14 may interfere with the assembly of the MAVS
signalosome.

Fig. 4. Evidence of VEEV nsP2 protease cleavage of TRIM14 in infected or non-infected cell lysates and in vitro. Immunoblots of (A) VEEV, (B) WEEV, (C)
EEEV-infected cell lysates using an anti-TRIM14 Prestige polyclonal antibody (HPA053217) that recognizes an epitope common to all 3 isoforms of TRIM14. Cell
lysates were removed at various time points (6–96 h). VEEV-infected cell lysates produced a new band with a MW consistent with nsP2 cleavage. WEEV-infected cell
lysates also produced a similar band. The cleavage product (CP) band was not detectable in uninfected controls. Multiple bands were observed likely due to the poly-
ubiquitination of TRIM14 and the multiple isoforms (α and β) of the protein. (D) Cleavage of the CFP-PRY/SPRY domain construct. The upper blot was probed with a
mouse anti-Histag antibody (#70796) and reprobed with the Aviva (ARP34737_P050) anti-TRIM14 antibody (lower blot). Aliquots of column fractions were cut with
the VEEV nsP2 protease, the uncut control is also shown. A small amount of a truncated protein copurified and also was cut by the protease. (E) Purified EEEV, VEEV,
WEEV, and CHIKV nsP2 proteases were incubated with the CFP-TRIM14-YFP substrate. Only the VEEV nsP2 protease was able to cleave the TRIM14 protein after
24 h of room temperature incubation. Low levels of CFP-TRIM14-YFP cleavage were observed with purified WEEV nsP2 protease after an extended incubation period
(64 h, Suppl. Fig. S2). (F) Full length rTRIM14 with an N-terminal His-tag was expressed in A549 cells from pcDNA3.4 plasmids with or without the VEEV nsP2
cysteine protease (tag free). The blot was probed with an anti-Histag antibody and the His-tagged TRIM14 cleavage product was detected after 6 h in the co-
transfected cells. The anti-TRIM14 blot is included in the Suppl. Info. (G) Inhibition of VEEV nsP2 protease cleavage of TRIM14 by CA074. A549 cells were treated
with varying concentrations of a nsP2 cysteine protease inhibitor, CA074 methylester, and then infected with VEEV (multiplicity of infection equal to 10). Cell lysates
were examined by immunoblot analysis using the anti-TRIM14 antibody HPA053217. The TRIM14 CP was present in the infected cells that had not been treated with
the protease inhibitor (labeled NT for “not treated”) and was absent in cell lysates treated with the nsP2 cysteine protease inhibitor. Infection was confirmed by
immunoblot analysis using anti-VEEV sera in the lower blot. (H) Plaque assay of cell lysates in (G) showing a reduction in PFU/mL in the presence of increasing
concentrations of CA074me, an inhibitor of the VEEV nsP2 protease. (I) Calculated MW of each isoform and cleavage product.
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3.1.5. TRIM14 cleavage in VEEV-infected cells can be inhibited by the nsP2
cysteine protease inhibitor CA074me

CA074 methyl ester (CA074me) previously was shown to inhibit the
alphaviral VEEV nsP2 cysteine protease (Campos-Gomez et al., 2016).
CA074me is a Cathepsin B inhibitor; however, no other host enzymes
have been shown to cleave the nonstructural polyprotein (Strauss et al.,
1992). CA074 is a peptide-like irreversible covalent inhibitor that spe-
cifically reacts with the nucleophilic Cys of the proteases. CA074me is the
membrane permeable form of the CA074 inhibitor (prodrug). CA074me
was added to cells that were infected with VEEV; cell lysates were col-
lected and subjected to immunoblotting. The TRIM14 cleavage product
was no longer present in the CA074me-treated cells, consistent with in-
hibition of the VEEV nsP2 cysteine protease (Fig. 4G). Higher viral titers
(plaque forming units (PFU) per mL) in plaque assays were observed
when the cleavage product was present and detectable (Fig. 4H). In the
presence of the CA074me, lower titers (∼4-log lower) are observed and
the TRIM14 cleavage product is no longer detectable (Fig. 4H).

3.2. Prediction of four ZIKV ns2B/ns3 host protein substrates and their
roles in vivo

The ZIKV ns2B/ns3 protease cleavage site sequences in the

nonstructural polyprotein of ZIKV have been published and are shown
in Fig. 7A (Shiryaev et al., 2017). Each site was inputted into BLAST;
the highest sequence identity matches were obtained with the cleavage
site sequence at the ns3/ns4A junction followed by the cleavage site
sequences at the ns2A/ns2b and ns2B/ns3 junctions (Suppl. Fig. S8).
Human SFRP1 had a stretch of 11 residues that matched the subsite
tolerances of the ZIKV ns2B/ns3 protease, nine of which were con-
secutive in order. The next three proteins with high sequence similarity
to the viral cleavage sites were: a retinal Gs alpha subunit; a mi-
tochondrial deoxyribonucleotidase (NT5M); and the Forkhead box
protein G1 (FOXG1). CFP-YFP substrates were made for each of these
host proteins (sequences can be found in the Suppl. Info.). To confirm
the specificity of the protease and the accuracy of the prediction, we
also included CFP-YFP substrates for SFRP2 and SFRP4 since these
isoforms had sequences similar to SFRP1 (Fig. 7C). Two of the predicted
cleavage sites were present within the signal peptide or predicted signal
peptide sequence. This may be significant since flaviviral proteases are
anchored to the endoplasmic reticulum (ER) membrane (Romero-Brey
and Bartenschlager, 2016); it also suggests that co-translational clea-
vage events cannot be ruled out. The ZIKV protease domain is thought
to be on the cytoplasmic face of the ER, whereas the signal peptidase is
in the interior of the ER lumen.

Fig. 5. Partial sequence alignment of the C-terminal domain of TRIM14 homologues from other species. The region shown contains the predicted PRY/SPRY
domain of the TRIM14 protein. In gray are the PRY/SPRY domain motifs (“LDP”, “WEVD”, “LDYE”). The QEAGA↓G motif is shown in red, blue, and green. In human
TRIM14 Lys-365 (highlighted in cyan and labeled with an asterisk) was shown to be poly-ubiquitinated. This ubiquitination site is important for recruitment of
NEMO to the MAVS signalosome (Zhou et al., 2014).
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Several of the predicted substrates were involved in early develop-
ment, bone remodeling, neuronal or brain development. Two of the
predicted substrates were associated with Smith-Magenis syndrome
(NT5M, MID51) and FOXG1 was associated with FOXG1 syndrome;
both are syndromes that have been associated with microcephaly
(Kortum et al., 2011; Gropman et al., 2006). SFRP1 has been associated
with Mowat-Wilson syndrome (Miquelajauregui et al., 2007), another
syndrome associated with microcephaly.

3.3. In vitro evidence of ZIKV ns2B/ns3 host protein cleavage

3.3.1. ZIKV ns2B/ns3 cleaves SFRP1, but not SFRP2 or SFRP4
The top predicted substrate of the ZIKV ns2B/ns3 protease, SFRP1,

plays a role in developmental patterning, but also in innate immunity.
Wnt proteins (16 different ones) are secreted glycoproteins that bind
and activate intracellular signaling cascades when bound to their re-
ceptor, Frizzled. Secreted frizzled-related proteins (SFRP) are soluble
receptors that also can bind Wnt ligands (competitively) to antagonize
and inhibit Wnt signaling. The Wnt pathway also is linked to IFN-γ
production; the addition of SFRP1 suppresses the production of IL-4 and
increases the production of IFN-γ by T-cells (Lee et al., 2012). Thus,
proteolytic cleavage of SFRP1 could antagonize the production of IFN-γ
to suppress its antiviral effects. The Wnt signaling pathway was pre-
viously linked to the regulation of the IFN response during Flavivirus

infection; microRNAs that repressed Wnt/β-catenin signaling had
strong anti-flaviviral effects (Smith et al., 2017). Thus, the proteolytic
cleavage of SFRP1 would be expected to enhance flavivirus replication.

Bodine et al. characterized SFRP1 (−/−) knockout mice and re-
ported decreased brain weights, increased heart weights, and abnormal
trabecular bone morphology (Bodine et al., 2004); however, SFRP1 was
not found to be essential for normal embryonic development. SFRP1 is
expressed in the neural tube caudal to the hindbrain; the mRNA is ex-
pressed in the proliferative zone of developing neurons (Bodine et al.,
2004; Augustine et al., 2001). Early in development SFRP1 expression
is found in the brain, eye, ear, lower abdomen, and upper spine
(Trevant et al., 2008); it also is found in regions of the skeleton un-
dergoing new bone formation (at growth plates). After birth, strong
expression continues in the brain, heart, and kidneys. Abnormalities in
the kidneys of SFRP1 (−/−) mice are not observed at 1 year of age
(Trevant et al., 2008). SFRP1 and SFRP5 are close homologues (51%
identity); however, SFRP5 does not contain an “RG” sequence in its N-
terminus. Both are expressed in the retina and may be involved in de-
termining the polarity of photoreceptor cells in the retina (Chang et al.,
1999; Marcos et al., 2015; Esteve et al., 2011). When SFRP1 and SFRP2
are both absent, a craniofacial abnormality is observed (Satoh et al.,
2006). Alignment of the N-terminal sequences of SFRP1, SFRP2, and
SFRP4 show that each have a “RG” sequence, and ≥4 residues are si-
milar to a viral polyprotein cleavage site (Fig. 7C). Substrates

Fig. 6. Several Group IV (+)ssRNA viral proteases cleave components of the MAVS signalosome. The MAVS signaling cascade proposed by Zhou et al. is shown
(Zhou et al., 2014). The MAVS signalosome triggers the production of IFN and pro-inflammatory cytokines. The VEEV nsp2 cysteine protease cleavage site in TRIM14
is located before the ubiquitination site. Cleavage of the proteins involved in the signalosome likely would disrupt the production of IFN and the innate immune
response (Neznanov et al., 2005; Barral et al., 2009; Yang et al., 2007; Meylan et al., 2005; Wang et al., 2012).
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Fig. 7. Cleavage of four host protein sequences by the ZIKV ns2B/ns3 protease. (A) The viral polyprotein cleavage site sequences and top 12 hits from BLAST
searches. (B) SDS-PAGE gel of CFP-YFP substrates containing human host protein sequences. The top 4 predicted substrates were cut by the ZIKV ns2B/ns3 protease.
The ZIKV protease alone is shown in the last lane; the + and – symbols indicate which reactions contained the enzyme. CFP-YFP substrates containing two related
protein sequences from SFRP2 and SFRP4 were included as controls. These proteins were not predicted to be substrates of the ns2B/ns3 protease and no cleavage was
observed. Reactions were run for 19 h at room temperature using 20 μM substrate and 2 μM enzyme. Reactions not containing enzyme were run alongside (“-“) and
incubated for the same period. A truncation product co-purified with the NT5M substrate which contained cysteines; however, the cleavage products still were
readily discernible. (C) Sequence similarity in the signal peptides of SFRP1, SFRP2, and SFRP4. Each contain the “RG” sequence. (D) Alignment of SFRP1, FOXG1,
and NT5M cleavage site sequences from various animal species. In red are residues that are identical to a viral cleavage site motif sequence. In green are residues that
are tolerated at the subsite in other viral polyprotein cleavage sites. The arrow denotes the scissile bond.
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containing the human SFRP1, SFRP2, and SFRP4 signal peptide se-
quences were tested (Fig. 7B); however, only the predicted SFRP-1
signal peptide sequence could be cleaved by the ZIKV ns2B/ns3 pro-
tease in vitro, consistent with the high sequence specificity requirements
of a viral protease.

Alignment of SFRP1 from multiple animal species (Fig. 7D) shows
that the cleavage site sequence differs in SFRP1 homologues from ro-
dents, whereas high sequence similarity is found in the SFRP1 homo-
logue of chickens. Notably, Goodfellow et al. recently showed that ZIKV
can induce mortality and microcephaly in chicken embryos
(Goodfellow et al., 2016). ZIKV has been shown to efficiently infect
fibroblasts of New and Old World monkeys, but not rodents (Ding et al.,
2018). Only immunocompromised mice have been infected with ZIKV
and have produced signs of microcephaly (Cugola et al., 2016). The
alignment of the cleavage site sequence of SFRP1 is consistent with
these observations. SFRP1 from brown bats (Myotis lucifugus) also had
sequence similarity with the cleavage site sequence; infection of these
bats with ZIKV produces neurological symptoms (Kading and Schountz,
2016; Reagan et al., 1955).

3.3.2. ZIKV ns2B/ns3 cleaves an alpha subunit of a G-protein
This Gs alpha subunit (CAA39484.1) was previously isolated from

human adult retina and fetal eye cDNA libraries (EMBL database ac-
cession number X56009) (Swaroop et al., 1991). This Gs alpha subunit
shares sequence identity (~80%) with a Gs alpha subunit in a G-protein
coupled calcitonin receptor and a cryo-EM structure of the G-protein
coupled receptor is known (PDB 5UZ7) (Liang et al., 2017). The ZIKV
ns2B/ns3 protease cleaved the Gs alpha subunit sequence (Fig. 7B).
While the C-terminal region of this protein aligned well with homo-
logues from other species, the N-terminal region containing the clea-
vage site did not.

3.3.3. ZIKV ns2B/ns3 cleaves NT5M mitochondrial 5′,3′-nucleotidase
This enzyme also is known as dNT-2 (XP_011522268.1, Q9NPB1)

and is encoded within the Smith-Magenis syndrome region of chro-
mosome 17. NT5M is localized to the mitochondrial matrix, and its N-
terminus contains a predicted mitochondrial targeting sequence. The
predicted cleavage site of the mitochondrial processing peptidase
(MPP) is C-terminal to the predicted ZIKV ns2B/ns3 cleavage site.
NT5M is thought to regulate levels of pyrimidine deoxyribonucleotides
in the mitochondria, but its role in disease is unclear (Rampazzo et al.,
2000). The ZIKV ns2B/ns3 protease cleaved the NT5M sequence
(Fig. 7B). Sequence alignments with homologues from other species
showed high sequence identity to this cleavage site among primates and
sporadic sequence identities with other species (Fig. 7D).

3.3.4. ZIKV ns2B/ns3 cleaves Forkhead box protein G1
Forkhead box protein G1 (FOXG1) is a transcription factor encoded

by the FOXG1 gene. FOXG1 is involved in brain development, specifi-
cally in the telencephalon. Mutations of this gene lead to FOXG1 syn-
drome. FOXG1 syndrome initially was considered to be a variant of Rett
syndrome (a syndrome which only affects females) (Pratt et al., 2013),
but was reclassified as an autism spectrum disorder since FOXG1 syn-
drome affects both males and females (Mariani et al., 2015). It is
characterized by microcephaly (congenital or postnatal) (Kortum et al.,
2011; Jacob et al., 2009) and brain malformations (Ma et al., 2016).
FOXG1 is also linked to the Wnt/β-catenin signaling pathway in the
retina (Fotaki et al., 2013). In adults FOXG1 plays a role in neuronal
survival (Dastidar et al., 2012). The ZIKV ns2B/ns3 protease cleaved
the FOXG1 sequence embedded in between CFP and YFP (Fig. 7B). The
cleavage site sequence was highly conserved across species (Fig. 7D).

4. Discussion

4.1. Comparison of TRIM14 homologues from different species

For acute viral infections, the host possesses antiviral enzymes and
proteins that interfere with and counter viral replication (sometimes
referred to as viral restriction factors). One domain within TRIM14
appears to be important to its antiviral functions and may account for
species-specific anti-alphaviral responses (Wang et al., 2016). Human
VEEV infections rarely result in lethal encephalitis (∼1% of infected
humans), whereas the mortality rate in equine is significantly higher
(e.g., EEEV's mortality rate can be as high as 90% in horses) suggesting
an inherent difference in the innate immune response pathways of
equid vs. humans. Comparison of TRIM14 homologues from various
species shows strong conservation of the full length TRIM14 sequence
in humans, monkeys, rodents, pigs, cows, and chickens (Fig. 5). In
contradistinction, the C-terminal region of equid TRIM14 is notably
truncated. The C-terminal region of TRIM14 was predicted to form a
PRY/SPRY domain. The VEEV nsP2 cysteine protease cleavage site is
within this predicted domain. The SPRY domain is a β-stranded protein
interaction module commonly found in human proteins that regulate
innate and adaptive immunity (D'Cruz et al., 2013). The PRY motif
consists of three additional β-strands N-terminal to the SPRY domain.
PRY/SPRY domains can be identified by three highly conserved se-
quence motifs (“LDP”, “WEVD/E”, “LDYE/D”). These three motifs are
present in the human TRIM14 homologue but are absent from the
equine TRIM14 homologue (Fig. 5). Interestingly, the donkey homo-
logue contains the “LDYE” motif, but lacks the other two motifs. PRY/
SPRY domains contain hypervariable loop regions and a conserved core
similar to a variable domain of an antibody (James et al., 2007). The
binding specificity of the SPRY domain determines the function of the
TRIM protein and mutations within this domain have been associated
with disease susceptibility (James et al., 2007). This domain appears to
be important for mounting an effective immune response against al-
phaviruses, as well as hepatitis C virus (HCV) (Wang et al., 2016). The
transient proteolytic cleavage of the PRY/SPRY domain during infec-
tion, or the absence of this domain as in the case of equine TRIM14,
may impair a species' ability to mount an effective antiviral immune
response to alphaviruses.

The presence or absence of the PRY/SPRY domain of TRIM14 was
not sufficient to predict the virulence or pathogenicity of VEEV in other
species, e.g., VEEV infections can be lethal in mice, and the murine
TRIM14 contains the PRY/SPRY domain. The role of TRIM14 and the
downstream effectors (i.e. IFN-stimulated genes, ISG) of this pathway
have not been examined across species and may differ. Species-specific
differences in the Jak/STAT pathway, a pathway triggered by type I
IFN, also cannot be excluded.

TRIM14 has been proposed to function as an adaptor molecule in
the MAVS signalosome (Zhou et al., 2014) (Fig. 6). The PRY/SPRY
domain is thought to mediate the association of TRIM14 to the C-
terminal domain (residues 360–540) of MAVS (Zhou et al., 2014).
TRIM14 undergoes ubiquitination at a site within the PRY/SPRY do-
main at Lys-365 and recruits NF-κB essential modulator (NEMO) to
activate the IFN regulatory factors 3 and 7 (IRF-3/7) and NF-κB path-
ways (Zhou et al., 2014). The ubiquitination of Lys-365 was shown to
be critical for the association of NEMO to the MAVS signalosome by
Zhou et al. (2014). Phosphorylation of IRF-3 leads to the production of
type I IFNs. The VEEV nsP2 cysteine protease cleavage site is 31 re-
sidues before Lys-365 and cleavage likely short circuits this cascade to
prevent its downstream effects.

4.1.1. Significance of TRIM14 cleavage
TRIM proteins exert a variety of interfering effects in response to

intracellular pathogens, predominantly against retroviruses (Nisole
et al., 2005), but also have been shown to have antiviral activities
against other types of viruses (Carthagena et al., 2009; Munir, 2010;

E.M. Morazzani, et al. Antiviral Research 164 (2019) 106–122

117

http://firstglance.jmol.org/fg.htm?mol=5UZ7


Ozato et al., 2008). TRIM proteins typically contain three domains: (1)
a RING finger domain; (2) B-box zinc finger domain(s); and a (3) coiled-
coil domain. In addition to these three domains, TRIM proteins have
variable C-terminal domains often which contain SPRY or PRY/SPRY
domains that define the specific function of the TRIM protein (James
et al., 2007).

TRIM proteins can function as intrinsic or innate antiviral factors
(Carthagena et al., 2009). Intrinsic immune factors are proteins that are
present prior to viral infection, while innate immune factors are those
that are generated after viral infection (Bieniasz, 2004; Yan and Chen,
2012). Expression of slightly less than half of all known TRIM proteins
is induced by type I or type II IFN, or both (Carthagena et al., 2009).
Other TRIM proteins are constitutively expressed (Carthagena et al.,
2009). TRIM proteins can act as viral restriction factors (e.g. TRIM5ɑ
and HIV (Malim and Bieniasz, 2012)). Several TRIM proteins are ubi-
quitin E3 ligases. However, a subset of TRIM proteins lack a RING
domain (e.g. TRIM14, TRIM16, TRIM16L, TRIM20, TRIM29, TRIM44,
TRIM51, TRIM66) and are not thought to harbor the activity (Zhou
et al., 2014; Carthagena et al., 2009). The function of TRIM14 is
thought to be more general; TRIM14 localizes to the outer membrane of
mitochondria and has been proposed to function as an adaptor in the
mitochondrial antiviral-signaling protein (MAVS, also known as IPS-1/
VISA/Cardif) signalosome (Zhou et al., 2014). The MAVS cascade leads
to the production of IFN and proinflammatory cytokines (Bhoj et al.,
2008).

Stable overexpression of TRIM14 has been shown to inhibit alpha-
viral replication (SINV) by 3–4 logs 24 h post-infection (Nenasheva
et al., 2015) consistent with TRIM14's proposed role in the innate im-
mune response (Zhou et al., 2014). TRIM14 overexpression also in-
creases the transcription of IFNs and ISGs (Nenasheva et al., 2015)
consistent with the pathway proposed by Zhou et al. (2014) (Fig. 6).
Other lines of evidence support the conclusion that TRIM14 is an
adaptor protein involved in the MAVS signalosome such as co-locali-
zation of TRIM14 and RIG-1 and MAVS (Tan et al., 2017). However,
other antiviral mechanisms involving TRIM14 also are possible. For
example, the HCV ns3/4A protease cleaves MAVS and TRIF, compo-
nents of two different interferon generating pathways (Table 1). Wang
et al. demonstrated that TRIM14 overexpression inhibited infection by
and replication of HCV while TRIM14 knockout cells became more
susceptible to HCV infection (Wang et al., 2016). Using a K365R variant
of TRIM14 (labeled in Fig. 5) they found that the antiviral activity of
the TRIM14 variant was comparable to that of the wild type TRIM14.
Since Lys-63-linked polyubiquitination of K365 of the PRY/SPRY do-
main is important for MAVS signalosome assembly (Zhou et al., 2014),
this suggests that TRIM14 may have another role in a different antiviral
mechanism.

4.2. General significance of host protein cleavage by viral proteases

The proteolytic cleavage of components of the MAVS signalosome
and the toll-like receptor pathways by viral proteases appears to be a
common mechanism for innate immune response evasion by Group IV
(+)ssRNA viruses. While several examples of this phenomena were
known (Table 1) and several had been predicted (Kiemer et al., 2004),
they had not been previously compared. There are now ∼30 cases of
host protein-viral protease cleavages (Table 1). From the table, it is
apparent that the viral proteases which predominantly utilize this
strategy belong to Group IV. However, a Group VI (+)ssRNA retroviral
protease (HIV protease) also has been shown to cleave poly(A)-binding
protein (PABP) (Alvarez et al., 2006). Second, the host protein targets
were generally involved in generating innate immune responses sug-
gesting that these short sequences are being used for targeted destruc-
tion of host innate immune response proteins. Some had obvious roles
(e.g. proteins belonging to the MAVS signalosome and proteins like
TRIF that belong to toll-like receptor pathways that lead to the pro-
duction of IFN-β), whereas others had more obscure relationships (e.g.

histone H3). The cleavage of histone H3 by the FMDV 3C protease was
one of the earliest reported in 1984 (Grigera and Tisminetzky, 1984;
Falk et al., 1990). The first 20 amino acids of histone H3 are cleaved by
the FMDV 3C protease. It was later shown that H3 is hyperacetylated at
the IFN-β promoter during viral infection (Parekh and Maniatis, 1999;
Qiao et al., 2016) and acetylation at Lys-14 is common in genes that are
being actively transcribed.

Cleavage of several of the targets in Table 1 also could facilitate the
shutoff of host transcription and translation. For example the 3Cpro of
viruses belonging to Picornaviridae have been shown to cleave RNA
polymerase II transcription factors, TATA-binding protein (Clark et al.,
1993; Kundu et al., 2005), CREB (cAMP responsive element binding
protein), Oct-1, p53, RNA polymerase III transcription factor IIIC (Clark
et al., 1991), Polymerase I factor SL-1 (Weidman et al., 2003), PABP
(Kuyumcu-Martinez et al., 2002, 2004a), eIF5B (de Breyne et al., 2008),
eIF4AI (Li et al., 2001), and eIF4GI (Foeger et al., 2002). The Picorna-
viridae proteases have also been shown to cleave TRIF (Qu et al., 2011),
RIG-I (Barral et al., 2009), MDA-5 (Barral et al., 2007), MAVS (Yang
et al., 2007), NF-ĸB (Neznanov et al., 2005), DNA-PK (Graham et al.,
2004), and NEMO (Wang et al., 2012, 2014). Calicivirus 3C-like pro-
tease (Caliciviridae) also cleaves PABP (Kuyumcu-Martinez et al.,
2004a). The HCV viral ns3/4A protease (Flaviviridae) was shown to
cleave MAVS (Lin et al., 2006; Hiscott et al., 2006; Bellecave et al.,
2010; Meylan et al., 2005). TRIF (TIR-domain-containing adapter in-
ducing interferon-β) was a common target of viral proteases (Qu et al.,
2011; Li et al., 2005a). The Dengue and Zika viral ns2B/ns3 proteases
were shown to cleave STING (stimulator of the interferon gene, also
known as a MITA, mediator of IRF3 activation) (Ding et al., 2018; Yu
et al., 2012), a protein that can interact with RIG-I and MAVS, but not
with MDA-5. Cleavage of STING by the Dengue viral protease led to the
inhibition of type I IFN production (Yu et al., 2012; Aguirre et al., 2012;
Li et al., 2005b). Here we have shown that the VEEV nsP2 protease
(Togaviridae) can cleave TRIM14 and that the ZIKV ns2B/ns3 protease
(Flaviviridae) can cleave sequences within SFRP1, a retinal Gs alpha
subunit, the NT5M deoxyribonucleotidase, and FOXG1. These bio-
chemical results may warrant further investigation by other methods.

The characteristic cleavage products of viral proteases may produce
valuable biomarkers of viral infection and could be useful in the se-
lection of therapeutics (i.e. antiviral protease inhibitors) that can in-
terfere with the virus-induced phenotype. MAVS cleavage products
were observed in humans with chronic HCV infections but not in con-
trols and the cleavage of MAVS by the HCV ns3/4A protease was as-
sociated with higher viral loads (Bellecave et al., 2010). Since bio-
markers for alphaviral infections are relatively uncharacterized, the
cleavage of TRIM14 or the downstream effects of cleavage, or both,
may be useful indicators of VEEV infection. The cleavage of TRIM14 by
the VEEV nsP2 cysteine protease may also have therapeutic value since
TRIM14 overexpression has also been associated with cancer (Hu et al.,
2018; Su et al., 2016; Xu et al., 2017).

Knowledge of the host protein substrates of Group IV viral proteases
may also provide another parameter for assessing the ability of an an-
imal model to reproduce the virus-induced phenotype. Animal models
that faithfully recapitulate the virus-induced phenotype are important
for therapeutics discovery and for the evaluation of vaccines. From
sequence alignments the viral protease cleavage site motif sequence in
the SFRP1 homologue of chickens had very high sequence identity with
the human homologue (i.e. the EGGRRGAALGV sequence is identical in
both species). The cleavage site sequences in FOXG1 were also iden-
tical. ZIKV infection of chicken embryos produces microcephaly
(Goodfellow et al., 2016). Thus, the host protein cleavage site se-
quences may be useful for the selection of an animal model or a cell
line. The SFRP1 sequences of rodents did not align well in this region,
consistent with other observations regarding ZIKV host tropism (Ding
et al., 2018). Interestingly, decreases in mRNA levels of FOXG1 and a
Wnt signaling protein called LHX2 were reported in neural progenitor
cells of Zika affected twins compared with non-affected twins (Caires-
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Junior et al., 2018). Knockdown of FOXG1 was previously shown to
decrease its own expression (Vezzali et al., 2016).

The cleavage of human host proteins by viral proteases (Table 1) may
reflect a general antagonistic strategy akin to CRISPR/Cas9 and RNAi/
RISC (Fig. 8). The cleavage site sequences recognized by viral proteases
do not appear to be randomly selected, as the majority of the proteins are
involved in generating the innate immune responses. Viral proteases are
known to be highly specific and their specificity has often been exploited
to remove fusion tags during protein purification. Several groups have
shown that viral proteases can cleave host proteins at sites with relatively
little sequence identity to the protease cleavage site sequences in the
viral polyprotein. The case presented here shows the longest continuous
stretch of nine residues that match the subsite tolerances of a viral pro-
tease (Table 1). However, it should be noted that there is no requirement
for sequence identity; each subsite in the protease has different toler-
ances for amino acid side chains and substrates only need to satisfy a
specific pattern. The use of this mechanism by Group IV (+)ssRNA
viruses may be due to the translation of the viral genome which is es-
sentially a mRNA. The production of viral enzymes, including the RNA-
dependent RNA polymerase, precedes the production of dsRNA inter-
mediates. Thus, these viral proteases may have an opportunity to short
circuit the MAVS signalosome before the intracellular antiviral responses
are triggered by dsRNA intermediates (Akhrymuk et al., 2016).

A protein version of CRISPR/Cas9 and RNAi/RISC has not been
previously described, but would likely rely on short stretches of

homologous host-pathogen protein sequences (SSHHPS) and a protease
that cleaves them. By assimilating the relatively short viral protease
cleavage sites (generally< 25 residues) to those of antiviral in-
tracellular host proteins, the virus may effectively gain a function
without incorporating a significant amount of new genomic material.
The strategy used by these viruses compactly embeds another me-
chanism of IFN-antagonism reliant on the enzymatic activity of the viral
protease. Since viruses co-evolve with their hosts, the use and propa-
gation of these host protein sequences in the nonstructural protein
cleavage sites may have been evolutionarily advantageous as viral re-
plication often hinges on protease activity and the virus' ability to an-
tagonize the host's antiviral responses. Better suppression of the host's
innate immune responses would favor viral replication and could in-
crease the fitness of the virus. Here we observed higher viral titers of
VEEV when the nsP2 protease was able to cleave the TRIM14 protein
than in the presence of the CA074me nsP2 protease inhibitor (Fig. 4G
and H). The antagonism of the host's innate immune responses by the
viral protease also suggests that information about the host may be
stored in the viral protease cleavage sites (similar to how a CRISPR
spacer sequence contains information about the phage that have in-
fected the host). These cleavage site sequences could yield information
about the hosts that have or lack protective antiviral mechanisms. For
example, the VEEV nsP2 cysteine protease cleavage site was notably
absent in equine (Fig. 5). Host-pathogen interactions also can pose a
problem in live virus vaccines, mutating the proteases so that they can

Table 1
Group IV viral proteases that have been shown to cleave host-proteins involved in the innate immune response. In bold are the proteins involved in IFN production
pathways. In bold-italics are the residues that are identical to a single viral polyprotein cleavage site, in italics are residues which are found at the same position in
other viral polyprotein cleavage sites.

Virus Family Viral
Protease

Viral Protease Cleavage
Site Motif

Host Protein
Substrate

Cleavage site in Host protein Reference

Poliovirus Picornaviridae 3Cpro (QE)↓(LIGS) RIG-1 LKKFPQ↓GQKGKV Barral et al. (2009)
TATA-binding
Protein

QGLASPQ↓GAMTPG Das and Dasgupta (1993)

TATA-binding
Protein

AAAVQQ↓STSQQA Kundu et al. (2005)

Poly(A)-binding
protein (PABP)

VHVQ↓GQ Kuyumcu-Martinez et al.
(2004b)

eIF5B VMEQ↓G de Breyne et al. (2008)
2Apro TATA-binding

Protein
MMPY↓GTGLTP Yalamanchili et al. (1997)

Rhinovirus 14 3Cpro (AV)XXQ↓G NF-ĸB LLNQ↓GIP Neznanov et al. (2005)
eIF5B VMEQ↓G de Breyne et al. (2008)

Echovirus 1 3C NF-ĸB LLNQ↓GIP Neznanov et al. (2005)
Coxsackie B virus eIF5B VMEQ↓G de Breyne et al. (2008)
Foot and Mouth disease

Virus (FMDV)
3Cpro (QE)↓(LIGS) NEMO LALPSQ↓RRSPPE Wang et al. (2012)

eIF4AI TNVRAE↓VQKLQM Li et al. (2001)
Histone H3 PRKQL↓ATKAA Falk et al. (1990)

Leader
protease

eIF4G SFANLG↓RTTLST Foeger et al. (2002)

Hepatitis A Virus 3Cpro (LVI)X(TSA)(QEX)↓
XXXX

NEMO PVLKAQ↓ADIYK Wang et al. (2012)

PABP AQ↓GA Sun et al. (2017)
3ABC MAVS LASQ↓VDSP Yang et al. (2007)
3CD TRIF DWSQ↓GCSL Qu et al. (2011)

TRIF IREQSQ↓HLDG Qu et al. (2011)
Calicivirus Caliciviridae 3C-like

protease
YELQ↓GPE PABP VHVQ↓GQN Kuyumcu-Martinez et al.

(2004a)
Dengue Flaviviridae ns2B/ns3 QKKKQR↓SGVLWD STING (MITA) VRACLGCPLRR↓GALLLLSIY Yu et al. (2012)
West Nile Virus ns2B/ns3 STING (MITA) Ding et al. (2018)
Japanese Encephlitis Virus ns2B/ns3 STING (MITA) Ding et al. (2018)
Zika Virus ns2B/ns3 (KG)(KR)R↓(SG) STING (MITA) HIHSRYR↓GSYWRTVR Ding et al. (2018)

SFRP1 SEGGRR↓GAALGVLL (this work)
Gs alpha QVAGRR↓GAALPCSL (this work)
NT5M VPAGRR↓GAAGGLGL (this work)
FOXG1 KLAFKR↓GARLTSTG (this work)

Hepatitis C Virus ns3/4A C↓(SA) MAVS EREVPC↓HRPS Meylan et al. (2005),
Bellecave et al. (2010)

TRIF PPPPPSSTPC↓SAHLTPSSLE Li et al. (2005a)
VEEV Togaviridae nsP2 AG(ACR)↓(GAY) TRIM14 DCFATGRHYWEVDVQEAGA↓GWWVGA (this work)
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no longer cleave the host proteins, could be a useful strategy for de-
risking a live virus vaccine.

What is common among these three mechanisms of silencing is that
they each rely on a short sequence to identify a larger target sequence
to destroy; they are analogous to “search and delete” algorithms that
utilize a “keyword” to identify a file to delete (Fig. 8). Each of these
programs carries an enzyme able to identify a match between the short
sequence and the larger target sequence and then cleave the identified
target. All of the mechanisms are used to silence or antagonize a re-
sponse; the relationship between the short sequence and the target se-
quence is typically between a host and pathogen, more specifically a
virus. In each case these mechanisms are used as defensive mechanisms,
protecting the host from a virus or a virus from a host.

Modulation of the innate immune responses by small molecules to
treat acute viral infections is still a challenging problem in drug dis-
covery. Pathogen-specific mechanisms of innate immune response
suppression are of significant interest to ongoing drug discovery efforts
against viral encephalitides and Zika since one small molecule may be
able to exert two beneficial effects- inhibition of viral replication and
alleviation of suppression of the innate immune responses.
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