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22 SUMMARY:
23 We present a general protocol for identifying short stretches of homologous host-pathogen
24 protein sequences (SSHHPS) embedded in the viral polyprotein. SSHHPS are recognized by viral
25 proteases and direct the targeted destruction of specific host proteins by several Group IV
26  viruses.
27
28  ABSTRACT:
29  Alphaviral enzymes are synthesized in a single polypeptide. The nonstructural polyprotein (nsP)
30 is processed by its nsP2 cysteine protease to produce active enzymes essential for viral
31 replication. Viral proteases are highly specific and recognize conserved cleavage site motif
32  sequences (~6-8 amino acids). In several Group IV viruses, the nsP protease(s) cleavage site motif
33  sequences can be found in specific host proteins involved in generating the innate immune
34  responses and, in some cases, the targeted proteins appear to be linked to the virus-induced
35 phenotype. These viruses utilize short stretches of homologous host-pathogen protein
36 sequences (SSHHPS) for targeted destruction of host proteins. To identify SSHHPS the viral
37 protease cleavage site motif sequences can be inputted into BLAST and the host genome(s) can
38 be searched. Cleavage initially can be tested using the purified nsP viral protease and
39 fluorescence resonance energy transfer (FRET) substrates made in E. coli. The FRET substrates
40 contain cyan and yellow fluorescent protein and the cleavage site sequence (CFP-sequence-YFP).
41  This protease assay can be used continuously in a plate reader or discontinuously in SDS-PAGE
42  gels. Models of the bound peptide substrates can be generated in silico to guide substrate
43  selection and mutagenesis studies. CFP/YFP substrates have also been utilized to identify
44  protease inhibitors. These in vitro and in silico methods can be used in combination with cell-
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based assays to determine if the targeted host protein affects viral replication.

INTRODUCTION:

Evidence of horizontal gene transfer from virus to host, or host to virus, can be found in a variety
of genomes!“. Examples of viral endogenization are the CRISPR spacer sequences found in
bacterial host genomes*. Recently, we have found evidence of host protein sequences embedded
in the nonstructural polyproteins of (+)ssRNA Group IV viruses. These sequences within the
coding regions of the viral genome can be propagated generationally. The short stretches of
homologous host-pathogen protein sequences (SSHHPS) are found in the virus and host>®.
SSHHPS are the conserved cleavage site motif sequences recognized by viral proteases that have
homology to specific host proteins. These sequences direct the destruction of specific host
proteins.

In our previous publication®, we compiled a list of all of the host proteins that were targeted by
viral proteases and found that the list of targets was non-random (Table 1). Two trends were
apparent. First, the majority of the viral proteases that cut host proteins belonged to Group IV
viruses (24 of 25 cases involved Group IV viral proteases), and one protease belonged to the
(+)ssRNA Group VI retroviruses (HIV, human immunodeficiency virus)’. Second, the host protein
targets being cut by the viral proteases were generally involved in generating the innate immune
responses suggesting that the cleavages were intended to antagonize the host’s immune
responses. Half of the host proteins targeted by the viral proteases were known components of
signaling cascades that generate interferon (IFN) and proinflammatory cytokines (Table 1).
Others were involved in host cell transcription®1 or translation!!. Interestingly, Shmakov et al.*
have shown that many CRISPR protospacer sequences correspond to genes involved in plasmid
conjugation or replication®.

Group IV includes, among others, Flaviviridae, Picornaviridae, Coronaviridae, Calciviridae, and
Togaviridae. Several new and emerging pathogens belong to Group IV such as the Zika virus
(ZIKV), West Nile (WNV), Chikungunya (CHIKV), severe acute respiratory syndrome virus (SARS)
and Middle East respiratory syndrome virus (MERS). The (+)ssRNA genome is essentially a piece
of mRNA. To produce the enzymes necessary for genome replication, the (+)ssRNA genome first
must be translated. In alphaviruses and other Group IV viruses, the enzymes necessary for
replication are produced in a single polyprotein (i.e., nsP1234 for VEEV). The nonstructural
polyprotein (nsP) is proteolytically processed (nsP1234 — nsP1, nsP2, nsP3, nsP4) by the nsP2
protease to produce active enzymes!? (Figure 1). Cleavage of the polyprotein by the nsP2
protease is essential for viral replication; this has been demonstrated by deletion and site-
directed mutagenesis of the active site cysteine of the nsP2 protease®®!4. Notably, the translation
of viral proteins precedes genome replication events. For example, nsP4 contains the RNA-
dependent RNA polymerase needed to replicate the (+)ssRNA genome. Genome replication can
produce dsRNA intermediates; these intermediates can trigger the host’s innate immune
responses. Thus, these viruses may cleave host innate immune response proteins early in
infection in order to suppress their effects!>1’,

Silencing can occur at the level of DNA, RNA, and protein. What is common to each of the
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silencing mechanisms shown in Figure 1 is that short foreign DNA, RNA, or protein sequences are
used to guide the destruction of specific targets to antagonize their function. The silencing
mechanisms are analogous to “search and delete” programs that have been written in three
different languages. The short cleavage site sequence is analogous to a “keyword”. Each program
has an enzyme that recognizes the match between the short sequence (the “keyword”) and a
word in the “file” that is to be deleted. Once a match is found, the enzyme cuts (“deletes”) the
larger target sequence. The three mechanisms shown in Figure 1 are used to defend the host
from viruses, or to defend a virus from a host’s immune system.

Viral proteases recognize short cleavage site motif sequences between ~2-11 amino acids; in
nucleotides, this would correspond to 6-33 bases. For comparison, CRISPR spacer sequences are
~26-72 nucleotides and RNAi are ~20-22 nucleotides'®'®. While these sequences are relatively
short, they can be recognized specifically. Given the higher diversity of amino acids, the
probability of a random cleavage event is relatively low for a viral protease recognizing protein
sequences of 6-8 amino acids or longer. The prediction of SSHHPS in host proteins will largely
depend upon the specificity of the viral protease being examined. If the protease has strict
sequence specificity requirements the chance of finding a cleavage site sequence is 1/206= 1 in
64 million or 1/20% =1 in 25.6 billion; however, most proteases have variable subsite tolerances
(e.g., Ror Kmay be tolerated at the S1 site). Consequently, there is no requirement for sequence
identity between the sequences found in the host versus the virus. For viral proteases that have
looser sequence requirements (such as those belonging to Picornaviridae) the probability of
finding a cleavage site in a host protein may be higher. Many of the entries in Table 1 are from
the Picornaviridae family.

Schechter & Berger notation?° is commonly used to describe the residues in a protease substrate
and the subsites to which they bind, we utilize this notation throughout. The residues in the
substrate that are N-terminal of the scissile bond are denoted as P3-P2-P1 while those that are
C-terminal are denoted as P1’-P2’-P3’. The corresponding subsites in the protease that bind these
amino acid residues are S3-S2-S1 and S1’-S2’-S3’, respectively.

To determine which host proteins are being targeted, we can identify SSHHPS in the viral
polyprotein cleavage sites and search for the host proteins that contain them. Herein, we outline
procedures for identifying SSHHPS using known viral protease cleavage site sequences. The
bioinformatic methods, protease assays, and in silico methods described are intended to be used
in conjunction with cell-based assays.

Sequence alignments of the host proteins targeted by viral proteases have revealed species-
specific differences within these short cleavage site sequences. For example, the Venezuelan
equine encephalitis virus (VEEV) nsP2 protease was found to cut human TRIM14, a tripartite motif
(TRIM) protein®. Some TRIM proteins are viral restriction factors (e.g., TRIM5a?!), most are
thought to be ubiquitin E3 ligases. TRIM14 lacks a RING (really interesting new gene) domain and
is not thought to be an E3 ligase??2. TRIM14 has been proposed to be an adaptor in the
mitochondrial antiviral signalosome (MAVS)??, but may have other antiviral functions®.
Alignment of TRIM14 sequences from various species shows that equine lack the cleavage site



133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

and harbor a truncated version of TRIM14 that is missing the C-terminal PRY/SPRY domain. This
domain contains a polyubiquitination site (Figure 2). In equine, these viruses are highly lethal
(~20-80% mortality) whereas in humans only ~1% die from VEEV infections?4. Cleavage of the
PRY/SPRY domain may transiently short circuit the MAVS signaling cascade. This cascade can be
triggered by dsRNA and leads to the production of interferon and pro-inflammatory cytokines.
Thus, the presence of the SSHHPS may be useful for predicting which species have defense
systems against specific Group IV viruses.

In Group IV viruses, IFN antagonism mechanisms are thought to be multiply redundant?®. Host
protein cleavage may be transient during infection and concentrations may recover over time.
We found in cells that TRIM14 cleavage products could be detected very early after transfection
(6 h) with a plasmid encoding the protease (cytomegalovirus promoter). However, at longer
periods, the cleavage products were not detected. In virus-infected cells, the kinetics were
different and cleavage products could be detected between 6-48 hé. Others have reported the
appearance of host protein cleavage products as early as 3-6 h post infection®%,

Proteolytic activity in cells is often difficult to catch; the cleavage products can vary in their
solubility, concentration, stability, and lifetime. In cell-based assays, it cannot be assumed that
cleavage products will accumulate in a cell or that the band intensities of cut and uncut protein
will show compensatory increases and decreases as the cut protein may be degraded very quickly
and may not be detectable in a Western blot at an expected molecular weight (MW) (e.g., the
region containing the epitope could be cleaved by other host proteases or could be
ubiquitinated). If the substrate of the viral protease is an innate immune response protein, its
concentration may vary during infection. For example, some innate immune response proteins
are present prior to viral infection and are induced further by interferon?®. The concentration of
the target protein may therefore fluctuate during infection and comparison of uninfected vs.
infected cell lysates may be difficult to interpret. Additionally, all cells may not be uniformly
transfected or infected. In vitro protease assays using purified proteins from E. coli on the other
hand have fewer variables for which to control and such assays can be done using SDS-PAGE
rather than immunoblots. Contaminating proteases can be inhibited in the early steps of the
protein purification of the CFP/YFP substrate, and mutated viral proteases can be purified and
tested as controls to determine if the cleavage is due to the viral protease or a contaminating
bacterial protease.

One limitation of in vitro protease assays is that they lack the complexity of a mammalian cell.
For an enzyme to cut its substrate, the two must be co-localized. Group IV viral proteases differ
in structure and localization. For example, the ZIKV protease is embedded in the endoplasmic
reticulum (ER) membrane and faces the cytosol, whereas the VEEV nsP2 protease is a soluble
protein in the cytoplasm and nucleus?’. Some of the cleavage site sequences found in the ZIKV
SSHHPS analysis were in signal peptides suggesting that cleavage might occur co-translationally
for some targets. Thus, the location of the protease and the substrate in the cell also needs to be
considered in these analyses.

Cell-based assays can be valuable for establishing a role for the identified host protein(s) in
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infection. Methods that aim to halt viral protease cleavage of host proteins such as the addition
of a protease inhibitor® or a mutation in the host target® can be used to examine their effects on
viral replication. Overexpression of the targeted protein also may affect viral replication?®. Plaque
assays or other methods can be used to quantify viral replication.

PROTOCOL:
1. Bioinformatics: identification of SSHHPS in the host genome using BLAST
NOTE: Protein BLAST can be found at blast.ncbi.nlm.nih.gov/Blast.cgi.

1.1. Input ~20 amino acids surrounding the scissile bond in the viral polyprotein. Select non-
redundant protein sequences and type in the host genome to be searched (e.g., Homo sapiens).

1.1.1. If needed, select PHI-BLAST. Type in a pattern sequence (e.g., for the 25 residues of V12
shown below enter the pattern “AG” without quotes).

VEEV nsP1/2 V12 VEEPTLEADVDLMLQEAQAwLGSVETP
VEEV nsP2/3 V23 LSSTLTNIYTGSRLHEAQCJ«APSYHV
VEEV nsP3/4 V34 TREEFEAFVAQQQRFDAgAi«YIFSSD

NOTE: In PHI-BLAST, square brackets [XY] indicate that amino acid X or Y can be at the subsite
position (e.g., AG[AC][GAY]).

1.1.2. Inspect the BLAST results and identify the hits that have high sequence identity to residues
that are conserved in the polyprotein cleavage sites (e.g., tripartite motif protein 14) (Figure 3).

NOTE: For serine proteases higher conservation of the P1 residue is expected, while for cysteine
proteases higher conservation of the P2 residue is expected.

1.1.3. Color the residues that are identical to a cleavage site sequence and are in sequential order
(no gaps). Color the residues tolerated at the subsite, but present in a different cleavage site in a
second color.

NOTE: Residues that represent conservative substitutions (e.g., Leu vs. Val) that are not present
in a viral cleavage site also may be found and may or may not be recognized by the viral protease.

1.1.4. Rank order the BLAST hits based upon the number of consecutive identical or tolerated
residues that match a cleavage site sequence. From the list, select the proteins containing >6
identical or similar residues for analysis in protease assays.

1.1.5. Repeat the procedure for the other cleavage sites (nsP2/3, nsP3/4, etc.) and gradually
strengthen the prediction by adding more highly conserved residues to the PHI-BLAST pattern.
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2. In vitro assays: designing and preparing protease substrates

2.1. Construct a plasmid encoding the cyan fluorescent protein (CFP), <25 amino acids of the
cleavage site sequence, followed by the yellow fluorescent protein (YFP, also known as Venus?°).

NOTE: The plasmid can be constructed using sequence and ligation independent cloning (SLIC)3°
or commercial gene synthesis. A pet15b plasmid containing the sequence shown in Figure 4 was
synthesized commercially and was used here.

2.1.1. To optimize the substrate length, construct additional variable length FRET substrates
containing 12-25 amino acids of the natural viral polyprotein cleavage site sequences using a 2-
fragment SLIC reaction. Analyze cleavage using the SDS-PAGE gel-based assay or by measuring
steady state kinetic parameters using the methods below.

NOTE: In some cases, cleavage sites can be identified by homology to known cleavage sites3?. If
cleavage of the substrates containing the polyprotein junction sequences is not observed, there
may be a requirement for additional residues or a structural motif (e.g., an alpha helix3?).
Alternatively, the purified viral protease may be inactive. Confirm cleavage of the viral
polyprotein sequences before pursuing SSHHPS analysis. The number of residues in the substrate
was optimized for the VEEV protease using variable length substrates (12 to 25 amino acids)
followed by analysis of Vmax and Kn3%33. The Zika viral ns2B/nsB protease cleavage sites used in
the examples have been published343.

2.2. Prepare the CFP/YFP substrates by freshly transforming 8-20 uL of BL-21(DE3) E. coli
competent cells with the CFP-V12-YFP plasmid according to manufacturer’s directions and plate
on Luria Bertani (LB) agar plates containing 50 pug/mL Ampicillin (37 °C).

2.2.1. Autoclave four 4 L flasks containing LB media (1.5 L media per flask) and 100 mL of LB in a
250 mL flask. Cap each flask with aluminum foil.

2.2.2. Inoculate the 100 mL culture with a colony of the freshly transformed bacteria and grow
at 37 °C with shaking (200 rpm) overnight.

2.2.3. To make the CFP/YFP substrate, inoculate four 4 L flasks with 25 mL of an overnight culture.
Begin shaking the cultures at 37 °C and monitor growth by UV-vis spectroscopy at 600 nm hourly.

2.2.4. When the bacteria reach an absorbance of ~1.0 at 600 nm (approximately ~3-4 h of growth)
induce protein expression by adding 0.5 mL of 1 M isopropyl-B-D-thiogalactoside (IPTG) per flask.
After adding IPTG, lower the temperature of the shaking incubator to 17 °C and allow expression
to continue overnight for 17-20 h.

2.2.5. Pellet the bacteria using a high-speed centrifuge at 7,000 x g for 10 min (4 °C) and retain
the pellets. Remove and discard liquid media. Store the pellets at -80 °C or lyse immediately.
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2.2.6. Prepare 100 mL of lysis buffer containing 50 mM Tris pH 7.6, 500 mM NaCl, 35 mL of
bacterial protein extraction reagent, 30 mg of lysozyme, 25 U of DNase, and 1 protease inhibitor
tablet. Resuspend the pellets in lysis buffer with a pipette and transfer ~25-35 mL into 50 mL
disposable conical tubes.

2.2.7. Place the tubes in a plastic beaker containing ice water. Insert the sonicator tip into the
tubes so that the tip is ~¥1 cm from the bottom of the tube and sonicate the lysates 10-20 times
on level 5 for 15 s intervals until the lysate becomes fluid and liquefied.

NOTE: Use hearing protection during sonication.

2.2.8. Transfer the lysate to high speed centrifuge tubes and centrifuge at 20,500 x g for 30 min
at 4 °C. After the spin, retain the supernatant (~100 mL) and transfer it to a clean bottle. Discard
the pellets.

2.2.9. Prepare 1 L of Buffer A (50 mM Tris pH 7.6, 500 mM NacCl). Prepare 300 mL of Buffer B (50
mM Tris pH 7.6, 500 mM NaCl, 300 mM Imidazole).

2.2.10. Equilibrate a 100 mL nickel column using 3 column volumes of Buffer A and a flow rate of
5 mL/min.

2.2.11. Load the lysate onto the nickel column using a flow rate of 2 to 5 mL/min. Wash the
column with 2 column volumes of Buffer A, followed by ~5 column volumes of 20% Buffer B.
During the 20% Buffer B wash, the absorbance at 280 nm (A2s0) will increase as contaminants
elute from the column during the wash. Continue washing the column until the Azso of the eluate
has returned to baseline values.

2.2.12. Elute the protein with 2-3 column volumes of 100% Buffer B using a flow rate of 2-5
mL/min and collect 10 mL fractions. Measure the A.go of each fraction.

2.2.13. Combine and concentrate fractions containing Azs > 0.1 using a 15 mL centrifugal
ultrafiltration unit. Spin the ultrafiltration units at 5,000 x g for 15 min and continue to add
fractions until the volume has been reduced to ~50-75 mL.

2.2.14. Cut a 14 inch piece of dialysis tubing with a molecular weight cut-off (MWCO) of 6-8 kDa.
Hydrate the dialysis tubing by boiling it fully submerged in 300 mL of water for 10 min. Tie a
secure knot at one end of the membrane. Fill the bag with dialysis buffer to ensure that no cracks

or leaks are present. Remove the buffer from the bag and keep the bag submerged in the dialysis
buffer.

2.2.15. Transfer the concentrated protein from 2.2.13 into the dialysis bag with a plastic pipette.
Remove any air bubbles from the bag. Close the bag with a second knot or a dialysis clip. Dialyze
the protein against 500 mL of 50 mM Tris pH 7.6, 5 mM EDTA (ethylenediaminetetraacetic acid),
250 mM NaCl in a 500 mL graduated cylinder overnight at 4 °C.
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2.2.16. Dialyze the protein a second time against 500 mL of 50 mM Tris pH 7.6 at 4 °C for 2 h.

2.3.  For the anion exchange column prepare 500 mL of Buffer A (50 mM Tris pH 7.6) and 500
mL Buffer B (50 mM Tris pH 7.6, 1.0 M NaCl). Equilibrate a 30 mL anion exchange column with 3
column volumes of Buffer A (2-5 mL/min).

2.3.1. Remove the protein from the dialysis bag and transfer to a bottle. Keep the bottle on ice.
Load the dialyzed protein onto the column (2-5 mL/min).

NOTE: The CFP/YFP protein will bind the column and will be yellow in appearance.

2.3.2. Wash the column with Buffer A until the Azso returns to baseline (5 mL/min). Elute the
protein using a gradient (0-50% Buffer B, 100 mL) and collect 10 mL fractions.

2.3.3. Inspect the column fractions using SDS-PAGE. Combine those that are >95% pure.

2.3.4. Concentrate the protein to an Azsp ~10-20 using a 15 mL centrifugal ultrafiltration unit.
Spin the concentrator at 4,500 x g for 10 min at 4 °C and continue to add protein until all of the
protein-containing fractions have been combined.

2.4.  Carefully remove the protein from the concentrator with a pipette. Aliquot the protein
into 1.5 mL microcentrifuge tubes and flash freeze in liquid nitrogen for long term storage at -80
°C. Buffer exchange the protein at room temperature using a PD-10 column equilibrated with the
appropriate assay buffer prior to use.

2.5. Using Beer’s law calculate the protein concentration using the Azso and a calculated
extinction coefficient (e.g., for the V12 substrate the € = 47,790 M cm™2).

NOTE: The extinction coefficient (€) can be calculated from the protein sequence in Figure 4 using
the Expasy ProtParam program (https://web.expasy.org/protparam/).

3. Preparation of the alphaviral nsP2 cysteine protease

3.1. Design and construct a plasmid encoding the protease. For cysteine proteases, use the
pet32 plasmid to construct a thioredoxin (Trx) fusion protein.

NOTE: The pet32 plasmid encodes a thrombin cleavage site (LVPRYGS) for removal of the
thioredoxin and His-tag (Figure 5). Thioredoxin will help maintain the active site cysteine in a
reduced state during expression. For serine proteases, the thioredoxin is not needed and steps
involving its removal by thrombin can be omitted. The VEEV nsP2 protease sequence was
incorporated into a pet32b plasmid that was prepared commercially to avoid handling Select
agents.
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3.1.1. Freshly transform the plasmid DNA into BL21(DE3)plLysS E. coli according to
manufacturer’s directions. Plate the bacteria on LB agar plates containing Ampicillin.

NOTE: Chloramphenicol is only used for E. coli strains carrying the pLysS plasmid and is omitted
if BL21(DE3) cells are used. It is not necessary to include chloramphenicol on the LB agar plate in
this step.

3.1.2. Autoclave four 4 L flasks of 1.5 L of LB media (6 L total volume) and 100 mL of LB in a 250
mL flask. Cap each flask with aluminum foil.

3.1.3. Inoculate a 100 mL overnight culture of LB/Ampicillin with a colony from the plate and
grow in a shaking incubator (200 rpm) at 37 °C.

3.1.4. Inoculate the 4 L flasks with 25 mL of the overnight culture and add the appropriate
antibiotics.

NOTE: The media for the BL21(DE3) pLysS cells carrying the pet32 plasmid should have final
concentrations of 25 ug/mL chloramphenicol and 50 pg/mL Ampicillin.

3.1.5. Induce protein expression by adding 0.5 mL of IPTG to the culture when the absorbance
at 600 nm reaches 1.0. Lower the temperature of the shaking incubatorto 17 °C. Allow expression
to continue overnight (~17 h).

3.1.6. Pellet the cells by centrifugation (7,000 x g for 10 min at 4 °C). Remove and discard the
liqguid media.

NOTE: The pellets can be stored at -80 °C for months or lysed immediately.

3.1.7. Prepare 100 mL of lysis buffer (50 mM Tris pH 7.6, 500 mL NaCl, 2 mM beta
mercaptoethanol (BME), 30 mg lysozyme, 5% glycerol, 25 U DNase, 35 mL bacterial protein
extraction reagent). Open bottles of BME in a chemical hood when adding. Keep the bacterial
lysate on ice or at 4 °C for this and all subsequent steps.

NOTE: For cysteine proteases, 2 mM BME is included to keep the nucleophilic cysteine reduced.
The columns can be run at room temperature using chilled buffers. Buffers should be made with
cold deionized water cooled to 4 °C.

3.1.8. Resuspend the bacterial pellets in ~25 mL of lysis buffer and transfer ~25 mL of the lysate
into 4 x 50 mL disposable conical tubes. Place the tubes into plastic beakers containing ice water.
Sonicate the lysate 10 times on level 5 for 15 s intervals.

3.1.9. Transfer the lysate into high speed centrifuge tubes. Clarify the lysate by centrifugation
(30 min, 20,500 x g at 4 °C).
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3.1.10. Prepare 0.5 L of Buffer A (50 mM Tris pH 7.6, 500 mM NaCl, 5% glycerol, 2 mM BME) and
chill to 4 °C.

3.1.11. Prepare 250 mL of Buffer B (50 mM Tris pH 7.6, 500 mM NaCl, 5% glycerol, 2 mM BME,
300 mM imidazole) and chill to 4 °C.

3.1.12. Equilibrate a 50 mL nickel column with 3 column volumes of Buffer A. Load the clarified
lysate onto the column at 2-5 mL/min and discard the pellets.

3.1.13. Wash the column (2-5 mL/min) with 2 column volumes of Buffer A followed by 5 column
volumes of Buffer A containing 20% Buffer B (60 mM Imidazole). Elute the protein (5 mL/min)
with 100% Buffer B and collect 10 mL fractions.

3.1.14. Combine and concentrate fractions containing the protease that have Azso > 0.1 using a
15 mL centrifugal ultrafiltration unit and 15 min spins at 5,000 x g at 4 °C. After the volume has
been reduced to ~ 5 mL, buffer exchange the protein in the concentration unit by adding fresh
dialysis buffer to the protein (50 mM Tris pH 7.6, 250 mM NaCl, 5 mM dithiothreitol (DTT), 1 mM
EDTA, 5% Glycerol). Spin again at 5,000 x g at 4 °C for 15 min; repeat the buffer exchange step 2-
3 times. Add thrombin to the protein (20 pL of 1 unit/uL) prior to dialysis to remove the
thioredoxin and His-tag.

3.1.15. Transfer the protein into a dialysis bag and dialyze against 500 mL of the dialysis buffer (4
°C) in a 500 mL graduated cylinder overnight.

NOTE: The FPLC (fast protein liquid chromatography) system and the nickel column should be
thoroughly cleaned with stripping buffer (2 M NaCl, 50 mM EDTA) before proceeding to the anion
exchange column. Any residual nickel in the FPLC lines will turn the buffer solutions containing
DTT brown when mixed. Wash the nickel column and FPLC system with 4 column volumes of
water. Pump wash the FPLC system thoroughly with water. The nickel column can be regenerated
by flowing 2 column volumes of 0.2 M nickel sulfate over the resin for subsequent purifications.

3.2.  For the anion exchange column prepare 1 L of Buffer A (50 mM Tris pH 7.6, 5 mM DTT,
5% glycerol).

3.2.1. Prepare 0.5 L of Buffer B (50 mM Tris pH 7.6, 5 mM DTT, 5% glycerol, 1.25 M NacCl).

3.2.2. Equilibrate a 30 mL anion exchange column with Buffer A (3 column volumes, 2-5
mL/min). Place the tubes in the fraction collector for collection of the flow through.

NOTE: The VEEV protease has a calculated isoelectric point (pl) of 8.7 and will bind cation-
exchange columns but will flow through anion exchange columns. The pl can be calculated from
the protein sequence using the Expasy ProtParam program
(https://web.expasy.org/protparam/).
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3.2.3. Dilute the dialyzed protein 1:3 with Buffer A, and then load the protein (5 mL/min). Collect
the flow-through in 10 mL fractions.

3.3.  Remove the anion exchange column from the FPLC system. Connect a cation exchange
column to the FPLC system. Equilibrate a 30 mL cation exchange column with 3 column volumes
of Buffer A (5 mL/min).

3.3.1. Load the flow through of the anion exchange column onto the cation exchange column at
2-5 mL/min. Wash the column with Buffer A until the A.so returns to baseline level. Elute the
protein with a 100 mL gradient (0-50% Buffer B) and collect 10 mL fractions.

NOTE: The VEEV protease will elute at around 0.6 M NacCl.

3.3.2. Inspect the column fractions using SDS-PAGE. Combine fractions that are >95% pure and
concentrate to an Azso = 2 using 15 mL centrifugal ultrafiltration units. The enzyme can be flash-
frozen in liquid nitrogen and stored at -80 °C.

4. Assaying the enzyme continuously using a plate reader
4.1. Prepare 50 mL of assay buffer (50 mM HEPES pH 7.0).

4.1.1. As the alphaviral proteases have relatively low keat values, dilute the enzyme in the assay
buffer to 4.7 uM (this will roughly correspond to an Azso = 0.2 for the VEEV protease without Trx).

4.1.2. To measure the activity of the enzyme, prepare a stock of substrate in the assay buffer
with a concentration of 185 uM; this will roughly correspond to an Azso = 9. In 8 microcentrifuge
tubes, prepare the reaction mixes shown in Table 2 by combining the appropriate volumes of the
185 uM substrate stock and buffer. In a black half-area 96-well plate pipet 45 uL of the reaction
mixes into 3 wells (columns 1, 2, 3). Row A should contain the [S] = 5 uM reaction mix, and Row
H should contain the [S] = 140 uM reaction mix.

4.1.3. Set the plate reader to detect simultaneously fluorescence at two wavelengths with a
fixed photomultiplier tube (PMT) setting (e.g., low):

Wavelength 1 excitation =434 nm, emission =527 nm

Wavelength 2 excitation =434 nm, emission =470 nm

4.1.4. Settheread timeto 20 min (measuring 1 read per minute) and select the wells to be read.
Insert the plate into the plate reader and measure the spontaneous rate of hydrolysis for 20 min.
Monitor the emission ratios (emission at 527/emission at 470) over time.

4.1.5. Run an endpoint read of the plate containing the “UNCUT” substrate.

NOTE: These values will be used in subsequent data calculations. The average of the emission
ratios from 3 wells will be the values of the “UNCUT” substrate at t=0 in Table 3.
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4.1.6. Remove the plate and pipet 5 uL of enzyme into each well. Read the plate again for 20
min with 1 read per minute. Set the plate reader to output absolute values.

NOTE: For this assay, the slopes will be negative. Each well will contain a total volume of 50 pL.

4.1.7. Atthe end of the read, seal the plate with film to prevent evaporation. Leave the plate at
room temperature overnight to allow the enzyme to cut the substrate completely.

4.1.8. After ~24 h, remove the sealing film and perform an endpoint read of the plate using the
same PMT as in the prior plates. Average these emission ratios and input into Table 3 under
“CUT”. Confirm the cleavage of the substrate using the SDS-PAGE discontinuous assay described
below (Step 5.1.).

4.1.9. Export the data to a spreadsheet. Output the fluorescence units at each time point for
the 2 wavelengths (Table 4).

4.1.10. Calculate the nmol of substrate that have been cut at time t using equation (1) where X is
the emission ratio (527 nm/470 nm) at a given time point, neg is the emission ratio of the
“UNCUT” substrate at t=0, and pos is the emission ratio of the completely “CUT” substrate
measured after 24 h of cutting (Table 3).

X—neg

————* nmol = nmols of S cut at time t (1)
(pos—neg)

NOTE: Representative fluorescence data are shown for one well (well E7) containing 80 uM
substrate (4 nmol of S per well) in Table 4. The calculations were performed for each well in the
plate.

4.1.11. For each well, plot nmol vs. time (min) and obtain the initial velocities (slopes) by fitting
the data to y = mx + b. For the data collected in 4.1.5, plot nmol vs. time (min) for each well. The
slope will equal the nmol product produced per minute. Subtract the spontaneous rates of
hydrolysis measured in 4.1.5 from the enzyme-catalyzed reaction rates (Table 5).

NOTE: The first read can be clipped from the data if it is artifactually high due to movement of
the plate into the plate reader.

4.1.12. Calculate the amount of enzyme in mg that was added to each well (e.g., 0.0009 mg). A
unit is defined as a pmol of product produced per minute (umol/min). Divide the nmol/min by
the mg of enzyme present in the well to obtain mU/mg; divide by 1000 to obtain U/mg.

4.1.13. Plot [S] uM on the x-axis and U/mg on the y-axis and fit the data to the Michaelis-Menten
equation to obtain Vmax and Km. This can be done in the software (e.g., GraFit).
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5. Assaying the enzyme discontinuously using SDS-PAGE analysis

5.1.  Prepare a 50 ulL reaction containing 10 uM substrate and buffer in place of enzyme and
label as “UNCUT.”

NOTE: The volumes of substrate and buffer are shown in Table 2. If the continuous assay has
been run, the samples can be used directly from the 96-well plate.

5.1.1. Prepare a 50 plL reaction containing 10 uM substrate and 5 pL enzyme and label as “CUT”.
Start the timer when the enzyme is added to the substrate.

NOTE: Inhibitors can be added to additional tubes containing enzyme and substrate. Adjust the
volume of added buffer to compensate for the added volume of inhibitor. Concentrations of
DMSO should not exceed 2%.

5.1.2. Incubate the reactions for ~15-24 h at room temperature (22 + 3 °C). Stop the reactions
by adding 50 pL of 2x Laemelli buffer. After stopping the reaction boil, each tube for 3-10 min.

5.1.3. Assemble the gel tank according to the manufacturer’s directions. Insert a 17-well pre-
cast 12% polyacrylamide gel cassette and a buffer dam on the other side. Fill the interior reservoir
of the cell with 1x SDS running buffer until the buffer reaches the top of the cassette. Fill the
external reservoir half-full with the same buffer.

5.1.4. To analyze cleavage using the discontinuous assay, load 5 uL of each reaction mixture into
a lane of an SDS-PAGE gel beginning with the “UNCUT” reaction. Include a molecular weight
marker in the first or last lane.

5.1.5. Attach the electrodes of the gel tank to the power supply and separate the products at
110 V for 60 min. Remove the gel from the cassette by inserting the cracking tool in between the
plates. Place the gel in a plastic tray and submerge the gel in 5-10 mL of gel staining solution;
bands will be visible within 30 min. After 1-24 hours remove the excess stain, submerge the gel
in water and use a gel imager to take a picture of the gel.

6. Docking substrate peptides to the VEEV-nsP2 cysteine protease

6.1. Download the coordinate file for the VEEV cysteine protease from the PDB
(https://www.rcsb.org/). The PDB code is 2HWK. Save the file as 2HWK.pdb.

6.1.1. Prepare the protein structure using MOE (https://www.chemcomp.com/). Load the
protein PDB file into MOE. Click the Select and Solvent on the right hand side bar and delete the
solvent.

6.1.2. Open the Structure Preparation panel from the top menu bar Protein. Automatically
correct all structural items by clicking on Correct and protonate the structure by clicking on
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Protonate3D. Add partial charges to the protein by opening Partial Charges panel and selecting
Amber 99 and Adjust hydrogens and Lone pairs as required. Finally, save the structure file as
“2HWK_dock.pdb”.

6.2.  Build the structure for the substrate peptides (nsP12, nsP23, nsP34) and TRIM14 using
MOE. Open the Protein Builder panel, enter the substrate sequence, set the Geometry as
Extended, and click on Build. The structure will be shown in MOE window.

6.2.1. Minimize the peptide structure by clicking Minimize on the panel. Save the structure as a
PDB file (Figure 6).

6.3. Dock the substrate peptides to VEEV-nsP2 using PyRx/AutoDock 4.2
(http://autodock.scripps.edu/). Open the PyRx Tool, edit the preference setting, inactivate all
torsions for Ligand Preparation. Load the substrate molecule, right click the molecule name on
the Navigator panel, select Make ligand to prepare the ligand docking file. Load the protein
2HWK_ clean.pdb, and select Make macromolecule to prepare the pdbqgt docking file (Figure 7).

6.3.1. Start the AutoDock Wizard on the docking panel at the bottom. Select the prepared
ligand and protein files. Define the protein binding pocket by manually adjusting the grid
dimension which is centered at the catalytic residue Cys-477. Using the default spacing
parameter 0.375 A. Click on Run AutoGrid to generate grid maps.

6.3.2. Run AutoDock and select the Lamarckian Genetic Algorithm (LGA) method. Click on the
Docking Parameters and set the Number of GA runs to 50. Use the default parameters for others.
Click on Forward to start the docking run.

6.3.3. Open the Analyze Results panel. Inspect all predicted binding poses. Select the best model
with the lowest predicted binding energy and reasonable binding interactions between the Cys-
477 and substrate on the cleavage site. Save the binding model as PDB file for further MD
simulations.

7. MD simulations of docked VEEV-substrate complexes
7.1.  Prepare the input files using Amber (http://ambermd.org/). Following the standard

protocol, MD simulations are performed for the predicted substrate binding models using the
AMBER package and the ff99SB force field.

NOTE: The solvated systems are subjected to a thorough energy minimization prior to MD
simulations. Periodic boundary conditions are applied to simulate a continuous system. The
particle mesh Ewald (PME) method was employed to calculate the long-range electrostatic
interactions. The simulated 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.


http://autodock.scripps.edu/
http://ambermd.org/

616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

7.1.1. Run the simulation job at a high performance computing facility. Our simulations were
run on the Biowulf cluster (https://hpc.nih.gov/) (Figure 8).

7.1.2. Visualize the trajectory output using the VMD program
(www.ks.uiuc.edu/Research/vmd/). Analyze the binding interactions and conformational
changes of the substrates and TRIM14 within the active site of nsP2 (Figure 9).

REPRESENTATIVE RESULTS:

SSHHPS analysis of the ZIKV ns2B/3 protease identified 4 host protein targets: FOXG1, SFRP1, a
Gs alpha subunit from a retinal cDNA library, and the NT5M mitochondrial 5’,3’-nucleotidase
(Figure 10)°. Notably, no other method predicted these proteins as potential targets of the ZIKV
protease. Mutations in the FOXG1 gene have been linked to a congenital syndrome characterized
by impaired development and structural brain abnormalities such as microcephaly. SFRP1 is a
secreted frizzled-related protein (SFRP); these soluble receptors can competitively bind Wnt
ligands to antagonize and inhibit Wnt signaling. The Wnt signaling pathway is involved in the
regulation of the IFN response during Flavivirus infection3®. The cleavage of SFRP1 would be
expected to enhance flavivirus replication. SFRP1 is also involved in Th17-cell differentiation?’.
Sequence alignments of the SSHHPS showed species-specific differences in the cleavage site
sequences (Figure 10D). The cleavage site sequence in SFRP1 was identical in humans and
chickens; ZIKV can induce mortality and microcephaly in chicken embryos®. In rodents, the highly
conserved P1 residue (K/R)R G is substituted by a glycine (RGG). Immunocompetent strains of
mice are generally resistant to ZIKV infection and disease3°.

Steady state kinetic parameters and inhibition constants can be measured for the viral
polyprotein sequences and for the host protein sequences using the continuous assay in a plate
reader34%41 (Figure 11A). For qualitative cleavage information, such as cleavage of a particular
sequence or the inhibition of the protease by various compounds, the discontinuous assay can
be used (Figure 11B).

Optimization of the number of residues in between CFP and YFP may be required. A substrate-
bound model can be made using the in silico methods. A representative docked model of the
nsP1/nsP2 junction is shown in Figure 9. For the VEEV nsP2 protease, cleavage of a 12-amino acid
Semliki Forest Virus (SFV) sequence had been reported (Km = 0.58 mM33). Lengthening the
substrate sequence to 19, 22, and 25 residues and reducing the ionic strength of the buffer led
to a significant reduction in Km. Examination of the VEEV nsP2 crystal structure and crystal
packing also showed that a portion of one of the junctions was packed against the protease
domain and was helical. Thus, the longer VEEV substrates may bind better due to the recognition
of a secondary structural motif.

For TRIM14, we obtained a Km = 21 pM®33, The K, for the substrate carrying the host protein
sequence was comparable to the Ky values of the substrates containing the viral polyprotein
cleavage site sequences (Km(V12) = 12 uM and Kn(V34) = 21 uM). The cleavage site sequences at
the nsP1/nsP2, nsP2/nsP3, and nsP3/nsP4 junctions were cut with different efficiencies. In the
cell, this is thought to allow for sequential cleavage of the polyprotein®2.
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Caution should be taken in interpreting negative results. If no cleavage occurs, the cleavage site
may be too short or the purified protease may be inactive. For substrates that are cut, additional
experiments are needed to confirm cleavage of the full length protein or cleavage in virus-
infected cells. Appropriate follow-on experiments should be chosen. The effects of
overexpression or silencing of the target protein on viral replication also can be tested.

FIGURE AND TABLE LEGENDS:

Figure 1. Three mechanisms of silencing. Silencing can occur at the level of DNA, RNA, or protein.
These “search and delete” algorithms each use a “keyword” to direct the cleavage of a file
containing the word. This figure has been modified from Morazzani et al.3? and the references
therein.

Figure 2. Species-specific differences in cleavage site sequences. The C-terminal PRY/SPRY
domains of TRIM14 homologues are shown in the alignment. The PRY/SPRY domain can be
identified by the conserved motifs highlighted in gray. Human TRIM14 is cut at QEAGA G by the
VEEV nsP2 cysteine protease. The SSHHP sequence is shown in color. The residue in green is the
P1’ residue; in blue is the P4 residue, and in red are other conserved residues within the cleavage
site motif sequence. Equine harbor a truncated version of TRIM14 lacking the PRY/SPRY domain.
The lysine highlighted in cyan is poly-ubiquitinated and is important for the assembly of the MAVS
signalosome. The C-terminal PRY/SPRY domain may be transiently cut by the nsP2 protease to
impair the host’s antiviral response intracellularly during an acute viral infection. In equine, this
domain is always absent. This suggests that the PRY/SPRY domain of TRIM14 may have a
protective function against VEEV infections. This figure has been reproduced from Morazanni et
al.®

Figure 3. SSHHPS identification using BLAST. The cleavage site motif sequence at the VEEV
nsP1/nsP2 junction is aligned with the SSHHP sequence in the host protein TRIM14. The residue
colored in green is the P1’ residue; in blue is the P4 residue and in red are other conserved
residues of the cleavage site motif sequence. Most alighments contained homology to regions
outside of the conserved cleavage site motif or did not include the P1/P1’ scissile bond residues.
TRIM14 showed a match to 6 residues in sequential order that included P1 and P1’.

Figure 4. Protein and DNA sequences of the CFP-V12-YFP substrate for the VEEV nsP2 cysteine
protease. The Ndel (CATATG) and Xhol (CTCGAG) restriction sites are shown in capital letters. In
red is the cleavage site sequence from the viral polyprotein that is in between nsP1 and nsP2.
The residue in green is the P1’ residue and in blue is the P4 residue of the cleavage site.

Figure 5. Protein sequence of the Trx-VEEV-nsP2 cysteine protease construct. Thioredoxin (Trx)
is shown in yellow. The thrombin cleavage site and His-tag are shown in cyan. The Cys-His dyad

are labeled in red.

Figure 6. Peptide structures in MOE.
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Figure 7. Docking of substrate peptide using PyRx/AutoDock.
Figure 8. Jobs running on the Biowulf cluster.

Figure 9. Model of the VEEV P12 substrate containing the cleavage site sequence at the
nsP1/nsP2 junction. The Cys-477/His-546 catalytic dyad is shown in blue. Figure was made using
Pymol (https://pymol.org).

Figure 10. SSHHPS Analysis of the Zika virus ns2B/ns3 protease. (A) Predicted host protein
targets of the ZIKV ns2B/ns3 protease. Residues in red match a single cleavage site sequence.
Residues in green are tolerated at the subsite and match residues at other cleavage sites. SFRP1
had the highest number of identical residues in consecutive order. (B) CFP-substrate-YFP proteins
(~50-60 kDa) were expressed and purified containing the predicted SSHHP sequence from each
host protein (human). The ZIKV protease cut human FOXG1, SFRP1, NT5M and a Gsalpha subunit
isolated from a retinal cDNA library. The cleavage products are approximately 28-30 kDa. The
substrate sequences are available in Morazzani et al.? (C) While the ns2B/ns3 protease cut SFRP1,
it did not cut its homologues (SFRP2 and SFRP4). (D) Alignment of the cleavage sites from
different animal species may be useful in selecting an animal model for a Group IV virus. Note
that the conserved RJ/G sequence differs between humans and rodents in SFRP1. Figure
reproduced from Morazzani et al.®

Figure 11. Steady state kinetic analysis using the continuous and discontinuous assays. (A) The
kinetic data shown in Table 5 was plotted in GraFit. The inset shows the Lineweaver-Burk plot.
(B) SDS-PAGE gel showing the cleavage products of the CFP-V12-YFP substrate. In lane 1 is the
“UNCUT” substrate (48 kDa). In lane 2 is the “CUT” substrate (31 kDa and 27 kDa). In lanes 3-9
different compounds were included to test their inhibitory activity. Lane 4 contains the E64d
covalent inhibitor. These reactions were run overnight for ~17 h at room temperature. Boiling of
the samples was required to achieve the sharp banding pattern. The nsP2 protease is visible (56
kDa) in the reactions containing enzyme, but not in lane 1. Lane 1 is the “no enzyme” control.

DISCUSSION:

Sequence-specific destruction of a protein or a nucleic acid guided by a foreign sequence is only
seen in a few cases in biology. The mechanisms shown in Figure 1 are defensive mechanisms that
protect a host from a virus, or a virus from a host.

Using bioinformatic methods we can identify the targets that are destroyed by these systems. In
our analyses of SSHHP sequences, we discovered that many of them could be found in proteins
needed to generate innate immune responses. Some had obvious roles such as MAVS and TRIF
(TIR-domain-containing adapter-inducing interferon-B), while others were related to immunity
though more complex mechanisms (e.g., Histone H3, SFRP1, FOXG1)%°. The target information
stored in the SSHHP sequence has the potential to identify pathways that have antiviral effects
against these viruses. Antiviral responses in vivo are often virus-specific?®*3. For example, subsets
of TRIM proteins have antiviral effects on different viruses*3>*°, some are viral restriction factors
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(e.g., HIV and TRIM5a). The specificity of TRIM proteins (~70 have been identified) still is being
examined***. The information within SSHHPS may contribute to our understanding of how these
viruses evade the innate immune responses. Other patterns and correlations may be uncovered
as more SSHHPS are examined.

Species-specific differences were apparent in our analyses (Figure 2, Figure 10). These viruses
are known to affect some species more than others. Information about host range, host
susceptibility, and host defenses may be present within SSHHPS. For example, equine, the most
susceptible species to equine encephalitis viruses, lacked the region of human TRIM14 that was
transiently cut by the VEEV nsP2 protease. Humans rarely die from VEEV infections but can be
infected?®. The human TRIM14 protein carried an nsP2 protease cleavage sequence®. The
presence of the cleavage site suggest that humans have a defense mechanism against these
viruses. Birds have been thought to be potential reservoirs of these viruses*®. The corresponding
SSHHP sequence in the TRIM14 protein from chickens differed from the sequences found in
humans and other species. Subtle differences like these may make a target host protein
uncleavable or more readily cleaved. Aguirre et al.1® showed that an uncleavable mutated STRING
protein induced higher levels of IFN after Dengue virus infection and that mice naturally carry a
version of STING that is not cut by the Dengue ns2B3 protease. The murine STING protein was
not cut by the ZIKV protease®’. In our SSHHPS analysis, we also observed differences in the ZIKV
protease cleavage site sequences when we compared the human proteins with those of rodents
6 (Figure 10D). Reproducing the species-specific proteolytic cleavages of host proteins may be
important in animal models used for Group IV viruses. The inhibition of host protein cleavage
also has implications with regards to the development of Group IV protease inhibitors. In our
previous publication, we showed that we could inhibit TRIM14 cleavage by the VEEV nsP2
protease using CA074 methyl ester®. This result suggests that small molecule inhibitors of these
proteases may be able to modulate the innate immune responses that are capable of suppressing
the infection®3%,

Genetic variation within a species also has the potential to produce differences in proteolytic
cleavage. Subtle differences in codon usage could affect ribosome pausing®®. Since some Group
IV viral proteases are embedded in the ER membrane, differences in these pauses could affect
cleavage of a target if cleavage occurs co-translationally. Some of the cleavage sites that we
identified were in predicted signal peptide sequences (e.g., SFRP1) while others were internal.

SSHHPS analysis can produce information that differs from other methods of host protein
analyses. SSHHPS analysis was inexpensive and easy to employ. The use of a bacterial expression
system allowed testing of short segments (~25 amino acids) of mammalian sequences without
the use of mammalian cell culture. We found that the CFP-YFP substrates were able to tolerate
all of the tested human protein sequences; however, yields varied. In similar assays, substrates
containing human protein sequences as long as 63 amino acids were successfully expressed,
purified, and utilized for kinetic analyses and inhibitor screening®®-1. Since only small amounts of
the substrate are needed for the discontinuous assay, a large number of targets can be explored.
One advantage of the system is that the CFP/YFP substrates can be used for SDS-PAGE analyses
and for more elaborate kinetic analyses (i.e., 1Cso, Ki, Km, Vmax). For drug discovery, inhibitory



792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835

compounds can produce artifacts in fluorescent assays. Thus, the discontinuous assay in
combination with a continuous assay allows one to confirm cleavage or inhibition of cleavage.
The samples for the discontinuous SDS-PAGE assay can be taken directly out of the 96-well plates.
CFP/YFP substrates have been used for compound library screening2. However, additional
analyses are required to determine if a substrate is suitable for high throughput screening such
as the calculation of a Z-factor®3.

One challenge in designing a substrate is identifying the region around the scissile bond that is
bound and recognized by the protease. In the examples shown here, we began with 12 residue
sequences that were centered around the scissile bond. After analyzing sequence alignments of
the cleavage sites homology to the residues N-terminal of the scissile bond was found for the
VEEV protease, whereas for the ZIKV protease homology to several of the C-terminal residues
was found. An in silico model of the docked substrate can be used to design site-directed
mutagenesis experiments that probe the binding sites of the substrate. Since the substrate and
enzyme sequences are on plasmids, either can be mutated to test the in silico models or subsite
tolerances. This can be advantageous if a crystal structure of the bound substrate(s) is not
available.

SSHHPS analysis may also yield new information about the mechanisms by which virus-induced
phenotypes are produced by viral enzymes. One of the ZIKV targets, SFRP1, is part of the Wnt
signaling pathway and has roles in both brain and eye development and in immune
responses3637°457 We found that the other protein sequences that could be cut by the ZIKV
ns2B/ns3 protease were also in proteins involved in brain and eye development; abnormalities
in both have been observed in congenital Zika syndrome and are thought to be part of the virus-
induced phenotype?2,

The predictability of host-pathogen interactions could be exploited for a variety of applications:
target-specific oncolytic viral therapies; de-risking live virus vaccines; refinement, prediction or
selection of animal models; prediction of host-range or susceptibility; prediction of zoonotic
events; and prediction of host-defenses. Since the methods described are sequence-based, they
may be of value to incorporate into software in the future.
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| VinaWizard = % AutoDock Wizard | & Open Babel | # Python Shell & Log >
U Start Here | €, Select Molecules | @ Run AutoGrid | % Run Autobock | (3 Anal ¢ ¥

This wizard will guide you through setting up and running AutoGrid and AutoDock.
C:\Program Files (x86)\PyRx\0.9.4\autodock4-old.exe will be used for docking.

[sﬁ‘_ C:\Program Files (x86)\PyRx\0.9.4\autodock4-old.exe (~ Remote (Opal Web Services) |

Click on Start button to begin -—> start |

S
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A
Substrate Cleavage Site Sequence  Accession No.
ZIKV ClCi KERKRRVGADTSIGI
ZIKV ns2Al ns2b TRSGKR{SWPPSEVL
ZIKV ns2Bins3 VKTGKR{SGALWDVP
ZIKV ns3ns4A FAAGKR{GAALGVME
ZIKV ns4Bins5 GLVKRR{GGGTGETL
Secreted Frizzled-related protein 1 (SFRP1) SEGGRRIGAALGVLL  NP_003003.3, AAB70793.1
Gs Alpha subunit QVAGRR|GAALPCSL  CAA39484.1
NT5M, 5'(3")-deoxy-ribonucleotidase, mitochondrial isoform X3 VPAGRR|GAAGGLGL  XP 011522268.1
Transcription factor HFK 1 (Forkhead box protein G1) KLAFKR|GARLTSTG CAA52239.1
Ankyrin repeat domain-containing protein 65 isoform 1 AAAAGR|GAALRFLL  NP_001138682.1
Mitochondrial dynamics protein MIDS1 isoform 1 SHSGKR|SWEEPNWM  NP_061881.2
Voltage-dependent T-type calcium channel subunit alpha- 1H isoform X7 GPPARR|SWPPSPQR  XP_016879309.1
Plexin-B3 isoform 1 and 2 precursor & plexin-B3 FAAGPR|GTQAALCA  NP_005384.2
PRRC2A GRGDKR|SWPSPKNR  AQY77357.1
Leucine-rich repeat and calponin homology domain-containing protein 4 isoform2 ~ TEAGQR|GSALGDLA  NP_001276863.1
Protein phosphatase 1B (PPM1B) RAAGKS|GSALELSV  AAY89640.1
FCRLB protein GPREAR|GAALGGVV  AAH38564.2
B FOXG1 SFRP1  SFRP2 SFRP4 NT5M Gsalpha ---
ZIKV ns2B/ns3 + o - -+ o+ s +
protease —
- T ———— UNCUT
. = R CcuUT
C
SFRP1 MG IGRSEGGRRGAALGVLLALGAAL
SFRP2 MLQGPGSLLLLFLASHCCLGSARGLFLFGQPDFS
SFRP4 MFLSILVALCLWLHLALGVRGAPCEAVRIPMCRH
D SFRP1 FOXG1 NTSM
|
ZIKV ns2B|ns3 VKTGKRSGALWDVP
ZIKV ns3|ns4A FAAGKRGAALGVME l l
Homo sapiens MGIGRSEGGRRGAALGVLLALGAAL ~ RSTTSRAKLAFKRGARLTSTG CSAAVPAGRRGAAGGLGLAGG
Macaca mulatta MGSGRSAGGCRGAALGVLLALGAAL  RSTTSRAKLAFKRGARLTSTG CSAAVPAGRRGAAGGQGLAGG
Gorilla gorilla MGSGRSVGGRRGAVLGVLLALGAAL  RSTTSRAKLAFKRGARLTSTG CSAAVPAGRRGAAGGPGLAGG
Pongo abelii MGSGRSVGGRRGAALGVLLALGAAL ~ RSTTSRAKLAFKRGARLTSTG CSAAVPVGRRGAAGGPGLAGD
Pan troglodytes MGSGRSVGGRRGAALGVLLALGAAL  RSTTSRAKLAFKRGARLTSTG CSAAVPAGRRGAAGGPGLAGG

Myotis lucifugus
Tupaia chinensis
Gallus gallus
Equus caballus
Xenopus laevis
Bos taurus

Sus scrofa

Camelus dromedarius

Rattus norvegicus
Mus musculus
Salmo salar

C. elegans

MGSGRGAGGRRGAAGGVLLALAAGL
MGSGRGAGGRRGAAAGVLLALAAGL
MGVGRSEGGRRGAALGVLLALGVAL
MGSGRGAGGRRGAAGGVLLALAAGL
————— MNGENG IWPLLLFWVTPGIL
—————— MGGGRWAAAGALLALAAGL
—————— MGGGRWAAAGVLLALAAGL
—————— MGGGRWAAAGVLLALAAGL
MGVGRNARGRGGAASGVLLALAAAL
MGVGRSARGRGGAASGVLLALAAAL
--—--MRSIERLCGWRIIPLALTMAV
—————————— MMLFPVLY ILFAFSV

(seq unavailable)
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RSTTSRAKLAFKRGARLTSTG
RPSS-——————————— LSRAR

HCGPLAGLGRGSCPTAGSRRA
RGAAGPAGRRWAAGGPAGRAG
MAFLPSLLRRGNMLSPRLQNS
RGAAGPAGRRWASGGPAGRA-
TRPAGPAGRRWASGGPGGRA-
-MAMAMAARHTRP—-—=—-—-
RLRGCCARPRGAPLRAER---
RLRGCCARPRGAPLRAERSR-
GRILLHDQFKCISAKMSSSSG
(No homologue)
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Table 1. List of host proteins cleaved by viral proteases. This table has been adapted from Morazanni, et al.
Viral

i i Viral Prot Cl Site Motif i Cl ite in Host tei
Virus Family Protease iral Protease Cleavage Site Moti Host Protein Substrate eavage site in Host protein PMID
Poliovirus Picornaviridae  3Cpro (QE)|(LIGS) RIG-1 LKKFPQ|GQKGKV 19628239
TATA-binding Protein QGLASPQ|GAMTPG 8388502
TATA-binding Protein AAAVQQ|STSQQA 16014932
Poly(A)-binding protein (PABP) VHVQ|GQ 14749392
elF5B VMEQ|G 18572216
2Apro TATA-binding Protein MMPY |GTGLTP 9261414
?:mokus type 3Cpro (AV)XXQ|G NF-kB LLNQ|GIP 15845545
elF5B VMEQ|G 18572216
Echovirus type 1 NF-kB LLNQ|GIP 15845545
Coxsackie B virus elF5B VMEQ|G 18572216
Foot and Mouth 3Cpro (QE)|(LIGS) NEMO LALPSQ|RRSPPE 22718831
disease Virus
(FMDV) elF4A TNVRAE|VQKLQM 11682048
Histone H3 PRKQL]JATKAA 2153239
Leader elF4G SFANLG|RTTLST 15885108
protease
Hepatitis A Virus 3Cpro (LVIX(TSA)(QEX) | XXXX NEMO PVLKAQ|ADIYK 24920812
3ABC MAVS LASQ|VDSP 17438296
3CD TRIF DWSQ|GCSL 21931545
TRIF IREQSQ|HLDG 21931545
’I‘;ro"'rus MDI45- oiciviidae  3CLpro  (YILA)EKST)(LTF)QE)|(GA)PKG)ETKPD)  PABP VHVQJGQN 15254188
AIPQ|TQE 15254188
Rj’g;‘iiircz')'c"’"us (IFP)(REKA)(ASE)E | (ADNS)(CVGK)(PAHG)  PABP WTAQ|GAR
u 15254188
Dengue Flaviviridae ns2B/ns3 QKKKQR|SGVLWD STING (MITA) VRACLGCPLRR|GALLLLSIY 22761576
West Nile Virus STING (MITA) 29915078
Japanese STING (MITA)

Encephlitis Virus 29915078
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Zika Virus ns2B/ns3  (KG)(KR)R|(SG) STING (MITA) HIHSRYR|GSYWRTVR 29915078

SFRP1 SEGGRR|GAALGVLL 30742841
Gs alpha QVAGRR|GAALPCSL 30742841
NT5M VPAGRR|GAAGGLGL 30742841
FOXG1 KLAFKR|GARLTSTG 30742841
Hepatitis C Virus ns3/4A Cl(SA) MAVS EREVPC|HRPS igg;‘iggg
TRIF PPPPPSSTPC|SAHLTPSSLE 15710891

VEEV Togaviridae nsP2 AG(ACR)|(GAY) TRIM14 DCFATGRHYWEVDVQEAGA | GWWVGA 30742841
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Table 2. Reaction Mixes for K,,, and V,,,,, Measurements in a 96-well plate. The table
shown below can be made in Excel. The A280 values in blue are inputted. The
amounts shown (3 wells x 50 pL = 150 L) are sufficient to fill 3 wells in the 96-well
plate so that data can be measured in triplicate and standard deviations can be
calculated.

Stock A280 mg/mL UM
Substrate (V12) 8.85 10.5 185.2
Enzyme (WT) 0.2 0.18 4.7
50 mM
Substrate | Substrate HEPES pH Total
S M Enz (pL Volume
[Slinar b (nmol) (uL) z(ut) 7.0 Buffer
(ut)
(uL)
5 0.25 4.1 15 131 150
10 0.5 8.1 15 126.9 150
20 1 16.2 15 118.8 150
50 2.5 40.5 15 94.5 150
80 4 64.8 15 70.2 150
100 5 81 15 54 150
120 6 97.2 15 37.8 150
140 7 113.4 15 21.6 150



https://www.editorialmanager.com/jove/download.aspx?id=1102316&guid=d8613344-0bd8-4529-8ede-5d2b313d1342&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1102316&guid=d8613344-0bd8-4529-8ede-5d2b313d1342&scheme=1

Table3

Click here to access/download;Table;Table3.xlsx 2

Table 3. Emission ratios (527 nm/470 nm) of the “uncut” and “cut” CFP-V12-YFP
substrate. The data for the wells containing 4 nmols of substrate (80 uM) are shown in

Table 4.

0.88
0.94
1.04
1.25
1.38
1.44

1.5
1.54

V12

0.58
0.64
0.73
0.94
1.07
1.12
1.17
1.22

0.25
0.5

2.5

N O B
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Table 4. Representative fluorescence data for the VEEV nsP2 cysteine protease and CFP-V12-YFP
substrate. Data for well E7 in the 96-well plate are shown. This well contains the reaction mixture
that has a substrate concentration of 80 uM. The well contains 50 pL of the reaction mix or 4
nmols of substrate. The percentage of the substrate that has been cut (% Cut) can be calculated
using the values in Table 3 (e.g . Fraction Cut = (X-neg)/(pos-neg)). The nmols of Substrate that has
been cut can be calculated by multiplying the Fraction Cut value by 4 nmols in this example.

Ex/Em=
Ex/Em = 434/527 434/470 [S] =80 uM
Well E7 E7 E7 E7 E7
X = .
. Fluorescence Fluorescence Fraction
t (Minutes) Units Units FU (434/527) cut nmols
FU (434/470)
0:00 22296 16535 1.3484 0.03 0.1238
1:.00 22689 16742 1.3552 0.01 0.0357
2:00 22650 16770 1.3506 0.02 0.0957
3:00 22485 16686 1.3475 0.03 0.1352
4:00 22549 16750 1.3462 0.04 0.1523
5:00 22641 16807 1.3471 0.04 0.1408
6:00 22592 16794 1.3453 0.04 0.1639
7:00 22458 16701 1.3447 0.04 0.1716
8:00 22414 16715 1.3409 0.06 0.2201
9:00 22460 16768 1.3394 0.06 0.2395
10:00 22513 16806 1.3396 0.06 0.2373
11:00 22465 16800 1.3372 0.07 0.268
12:00 22365 16762 1.3343 0.08 0.3059
13:00 22413 16780 1.3357 0.07 0.2881
14:00 22372 16802 1.3316 0.09 0.3411
15:00 22391 16760 1.336 0.07 0.284
16:00 22341 16811 1.329 0.09 0.3741
17:00 22301 16816 1.3261 0.1 0.4111
18:00 22235 16722 1.3296 0.09 0.3659
19:00 22271 16816 1.3244 0.11 0.4334
20:00 22192 16767 1.3236 0.11 0.4444
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Table 5. Calculation of K,,and V,,,,. The spontaneous rate of substrate

hydrolysis is shown in column 2. The rate of enzyme-catalyzed substrate
hydrolysis is shown in column 3. The difference between these rates are the
initial velocities; these values are shown in column 4 (column 4 = column 3 -
column 2). In column 5 the values in column 4 have been divided by the mg of
enzyme in the well. The mg of enzyme can be calculated from Table 2 (e.g. 5
ulL of 0.18 mg/mL of enzyme).

. umol/
Slope Slope nmol/min min*mg

[S] uM Spont w/Enz DIFF (v,) U/mg
5 -0.0002 0.006 0.0062 0.007
10 -0.0004 0.0084 0.0088 0.0099
20 -0.0009 0.0163 0.0172 0.0194
50 -0.0025 0.019 0.0215 0.0243
80 -0.0046 0.0195 0.0241 0.0272
100 -0.0062 0.0187 0.0249 0.0281
120 -0.0071 0.0183 0.0254 0.0287
140 -0.0089 0.0182 0.0271 0.0306
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Name of Material/Equipment Company Catalog Number Comments/Description
250 mL Erlenmeyer Flask VWR 89000-362
2-mercaptoethanol Acros Organics 125472500 Danger: Acutely Toxic. Open bottle in hood to avoid inhaling
(Fisher) the fumes.
4L Pyrex wide-mouth graduated Millipore Sigma CLS49954L-1EA

Erlenmeyer flask with screw-cap

AKTA Prime Plus GE Healthcare 17-0729-01

AKTA XK 16/20 Column GE Healthcare 28988937

Amicon Ultra-0.5 Centrifugal Filter |Millipore Sigma UFC501096

Unit

Amicon Ultra-15 Centrifugal Filter |Millipore Sigma UFC901096

Unit

Amicon Ultra-4 Centrifugal Filter Millipore Sigma UFC801024

Unit

Ampicillin Sigma A0166 Danger: Allergic reactions (skin or breathing).

Chelating Sepharose Fast Flow GE Healthcare 17-0575-02 Once the resin is equilibrated with 0.2 M Nickel Sulfate it is
refered to as a Nickel Column in the text. Column will have
a green color after washing with water. The column will
have a blue color after equilibrating with buffer.

Chloramphenicol RPI C61000 Danger: May cause cancer.

Corning 50 mL centrifuge tubes Corning 430828 Sug.gestion.: quypropylene tubes are less likely to crack
during sonication than Polyethylene tubes

Corning 96 Well Half-Area Corning 3993

Microplate, Non-Binding Surface

Dialysis Tubing Clips Fisher Scientific P168011

Disposable PD-10 Desalting Column [GE Healthcare 17-0851-01

DNAse Sigma DN25-1G

DTT (DL-Dithiothreitol) RPI D11000-50.0 Warning: Acute Oral Toxicity; skin and eye irritation

EDTA Fisher Scientific $311-500

Fisherbrand Petri Dishes with Clear [Fisher Scientific FB0875712

Lid

Glycerol Acros Organics 15892-0010

(Fisher)

HEPES Millipore Sigma H4034-1KG

Imidazole Acros Organics 301870010 Danger: Toxic, Irritant

IPTG (Isopropyl B-D- Calbiochem 420291 Do not breathe dust. Avoid contact with eyes and skin.

thiogalactopyranoside) (Millipore Sigma)

Laemmli Sample Buffer BIO-RAD 1610737

Luria Bertani Agar Fluka (Millipore L3027-1KG Suggestion: Autoclave with magnetic stirrer in the liquid,

Sigma) and stir while cooling. Wait to add antibiotic until you can

hold your hands on the bottle without pain for 30 seconds.

Luria Bertani Media Fisher Bioreagents [BP1426-2

Lysozyme Sigma L4919-5g

Mini-PROTEAN Tetra Vertical BIO-RAD

Electrophoresis CellGel Box

Nalgene Oak Ridge High-Speed Nalgene (Thermo |3119-0050

PPCO Centrifuge Tubes Scientific)

Nanodrop Thermo Fisher

New Brunswick Innova 42R Shaker [Eppendorf M1335

Incubator

Nickel Sulfate Hexahydrate Fisher Scientific N73-500 Danger: Harmful if swallowed or inhaled, skin and eye

(Crystalline/Certified ACS), Fisher irritation,

Chemical

One Shot BL21(DE3) Chemically Invitrogen C600003 May be harmful if inhaled or swallowed. May cause skin and

Competent E. coli (Thermo Fisher) eye irritation with susceptible people.

One Shot BL21(DE3) pLysS Invitrogen C606003 May be harmful if inhaled or swallowed. May cause skin and

Chemically Competent E. coli

(Thermo Fisher)

eye irritation with susceptible people.

L]
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petl5b plasmid DNA Novagen 69661 GenScript Inc. was used for commerical DNA synthesis. The
(Millipore Sigma) pet15b plasmid was used for the CFP/YFP substrates.

pet32b Novagen 69016-3 The pet32b plasmid was used for the cysteine protease
(Millipore Sigma) construct.

Pierce Protease Inhibitor Mini Thermo Fisher A32955 Warning: Skin corrosion/irriation; eye damage

Tablets, EDTA-free

Plate Reader Molecular Devices |Model M5

Precision Plus Protein All Blue BIO-RAD 161-0373

Prestained Protein Standard

Protein Extraction Reagent Novagen 70584-4 BugBuster or Bper (Catalog # 78248, ThermoFisher)
(Millipore Sigma)

Q-Sepharose Fast Flow G.E. Healthcare 17-0510-01 Anion exchange resin

RunBlue (12%) 17-well PAGE gels Expedeon BCG01227 Any 12% pre-cast polyacrylamide gel can be used

RunBlue 20x SDS Running Buffer Expedeon NXB50500 Dilute 50 mL with 950 mL deionized water to obtain 1x

RunBlue Instant Blue Gel Stain Expedeon ISB1L Do not dilute, use as directed

Sodium Chloride Fisher Chemical $271-10

Sonifier Cell Disrupter 450 Sonicator|Branson Model No. 101-063-346R Sonicator was used on level 5

Ultrasonics (VWR)

Spectra/Por 6-8 kD MWCO Spectrum Labs 132645T Dialysis Tubing
SP-Sepharose Fast Flow G.E. Healthcare 17-0729-01 Cation exchange resin
Thrombin from bovine plasma Sigma T6634-500UN

Tris Base Fisher Scientific BP152-500 Caution: Eye/Skin Irritant
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Cover Letter

Click here to access/download;Rebuttal Letter;Editorial
Comments and TrackChanges.pdf

Editorial comments:

1. Please note that the editor has formatted the manuscript to match the journal's style. Please
retain the same. The updated manuscript is attached and please use this version to incorporate the
changes that are requested.

As requested, we have used the provided word.doc

2. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. Step 1
followed by 1.1, followed by 1.1.1, etc. Use subheadings and substeps for clarity if there are discrete
stages in the protocol.

As requested, we have renumbered sections.

3. Please revise the Protocol to contain only action items that direct the reader to do something
(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete
sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be”
throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a
“NOTE.” Please include all safety procedures and use of hoods, etc. However, notes should be used
sparingly and actions should be described in the imperative tense wherever possible. Please move the
discussion about the protocol to the Discussion.

As requested, we have revised the protocols and moved some text to the Discussion.

4, Please note that the highlighted protocol text will be used to generate the script for the video
and must contain everything that you would like shown in the video. Software must have a GUI
(graphical user interface) and software steps must be more explicitly explained ('click’, 'select’, etc.).
Please add more specific details (e.g. button clicks or menu selections for software actions, numerical
values for settings, etc.). There should be enough detail in each step to supplement the actions seen in
the video so that viewers can easily replicate the protocol. See specific comments marked in the
attached manuscript.

As requested, we have responded to the specific comments.

5. Please revise the Protocol steps so that individual steps contain only 2-3 actions per step and a
maximum of 4 sentences per step. Use sub-steps as necessary.
As requested, we have limited each step to 4 sentences and reduced the number of actions.

6. Please address specific comments marked in the attached manuscript.
As requested, we have responded to the specific comments.

7. After you have made all the recommended changes to your protocol section (listed above),
please highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including headers and
spacing) to be featured in the video. Bear in mind the goal of the protocol and highlight the critical steps
to be filmed. Our scriptwriters will derive the video script directly from the highlighted text.

As requested, we have highlighted the regions to demonstrate.

8. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted
steps form a cohesive narrative with a logical flow from one highlighted step to the next. The highlighted
text must include at least one action that is written in the imperative voice per step. Notes cannot
usually be filmed and should be excluded from the highlighting.

As requested, we have highlighted the regions to demonstrate.
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9. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

As requested, we have highlighted the regions to demonstrate.

10. Please upload each Figure individually to your Editorial Manager account as a .png, .tiff, .pdf,
.svg, .eps, .psd, or .ai file.
As requested, we have loaded individual files.

11. Please upload each Table individually to your Editorial Manager account as an .xlsx file. Avoid
any coloring or formatting in the tables.

As requested, we have loaded individual files. Table 1 does have color in it, however coloring the
residues is one of the steps in the protocol. Is it okay to use color here?

12. Please remove the titles and figure legends from the uploaded figures. Please include all the
figure Legends together at the end of the Representative Results in the manuscript text.
As requested, we have removed the figure legends.

13. References: Please do not abbreviate journal titles; use full journal name.
As requested, we have included full names.

In compliance with data protection regulations, you may request that we remove your personal
registration details at any time. (Remove my information/details)
<https://www.editorialmanager.com/jove/login.asp?a=r> . Please contact the publication office if you
have any questions.
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SUMMARY:

We present a general protocol for identifying short stretches of homologous host-pathogen
protein sequences (SSHHPS) embedded in the viral polyprotein. SSHHPS are recognized by viral
proteases and direct the targeted destruction of specific host proteins by several Group IV
viruses.

ABSTRACT:

Alphaviral enzymes are synthesized in a single polypeptide. The nonstructural polyprotein (nsP)
is processed by its nsP2 cysteine protease to produce active enzymes essential for viral
replication. Viral proteases are highly specific and recognize conserved cleavage site motif
sequences (~6-8 amino acids). In several Group IV viruses, the nsP protease(s) cleavage site motif
sequences can be found in specific host proteins involved in generating the innate immune
responses; and, in some cases, the targeted proteins appear to be linked to the virus-induced
phenotype. These viruses utilize short stretches of homologous host-pathogen protein
sequences (SSHHPS) for targeted destruction of host proteins. To identify SSHHPS the viral
protease cleavage site motif sequences can be inputted into BLAST and the host genome(s) can
be searched. Cleavage ean-initially_can be tested using the purified nsP viral protease and
fluorescence resonance energy transfer (FRET) substrates made in E. coli. The FRET substrates
contain cyan and yellow fluorescent protein and the cleavage site sequence (CFP-sequence-YFP).
This protease assay can be used continuously in a plate reader or discontinuously in SDS-PAGE
gels. Models of the bound peptide substrates can be generated in silico to guide substrate
selection and mutagenesis studies. CFP/YFP substrates have also been utilized to identify
protease inhibitors. These in vitro and in silico methods can be used in combination with cell-
based assays to determine if the targeted host protein affects viral replication.

INTRODUCTION:

Evidence of horizontal gene transfer from virus to host, or host to virus can be found in a variety
of genomes *. Examples of viral endogenization are the CRISPR spacer sequences found in
bacterial host genomes*. Recently, we have found evidence of host protein sequences embedded
in the nonstructural polyproteins of (+)ssRNA Group IV viruses. These sequences within the
coding regions of the viral genome can be propagated generationally. The short stretches of
homologous host-pathogen protein sequences (SSHHPS) are found in the virus and host >°.
SSHHPS are the conserved cleavage site motif sequences recognized by viral proteases that have
homology to specific host proteins. These sequences direct the destruction of specific host
proteins.

In our previous publication®, we compiled a list of all of the host proteins that were targeted by
viral proteases and found that the list of targets was non-random (Table 1). Two trends were
apparent. First, the majority of the viral proteases that cut host proteins belonged to Group IV
viruses (2431 of 2532 cases involved Group IV viral proteases), and —0One protease belonged to
the (+)ssRNA Group VI retroviruses (HIV, human immunodeficiency virus) ’. Second, the host
protein targets that-were-being cut by the viral proteases were generally involved in generating
the innate immune responses suggesting that the cleavages were intended to antagonize the
host’s immune responses. Half of the host proteins targeted by the viral proteases weawere
known components of signaling cascades that generate interferon (IFN) and proinflammatory
cytokines (Table 1). Others were involved in host cell transcription®'° or translation®!,
Interestingly, Shmakov, et al.* have shown that many CRISPR protospacer sequences correspond
to genes involved in plasmid conjugation or replication®, -

Group IV includes, among others, Flaviviridae, Picornaviridae, Coronaviridae, Calciviridae, and
Togaviridae-ameng-ethers. Several new and emerging pathogens belong to Group IV such as the
Zika virus (ZIKV), West Nile (WNV), Chikungunya (CHIKV), severe acute respiratory syndrome virus
(SARS) and Middle East respiratory syndrome virus (MERS). The (+)ssRNA genome is essentially a
piece of mRNA. To produce the enzymes necessary for genome replication the (+)ssRNA genome
st first must be translated. In alphaviruses and other Group IV viruses the enzymes necessary
for replication are produced in a single polyprotein (i.e. nsP1234 for VEEV). The nonstructural
polyprotein_(nsP) is proteolytically processed (nsP1234 — nsP1, nsP2, nsP3, nsP4) by the nsP2
protease to produce active enzymes'? (Figure 1). Cleavage of the polyprotein by the nsP2
protease is essential for viral replication;; this has been demonstrated by deletion and site-
directed mutagenesis of the active site cysteine of the nsP2 protease '*'4 Notably, the
translation of viral proteins precedes genome replication events. For example, nsP4 contains the
RNA-dependent RNA polymerase needed to replicate the (+)ssRNA genome. Genome replication
can produce dsRNA intermediates; these intermediates can trigger the host’s innate immune
responses. Thus, these viruses may cleave host innate immune response proteins early in
infection in order to suppress their effects.*>7

Silencing can occur at the level of DNA, RNA, and protein. What is common to each of the
silencing mechanisms shown in Figure 1 is that short foreign DNA, RNA, or protein sequences are
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used to guide the destruction of specific targets to antagonize their function. The silencing
mechanisms are analogous to “search and delete” programs that have been written in three
different languages. The short cleavage site sequence is analogous to a “keyword”. Each program
has an enzyme that recognizes the match between the short sequence (the “keyword”) and a
word in the “file” that is to be deleted. Once a match is found, the enzyme cuts (“deletes”) the
larger target sequence. The three mechanisms shown in Figure 1 are used to defend the host
from viruses, or to defend a virus from a host’s immune system.

Viral proteases recognize short cleavage site motif sequences between ~2-11 amino acids, in
nucleotides this would correspond to 6-33 bases. For comparison, CRISPR spacer sequences are
~26-72 nucleotides and RNAi are ~20-22 nucleotides #1°. While these sequences are relatively
short, they can be recognized specifically. Given the higher diversity of amino acids, the
probability of a random cleavage event is relatively low for a viral protease recognizing protein
sequences of 6-8 amino acids or longer. The prediction of SSHHPS-segquenrees in host proteins will
largely depend upon the specificity of the viral protease being examined. If the protease has strict
sequence specificity requirements the chance of finding a cleavage site sequence is 1/20°= 1 in
64 million or 1/208 = 1 in 25.6 billion; however, most proteases have variable subsite tolerances
(e.g., R or Kmay be tolerated at the S1 site). Consequently, there is no requirement for sequence
identity between the sequences found in the host versus the virus. For viral proteases that have
looser sequence requirements (such as those belonging to Picornaviridae) the probability of
finding a cleavage site in a host protein may be higher. Many of the entries in Table 1 are from
the Picornaviridae family.

Schechter & Berger notation 2°is commonly used to describe the residues in a protease substrate
and the subsites to which they bind, we utilize- tFhis notation wil-be—used-throughout. The
residues in the substrate that are N-terminal of the scissile bond are denoted as P3-P2-P1 while
those that are C-terminal are denoted as P1’-P2’-P3’. The corresponding subsites in the protease
that bind these amino acid residues are $3-S2-S1 and S1’-52’-S3’, respectively.

To determine whichat host proteins are being targeted we can identify SSHHPS in the viral
polyprotein cleavage sites and search for the host proteins that contain them. Herein, we outline
procedures for identifying SSHHPS segueneces—using known viral protease cleavage site
sequences. The bioinformatic methods, protease assays, and in silico methods described are
intended to be used in conjunction with cell-based assays.

Sequence alignments of the host proteins targeted by viral proteases have revealed species-
specific differences within these short cleavage site sequences. For example, the Venezuelan
equine encephalitis virus (VEEV) nsP2 protease was found to cut human TRIM14, a tripartite motif
(TRIM) protein—°. Some TRIM proteins are species-specific—viral restriction factors (e.g.,
TRIM5a?t), most are thought to be ubiquitin E3 ligases._ Sets-of TRIMsh b i buith
different-viruses—**>-TRIM14 lacks a RING_(really interesting new gene) domain and is not
thought to be an E3 ligase?*. TRIM14 has been proposed to be an adaptor in the mitochondrial
antiviral signalosome (MAVS) 24, but may have other antiviral functions °. Alignment of TRIM14
sequences from various species shows that equine lack the cleavage site and harbor a truncated
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version of TRIM14 that is missing the C-terminal PRY/SPRY domain. This domain contains a
polyubiquitination site (Figure 2). In equine, these viruses are highly lethal (~20-80% mortality)
whereas in humans only ~1% die from VEEV infections 2°. Cleavage of the PRY/SPRY domain may
transiently short circuit the MAVS signaling cascade. This cascade_can be triggered by dsRNA and
leads to the production of interferon-{ttM} and pro-inflammatory cytokines-and-can-be-triggered
by-dsRNA. Thus, the presence of the SSHHPS may be useful for predicting which species have
defense systems against specific Group IV viruses.

In Group IV viruses IFN antagonism mechanisms are thought to be multiply redundant ?7. Host
protein cleavage may be transient during infection and concentrations mayean recover over
time. We found in cells that TRIM14 cleavage products could be detected very early after
transfection (6 h) with a plasmid encoding the protease (cytomegalovirus€M¥ promoter).;
However,but at longer periods, the cleavage products were not detected. In virus-infected cells,
the kinetics were different and cleavage products could be detected between 6-48 h®. Others

have reported the appearance of host protein cleavage products as early as 3-6 h post infection
9,11

Proteolytic activity in cells is often difficult to catch;; tas-the cleavage products can vary in their
solubility, concentration, stability, and lifetime. In cell-based assays it cannot be assumed that
cleavage products will accumulate in a cell or that the band intensities of cut and uncut protein
will show compensatory increases and decreases as the cut protein may be degraded very quickly
and may not be detectable in a Western blot at an expected molecular weight (MW) (e.g., the
region containing the epitope could be cleaved by other host proteases or could be
ubiquitinated). If the substrate of the viral protease is an innate immune response protein, its
concentration may vary during infection. For example, some innate immune response proteins
are present prior to viral infection and are further—induced further by interferon?®. The
concentration of the target protein may therefore fluctuate during infection and comparison of
uninfected vs. infected cell lysates may be difficult to interpret. Additionally, all cells may not be
uniformly transfected or infected. In vitro protease assays using purified proteins from E.coli on
the other hand have fewer variables for which to control fer-and_such assays can be done using
SDS-PAGE rather thaninstead-ef immunoblots. Contaminating proteases can be inhibited in the
early steps of the protein purification of the CFP/YFP substrate, and mutated viral proteases can
be purified and tested as controls to determine if the cleavage is due to the viral protease orvs-
a contaminating bacterial protease.

One limitation of in vitro protease assays is that they lack the complexity of a mammalian cell.
For an enzyme to cut its substrate, the two must be co-localized. Group IV viral proteases differ
in structure and localization. For example, the ZIKV protease is embedded in the endoplasmic
reticulum (ER) membrane and faces the cytosol, whereas the VEEV nsP2 protease is a soluble
protein in the cytoplasm and nucleus °. Some of the cleavage site sequences that we found in
our ZIKV SSHHPS analysis were in signal peptides suggesting that cleavage might occur co-
translationally for some targets. Thus, the location of the protease and the substrate in the cell
also needs to be considered in these analyses.
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Cell-based assays can be valuable for establishing a role for the identified host protein(s) in
infection. Methods that aim to halt viral protease cleavage of host proteins such as the addition
of a protease inhibitor® or a mutation_in the host target® can be used to examine their effects on
viral replication. Overexpression of the targeted protein may-also_may affect viral replication 3.
Plaque assays or other methods can be used to quantify viral replication.

PROTOCOL:
1. Bioinformatics - Identification of SSHHPS in the Host Ggenome Uusing BLAST

‘NOTE: Protein BLAST can be found at blast.nchi.nlm.nih.gov/Blast.cgi.

1.1. Input ~20 amino acids surrounding the scissile bond in the viral polyprotein. Select “non-
redundant protein sequences” and type in the host genome to be searched (e.g., Homo sapiens).

1.1.1. An additional tool that can be selected is PHI-BLAST. Type in a pattern sequence (e.g., for
the 25 residues of V12 shown below enter the pattern “AG” without quotes).

VEEV nsP1/2 V12 VEEPTLEADVDLMLQEAGALGSVETP
VEEV nsP2/3 V23 LSSTLTNIYTGSRLHEAGCLAPSYHV
VEEV nsP3/4 V34 TREEFEAFVAQQQRFDAGALYIFSSD

| that b I 4 i

NOTE: A lditionalt PHI-BLAST—In PHI-BLAST, square brackets [XY]
indicate that amino acid X or Y can be at the subsite position (e.g., AG[AC] [GAY]).‘

1.1.2. Inspect the BLAST results and identify the hits that have high sequence identity to residues
that are conserved in the polyprotein cleavage sites (e.g., tripartite motif protein 14) (Figure 3).

NOTE: For serine proteases higher conservation of the P1 residue is expected, while for cysteine
proteases higher conservation of the P2 residue is expected.

1.1.3. Color the residues that are identical to a cleavage site sequence and are in sequential order
(no gaps). Color the residues tolerated at the subsite, but present in a different cleavage site in a
second color.

NOTE: Residues that represent conservative substitutions (e.g., Leu vs. Val) that are not present
in a viral cleavage site may-also_may be found and may or may not be recognized by the viral
protease.

1.1.4. Rank -order the BLAST hits based upon the number of consecutive identical or tolerated
residues that match a cleavage site sequence. From the list select the proteins containing 26
identical or similar residues for analysis in protease assays.

1

Commented [A1]: The editor rephrased these lines

according to JoVE guidelines. Please review for accuracy.

|

1

Commented [A2R1]: Step 1.1.1. is for Phi-BLAST (but not

for regular blast)

|

221
222
223
224
225
226
227
228

230
231
232
P33
234
235
236
237
238
239
240
241
242
243
244
245
246
ba7
248
249
250
ps1
252
253
bsa
255
256
ps7
258
259
260

61

62
263
264

1.1.5. Repeat the procedure for the other cleavage sites (nsP2/3, nsP3/4, etc.) and gradually
strengthen the prediction by adding more highly conserved residues to the PHI-BLAST pattern.

2. In vitro assays - designing and preparing protease substrates

2.1. Construct a plasmid encoding the cyan fluorescent protein (CFP), <25 amino acids of the
cleavage site sequence, followed by the yellow fluorescent protein (YFP, also known as Venus®!).

NOTE: The plasmid can be constructed using sequence and ligation independent cloning (SLIC)*?
or commercial gene synthesis. A pet15b plasmid containing the sequence shown in Figure 4 was
synthesized commercially and was used here.

2.1.1, ITo optimize the substrate length, construct additional variable length FRET substrates
containing 12-25 amino acids of the natural viral polyprotein cleavage site sequences using a 2-
fragment SLIC reaction. Analyze cleavage using the SDS-PAGE gel-based assay or by measuring
steady state kinetic parameters using the methods below.

NOTE: In some cases, cleavage sites can be identified by homology to known cleavage sites 3. If
cleavage of the substrates containing the polyprotein junction sequences is not observed, there
may be a requirement for additional residues or a structural motif (e.g., an alpha helix 3%).
Alternatively, the purified viral protease may be inactive. Confirm cleavage of the viral
polyprotein sequences before pursuing SSHHPS analysis. The number of residues in the substrate
was optimized for the VEEV protease using variable length substrates (12 to 25 amino acids)
followed by analysis of Vmax and Km 3*3°. The Zika viral ns2B/nsB protease cleavage sites used in
the examples have been published 367,

2.2.-1. _Prepare the CFP/YFP substrates by fFreshly transforming 8-20 pL of BL-21(DE3) E.coli
competent cells with the CFP-V12-YFP plasmid according to manufacturer’s directions and plate
on Luria Bertani (LB) agar plates containing 50 pg/mL Ampicillin (37 °C).

2.2.12. Autoclave four 4 L flasks containing LB media (1.5 L media per flask) and 100 mL LB in a
250 mL flask. Cap each flask with aluminum foil.

2.2.23. Inoculate the 100 mL culture with a colony of the freshly transformed bacteria and grow
at 37 °C with shaking (200 rpm) overnight.

2.2.34. To make the CFP/YFP substrate, inoculate four 4 L flasks with 25 mL of an overnight
culture. Begin shaking the cultures at 37 °C and monitor growth by UV-vis spectroscopy at 600

nm hourly.

2.2.45. "When the bacteria reach an absorbance of ~1.0 at 600 nm (approximately ~3-4 h of
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2.2.56. Pellet the bacteria using a high-speed centrifuge at 7,000 x g for 10 min (4 °C) and retain
the pellets. Remove and discard liquid media. Store the pellets at -80 °C or lyse immediately.

2.2.67. Prepare 100 mL of lysis buffer containing 50 mM Tris pH 7.6, 500 mM NaCl, 35 mL of
bacterial protein extraction reagent, 30 mg of lysozyme, 25 U of DNase, and 1 protease inhibitor
tablet. Resuspend the pellets in lysis buffer with a pipet and transfer ~25-35 mL into 50 mL
disposable conical tubes.

2.2.78. Place the tubes in a plastic beaker containing ice water. Insert the sonicator tip into the
tubes so that the tip is ~1 cm from the bottom of the tube and sonicate the lysates 10-20 times
on level 5 for 15 second intervals until the lysate becomes fluid and liquefied.

NOTE: Use hearing protection during sonication.
2.2.89. Transfer the lysate to high speed centrifuge tubes and centrifuge at 20,500 x g for 30 min
at 4 °C. After the spin, retain the appreximately100-mt-efsupernatant (~100 mL) and transfer it

to a clean bottle. Discard the pellets.

2.2.910. Prepare 1 L of Buffer A (50 mM Tris pH 7.6, 500 mM Nacl). Prepare 300 mL of Buffer B
(50 mM Tris pH 7.6, 500 mM NaCl, 300 mM Imidazole).

2.2.10%. Equilibrate a 100 mL nickel column using 3 column volumes of Buffer A and a flow rate
of 5 mL/min.

2.2.112. Load the lysate onto the nickel column using a flow rate of 2 to 5 mL/min. Wash the
column with 2 column volumes of Buffer A, followed by ~5 column volumes of 20% Buffer B.

2.2.123. Elute the protein with 2-3 column volumes of 100% Buffer B using a flow rate of 2-5
mL/min and collect 10 mL fractions. Measure the A,so of each fraction.

2.2.134. Combine and concentrate fractions containing A > 0.1 using a 15 mL centrifugal
ultrafiltration unit. Spin the ultrafiltration units at 5,000 x g for 15 min and continue to add
fractions until the volume has been reduced to ~50-75 mL.

2.2.145. Cut a 14 inch piece of dialysis tubing with a molecular weight cut-off (MWCO) of 6-8
kDa. Hydrate the dialysis tubing by boiling it fully submerged in 300 mL of water for 10 min. Tie
a secure knot at one end of the membrane. Fill the bag with dialysis buffer to ensure that no
cracks or leaks are present. Remove the buffer from the bag and keep the bag submerged in the
dialysis buffer.

)
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Remove any air bubbles from the bag. Close the bag with a second knot or a dialysis clip. Dialyze
the protein against 500 mL of 50 mM Tris pH 7.6, 5 mM EDTA (ethylenediaminetetraacetic acid)
250 mM NaCl in a 500 mL graduated cylinder overnight at 4 °C.

2.2.16. 222-37-Dialyze the protein a second time against 500 mL of 50 mM Tris pH 7.6 at 4 °C for
2h.

2.3.  For the anion exchange column pPRrepare 500 mL of Buffer A (50 mM Tris pH 7.6) and 500
mL Buffer B (50 mM Tris pH 7.6, 1.0 M NaCl). Equilibrate a 30 mL anion exchange column with 3
column volumes of Buffer A (2-5 mL/min).

2.3.1. Remove the protein from the dialysis bag and transfer to a bottle. Keep the bottle on ice.
Load the dialyzed protein onto the column (2-5 mL/min).

NOTE: The CFP/YFP protein will bind the column and will be yellow in appearance.

2.3.2. Wash the column with Buffer A until the Azso returns to baseline (5 mL/min). Elute the
protein using a gradient (0-50% Buffer B, 100 mL) and collect 10 mL fractions.

2.3.3. Inspect the column fractions using SDS-PAGE. Combine those that are >95% pure.

2.3.4. Concentrate the protein to an Azgo ~10-20 using a 15 mL centrifugal ultrafiltration unit.

Spin the concentrator at 4,500 x g for 10 min at 4 °C and continue to add protein until all of the
protein-containing fractions have been combined.

2.4.  Carefully remove the protein from the concentrator with a pipet. Aliquot the protein into
1.5 mL microcentrifuge tubes and flash freeze in liquid nitrogen for long term storage at -80 °C.
Buffer exchange the protein at room temperature using a PD-10 column equilibrated with the
appropriate assay buffer prior to use.

2.5.  Using Beer’s law c€alculate the protein concentration using the Azg and a calculated
extinction coefficient (e.g., for the V12 substrate the &€ = 47,790 Mt cm).

NOTE: The extinction coefficient (€) can be calculated from the protein sequence in Figure 4 using
the Expasy ProtParam program (https://web.expasy.org/protparam/).

3.Preparation of the Alphaviral nsP2 Cysteine Pproteasd
3.1.

Design and construct a plasmid encoding the protease. For cysteine proteases, use the pet32
plasmid to construct a thioredoxin (Trx) fusion protein.

1
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NOTE: The pet32 plasmid encodes a thrombin cleavage site (LVPRLGS) for removal of the
thioredoxin and His-tag (Figure 5). Thioredoxin will help maintain the active site cysteine in a
reduced state during expression. For serine proteases, the thioredoxin is not needed and steps
involving its removal by thrombin can be omitted. The VEEV nsP2 protease sequence was
incorporated into a pet32b plasmid that was prepared commercially to avoid handling Sselect
agents.

3.1.1.2 Freshly transform the plasmid DNA into BL21(DE3)pLysS E.coli according to
manufacturer’s directions. Plate the bacteria on LB agar plates containing Ampicillin.

NOTE: Chloramphenicol is only used for E. coli strains carrying the pLysS plasmid and is omitted
if BL21(DE3) cells are used. It is not necessary to include chloramphenicol on the LB agar plate in
this step.

2:6:0:3.1.1.  Autoclave four 4 L flasks of 1.5 L of LB media (6 L total volume) and 100 mL LB in a
250 mL flask. Cap each flask with aluminum foil.

2.0-0:3.1.2. _ Inoculate a 100 mL overnight culture of LB/Ampicillin with a colony from the plate
and grow in a shaking incubator (200 rpm) at 37 °C.

2:0.0.3.1.3.  Inoculate the 4 L flasks with 25 mL of the overnight culture and add the
appropriate antibiotics.

NOTE: The media for the BL21(DE3) pLysS cells carrying the pet32 plasmid should have final
concentrations of 25 pg/mL chloramphenicol and 50 pg/mL Ampicillin.

2.0.0.3.1.4.  Induce protein expression by adding 0.5 mL of IPTG to the culture when the
absorbance at 600 nm reaches 1.0. _Lower the temperature of the shaking incubator to 17 °C.
Allow expression to continue overnight (~17 h).

2.0.0.3.1.5.  Pellet the cells by centrifugation (7,000 x g for 10 min_at 4 °C). Remove and discard
the liquid media.

NOTE: The pellets can be stored at -80 °C for months or lysed immediately.

2.0.0.3.1.6.  Prepare 100 mL of lysis buffer (50 mM Tris pH 7.6, 500 mL NaCl, 2 mM beta
mercaptoethanol (BME), 30 mg lysozyme, 5% glycerol, 25 U DNase, 35 mL bacterial protein
extraction reagent). Open bottles of BME in a chemical hood when adding. Keep the bacterial
lysate on ice or at 4 °C for this and all subsequent steps.

NOTE: For cysteine proteases, 2 mM beta-mereaptoethane{BME)BME is included to keep the
nucleophilic cysteine reduced. The columns can be run at room temperature using chilled buffers.
Buffers should be made with cold deionized water cooled to 4 °C.
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2.0.6.3.1.7.  Resuspend the bacterial pellets in ~25 mL of lysis buffer and transfer ~25 mL of
the lysate into 4 x 50 mL disposable conical tubes. Place the tubes into plastic beakers containing
ice water. Sonicate the lysate 10 times on level 5 for 15 second intervals.

2.0.0.3.1.8.  Transfer the lysate into high speed centrifuge tubes. Clarify the lysate by
centrifugation (30 min, 20,500 x g at 4 °C).

2.0:6:3.1.9.  Prepare 0.5 L of Buffer A (50 mM Tris pH 7.6, 500 mM NacCl, 5% glycerol, 2 mM
BME) and chill to 4 °C.

2:6:0:3.1.10. _Prepare 250 mL of Buffer B (50 mM Tris pH 7.6, 500 mM NacCl, 5% glycerol, 2 mM
BME, 300 mM Imidazole) and chill to 4 °C.

2:6:0:3.1.11. Equilibrate a 50 mL nickel column with 3 column volumes of Buffer A. Load the
clarified lysate onto the column at 2-5 mL/min and discard the pellets.

2.0.0.3.1.12. Wash the column (2-5 mL/min) with 2 column volumes of Buffer A followed by 5
column volumes of Buffer A containing 20% Buffer B (60 mM limidazole). Elute the protein (5
mL/min) with 100% Buffer B and collect 10 mL fractions.

2.0.0.3.1.13.  Combine and concentrate fractions containing the protease that have Ayg > 0.1
using a 15 mL centrifugal ultrafiltration unit and 15 min spins at 5,000 x g at 4 °C. After the volume
has been reduced to ~ 5 mL buffer exchange the protein in the concentration unit by adding fresh
dialysis buffer to the protein (50 mM Tris pH 7.6, 250 mM NaCl, 5 mM dithiothreitol (DTT), 1 mM
EDTA, 5% Glycerol). Spin again at 5,000 x g at 4 °C for 15 min; repeat the buffer exchange step 2-
3 times. Add thrombin to the protein (20 pL of 1 unit/pL) prior to dialysis to remove the
thioredoxin and His-tag.

2.0.0:3.1.14. Transfer the protein into a dialysis bag and dialyze against 500 mL of the dialysis
buffer (4 °C) in a 500 mL graduated cylinder overnight.

NOTE: The FPLC (fast protein liquid chromatography) system and the nickel column should be
thoroughly cleaned with stripping buffer (2 M NaCl, 50 mM EDTA) before proceeding to the anion
exchange column. Any residual nickel in the FPLC lines will turn the buffer solutions containing
DTT brown when mixed. Wash the nickel column and FPLC system with 4 column volumes of
water. Pump wWash the FPLC system thoroughly with water. The nickel column can be
regenerated by flowing 2 column volumes of 0.2 M niNickel sSulfate over the resin for subsequent
purifications.

2.0:3.2. For the anion exchange column pPrepare 1 L of Buffer A (50 mM Tris pH 7.6, 5 mM
DTT, 5% glycerol).

2.0:0.3.2.1. _ Prepare 0.5 L of Buffer B (50 mM Tris pH 7.6, 5 mM DTT, 5% glycerol, 1.25 M NaCl).
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3-1.19.3.2.2. Equilibrate a 30 mL anion exchange column with Buffer A (3 column volumes, 2-5
mL/min). Place the tubes in the fraction collector for collection of the flow through.

NOTE: The VEEV protease has a calculated isoelectric point (pl) of 8.7 and will bind cation-
exchange columns but will flow through anion exchange columns. The pl can be calculated from
the protein sequence using the Expasy ProtParam program
(https://web.expasy.org/protparam/).

3.1.20.3.2.3. Dilute the dialyzed protein 1:3 with Buffer A, then load the protein (5 mL/min).
Collect the flow-through in 10 mL fractions.

3133, Remove the anion exchange column from the FPLC system. Connect a cation
exchange column to the FPLC system. Equilibrate a 30 mL cation exchange column with 3 column
volumes of Buffer A (5 mL/min).

3-4.22.3.3.1. Load the flow through of the anion exchange column onto the cation exchange
column at 2-5 mL/min. Wash the column with Buffer A until the Aso returns to baseline level.
Elute the protein with a 100 mL gradient (0-50% Buffer B) and collect 10 mL fractions.

NOTE: The VEEV protease will elute at around 0.6 M NaCl.

3.1.23.3.3.2. Inspect the column fractions using SDS-PAGE. Combine fractions that are >95%
pure and concentrate to an Azgo = 2 using 15 mL centrifugal ultrafiltration units. The enzyme can

be flash-frozen in liquid nitrogen and stored at -80 °C.

2.4.| Assaying the Enzyme C

4.1. Prepare 50 mL of assay buffer (50 mM HEPES pH 7.0,150-mM-NaCh-5-mM-BDTF).

2.0.0.4.1.1. _ The alphaviral proteases have relatively low ket values. \Dilute the enzyme_in the

buffer }ge—be—assaved—tet_o 4.7 uM (this will roughly correspond to an Azso = 0.2 for the VEEV ’[f‘

ly Using a Plate Readert 7777777777777 g - /{
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protease without Trx).

4.1.2.3 To measure the activity of the enzyme prepare a stock of substrate in the assay buffer
with a concentration of 185 pM, this will roughly correspond to an Azgo = 9. In 8 microcentrifuge
tubes prepare the reaction mixes shown in Table 2 by combining the appropriate volumes of the
185 uM substrate stock and buffer. In a black half-area 96-well plate pipet 45 pL of the reaction
mixes into 3 wells (columns 1, 2, 3). Row A should contain the [S] = 5 pM reaction mix, and Row
H should contain the [S] = 140 pM reaction mix.

4.1.3.4Set the plate reader to—simultaneousty detect_simultaneously fluorescence at two
wavelengths with a fixed photomultiplier tube (PMT) setting (e.g., ltow):

Wavelength 1 excitation = 434 nm, emission = 527 nm

Wavelength 2 excitation = 434———nm, emission =470 nm

[A10]: With what?

507

510

3.0.3.4.1.4.  Set the read time to 20 min (measuring 1 read per minute) and select the wells to
be read. Insert the plate into the plate reader and measure the spontaneous rate of hydrolysis
for 20 min. Monitor the emission ratios (Emission at 527/Emission at 470) over time.

3.0.3.4.1.5.  Next, run an eEndpoint read of the plate containing the “UNCUTreut” substrate.

NOTE: These values will be used in subsequent data calculations. The average of the emission
ratios from 3 wells will be the values of the “UNCUTreut” substrate at t=0 in Table 3.

4.1.6.7 Remove the plate and pipet 5 pL of enzyme into each well. Read the plate again for 20
min with 1 read per minute. Set the plate reader to output aAbsolute values.

NOTE: For this assay, the slopes will be negative. Each well will contain a total volume of 50 pL.

3.0.6:4.1.7. At the end of the read, seal the plate with film to prevent evaporation. Leave the

plate at room temperature overnight to allow the enzyme to kut the substrate completeM; _

3.60:6:4.1.8. _ After ~24 h, remove the sealing film and perform an eEndpoint read of the plate
using the same PMT as in the prior plates. These emission ratios should be averaged and inputted
into Table 3 under “CUTwt”. The cleavage of the substrate can be confirmed using the SDS-PAGE
discontinuous assay)described below (Step 5.1.:34 L

3.0.6.4.1.9.  Export the data to Excel. The fluorescence units at each time point should be
outputted for the 2 wavelengths (Table 4).

3.0.6:4.1.10. Fe-eCalculate the nmols of preduetsubstrate that haves been cut at time t usinge
equation (1) where X is the emission ratio (527 nm/470 nm) at a given time point, neg is the
emission ratio of the “UNCUTreut” substrate_at t=0, and pos is the emission ratio of the
completely “CUTu#” substrate measured after 24 h of cutting (Table 3).

X-neg

P —— *nmol = nmols of S cut at time t (1)

NOTE: [Eh Is of substratecut at time=t be-obtainedf tion-1 and-theval

: &
Fable-3-Representative fluorescence data areis shown for one well (well E7) containing 80 uM
substrate (4 nmols of S per well)-s in Table 4. The calculations were performed for each well in
the plate.

3.0.6.4.1.11. _For each well plot nmols vs. time (min) andte obtain the initial velocities (slopes
by fitting the data to y = mx + b-Fhis-sheuld-be-doneTFhiscan-be-donein using GraFit (Erithacus
Software Limited). For the data collected in 4.1.5. plot nmols vs. time (min) for the-Spentaneous
Hydrelysis-data-as-welleach well. _The slope will equal the nmols product produced per minute.
Subtract tFhe spontaneous rates of hydrolysis_measured in 4.1.5. ean-be-subtracted-from the
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enzyme-catalyzed reaction rates (Table 5).L 777777777777777777777 - /{

NOTE: The first read can be clipped from the data if it is artifactually high due to movement of
the plate into the plate reader.

3.0.6:4.1.12. Calculate the amount of enzyme in mg that was added to each well (e.g., 0.0009
mg). A unitis defined as a pmol of product produced per minute (umol/min). Divide the nmol/min
by the mg of enzyme present in the well to obtain mU/mg; divide by 1000 to obtain U/mg.

3.0:6:4.1.13. _Plot [S] UM on the x-axis and U/mg on the y-axis and fit the data to the Michaelis-
Menten equation to obtain Vmax and Km. This can be done in GraFit (Erithacus Software Limited).

5. ying the Enzyme Di: i ly Using SDS-PAGE Analysis

4.0:5.1. Prepare a 50 pL reaction containing 10 uM substrate and buffer in place of enzyme
label as “UNCUT.”-

NOTE: The volumes of substrate and buffer are shown in Table 2. If the continuous assay has
been run, the samples can be used directly from the 96-well plate.

4:6.0:5.1.1. _ Prepare a 50 pL reaction containing 10 pM substrate and 5 pL enzyme and label
as “CUT”. Start the timer when the enzyme is added to the substrate.

NOTE: Inhibitors can be added to additional tubes containing enzyme and substrate. Adjust the
volume of added buffer to compensate for the added volume of inhibitor. Concentrations of
DMSO should not exceed 2%.

5.1.2. Incubate the reactions for ~15-24 h at room temperature (22 + 3 °C). Stop the reactions
by adding 50 pL 2x Laemelli buffer. After stopping the reaction boil each tube for 3-10 min.

4.0.6.5.1.3.  Assemble the gel tank according to the manufacturer’s directions. Insertand-place
well pre-cast 12% polyacrylamide gel cassette i and a buffer dam on the
other side. Fill the interior reservoir of the cell with 1x SDS running buffer until the buffer reaches
the top of the cassette. Fill the external reservoir half-full with the same buffer.

4.0.0:5.1.4.  To analyze cleavage using the discontinuous assay load 5 uL of each reaction
a lane ofir a 32%-SDS-PAGE gel beginning with the “UNCUT” reaction. Include a molecular weight
marker in the first or last lane.

4:6:0:5.1.5. _ Attach the electrodes of the pewersupply-to-the-lid-ofthe-gel tank to the power
and sSeparate the products at 110 V for 60 min‘. Remove the gel from the cassette by inserting

the cracking tool in between the plates. Place the gel in a plastic tray and submerge the gel in 5-
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10 mL of gel sStaining solution;= t-he—gel)-unﬁl—ﬁbands will beare visible within {30 min}. After _ /[ Commented [A14]: With what and how?

1-24 hours rRemove the excess stain, and—‘p\laeesubmerge the gel in water and use a gel -imager
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totake a picture of thegel.| _ ~{ commented [A15]: What is done after this? )
B. Docking substrate peptides to the VEEV-nsP2 cysteine protease | Commented [A16]: Software steps must be more

explicitly explained ('click’, 'select’, etc.). Please add more
) : . specific details (e.g., button clicks or menu selections for
6.1. Download the coordinate file for the VEEV cysteine protease from the PDB ST EE S, e e s o S ),

(https://www.rcsb.org/). The PDB code is 2HWK. Save the file as 2HWK.pdb.

6.1.1. 62— Prepare the protein structure using MOE (https://www.chemcomp.com/). Load
the protein PDB file into MOE. Click the “Select” and “Solvent” on the right hand side bar and
delete the solvent.

6.1.2. Open the “Structure Preparation” panel from the top menu bar “Protein”. Automatically
correct all structural items by clicking on “Correct” and protonate the structure by clicking on
“Protonate3D”. Add partial charges to the protein by opening “Partial Charges” panel and
selecting “Amber 99” and “Adjust hydrogens and Lone pairs as required”. Finally, save the
structure file as “2HWK dock.pdb”.

£ i )J\h ) th H using-new-nameforthepdb /[r‘ [A17]: Please describe how. ]

db}-filesfor-thesubstrat ides{nsP12 nsP23

©
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6.2. 63—Build the structure for the substrate peptides (nsP12, nsP23, nsP34) and TRIM14

using MOE. Open the Protein Builder panel, enter the substrate sequence, set the “Geometry”
as “Extended”, and click onthe “Build”. The structure will be shown in MOE window.
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6.2.1. Minimize the peptide structure by clicking “Minimize” on the panel. Save the structure
ile \(Fjggrg 6). \n7 kthe substrat ptid ko the VEEV-psP2 protein-target using /[r‘ [A19]: How? ]
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6.3. [Dock the substrate peptides fto VEEV-nsP2 _using _PyRx/AutoDock 4.2 _ ’[f‘ [A21]: How? ]
(http://autodock.scripps.edu/). Open the PyRx Tool, edit the preference setting, inactivate all
torsions for “Ligand Preparation”. Load the substrate molecule, right click the molecule name on
the Navigator panel, select “Make ligand” to prepare the ligand docking file. Load the protein

2HWK clean.pdb, select “Make macromolecule” to prepare the pdbqt docking file (Figure 7).
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botrat &-Cy d-bindi

477-at-the¢l ite; 2} the predi o gy-Start the “AutoDock
Wizard” on the docklng panel at the bottom Select the prepared ligand and protein files. Define
the protein binding pocket by manually adjusting the grid dimension which is centered at the
catalytic residue Cys-477. Using the default spacing parameter 0.375 A. Click on “Run AutoGrid”

to generate grid maps.
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6.3.2. Run AutoDock and —sSelect the Lamarckian Genetic Algorithm (LGA) method. Click on the

“Docking Parameters” and set the “Number of GA runs” to 50. Use the default parameters for

others. Click on “Forward” to start the docking run.

6.3.3. -Open the “Analyze Results” panel. Inspect all predicted binding poses. Select the best
model with the lowest predicted binding energy and reasonable binding interactions between
the Cys-477 and substrate on the cleavage site. Save the binding model as PDB file for further
MD simulations.
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7. MD simulations of Ddocked VEEV-substrate Ccomplexes

7.1. Prepare the input files using Amber (http://ambermd.org/). Following the standar,
protocol, MD simulations are performed for the predicted substrate binding models using the } Formatted: Indent: Left: 0", First line: 0", Outline
\ numbered + Level: 2 + Numbering Style: 1,2, 3, ... +
AMBER package and the ff995B force field. )| Startat:1 + Aignment: Left + Algned at: 0"+ ndent at:
\ | 0.25"

7.1.1. The solvated systems are subjected to a thorough energy minimization prior to MD+, \\\{ tted: Font: 12 pt

simulations. Periodic boundary conditions are applied to simulate a continuous system. The \ \{ Formatted: Font: 12 pt

particle mesh Ewald (PME) method was employed to calculate the long-range electrostatic
interactions. The simulated 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.
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7.1.23 Run the simulation job at a_hi gh Qerformance computing facility, our simulations were _

7.1.34 Visualize the trajectory output using the VMD Drogram

P g
AMBER J) dtha ££99CD £ fiald
712 Irh Ivated ro_subi d—to—a thorough—enera oriorto-MD
2 ¥ 5 £Y
imulations—Periodic_boundary diti re_applied_to-simulat tem—Th
- ¥ PP -
. g | dt leulate—the} J
particle—rnesh—Ewald—{PME)-rmethod ploy S-Fang
i i The-simulated-system-was-firstsubjected-& radual e from-0
g ¥ & P

Kto-300 K over 100 ps, and then equilibrated for 500 ps-at 360K, foll db duction runs of
g P 7 Y-

previously published text.

2aslengthintord) N - /{Commamed [A22]: Please revise these lines to avoid

imulation-job-at-a-hich £
) 15

mputing facility—our-simulati wer
P g g

7214 \isyal th tout th UMD
= H ¥ P g Prog
L . . " N |
{wwweks du/Researchivma/)—Analy the_bind o
hang £ th, b d TRIMI4-withinth £ £ AsP2{F 9}

REPRESENTATIVE RESULTS:

SSHHPS analysis of the ZIKV ns2B/3 protease identified 4 host protein targets: FOXG1, SFRP1, a
Gs alpha subunit from a retinal cDNA library, and the NT5M mitochondrial 5’,3’-nucleotidase
(Figure 10).° Notably, no other method predicted these proteins as potential targets of the ZIKV
protease. Mutations in the FOXG1 gene have been linked to a congenital syndrome characterized
by impaired development and structural brain abnormalities such as microcephaly. SFRP1 is an
ﬁsecreted frizzled-related proteins (SFRP); these-are soluble receptors that-can competitively
bind Wnt ligands {competitively)-to antagonize and inhibit Wnt signaling. SFRRis-alse-invelved
inT-cell differentiation®*-The Wnt signaling pathway is was-previeuslyinvolved-linked inte the
regulation of the IFN response during Flavivirus infection;—ricreRNAs—that—repi -Wnt/B

tenin-signaling—had-strong-anti-flaviviral-effects3. Thus—th lytie-cleavage of SFRP1

would be expected to enhance flavivirus replication. | SFRPl is also involved in Thi7-cell

differentiation3®. Sequence alignments of the SSHHPS showed species-specific differences in the
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cleavage site sequences (Figure 10D). The cleavage site sequence in SFRP1 was identical in
humans and chickens; ZIKV can induce mortality and microcephaly in chicken embryos %°. In
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725  cleavage site sequences (Km(V12) = 12 uM and Kn(V34) = 21 uM). The cleavage site sequences at 769  Figure 4. Protein and DNA sequences of the CFP-V12-YFP substrate for the VEEV nsP2 cysteine
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732 infected cells. Appropriate follow-on experiments should be chosen. The effects of 76  Figure 5. Protein sequence of the Trx-VEEV-nsP2 cysteine protease construct. Thioredoxin_(Trx)

r733 overexpression or silencing of the target protein on viral replication ear-also_can be tested. 77  is shown in yellow. The thrombin cleavage site and His-tag are shown in cyan. The Cys-His dyad

734 78  arelabeled in red.
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736 780  Figure 6. Peptide structures in MOE.

737  Figure 1. Three mechanisms of silencing. Silencing can occur at the level of DNA, RNA, or protein. 781

738  These “search and delete” algorithms each use a “keyword” to direct the cleavage of a file 782  Figure 7. Docking of substrate peptide using PyRx/AutoDock.

739  containing the word. This figure has been modified from -Morazzani, et al.** and the references 783

740  therein. 784  Figure 8. Jobs running on the Biowulf cluster.

741 785
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743  domains of TRIM14 homologues are shown in the alignment. The PRY/SPRY domain can be 87  nsP1/nsP2 junction. The Cys-477/His-546 catalytic dyad is shown in blue. Figure was made using

744  identified by the conserved motifs highlighted in gray. Human TRIM14 is cut at QEAGA G by the 88  Pymol (https://pymol.org).
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Residues in green are tolerated at the subsite and match residues at other cleavage sites. SFRP1

had the highest number of identical residues in consecutive order. (B), CFP-substrate-YFP proteins - /[ Formatted: Font: Not Bold
(~50-60 kDa) were expressed and purified containing the predicted SSHHP sequence from each
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Figure 11. Steady state kinetic analysis using the continuous and discontinuous assays. (A) The
kinetic data shown in Table 5 was plotted in GraFit. The inset shows the Lineweaver-Burk plot.
(B) SDS-PAGE gel showing the cleavage products of the CFP-V12-YFP substrate. In lane 1 is the
“UNCUT” substrate (48 kDa). In lane 2 is the “CUT” substrate (31 kDa and 27 kDa). In lanes 3-9
different compounds were included to test their inhibitory activity. Lane 4 contains the E64d
covalent inhibitor. These reactions were run overnight for ~17 h at room temperature. Boiling of
the samples was required to achieve the sharp banding pattern. The nsP2 protease is visible (56
kDa) in the reactions containing enzyme, but not in lane 1. Lane 1 is the “no enzyme” control.

DISCUSSION:

Sequence-specific destruction of a protein or a nucleic acid guided by a foreign sequence is only
seen in a few cases in biology. The mechanisms shown in Figure 1 are defensive mechanisms that
protect a host from a virus, or a virus from a host.

Using bioinformatic methods we can identify the targets that are destroyed by these systems. In
our analyses of SSHHP sequences, we found-discovered that many of them could be found in
proteins needed to generate innate immune responses. Some had obvious roles such as MAVS
and TRIF (TIR-domain-containing adapter-inducing interferon-B), while others were related to
immunity though more complex mechanisms (e.g., Histone H3, SFRP1, FOXG1)3°. The target
information stored in the SSHHP sequence has the potential to identify pathways that have
antiviral effects against these viruses. Antiviral responses in vivo are often virus-specific 2228, For
example, subsets of TRIM proteins have antiviral effects on different viruses 2»234%, some are viral
restriction factors (e.g., HIV and TRIM5a). The specificity of TRIM proteins (~70 have been
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identified) is-still is being examined 2>*%. The information within these-seguencesSSHHPS may
contribute to our understanding of how these viruses evade the innate immune responses. Other
patterns and correlations may be uncovered as more SSHHPS are examined.

Species-specific differences were apparent in our analyses (Figures 2, 10). These viruses are
known to affect some species more than others. Information about host range, host
susceptibility, and host defenses may be present within SSHHPS. For example, equine, the most
susceptible species to equine encephalitis viruses, lacked the region of human TRIM14 that was
transiently cut by the VEEV nsP2 protease. Humans rarely die from VEEV infections but can be
infected?®. The human TRIM14 protein carried an nsP2 protease cleavage sequence.® The
presence of the cleavage site suggest that humans have a defense mechanism against these
viruses. Birds have been thought to be potential reservoirs of these viruses*. The corresponding
SSHHP sequence in the TRIM14 protein from chickens differed from the sequences found in
humans and other species. Subtle differences like these may make a target host protein
uncleavable or more readily cleaved. Aguirre, et al.!® showed that an uncleavable mutated
STRING protein induced higher levels of IFN after Dengue virus infection and that mice naturally
carry a version of STING that is not cut by the Dengue ns2B3 protease. The murine STING protein
was-alse was not cut by the ZIKV protease?’. In our SSHHPS analysis, we also observed differences
in the ZIKV protease cleavage site sequences when we compared the human proteins with those
of rodents © (Figure 10D). Reproducing the species-specific proteolytic cleavages of host proteins
may be important in animal models used for Group IV viruses. The inhibition of host protein
cleavage also has implications with regards to the development of Group IV protease inhibitors.
In our previous publication, we showed that we could inhibit TRIM14 cleavage by the VEEV nsP2
protease using CAO74 methyl ester ©. This result suggests that small molecule inhibitors of these
proteases may be able to modulate the innate immune responses that are capable of suppressing
the infection.®33

Genetic variation within a species also has the potential to produce differences in proteolytic
cleavage. Subtle differences in codon usage could affect ribosome pausing “¢. Since some Group
IV viral proteases are embedded in the ER membrane, differences in these pauses could affect
cleavage of a target if cleavage occurs co-translationally. Some of the cleavage sites that we
identified were in predicted signal peptide sequences (e.g., SFRP1) while others were internal.

SSHHPS analysis can produce information that differs from other methods of host protein
analyses. SSHHPS analysis was inexpensive and easy to employ. The use of a bacterial expression
system allowed testing of short segments (~25 amino acids) of mammalian sequences without
the use of mammalian cell culture. We found that the CFP-YFP substrates were able to tolerate
all of the tested human protein sequences; however, yields varied. In similar assays, substrates
containing human protein sequences as long as 63 amino acids were successfully expressed,
purified, and utilized for kinetic analyses and inhibitor screening 4951, Since only small amounts
of the substrate are needed for the discontinuous assay, a large number of targets can be
explored. One advantage of the system is that the CFP/YFP substrates can be used for SDS-PAGE
analyses and for more elaborate kinetic analyses (i.e. 1Cso, Ki, Km, Vmax). For drug discovery,
itnhibitory compounds can produce artifacts in fluorescent assays.; _Tthus, the discontinuous
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assay in combination with continuous assay allows one to confirm cleavage or inhibition of
cleavage. The samples for the discontinuous SDS-PAGE assay can be taken directly out of the 96-
well plates. CFP/YFP substrates have been used for compound library screening 52. However,
additional analyses are required to determine if a substrate is suitable for high throughput
screening such as the calculation of a Z-factor 53,

One challenge in designing a substrate is identifying the region around the scissile bond that is
bound and recognized by the protease. In the examples shown here, we began with 12 residue
sequences that were centered around the scissile bond. After analyzing sequence alignments of
the cleavage sites homology to the residues N-terminal of the scissile bond was found for the
VEEV protease, whereas for the ZIKV protease homology to several of the C-terminal residues
was found. An in silico model of the docked substrate can be used to design site-directed
mutagenesis experiments that probe the binding sites of the substrate. Since the substrate and
enzyme sequences are on plasmids, either can be mutated to test the in silico models or subsite
tolerances. This can be advantageous if a crystal structure of the bound substrate(s) is not
available.

SSHHPS analysis may also yield new information about the mechanisms by which virus-induced
phenotypes are produced by viral enzymes. One of the ZIKV targets, SFRP1, is part of the Wnt
signaling pathway and has roles in both brain_and eye development and_in immune responses
38395457 \We found that the other protein sequences that could be cut by the ZIKV ns2B/ns3
protease were also in proteins involved in brain and eye development; abnormalities in both have
been observed in congenital Zika syndrome and are thought to be part of the virus-induced
phenotype 8.

The predictability of host-pathogen interactions could be exploited for a variety of applications:
target-specific oncolytic viral therapies; de-risking live virus vaccines; refinement, prediction or
selection of animal models; prediction of host-range or susceptibility; prediction of zoonotic
events; and prediction of host-defenses. Since the methods described are sequence-based, they
may be of value to incorporate into software in the future.
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Dear Dr. Legler,

Your manuscript, JoVE60421 "Analysis of Group IV viral SSHHPS Using In vitro and In silico Methods," has
been editorially and peer reviewed, and the following comments need to be addressed. Note that
editorial comments address both requirements for video production and formatting of the article for
publication. Please track the changes within the manuscript to identify all of the edits.

After revising and uploading your submission, please also upload a separate rebuttal document that
addresses each of the editorial and peer review comments individually. Please submit each figure as a
vector image file to ensure high resolution throughout production: (.psd, ai, .eps., .svg). Please ensure
that the image is 1920 x 1080 pixels or 300 dpi. Additionally, please upload tables as .xlsx files.
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in as an author. You will find your submission under the heading "Submission Needing Revision". Please
note that the corresponding author in Editorial Manager refers to the point of contact during the review
and production of the video article.
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Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the
submitted revision may be present in the published version.

As requested, we have proof-read the manuscript.

2. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account.
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from
[citation].”

As requested, we have received permission from Antiviral research (See Attached Email).

3. Please revise lines 103-105, 597-605, 650-651, 652-655 to avoid textual overlap with previously
published work.

As requested, we have edited these sentences.

4, Please remove the embedded figure(s) from the manuscript. All figures should be uploaded
separately to your Editorial Manager account.

As requested we have moved these.

5. Please remove the embedded table(s) from the manuscript. All tables should be uploaded separately
to your Editorial Manager account in the form of an .xls or .xlsx file.

As requested we have moved these.

6. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. Step 1
followed by 1.1, followed by 1.1.1, etc. Each step should include 1-2 actions and contain 2-3 sentences.
Use subheadings and substeps for clarity if there are discrete stages in the protocol. Please refrain from
using bullets, dashes, or indentations.

As requested we have reformatted the methods.

7. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all
commercial language from your manuscript and use generic terms instead. All commercial products
should be sufficiently referenced in the Table of Materials. You may use the generic term followed by
“(Table of Materials)” to draw the readers’ attention to specific commercial names. Examples of
commercial sounding language in your manuscript are: BugBuster, Sepharose, GenScript Inc., etc.

As requested, we have removed these and changed the names.

8. Please revise the Protocol to contain only action items that direct the reader to do something (e.g.,
“Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete
sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be”
throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a
“NOTE.” Please include all safety procedures and use of hoods, etc. However, notes should be used



sparingly and actions should be described in the imperative tense wherever possible. Please move the
discussion about the protocol to the Discussion.

9. Lines 332-333: What happens after centrifugation? Discard the supernatant?
As requested, we have added step 2.2.7

10. Line 343: What is the molecular-weight cut-off of the dialysis bag?
We have added the MWCO (6-8 kDa).

11. Line 403: What volume of lysis buffer is used to resuspend the pellet?
Approximately 25 mL.

12. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions and
maximum of 4 sentences per step.
As requested, we combined several steps.

13. Please include single line spacing between each numbered step or note in the protocol.
As requested, we have added these.

14. After you have made all the recommended changes to your protocol section (listed above), please
highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including headers and
spacing) to be featured in the video. Bear in mind the goal of the protocol and highlight the critical steps
to be filmed. Our scriptwriters will derive the video script directly from the highlighted text.

As requested, we have highlighted sections.

15. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted
steps form a cohesive narrative with a logical flow from one highlighted step to the next. The highlighted
text must include at least one action that is written in the imperative voice per step. Notes cannot
usually be filmed and should be excluded from the highlighting.

16. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

17. Figure 11: Please use the micro symbol p instead of u. Please mark the fragment sizes in panel B.
As requested, we have corrected these.

18. Table of Materials: Please remove any ™/®/© symbols. Please sort the materials alphabetically by
material name.
As requested, we have corrected these.

19. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName,
F.I. Article Title. Source. Volume (Issue), FirstPage — LastPage (YEAR).] For more than 6 authors, list only
the first author then et al. Please do not abbreviate journal titles. See the example below:

Bedford, C.D., Harris, R.N., Howd, R.A., Goff, D.A., Koolpe, G.A. Quaternary salts of 2-
[(hydroxyimino)methyllimidazole. Journal of Medicinal Chemistry. 32 (2), 493-503 (1998).

We have checked the references.



Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The manuscript describes a protocol for the in vitro and in silico studies on short stretches of
homologous host-pathogen protein sequences. The method is respresented on the example of
alphaviral proteases. The manuscript content is of interest to the readership of JoVE, and may be
potentially adapted to study other viral proteases.

Major Concerns:
| do not have any major concern. The protocol seems to be very robust and carefully optimised.

Minor Concerns:

The minor concerns are listed below. The title is concise, the abstract is appropriate for this method
article. Overall, the protocol manuscript is well written, | think language editing is not necessary,
grammatical errors will be corrected by the help of the copy-editing service of JoVE.

We thank Reviewer #1 for reading and reviewing the manuscript. We greatly appreciate your comments
and have made the requested revisions.

Comments regarding protocol:

Step 1.1 - For BLAST analysis, please provide examples for possible tools or specify the one which was
used in the presented protocol.

As requested, we have added information about PHI-BLAST which is a tool within BLAST that can help
refine the search.

Step 1.2 and 1.3 - Is there any automated method for filtering and rank-ordering? If yes, indicating those
may aid to carry out the protocol.

Unfortunately, there is not. We are applying for funding to make a computer program that will do this
using a BLAST output file as input.

Step 2and 3

- Indicate the use of AKTA Prime Plus system in every case, show the applicable flow rates (mL/min) and
the steps where different flow rate need to be applied.

We agree, we have added the flow rates.

- Amicon Ultra-15, -4, and 0.5 centrifugal filter units are listed in the tables of materials, but it is not
indicated in the written protocol which types of units need to be applied in the different steps.
Complete the protocol accordingly every case. However, three types of units are listed, the use of only
two is written in the protocol. Complete the description of the given steps by the applicable
temperature of buffer exchange.

We have removed the Amicon Ultra-4 unit. We thank the Reviewer for catching this.

Step 2.1 and 2.2 - To avoid misunderstandings, specify the plasmid names in every case, or complete
table of materials and indicate in the Comments/Description that plasmids having pet15b core were
used for CFP-V12-YFP substrate expression, while pet32 plasmid for VEEV nsP2 protease. Define plasmid
names clearly and uniformly throughout the manuscript, e.g. pet15b (step 2.1) and CFP-V12-YFP (step
2.2) name is also used for the same plasmid.



We agree, we have added to the notes in the Materials table and have added a sentence to section 3.

Step 2.13 - Indicate temperature of dialysis.
We have added the temperature.

Step 4.2 - You suggest dilution of enzyme to 4.7 uM concentration. Is it necessary to determine the
percentage of properly folded proteins which possess activity? Does the indicated concentration
correspond to the total protein concentration or to the concentration of the active enzyme?

An active site titration could be done with a covalent inhibitor, however, we have found that the viral
proteases have very different inhibitor specificities than the human enzymes. Most commercially
available cysteine protease inhibitors are designed for human enzymes. Here we omitted the titration
since it may or may not be possible to perform. We added a sentence to 4.1.2.

Step 4.11 - Use "room temperature" instead of "R.T".
As requested, we have changed the abbreviation.

Comments regarding tables:

Table 1.

- It should be noted in the table legend that the table has been prepared by the modification of the table
published previously (Morazzani et al. 2019). Due to this, some references included in the table are not
listed in the reference list of the manuscript (e.g. Barral et al., Das et al., etc), which may be disturbing
for the readers. The table should be understandable alone, without the original article. | suggest the
correction, for example indicating PMIDs may be acceptable.

As requested, we have made changes.

Table 2.

- | think that the Table should be subdivided to part A and B, because part A shows no reaction mixtures
but reaction components.

- In the upper panel "substrate (V12)" and "enzyme (wt)" names are suggested, for use for clarity.

- In the upper panel showing mM (3rd column) is not necessary, mM is not shown neither in step 4.2 nor
in4.3.

- In the first column of the lower panel "[S]f" is shown. What does "f" mean? This label for substrate
concentration is not used elsewhere. Is it a typo?

- It is unclear what kind of values are shown in the 2nd column of the lower panel. Amount of which
reaction component is shown here? How these values have been calculated?

This was an Excel calculator, the top part shows where one can input the concentrations (in A280). We
have edited the column labels to make them more clear.

Table 3.

- Why 5th row is highlighted by grey background? Whether this value is used in the presented
calculations? Please explain and complete table legend accordingly.

The fifth row corresponds to the raw data in Table 4. We have expanded the legends.

Table 4.

- In the first row (title line), use "U" symbol instead of "u" to show [S].

- Please, define "X" an "%" in the table. Write "emission ratio (527 nm/470 nm)" instead of using only
"X", and define how percentage can be obtained.



As requested, we have added the information.

Table 5.

- In the first column, use "u" symbol instead of "u" to show [S].

- In the second column (slope) what does the "Spont" mean? Please define the abbreviation in the table
legend or in the text.

- In the second column (slope) what does the "w/Enz" mean?

As requested, we have expanded the legend.

Comments regarding figures:

Figure 1 and 2.

- Figure 1 and 2 are slightly modified versions of figures from Ref.3. This need to be indicated in the
figure legends, e.g. as it is shown in case of figure 10 ("Figure reproduced from Morazzani et al. 3").
As requested, we have added the information.

Figure 2, 3 and 4.

- In these figures (and in lane 204-206, as well), the "QEAGAG" sequence is colored, but the color code is
not defined in the figure legend. Please, complete figure legends in order to indicate why E and G
residues are colored by blue and green, respectively. If coloring is not important, do not highlight
residues.

As requested, we have edited the legends.

Figure 3.

- Lower panel showing "Most alignments" is hardly visible, the grey color need to be changed in order to
increase contrast, black color is suggested.

As request, we have made it black.

Figure 6.

- Labels of residue 319 and 328 are not visible in the figure. Please indicate the sequence in the figure
legend.

Unfortunately, the labels were added by the program. We were not able to move them.

Figure 9.

- | suggest to label names of all residues which are represented by sticks, both in the case of enzyme and
substrate residues. For substrate, the substrate sequence needs to be shown at least in figure legend.
Showing catalytic residue and cleavage position would also help understanding.

As requested, we have labeled the figure.

Figure 10.

- It is necessary to complete part B of the figure - showing SDS-PAGE gels - by labeling the molecular
weights of the standard proteins.

- In figure part B sample labeling does not fits to the corresponding lanes (lane 693-694). Neither protein
names nor the labels showing presence ("+") or absence ("-") of the protease are positioned properly,
they are not above the corresponding lanes in every case. Spacing between the labels need to be

checked.



These were done on 2 different gels so the MW markers are not shown. We have labeled the cut and
uncut and have added the approximate MW’s to the legend.

Figure 11.

- Indicate in figure legend sample number and whether error bars indicate SD or SEM (figure part A).
- Define "S.A." abbreviation in the column title.

- In figure legend change "Lineweaver-Burke" to "Lineweaver-Burk" (lane759 and 818).

- It is hard to identify bands based on molecular weights without labeling the molecular weight
standards. It is necessary to complete figure part B - showing the SDS-PAGE gel - with the molecular
weights of the marker ladder proteins.

As requested, we have added the labels to this figure and the MW markers.

Once again, we would like to thank Reviewer #1 for their careful read of the manuscript. Your
suggestions were very helpful.

Reviewer #2:

Manuscript Summary:

The manuscript by Hu et al., describes a series of bioinformatic and in vitro approaches to identify and
characterize the presence of SSHHPS. Briefly, the authors describe the use of degenerate BLAST
searching to identify potential cleavage sites within host genes, and use comparative genomics to
determine the level of conservation across multiple host species. They then describe the utilization of an
in vitro cleavage system based on FRET to assess cleavage efficiency in a reductionist recombinant
system. The protocols described, in my estimation, represent a complete description of the necessary
steps to identify and test novel SSHHPs. On the whole, the manuscript is fairly well written, and the
proposed methodology easy to understand and reproduce for other systems. The text in several areas
seems to lack a cohesive focus, and could be improved upon.

Moreover, the methodology described represents a superficial identification of host / pathogen
interactions, and the discussion does not adequately address the limitations of the assays.

| must unfortunately, recommend the rejection of this manuscript.
This is a methods paper for Morazzani, et al. Morazzani, et al was published in a peer reviewed journal in

2019. The Morazzani, et al manuscript contains the virology and the cleavage of the full length protein.
The article is available online: https://www.ncbi.nlm.nih.gov/pubmed/30742841.

Table 1 has a list of reference citations (peer-reviewed journals) for 24 other cases of host protein cleavage
by viral proteases. The references listed in Table 1 are virology papers. These papers are from other labs
and were published over a 30 year period.

Major Concerns:

1) The cliche real estate saying "Location, location, location" applies here; however, a better
example would be "Context, context, context". The methodology described in the paper will
result in the identification of putative cleavage sites, and the use of the FRET method will
determine their relative cleavage efficiency. But, the capacity of a host factor to be cleaved (and
thus it's relative importance) is highly dependent on the context in which the target peptide is
found. As such, there are several significant components of this that are not discussed in this


https://www.ncbi.nlm.nih.gov/pubmed/30742841

manuscript- What if the peptide is buried in the protein structure?, What if the protein and
protease are in different subcellular compartments?, What if the protease is inactivated during
viral replication?, What if rate limiting amounts of protease are generated during infection?

We have added sentences to the Intro.
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We found that most of the cleavages occurred within the 1%t day of infection and appear to be most
relevant to the early establishment of infection.

Without addressing / discussing these concerns the utility of the manuscript can be distilled to "identify
sites that look like known viral cleavage motifs, clone them into a (admittedly clever) FRET system, and
see if the viral protease can cleave a motif that looks like the one it should cleave".

If | was reviewing a manuscript that used this approach | would require the demonstration of cleavage in
a native context, and would be unwilling to accept the described methodology at face value.



Cleavage of the natural sites in the polyprotein was published for VEEV (PMID 30742841, PMID: 19013248)
and for Zika (PMID: 27386922, PMID: 28461069). Most of the viral cleavage site sequences are known.
The native context may not be relevant to co-translational cleavage.

The bioinformatics and FRET assay are the first steps of a long process and simply determine if proteolytic
cleavage of a given sequence is physically possible. Expression and purification of full-length mammalian
proteins for protease assays is very time consuming (>7 days) and the stability of the cleavage products
can be poor and difficult to detect in cells. The in vitro assays here can be done quickly and with many
target protein sequences using E.coli (1.5 days). This method identifies the potential host-targets so that
those proteins can be detected in Western blots or by mass spectrometry in cell-based assays.

We agree that these are good points to discuss. We have included more information in the Protocol and
Discussion about how we optimized the substrates.

2) At certain points in the introduction statements are made that at face value are confusing. For
instance the statement on lines 48-49 inferring that SSHHPs are vertically transferred lacks
substantiation, and is contrary to the "molecular arms race" models put forth by others.

Micro RNA also follow the logic. They are stored keywords that direct the destruction of a foreign target.
RISC is a keyword generator that can generate keywords on the fly as invading viral RNA enters the cell.

CRISPR/Cas9 and RNAI/RISC are strategies to protect a host from a virus, SSHHPS is just the opposite. It’s
a strategy to protect a virus from a host. The algorithm is the same (e.g. “search & delete” program using
a keyword).

Here “vertically transferred” means that alphaviruses pass the information stored in the cleavage site
sequence to their viral progeny (mother to child); we have revised this.

How horizontal transmission mechanisms occur is more complicated, they may be due to recombination
events since innate immune response genes are expressed during an infection or they be due to
coincidental assimilation (ref. Hagai, 2014).

Minor Concerns:
1) The introduction of other restriction pathways (ie. CRISPR), is distracting from the purpose of the
manuscript.

These 3 mechanisms are all “search and delete” algorithms (“programs”) that utilize a “keyword”. The
“keyword” is used to delete a larger target sequence (a “file” containing the keyword). SSHHPS/nsP
follow the logic. These 3 mechanisms perform sequence-specific destruction of a larger target (they cut
or “delete” a file). Silencing can therefore occur at the level of DNA, RNA, or protein. The protein
mechanism we describe here follows the logic. We have revised Fig. 1.

2) There are grammatical errors in the document.

We agree and have corrected them. We thank Reviewer 2 for their suggestions and comments.



Reviewer #3:

Major Concerns:

The manuscript describes a platform for studying the proteolytic activity of an alphaviral protease,
combining in vitro and in silico methods. The overall concept is well described and technical details are
given with sufficient details in order to make the protocol useful. However, the manuscript would
benefit from adding more representative results to demonstrate the capacity of the method to identify
eg. host proteins cleaved by the viral protease.

Regarding the applicability of the methods, the authors state in the abstract and in the body text that
the assays can be repurposed for drug discovery. It is true that in general, microplate-based fluorescent
assays are more suitable for screening applications than more laborious techniques, but not all
microplate-based bioassays can be converted into screening assays. The authors provide no data on
assay robustness (eg. in terms of its signal window, Z' factor or other assay quality parameters) nor do
they present any data on the use of the assay for small molecule inhibitor studies. If the authors wish to
claim their method to be useful for drug discovery purposes they must add data to demonstrate this.
Otherwise it is recommended to remove this statement.

We agree, and have added a sentence about the Z-value in the Discussion. Here we meant that one can
use this assay to look at inhibition in a gel or with a plate reader (2 orthogonal methods). Typically, for
drug discovery a primary and a secondary assay is used followed by a counterscreen. We have already
used these assays for in silico drug discovery on a small scale (500 compounds were tested and Ki’s were
measured) (manuscript in preparation). A similar substrate has been used for large library screening by
another group; BoTest is a CFP/YFP construct for botulinum neurotoxin zinc metalloprotease.
BioSentinel did successfully use this type of substrate for library screening
(https://biosentinelpharma.com/home/product_information ). We cited their paper (Ruge, et al) and
received advice from Dr. Ward Tucker. We also found another reference where a similar substrate had
been used for screening.

Fig 11B is a qualitative small molecule inhibitor assay. One can measure Ki by measuring Km and Vmax in
the presence of varying concentrations of inhibitor. Here, we did not have enough space (there’s a 10
page limit) to explain the Ki measurements and calculations, we may be able to write another methods
paper on just inhibition kinetics later. This paper is primarily focused on how to identify a host protein
substrate (as opposed to a viral protease inhibitor).

In addition to the various figures and tables related to the methodology, the manuscript contains an
introductory figure (Fig 1) which has little value for the paper. To keep the manuscript more focused,
this figure could be omitted.

We have revised Fig 1 to focus on the logic of the algorithms.

We thank Reviewer #3 for their helpful advice and comments.


https://biosentinelpharma.com/home/product_information

Reviewer #4:

Manuscript Summary:

The article describes how SSHHPS can be investigated, with specific protocols for in vitro and in silico
assays.

Major Concerns:

The protocols have sufficient detail, but are not presented in terms of a clearly stated background and
research-related objectives. There needs to be more careful attention to citation. It is not clear about
how well the protocol works across a range of scenarios, but enough evidence is given to show typical
function. The lack of synthesis in the discussion and the haphazard aspects of the introduction mean
that the article does not live up to its title as describing an effective method of analysis.

Abstract

Line 41: Drug discovery is mentioned, but indication of what a "repurposing" could be is needed,
otherwise omit from abstract, because this appears to be too tangential/unfounded, and this point is
not well-described in the rest of the manuscript (it appears in the discussion, but | do not understand
what the authors are saying there).

As requested, we have revised it.

Introduction
The first two paragraphs are haphazard.

Lines 46-50 (paragraph 1): the first paragraph needs to be rewritten. In the first sentence, evolution is
mentioned, with virus-to-host and host-to-virus sequence transfer as being "common in evolution", but
there are many evolutionary scenarios that do not involve this sequence transfer. For instance, how
does the evolutionary scenario of finch beaks in the Galapagos islands relate to this phenomenon that is
"common in evolution"? If evolution is mentioned, be more specific as to what specific mechanisms or
modalities have been inferred, and their importance to this particular study (coevolution, mutualistic,
antagonistic, commensal, purifying, diversifying, drift, etc). The paragraph then jumps to bacterial
CRISPR sequences and viral endogenization. If you are going to mention CRISPR's evolutionary origins as
involving viral endogenization, make an appropriate citation (Shmakov et al 2017?) Then, the paragraph
jumps to how host protein sequences are embedded into "viral polyproteins that can be vertically
transferred". In a more direct sense, genomic nucleic acid is vertically transferred, and not protein
sequences, and | would caution the authors about the need for accuracy. Finally, as | try and assess the
overall meaning of what has been written, are the authors trying to state that the DNA for host protein
sequences has been incorporated into the nucleic acid for viruses (instead of viral nucleic acid sequence
being incorporated into host DNA). Has that been conclusively shown?



HepA and HepC
ns3/4A cleave

We have removed the word “evolution”. We have

added a citation for Shmakov. As requested, we p———
have revised the wording.
7

Yes, in the viral polyprotein there are sequences
that can be found in host proteins. The cleavage site
motif sequences correspond to specific host
proteins. The host proteins are all generally
involved in generating the innate immune
responses, the “hit list” of host proteins shown in /
Table 1 is a non-random list of proteins. The MAVS -
and Toll-receptor pathways can generate V4
interferon. Components of these pathways are )
being targeted by the viral proteases to short circuit .
the cascade (Fig 1 on the right). Table 1 has the 31 -1
published cases of host protein cleavage by viral broduction of ———
proteases that we could find (there was only 1 non- IFN-a and IFN-B 14, poliovirus 3Cpro's
Group IV case, HIV protease, discussed it in the text sleane NI
to save a column). All of the other viral proteases l
that cut host proteins belong to Group IV we
reported this correlation in Morazzani, et al earlier. cytokines
All are (+)ssRNA viruses or retroviruses. To our Figure 1. The MAVS Signalosome is targeted by multiple viral
knowledge, we are the only authors who have proteases (from Morazzani, et al).

compiled a list of host protein cleavages by viral

proteases and have identified trends in the list. The data in Table 1 comes from multiple labs over a 30+
year period.

FMDYV and HepA
3CPro cleaves
NEMO

Poly-Ub

Lines 51-59 (paragraph 2 of the introduction): "The information stored within the SSHHPS has only
recently begun to emerge." This sentence is hard to interpret. Do you mean the dynamics surrounding
SSHHPS are not yet fully understood? What part of viral phenotype can be expected to be recapitulated
(host range, host susceptibility, host defenses)? And, is there an existing definition of recapitulate that
supports your usage of this word in your intended sense? All of a sudden, targets are mentioned (what is
the target, and what is targeting the targets?) and other methods are reported as not to be working (to
do what, and is there a citation supporting this claim of other methods' failures, describing what these
other methods are, and how these other methods failed?). Why say "SSHHP sequences" at the end of
this paragraph, when you mainly say SSHHPS most everywhere else?

We currently do not know what portion of the phenotype is due to the viral proteases that are targeting
host proteins for destruction. However, we did notice that the protein sequences cut by the ZIKV protease
were in proteins involved in brain and eye development. Some had roles in both development and
antiviral responses.

By recapitulate we mean that if the protease cuts a host protein(s) in humans, the same protein(s) should
be cut in the animal model. In some cases an “uncleavable” homologue is found in rodents (Ref. Aguirre,
et al 2012).

VEEV nsP2
cleaves TRIM14

Pro-inflammatory



We revised the sentence, SSHHPS analysis produces different information from existing methods
(proteomics).

It was difficult to distinguish between the plural and singular forms of SSHHPS’s, where appropriate we
spelled out “sequences.”

Lines 60-71 (paragraph 3 of the introduction): We now jump from dsRNA (first citation in paragraph #1
about dsRNA viruses and eukaryotic cells) into ssRNA viruses. What does knowledge about dsRNA
viruses impart into ssRNA viruses, where ssRNA viruses seem to constitute a major topical area for the
rest of the manuscript? How do the prior two paragraphs relate to the rest of the introduction? The flow
of writing does not seem to have been well-connected at this point. Remove this sentence: "In some
cases the host proteins targeted by the viral proteases appear to be linked to the virus-induced
phenotype." As relates to those SSHHPS that have been fully verified as being targets (and what fraction
have an effect on the immune system), is it the strong majority of all SSHHPS or only a minor fraction,
etc?

During (+)ssRNA replication, dsRNA intermediates are generated. The dsRNA is what triggers the MAVS
cascade (it is sensed by RIG-I in the figure above).

As requested, we have revised the paragraph and have removed the sentence.

Remove "(n.b. nsP4 is the RNA-dependent RNA polymerase)." In terms of content, you seem to imply
that viral translation is brought about by the RNA-dependent RNA polymerase, yet this is not the case.
My own reaction in terms of style - why on earth use this rare abbreviation (n.b.) for nota bene
(meaning "note well") when, in general, everything in a well-written scientific manuscript (that has an
economy of prose) should be "noted well" by the reader?

As requested, we have removed the abbreviation. The RNA-dependent RNA polymerase is for replication
of the (+)ssRNA genome. Translation precedes genome replication. Genome replication will produce
dsRNA. The dsRNA will trigger MAVS. Thus, by short circuiting the MAVS pathway, the downstream
effects of the MAVS pathway can be halted.

Lines 86-87: "Thus, these viruses may cleave host innate immune response proteins early in infection in
order to suppress their effects.” Is this offered as sheer speculation, or is there some prior report in the
literature of this expectation and some supporting evidence?

Several authors reported cleavage products within the 3-5 hours post-infection »2. In the first report of
a host protein cleavage by a viral protease (Histone H3) the cleavage was observed within 3 hours post-
infection. We found this to be common. We have added references to support the statement. We also
discuss the “uncleavable” case.

We also showed in Morazzani, et al that we could inhibit the VEEV protease and inhibit TRIM14 cleavage
in infected cells. Another group showed that if you overexpressed TRIM14 that you could reduce
alphaviral replication. The papers in Table 1 have similar evidence and conclusions.

Line 89: "CRISPR spacer sequences are ~26-72 nucleotides and RNAi are ~20-22 nucleotides" - does not
seem relevant to the paragraph.



SSHHP sequences are 6-8 amino acids, in base pairs this would correspond to 18-24 bp. For ZIKV we found
a protein with 11 amino acids in common, this would correspond to 33 bp. While these sequences may
seem short, they are specifically recognized.

Lines 96-97: "Thus, for viral proteases that have loser sequence requirements such as those belonging to
Picornaviridae the probability of finding a cleavage site in a host protein is likely higher." Did you mean
"looser sequence requirements"? Also, is there a citation about the Picornaviridae claim?

Several of the entries in Table 1 are from Piconaviridae. From the papers there is very little sequence
identity between the cleavage sequence in the virus vs. the host sequence (colored residues in column 6
of Table 1). In some cases, only 2 amino acids match. For the other viruses, the sequence identity or
homology was higher (the ZIKV protease targets had 11 matching residues). The proteases are different,
from the Table one can infer that the Picornaviral proteases must have very broad tolerances at each of
their subsites since there is little sequence identity. Consequently, the host targets would be more
difficult to predict using BLAST.

Figure 1 is yet another smattering mention of how nsP proteases compare to RNAi and CRISPR. If you
are going to make this comparison, it would need to be consolidated into one well-focused paragraph (it
is not otherwise a foundational theme to be continually referred to, as relates to the the title and
abstract of this manuscript). Depending on goals with the associated video, the figure may or may not
be relevant.

We have revised Figure 1. Here we want to show that SSHHPS follows the logic. These are algorithms or
“programs”. In particular, this is a search and delete program that utilizes a keyword. The methods
described allow one to find the “keyword” and to find the file that may be “deleted” by the enzyme
(protease or nuclease). The programs are written in 3 different languages (DNA, RNA, protein). SSHHPS
is an example of post-translational silencing.

Lines 135-143: Is there a corresponding difference in human versus equine susceptibility, or does this
analysis mainly relate to hypothesis generation?

Yes, as the name suggests equine encephalitis viruses kill horses and donkeys. The equine TRIM14 was
missing the entire region that was transiently cut by the VEEV protease (and corresponded to a PRY/SPRY
domain). The PRY/SPRY domain is a binding domain that recognizes a second protein in the MAVS
signalosome.

Only 1% of humans die from VEEV infections. The species that were susceptible to infection (humans,
rodents) had the cleavage sites suggesting that they had a defense mechanism (i.e. MAVS). The proposed
reservoir (birds) had 2 amino acid differences in the cleavage site. The most susceptible species (horses)
was missing the domain that was cut off. These alignments may be useful for host-reservoir analysis or
for predicting which species will die from infection. For animal model selection, these differences may be
important to examine. We discuss the species-specific differences in more detail in the Intro.

Line 170: A better topic sentence is needed. | am guessing that the authors mean to indicate that in vitro
assays outperform limitations of cell-based assays (in which case, is there a citation to support this
claim)?

We agree, we have revised this. Cleavage product analysis in cell-based assays is far more time-consuming
than the in vitro protease assays. The cleavage is transient in cells and there are competing processes in
mammalian cells (e.g. proteasome, proteases, etc.). It was very difficult to catch the cleavage of TRIM14
in cells. The amount of TRIM14 in cells is very low. We were not able to find a good reference for this.



Lines 193-195: "Cell-based assays should be used in combination with the in vitro and in silico methods
described herein to confirm that sequence is a SSHHPS." Yet, prior content of the manuscript indicates
that cell-based assays may sometimes be futile, and none of the protocol seems to show how a cell-
based assay would be conducted.

Group IVis alarge group. The proteases are not all the same. For instance, the flaviviruses have proteases
that are embedded in the ER membrane. Some of the predicted cleavage sites were in signal peptides
suggesting co-translational cleavage. Some of the reviewers suggested showing full-length protein
cleavage, however, if cleavage is co-translational the cleavage of a fully folded native protein may not be
relevant. For instance, if the sequence is buried, it may have been accessible during translation.

The alphaviral protease is in the cytoplasm and in the nucleus. The cleavage in cell-based assays is
transient (first 24 hours) so one may not catch it in a cell-based assay, however, it does not necessarily
mean that cleavage did not occur. Since the protease is essential for viral replication, we can’t simply
mutate the protease in a virus to test if cleavage is important.

Since the substrates of the proteases may all be very different, we decided to not address the cell-based
assays since they may or may not apply to a particular case.

Lines 830-832: "The use of a bacterial expression system allows testing of short segments (~25 amino
acids) of mammalian sequences without the use of cell culture." Specify as "mammalian cell culture".
As requested, we have inserted mammalian.

| do not find the discussion (Lines 828-881) to be an effective synthesis, and the writing needs
improvement, on par with what has been described for other sections of the manuscript. What
happened to objectives such as drug discovery, host range, host sensitivity, and host defenses?
We agree, we have revised it.

Minor Concerns:

Citation content for Citation #2, line 894 (Legler, 2018), seems abstruse - shouldn't the citation indicate
more specifically that this citation relates to a patent?

This is a patent application, which is basically an abbreviated version of Morazzani, et al. It was
technically published prior to Morazzani, et al and would be considered to be the first report.

We thank Reviewer #4 for their helpful comment and suggestions they have all greatly improved the
quality of the manuscript.

In compliance with data protection regulations, you may request that we remove your personal
registration details at any time. (Remove my information/details)
<https://www.editorialmanager.com/jove/login.asp?a=r> . Please contact the publication office if you
have any questions.
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