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Upon infection, viruses alter the proteome, creating a hospitable environment for infection.

Cells respond to limit viral replication, including through protein regulation by post-translational
modifications. We use mass spectrometry to define proteome alterations during West Nile

virus (WNV) infection. Our studies identify upregulation of HERPUD1, which restricts WNV
replication through a mechanism independent of its role in endoplasmic reticulum (ER)-associated
degradation (ERAD). We also identify modifications on viral proteins, including a WNV NS3
phosphorylation site that impacts viral replication. Finally, we reveal activation of two host
kinases with antiviral activity. We identify phosphorylation at S108 of AMPKp1, a non-catalytic
subunit that regulates activity of the AMPK complex. We also show activation of PAK2 by
phosphorylation at S141, which restricts translation of the viral genome. This work contributes to
our understanding of the interplay between host and virus while providing a resource to define the
changes to the proteome that regulate viral infection.
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Walter et al. used proteomics to investigate changes to protein abundance and post-translational
modification during West Nile virus infection. Upregulated proteins like HERPUD function to
restrict viral infection, while phosphorylation on the viral enzyme NS3 and the host kinase PAK2
regulates RNA replication and viral genome translation, respectively.

In brief
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INTRODUCTION

West Nile virus (WNV) is a neurotropic virus of the Orthoffavivirus genus, transmitted

to humans by mosquitoes. WNV was introduced into the United States in 1999 and has
since become endemic, causing yearly outbreaks associated with disease.1=3 Flaviviruses are
positive-sense RNA viruses with genomes of ~11 kb that are translated as a polyprotein and
processed into structural (capsid, prM, and Env) and non-structural (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) proteins. Given their minimal genomes, flaviviruses utilize
host machinery to replicate and subvert antiviral responses. Previously, we used mass
spectrometry (MS) to identify host factors interacting with WNV proteins to influence
infection.# However, this approach did not define changes in protein abundance or
modifications that may regulate infection. Protein abundance changes are often inferred

by transcriptional data; however, studies show that many proteins are regulated post-
transcriptionally, including during infection.>-16 Moreover, post-translational modifications
(PTMs) are an important mechanism to rapidly regulate protein function.19.17-20 Although
flaviviruses do not encode enzymes mediating PTMSs, increasing evidence indicates that
viruses have evolved to indirectly affect the host PTM machinery to promote infection.?
Additionally, viral proteins can be modified, and recent discoveries suggest that PTMs can
impact viral protein activity.1722-28 Qur understanding of PTM-mediated protein regulation
during WNYV infection is limited. While recent work suggests that specific PTMs can affect
infection outcomes, comprehensive studies are lacking and can inform the mechanisms
underlying viral and host protein regulation.10:20.26.29 A petter understanding of the PTMs
that regulate viral protein function will reveal regulatory networks and inform new strategies
for interventions.23:30:31 To this end, we performed an integrated proteomics study to
monitor changes in protein abundance and phosphorylation in WNV-infected cells.

RESULTS

Quantitative analysis of protein abundance and phosphorylation during WNV infection

To characterize changes in protein abundance and phosphorylation during WNV infection,
we used shotgun proteomics on WNV-infected and uninfected U20S cells, a human
osteosarcoma cell line frequently used to study Orthoflaviviruses*32-37 (Figure S1A).
Trypsin-digested lysates were subjected to liquid chromatography and MS (LC-MS) for
protein abundance analysis. Separate aliquots were subjected to phosphopeptide enrichment
by an Fe3* immobilized metal affinity chromatography (Fe3*-IMAC) approach followed

by LC-MS analysis (Figure 1A).38:3% Raw MS data were analyzed with the MaxQuant
algorithm to identify proteins, localize phosphorylation sites, and extract MS intensity
information (Figure 1B). Quality control analyses showed consistent numbers of proteins
and phosphosites quantified across the four independent biological replicates (mock vs.
infected) (Figures S1B-S1E). Sample correlation and principal components analyses of log2
intensity profiles from WNV and mock-infected samples showed that samples cluster with
biological replicates of the same condition (Figures SIF-S1I). The data were analyzed

by MSstats to create models of variability, estimate log2 fold change (log2FC), perform
significance testing, and adjust for multiple testing.4C In total, we quantified the abundance
of 5,865 protein groups and 10,026 phosphorylation site groups on 3,023 protein groups
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(Figure 1B; Tables S1 and S2). “Phosphosite group” refers to modified residues identified
on peptides with sequences that are unique for a single protein or shared across a group of
homologous proteins. Phosphosite groups separate phosphosites identified on singly, doubly,
or triply phosphorylated peptides. The total for unambiguous protein groups identified

in all analyses was 5,865 (Figure 1B; Tables S1 and S2). Of the 870 proteins with
significantly changed phosphosites, only 14 (1.6%) had concomitant significant changes

in protein abundance (Figure 1C), suggesting that the majority of phosphosite changes

were independent of protein abundance, consistent with our findings for all protein and
phosphosite groups (Figure S2).

We assessed significant changes in host protein abundance by comparing peptides identified
from WNV-infected and uninfected cells using a volcano plot (log2FC in abundance of >0.8
or < -0.8, adj. p< 0.05) (Figure 1D), identifying 82 host protein groups with increased

and 95 protein groups with decreased abundance (Figure 1D; Table S1). A gene ontology
(GO) enrichment analysis of the upregulated protein terms revealed pathways including
innate immune signaling, mitochondrial depolarization, and RNA polymerase (Pol) I activity
(Figure 1E, bottom; Table S3), while downregulated protein terms revealed a decrease in
extracellular matrix and collagen organization, consistent with previous findings*! (Figure
1E, top; Table S3).

Our phosphoproteomics analysis revealed 10,026 phosphosites on 3,023 protein groups
(Figure 1B; Table S2). To define changes in host protein phosphorylation during WNV
infection, we identified peptides that mapped to a single protein and constructed a
volcano plot (Figure 1F; Table S2). In total, we identified 241 differentially increased
and 524 differentially decreased phosphosites (log2FC of >1 or < -1, with an adj. p

< 0.05) during WNV infection. GO analysis of proteins with increased phosphorylation
revealed an enrichment in terms involved with proteostasis, including protein chaperones
and endoplasmic reticulum (ER)-associated ubiquitin-dependent processes, among other
categories relating to the innate immune response (Figure 1G, bottom; Table S4). An
analysis of the proteins with decreased phosphorylation showed a significant enrichment
in factors comprising the cytoskeleton (Figure 1G, top; Table S4).42-44 Our analysis

of phosphorylation of WNV proteins from infected cells also revealed eight sites of
modification across four viral proteins (capsid, prM, NS3, and NS5) (Figure 1H).

Changes in host protein abundance during WNV infection

One significantly enriched set of upregulated proteins belongs to the innate immune
response to virus, including interferon-stimulated genes (ISGs) induced by type | interferons
(IFNs) (Figure 1E; Tables S1 and S3).4> We compared our proteins with significantly
increased abundance to a set of 57 previously identified 1SGs with confirmed antiviral
activity in RNA virus infection.#® Plotting the log2FC of each of these proteins in WNV-
infected vs. uninfected cells against the log10 adj. p value revealed that five 1ISGs (IFIT1,
DDX58 (RIG-I), ISG15, IFIT3, and IFITS5) were significantly increased (log2FC > 0.8, adj.
p<0.05) (Figure 2A,; Table S5). To gain a broader view of the overlap with previously
reported ISGs, we included proteins with a log2FC > 0.5 (adj. p < 0.05, 193 proteins total)
and compared these with a larger group of 359 1SGs.#” Again, the overlap between these
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datasets was limited to the same five proteins (Figure 2B; Table S5). We validated these
findings by western blot with lysates from WNV-infected and uninfected cells for the two
most significantly upregulated ISGs, RIG-1 (DDX58) and IFIT1 (Figure 2C), and validated
the expression of additional upregulated non-1SG candidates, including HSPAG (protein
folding chaperone) and HERPUD1 (ER-associated Ub-dependent process) (Figures 1D and
2D; Table S1).

The transcripts for most proteins with increased abundance are not canonical 1SGs.*8 These
factors may be induced transcriptionally in response to another stimulus or induced post-
transcriptionally. To test this, we selected the 15 most upregulated non-ambiguous proteins
and used RT-gPCR to determine if the corresponding transcripts were upregulated during
WNYV infection (Table S5). We confirmed the transcriptional induction of the known ISGs
on this list (IFIT1, DDX58, and ISG15) (Figure 2E). Surprisingly, the majority of the
non-1SGs were not induced transcriptionally (Figure 2F). An exception was HERPUD1,
which was modestly (2.5-fold) increased (Figure 2F). HERPUD1 expression is induced by
ER stress, which occurs during flavivirus infection.4950 Together, these data suggest that
many of the proteins induced during WNV infection are not encoded by 1SGs and that a
subset of these proteins are regulated post-transcriptionally.

Overexpression screen identifies antiviral factors

The 1SGs upregulated in response to WNV infection are known to have antiviral activity
(e.g., RIG-1 and IFIT1).51 However, the functions of the other induced proteins in WNV
infection are largely unknown. We performed an overexpression screen to determine if
additional upregulated proteins affect flavivirus infection. For this screen, we limited our
analysis to host factors with increased abundance and a cutoff of log2FC > 1 and an adjusted
p<0.05 and excluded ambiguous host factors (peptides mapping to more than two proteins),
for a total of 40 proteins (Table S6). Thirty of these 40 factors were available in our in-house
cDNA overexpression libraries (Table S6).

We ectopically expressed each of these proteins in HEK293T cells and infected the cells
with WNV Kunjin.52 As negative controls, we included an empty vector and a vector
expressing B-actin. As a positive control, we included an IFIT1-expressing vector.53:54 After
24 h, we used automated microscopy to quantify infection and calculated the robust .Zscore
for each protein (Figure 3A; Table S6), excluding four factors that led to cellular toxicity
when overexpressed (CTU2, LIMAL, PDD2L, and PYRD, <70% cell count of control).
Expression of our positive control, IFIT1, resulted in a modest antiviral phenotype (average
robust Zscore of —0.81 [WNV] and -1.4 [dengue virus; DENV]), consistent with previous
studies.5556 We used a robust Z score cutoff of < —1.5 to identify three proteins that
restricted WNV Kunjin infection, CD44, HERPUD1, and RAP1B (Figure 3A,; Table S6),
and confirmed RNA and protein expression for each factor (Figures S3A and S3B). We
expanded this screen to DENV (NGC serotype 2) to identify factors that impact infection
with multiple flaviviruses. Expression of all three of these proteins (CD44, HERPUD1, and
RAP1B) also decreased DENV infection (Figure 3A; Table S6). We identified one additional
protein, Cyclin H (CCNH), that inhibited DENV infection but did not meet our cutoff (Z
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score < —1.5) for WNV. We identified one protein, SESN2, an intracellular leucine sensor,
that led to increased infection by both flaviviruses (Figure 3A; Table S6).

We expanded these studies to WNV (NY2000) and found that only expression of
HERPUDZ1, an ER-resident protein, attenuated replication by RT-gPCR (Figure 3B). To
confirm the antiviral role of HERPUD1, we used RNAi-mediated depletion and confirmed
knockdown by western blotting (Figure S3C). Infection of HERPUD1-knockdown cells
resulted in increased WNV and DENV RNA by gPCR, confirming the antiviral activity
(Figure 3C). We tested the related flavivirus Zika virus (ZIKV) and found a similar increase
in infection upon depletion of HERPUD1 (Figure S3D). Thus, HERPUD1 is upregulated
during WNV infection and restricts the replication of multiple flaviviruses.

HERPUD1 is a stress-responsive ER protein implicated in ERAD, a quality control pathway
that targets misfolded proteins for degradation.>’-5° Previous studies found that ERAD
promotes flavivirus infection, in contrast to the antiviral role of HERPUD1 observed
here.10.60-64 To further explore this, we used small interfering RNAs (siRNASs) to deplete
V/CP, an ATPase required for ERAD. VCP knockdown reduced WNYV replication in U20S
cells (Figures 3D and S3E). Treatment with a chemical inhibitor of VCP (Eey1) reduced
WNV infection without impacting cell viability (Figures 3E and S3F). Within ERAD,
HERPUD1 interacts with the E3 ubiquitin ligase SYVNL to facilitate degradation of luminal
substrates through the ERAD-L pathway.5® To test the specific role of ERAD-L, we depleted
SYVN1 using siRNAs or chemical inhibitors (LS-102).%6 Depletion or inhibition of SYVN1
led to a decrease in WNV infection without impacting cell viability (Figures 3F, 3G, S3G,
and S3H). These data are consistent with a proviral role for ERAD-L in flavivirus infection.

Together, these data suggest a role for HERPUD1 that is distinct from ERAD. To

confirm this, we depleted HERPUD?2, which is partially redundant with HERPUD1 in
ERAD-L.57:6567 While HERPUD1 is induced by cellular stress, HERPUD? is constitutively
expressed (Table S1). We reasoned that, if HERPUDL is antiviral through the ERAD-L
pathway, depletion of HERPUD2 should have a similar effect. However, depletion of
HERPUD?2 did not impact WNYV infection (Figures 3H and S3l). These data suggest

that the antiviral activity of HERPUDL is independent of the proviral ERAD pathway. To
further characterize the role of HERPUDL1, we deleted the N-terminal ubiquitin-like and the
SYVN1/UBQLNL1 interacting regions (A200), which are involved in ERAD function (Figure
31). We co-transfected wild-type (WT) or truncated HERPUD1 with a WNV replicon and
measured viral RNA replication using RT-gPCR. We found that deletion of the N-terminal
ERAD-associated domains of HERPUD1 potentiated the antiviral phenotype of HERPUD1
(Figures 3J and S3J). As the C-terminal region of HERPUDLI is not known to facilitate
ERAD function, these data further support that the antiviral activity of HERPUDL1 is
independent of the ERAD pathway.

Phosphorylation sites on WNV proteins

Our phosphoproteomics strategy identified phosphorylation sites on viral proteins. We
limited our analyses to those sites that were present in all infected replicates and absent in
all mock-infected replicates, totaling eight phosphorylation sites across four WNV proteins.
These included two sites in the WNV capsid, one site in prM, two sites in NS3, and
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three sites in NS5 (Figure 1H). Of these sites, three have been reported58.69 (capsid S83,
NS5 S3417, and NS5 S3418), while five have not been previously described (capsid S26,
prM S216, NS3 S1777, NS3 S1972, and NS5 S3033). To assess the conservation of
phosphorylated residues among flaviviruses, we performed a multiple alignment analysis
(Figure S4; Data S1). All modified residues in WNV NY2000 are conserved in WNV
Kunjin, while others were conserved to various degrees. These viral phosphorylation events
are mediated by host kinases, since no WNV protein has kinase activity; therefore, we
reasoned that these modifications may constitute a host response to facilitate or inhibit viral
replication.

We focused on WNV proteins with enzymatic domains, NS3 and NS5, to determine

if phosphorylation affects viral replication. NS5 encodes methyltransferase and RNA-
dependent RNA Pol activity, which are both required for viral RNA replication,’® though all
three phosphorylation sites in NS5 were in interdomain regions (Figure 4A). To test whether
NS5 phosphosites were important for viral replication, we generated phospho-null (S — A)
and phospho-mimetic (S — D) mutations in the NS5 gene of a viral subgenomic replicon
construct encoding a green fluorescent protein (GFP) reporter.” As a positive control, we
generated a D3196A substitution to abrogate the RNA-dependent RNA Pol function of NS5
(Figure 4B).

We found that phospho-mimetic substitutions at two sites (S3033D and S3418D)
significantly reduced WNV replicon RNA (Figure 4B). Despite its proximity to S3418,
substitution of S3417 had no effect on replication. We scored GFP* cells and found
significantly decreased GFP expression for both mutants, without impacting cell count
(Figures S5A and S5B). These data also indicated a modest decrease in GFP expression in
the S3417A replicon (Figure S5A). We next investigated whether NS5 substitutions affected
protein abundance by generating mutations in an NS5 expression vector and transfecting
WT and mutant vectors into HEK293T cells. Among the mutant proteins, only S3033D had
reduced abundance (Figure 4C). We treated WT and S3033D-transfected HEK293T cells
with DMSO or compounds to inhibit proteasomal (MG132 or bortezomib) or lysosomal
(bafilomycin al) degradation and did not observe an increase in NS5 S3033D protein,
suggesting that the decreased abundance is not mediated by these degradative pathways
(Figure S5C). Further experimentation is required to determine whether the RNA encoded
by WNV NS5 S3033D is destabilized or is translated at decreased levels.

We next investigated the mechanism of decreased RNA replication for the S3418D mutant.
S3418 is in a C-terminal a helix of NS5, near two residues that have been shown to
regulate nuclear import in the related DENV, which is required for viral replication.”273 To
test whether S3418 impacts NS5 nuclear import, we transfected WT and mutant NS5 and
separated lysates into cytosolic and nuclear fractions. We did not observe a difference in
nuclear localization between WT or mutant NS5, suggesting the replication defect of the
S3418D mutant is not attributed to altered localization (Figure S5D). Together, these data
show that specific NS5 phosphorylation events can have an inhibitory effect on viral RNA
replication.
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We also identified phosphorylation sites in WNV NS3 in the ATP-binding (S1777) and
RNA helicase (S1972) domains (Figure 4D). The NS2b/3 polyprotein has protease activity
and cleaves the junction between NS2b and NS3. To determine if NS3 substitutions

affect protein abundance or function, we assessed NS2b/3 protease activity using WT and
phospho-mutant vectors. As a positive control, we included a protease catalytic mutant,

NS3 S1640A. We used immunoblotting to measure NS2b/3 cleavage in transfected cells and
found that the protease-dead control did not cleave the NS2b/3 polyprotein, while WT and
phospho-mutant NS3 efficiently processed NS2b/3 (Figure 4E). WNV NS3 also encodes
ATPase and RNA helicase activity, both of which are required for viral RNA replication. To
determine if these phosphosites affect viral RNA replication, we generated phospho-mutants
in the WNV replicon and measured viral RNA replication using RT-qPCR, including the
NS3 S1640A and NS5 D3196A controls’® (Figure 4F). As expected, we observed minimal
replicon RNA from our control vectors. The NS3 phospho-mimetic mutations (S1777D and
S1972D) and one phospho-null mutation (S1777A) had no effect on replication as compared
to WT (Figure 4F). However, one phospho-null mutation (S1972A) significantly reduced the
abundance of replicon RNA (Figure 4F). We confirmed this phenotype using microscopy to
quantify GFP reporter expression (Figures 4G, 4H, and S5E).

We next examined S1972 using a crystal structure of WNV NS3 (PDB: 2QEQ).”* While
S1972 is in the helicase domain of NS3, it is in close proximity to the ATP-binding pocket,
near N1922 (15.75 A CA-CA distance) in NS3 motif V, G1702 (13.21 A CA-CA distance)
in NS3 motif I, and R1969 (8.90 A CA-CA distance) in NS3 motif VI (Figure 41). Motifs |
and VI are involved in ATP binding, while motif V is involved in energy transduction.”>:76
To determine whether S1972 regulates NS3 ATPase activity, we purified WT, S1972A, and
S1972D versions of the WNV NS3 helicase domain (NS3h) and performed an /n vitro
ATPase assay’’ (Figure S5F). As a control, we also purified an A1792L mutant, which
disrupts the DEAH catalytic motif of NS3h.”®

We measured Vg of ATP hydrolysis at a range of substrate concentrations and calculated K,
and k¢, by fitting the data to the Michaelis-Menten equation using non-linear regression in
GraphPad Prism (Figures 4J and 4K). Compared to WT, A1792L NS3h had an increased
Km and decreased k¢4, with significantly decreased catalytic efficiency (Keat/Km). We
anticipated that S1972A NS3h may have impaired ATPase activity due to its replication
phenotype; however, we observed a significant increase in catalytic efficiency, with a
decreased K, and an increased kgo: compared to WT. The phosphomimetic substitution

at this site, S1972D, had a Ky, similar to that of the WT protein, with a modest increase in
kcat and overall similar catalytic efficiency. Together, these results suggest that WNV S1972
may be important for NS3h activity through interactions with the ATP-binding pocket to
regulate viral RNA replication. Our combined WNV NS3 and NS5 data demonstrate that
phosphorylation of viral proteins can have both negative and positive regulatory roles in
viral RNA replication.

Changes in host protein phosphorylation upon WNV infection

We observed significant alterations to host protein phosphorylation during WNV infection
Table S2). Phosphorylation can activate kinases, and we identified phosphorylation events
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on multiple kinases during WNV infection. Therefore, we investigated significantly
regulated kinases based on our phosphoproteome data. First, we used the Kinase Library

to identify kinase motifs enriched in up- or downregulated phosphosites (Figure 5A, left;
Table S7).”8 Next, we applied the kinase-substrate enrichment analysis (KSEA) algorithm to
infer changes in kinase activities (Figure 5A, middle; Table S8).7° Kinase Library analysis
predicted that 63 kinases were downregulated with an adjusted p < 0.05, while no kinases
were predicted to be upregulated with the same criteria. KSEA did not predict any kinase
regulation using the adjusted p value cutoff of <0.05. Using a p value (unadjusted) cutoff
of <0.05, we found 15 kinases predicted to be downregulated (including PKC orthologs
and MAP kinases) and 2 kinases (MAPKAPK?2 and PAK4) predicted to be upregulated
(Figure 5A, middle; Table S8). Finally, we cross-referenced our significant phosphosite
changes (log2FC >1 or < -1 and an adjusted p < 0.05) with the PhosphoSitePlus database
to identify known regulatory phosphorylation events (Figure 5A, right; Table $9).89 We also
included those sites with peptides matching to a single protein that were absent in all four
replicates of one condition and present in all four replicates of the other condition (Table
S2), identifying 62 regulatory phosphosites on 56 proteins (Figure 5A, right; Table S9).

Of these, 15 are predicted to increase, while 7 are predicted to decrease protein activity
(Figures 5A and 5B; Table S9). Importantly, this strategy identified a known regulatory
phosphorylation site on a canonical antiviral restriction factor, STAT1. We also observed an
increase in phosphorylation on other proteins linked to viral restriction, including BCL10
and p53 (Figure 5B).81-85

We reasoned that additional regulatory phosphosites in this dataset may be important

for WNV infection and further explored these candidates, focusing on phosphorylation
events predicted to increase protein activity (Figure 5B). These included an increase in
phosphorylation of seven “activating” phosphosites and a decrease in phosphorylation

of eight “inhibitory” phosphosites. We validated these data by immunoblotting for four
proteins with phosphosites that were upregulated and for which phospho-antibodies were
commercially available (STAT1 [pS727], c-JUN [pS63], AMPKB1 [pS108], and PAK2
[pS141]) and confirmed phosphorylation upon WNV infection without a change in
abundance (Figure 5C).

The AMP-activated protein kinase (AMPK) complex is composed of three subunits
(a1-2, p1-2, and y1-3) and regulates metabolism, stress responses, and growth.86 AMPK
activation through AMPKa-Thr172 phosphorylation has been observed during diverse
viral infections.87-90 AMPKR can regulate the activity of the complex, with S108
phosphorylation increasing kinase activity.88:91-94 Studies have suggested divergent roles
for AMPK in flavivirus infection and no known role for modulation of AMPK during
any viral infection.89.90.95-97 Therefore, we explored the role of AMPK during WNV
infection. First, we found increased AMPKa-Thr172 phosphorylation, as reported for other
viral infections (Figure S6A). To test the role of the AMPK complex, we infected WT

and AMPKa1/2-knockout mouse embryonic fibroblasts (MEFs) with WNV NY2000 and
observed a significant increase in WNV infection in the absence of AMPKa (Figures S6B
and S6C). We further tested whether AMPK impacts ZIKV or DENV and found a similar
phenotype (Figure S6C). Together, these data demonstrate an antiviral role for the AMPK
complex in flavivirus infection.
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While either AMPKS subunit (AMPKB1 or AMPKp2) can form an AMPK complex, S108
phosphorylation is specific to AMPKB1.91 A role for AMPKB1, or $108 phosphorylation,
has not been described during viral infection. To determine if AMPKp1 plays a specific
role in flavivirus infection, we silenced AMPKPB1 in U20S cells and observed significant
knockdown of AMPK1, but not AMPKp2 (Figure S6D). We infected these cells with
WNV and observed increased viral replication (Figure 5D) and confirmed these data using
immunoblotting (Figure 5E). WNV is neurotropic, infecting multiple cell types in the
central nervous system?8; thus, we explored the role of AMPK in the astrocytoma cell

line CCF-STTG1 and cerebral microvascular endothelial cell line HBEC-5i. We observed
antiviral activity for AMPKp1 in both cell lines (Figures 5F and S6G). We next performed
a TCIDgq assay and also observed increased WNYV titers (Figures 5G and S6H). These data
demonstrate that AMPK restricts WNV infection in multiple cell types.

Previous studies have demonstrated antiviral activity for AMPK via an inhibitory acetyl-
CoA carboxylase (ACC) phosphorylation95-98-101 or an activating TBK1 phosphorylation
event.192 To determine if AMPK functions through either of these mechanisms in WNV
infection, we immunoblotted lysates from uninfected or WNV-infected, AMPKp1-silenced
U20S cells. We observed a modest increase in ACC phosphorylation during WNV infection,
which was not affected by AMPKp1 depletion, and TBK1 phosphorylation did not change
in any condition (Figure S61). Together, these data suggest that phosphorylation and
activation of AMPKB1 may be important for the antiviral activity of AMPK through a
mechanism independent of ACC and TBK1.

PAK2 restricts WNV infection

P21-activated protein kinase 2 (PAK2) regulates cell motility, survival, and cytoskeletal
dynamics. We identified a phosphorylation event known to activate PAK2 (pSer141) during
WNYV infection.103.104 To determine whether PAK2 impacts WNV replication, we silenced
PAK2 using siRNAs and confirmed knockdown using RT-gPCR (Figure S7A). We infected
these cells with WNV and observed a significant increase in viral RNA (Figure 6A). We
confirmed this antiviral role in CCF-STTG1 and HBEC-5i cells, as measured by viral RNA
and infectious virions (Figures 6B—6E, S7B, and S7C). We expanded our studies to DENV
and ZIKV infection in U20S cells and found that PAK2 can restrict infection of multiple
flaviviruses (Figures 6F, S7D, and S7E).

Since PAK2 is involved in regulating cytoskeletal dynamics during some viral

infections, 19105 we reasoned that PAK2 may impact WNV entry.196 To test this, we
performed a viral entry assay in U20S cells and found that PAK2 depletion did not

affect entry (Figure 6G). Next, we synchronized infection at a high MOI and observed a
divergence in viral RNA abundance between control and PAK2-depleted cells beginning at

9 h post-infection, near the onset of viral RNA replication (Figure 6H). To test whether
PAK2 affects ongoing RNA replication, we silenced PAK2 in HEK293T cells harboring an
integrated WNV replicon that stably produces viral RNA and found that ongoing replication
was unaffected, suggesting that PAK2 impacts a step prior to the establishment of replication
organelles (Figures S7F and S7G).
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Formation of replication organelles is dependent on viral proteins produced from the pioneer
round of cap-dependent translation from the viral RNA genome. PAK2 can inhibit cap-
dependent translation197; therefore, we performed a translation assay to determine if PAK2
affects viral genome translation. We generated a D3196A RdRp-null substitution into a
DNA-launched WNV replicon encoding Renillaluciferase and transfected this into PAK2-
depleted 293T cells along with the WT replicon.”? As expected, we found that the Pol-dead
D3196A reporter signal was significantly lower than that of WT (Figure S7H). However,

the Pol-dead replicon displayed accumulating luciferase activity over time, consistent with
ongoing translation of promoter-driven transcripts from the plasmid (Figure S7H). As a
positive control, we treated cells with cycloheximide (CHX) and observed a decrease in
reporter activity (Figure S71). Next, we transfected the D3196A replicon into PAK2-silenced
HEK?293T cells and found that depletion of PAK2 increased translation of the luciferase
reporter (Figure S7J).

As PAK?2 is antiviral for DENV, we assessed whether PAK2 also restricts translation in

this virus. We used a replication-competent and Pol-dead RNA-launched DENV replicon
encoding Renilla luciferase.108 First, we confirmed the antiviral role for PAK2 in the context
of the replicon by transfecting capped WT DENV replicon RNA98 into PAK2-silenced cells
and found a significant increase in reporter activity (Figure 61). Next, we tested translation
using the Pol-dead DENV replicon construct.198 As a control, we transfected cells with

a capped Pol-dead DENV replicon, treated with CHX, and observed decreased reporter
activity (Figure S7K). We next transfected the Pol-dead DENYV replicon into PAK2-silenced
cells and found increased viral translation (Figure 6J). As we propose that PAK2 restricts
viral replication via inhibition of cap-dependent translation, we reasoned that PAK2 would
not restrict the related hepatitis C virus (HCV), which uses an internal ribosome entry

site (IRES) for translation.199 Therefore, we tested the role of PAK2 in HCV infection in
Huh7.5 cells (Figure S7L). In contrast to flavivirus infection, PAK2 silencing did not impact
HCYV replication (Figure 6K). Taken together, our data show that PAK2 is activated via
phosphorylation at S141 during WNV infection and restricts flaviviruses via inhibition of
cap-dependent translation of the viral RNA genome.

DISCUSSION

Integrated proteomics approaches that combine protein abundance and PTM datasets have
been previously used to discover factors and modifications that affect infection for a handful
of viruses.10:19:31 However, an approach to monitor changes in protein abundance and
phosphorylation has not been applied to WNV. To address this gap, we characterized
changes in global protein abundance and regulation by phosphorylation during WNV
infection and discovered both antiviral factors and regulatory modifications that influence
viral replication. Our MS approach revealed an enrichment in canonical antiviral and IFN-
stimulated proteins; however, most upregulated proteins we identified are not associated
with antiviral defense. The five ISGs we found to have increased abundance are consistent
with a recent study suggesting that only a subset of ISGs acts as antiviral effectors in a
given infection.119 This further suggests that translational profiling during infection can
reveal the downstream effectors important for controlling infection. We detected several
other proteins with increased abundance during infection and reasoned that some may be
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IFN-independent antiviral factors. Indeed, our overexpression screen revealed an antiviral
phenotype for HERPUD1, an ER-resident protein involved in ERAD.59:65.111 However, our
data suggest that the antiviral role of HERPUDZ is independent of its function in ERAD.
HERPUD1 was previously found to interact with DENV NS4b, which may influence the
antiviral activity of HERPUD1 during flavivirus infection or serve to recruit mediators of
this antiviral activity.3®

We performed phosphoproteomic experiments to identify phosphorylation events during
WNV infection. PTMs on viral proteins provide a rapid, reversible mechanism to

modify function during different stages of the viral life cycle.26:112-115 These “molecular
switches” may allow a single viral protein to play multiple roles throughout the infectious
cycle, a critical strategy for viruses with a limited coding capacity. We identified eight
phosphorylation sites across four WNV proteins, including three previously reported
sites.28:68.69 We focused on phosphorylation of the two non-structural proteins with
enzymatic activity, NS3 and NS5. We identified two serine residues in NS5 that inhibit
viral RNA replication when substituted with the phosphomimetic aspartate. In HCV, the
viral NS5a protein is hyperphosphorylated to regulate NS5a function during establishment
of replication organelles,116 viral RNA replication,112 and virion production.}13 Our data
suggest the possibility of a related mechanism in mosquito-borne flaviviruses, where
phosphorylation could negatively regulate RNA synthesis and facilitate virion packaging.
Further experimentation is required to mechanistically define the impacts of WNV NS5
phosphorylation on viral RNA replication and the viral life cycle.

We also identified a phosphorylated residue on WNV NS3 (S1972) and show that

a phospho-null substitution inhibits RNA replication. Interestingly, this mutant protein
hydrolyzes ATP with higher efficiency than WT, suggesting that phosphorylation of WNV
S1972 modulates ATPase activity. While these results were unexpected, they are consistent
with a previous study showing that substitutions in the DENV NS3 helicase increased

ATP hydrolysis but impaired overall helicase activity, possibly due to alterations in the
flexibility of the ATP-binding pocket.11” These data suggest that the ATPase and helicase
activities of the Orthoflavivirus NS3 protein are tightly coupled and finely tuned for

optimal viral replication. Future studies will further characterize the function of S1972
phosphorylation and explore the mechanisms of NS3 phospho-regulation, including whether
previously identified WNV-interacting host kinases mediate viral protein phosphorylation.*
Taken together, these data suggest that phosphorylation may serve as an important regulatory
mechanism during Orthoflavivirus infection.

We also identified changes to host protein phosphorylation during infection and focused on
phosphosites that regulate the activity of the modified protein. Among these, we discovered
a phosphorylation site on S108 of the AMPKp1 regulatory subunit in the AMPK complex,
which has been reported to alter the specificity of an allosteric regulatory pocket on AMPK,
the ADaM site,91:92.94.118 Qur data support an antiviral role for the AMPK@1 subunit
distinct from previously described mechanisms.87:95.99-101,119 |t has heen demonstrated
that AMPKB1 S108 phosphorylation may be mediated by a kinase other than AMPK
during conditions of stress and that phosphorylation of AMPKB1 S108 may alter target
substrate specificity.9% Further investigation is required to determine the role of 1 S108
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phosphorylation in regulating AMPK function and the effect on AMPK substrates during
infection.

Finally, we identified an increase in Ser141 phosphorylation on the kinase PAK2. Conditions
of stress are known to induce Ser141 phosphorylation, directing PAK2 translocation to

the ER and activating kinase activity.103.104 Depletion of PAK2 results in increased
flavivirus replication, demonstrating an antiviral role for this kinase. PAK kinases have

been previously implicated in infection with diverse viruses, including a role in viral
entry.105.120.121 \while PAK2 depletion did not impact WNV entry, we found that PAK2
depletion enhanced cap-dependent translation of the viral genome. We propose a model
where Ser141 phosphorylation activates PAK2, inhibiting viral genome translation and
delaying establishment of replication organelles. Given the function of PAK2 in cytoskeletal
reorganization, PAK2 may also play a role in other stages of the viral life cycle, such as

ER remodeling during viral replication or virion assembly. Future studies will determine the
precise mechanism of PAK2 activation and antiviral activity during flavivirus infection.103

Taken together, our work uncovers complex layers of regulation for viral proteins and

the host response to WNV infection by revealing alterations in protein abundance

and phosphorylation. Our abundance data highlight changes that cannot be inferred by
monitoring the transcriptional response and uncover post-transcriptionally regulated antiviral
proteins. Further, the PTM data presented here identify additional points of regulation for
antiviral proteins. Our finding that PTMs on viral proteins impact specific protein functions
presents the possibility that these modifications may regulate transitions between stages of
the flaviviral life cycle. Finally, our studies complement previously published -omic datasets
and inform future research toward understanding mechanisms regulating flavivirus infection.

Limitations of the study

Proteomics has inherent limitations; some proteins or PTMs may not be observed if: (1)
their intensities are below the MS detection limit, (2) they do not generate peptides in an
optimal size range, or (3) peptides are not efficiently ionized by electrospray ionization,
which is poorly understood. Our proteomics data are limited to a single time point in a
representative cell line, and the MOIs used for MS sample preparation at this time point
likely represent a mixed signature of cells infected during the initial inoculation and cells
infected by virions produced from the first round of infected cells. This may broaden our
ability to detect changes to protein abundance and phosphorylation but does not allow for
the assessment of time-resolved changes during WNV infection. Future studies leveraging
synchronized infections across a range of time points and in additional cell types will more
comprehensively define the regulation of protein abundance and protein phosphorylation
during WNV infection.

The substitutions generated in viral proteins may affect adjacent PTMs on those proteins
or may affect viral protein function independent of PTMs. While we showed that S1972A
NS3h has increased ATPase efficiency compared to WT, we have not examined helicase
or RTPase activity, which may also be affected. Previous data have demonstrated that
phosphorylation of PAK2 at S141 and AMPKp1 at S108 activates the enzymatic activity
of these proteins. While we anticipate that these modifications have a similar effect in the
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context of WNV infection, further studies are required to confirm this and to determine
whether the host factors regulating phosphorylation differ between infected and uninfected
cells.

RESOURCE AVAILABILITY

Lead contact

Requests for information and resources should be directed to the lead contact, Holly Ramage
(holly.ramage@jefferson.edu).

Materials availability

All reagents generated in this study will be made available upon request.

Data and code availability

The MS proteomics data have been deposited to the ProteomeXchange Consortium

via the PRIDE partner repository with the dataset identifier PRIDE: PXD050159;
https://proteomecentral.proteomexchange.org/cgi/GetDataset?| D=PXD050159.122 R code
for subsequent analyses is available on GitHub at https://github.com/jrjohns1/Walter-et-al.
Additional information required to analyze these data are available from the lead contact
upon request.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Microbe strains: West Nile Virus: Kunjin CH16532 was isolated from an infected
Australian mosquito in 1960.

West Nile Virus: NY2000 Crow-3356 isolated from an infected crow in New York, USA in
the year 2000. Stocks were grown in C6/36 Aedes albopictus cells.

Dengue Virus: Serotype 2 NGC isolated from an infected human in New Guinea in 1944,
Stocks were grown in C6/36 Aedes albopictus cells.

Zika Virus: Mexico 2016 Mex2-81 was obtained from the World Reference Center of
Emerging Viruses and Arboviruses in Galveston, TX, USA.

Cell lines: U20S: Human osteosarcoma cell line derived from a 15 year old Caucasian
female.

HEK?293T: Human embryonic kidney cell line derived from a female fetus.

BHK21: Syrian golden hamster kidney fibroblasts derived from five one-day-old baby
hamsters (unsexed).

CCF-STTG1: Human astrocytoma cell line derived from a 68 year old Caucasian female.
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HBEC-5i: Human microvascular endothelial cell line derived from fragments of human
cerebral cortex frommultiple patients transformed by SV40 large T antigen.

C6/36: Aedes albopictus mosquito cell line derived from mosquito larvae.

Cell lines were obtained directly from and validated by ATCC and confirmed negative for
Mycoplasma contamination.

METHOD DETAILS

Cells and viruses: HEK293 and U20S cell lines were obtained from the American

Type Culture Collections. All cultures were grown under standard conditions in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine serum, 100 units penicillin,
100 g streptomycin and 2 mM L-alanyl-L-glutamine dipeptide (GlutaMax, Gibco).
HEK?293 cells were transfected using X-treme GENE 9 (Roche Applied Science) according
to the manufacturer’s instructions. U20S cells were transfected using Fugene HD (Promega)
according to the manufacturer’s instructions. BHK cells were maintained as previously
described.33 The WNV-KUNYV isolate (CH16532) was a generous gift of R. Tesh (World
Reference Center of Emerging Viruses and Arboviruses, Galveston, TX) and WNV NY2000
was a generous gift from Michael Diamond. DENV-2 (NGC from BEI), and ZIKV Mexico
2016 (Mex2-81; a generous gift from R. Tesh) were grown as previously described.123 Viral
titers were determined in BHK-21 cells by TCID5g assay. The DNA-launched CMV-driven
WNV replicon was a gift from Theodore C. Pierson. The RNA-launched wild-type and
polymerase-dead DENV replicons were a gift from Jan Carrette.

WNYV infection and sample preparation for mass spectrometry: U20S cells were
infected with WNV NY2000 at an MOI of 1 for 20 hours. Following infection, media

was aspirated and cells were detached by the addition of cell dissociation buffer (10 mM
EDTA in D-PBS). Cell suspensions were transferred to 50 ml conical tubes, pelleted and
resuspended in urea lysis buffer (8M urea, 50 mM NH4HCO3, 150 mM NaCl, Complete
EDTA-free mini protease inhibitor tablets (Roche, 1 mini tablet per 10 ml buffer). Lysates
resuspended in urea lysis buffer were stored at —80° C until further processing. Tris-(2-
carboxyethyl) phosphine (TCEP) was added to a final concentration of 4 mM. DNA was
sheared via probe sonication, on ice, at 20% amplitude for 20 s., followed by 10 s of rest

a total of three times. Following sonication, protein concentration was determined using
Bradford assay. lodoacetamide (IAA) was added to each sample to a final concentration

of 10 mM, and samples were incubated in the dark at room temperature (RT) for 30
minutes. Excess IAA was quenched by the addition of dithiothreitol (DTT) to 10 mM,
followed by incubation in the dark at RT for 30 minutes. Samples were then diluted with
0.1 M NH4HCO3 (pH = 8.0) to a final urea concentration of 2 M. Trypsin (Promega) was
added at a 1:100 (enzyme:protein w:w) ratio and digested overnight at 37C with rotation.
Following digestion, 10% trifluoroacetic acid (TFA) was added to each sample to a final
pH ~2. Samples were desalted under vacuum using Sep Pak tC18 cartridges (Waters). Each
cartridge was activated with 1 mL 80% acetonitrile (ACN)/0.1% TFA, then equilibrated with
3 x 1 mL of 0.1% TFA. Following sample loading, cartridges were washed with 4 x 1 mL
of 0.1% TFA, and samples were eluted with 4 x 0.5 mL 50% ACN/0.25% formic acid (FA).
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100 pg of each sample was used for protein abundance measurements, and 1 mg was used
for phosphopeptide enrichment. Samples were dried by vacuum centrifugation.

Phosphopeptide enrichment: For each sample batch, 400 uL (30 pL per sample) of
50% Superflow bead slurry (QIAGEN) was added to a 2 mL bio-spin column. Beads were
incubated with 4 x 500 pL of 100 mM EDTA for 30 s, washed with 2 x 500 pL H20,
incubated 4 x 500 pL with 15 mM FeCl3 for 1 minute, washed 3 x 500 L H20, and washed
once with 500 pL of 0.5% FA to remove residual Fe3*. Beads were resuspended in 600

pL of H20 and 60 pL were aliquoted into a C18 NEST column that had been equilibrated
with 150 pL of 80% ACN, 0.1% TFA. 1 mg of digested peptides were resuspended in 75%
ACN/0.15% TFA and incubated with beads for 2 minutes, mixed by pipetting and incubated
again for 2 minutes. Beads were washed 4 x 200 pL with 80% ACN, 0.1% TFA, then
washed 3 x 200 uL with 0.5% FA, incubated 2 x 200 pL with 500 mM potassium phosphate
buffer pH 7 and incubated 2 x 200 pL with 0.5% FA for 15 seconds. Phosphopeptides were
eluted by centrifugation at 1000xg for 30 seconds with 2 x 75 pL of 50% ACN, 0.1% FA.

Mass spectrometry data acquisition: All samples were analyzed in technical duplicate
on an Orbitrap Lumos mass spectrometry system equipped with an Easy nLC 1200 ultra-
high pressure liquid chromatography system (Thermo Fisher Scientific) interfaced via a
Nanospray Flex nanoelectrospray source. Samples were injected on a C18 reverse phase
column (25 cm x 75 mm packed with ReprosilPur 1.9 mm particles). Mobile phase

A consisted of 0.1% FA, and mobile phase B consisted of 0.1% FA/80% ACN. For
phosphorylation and protein abundance analyses, peptides were separated by an organic
gradient from 5% to 30% mobile phase B over 180 min at a flow rate of 300 nL/minute,
then held at 90% B for 120 minutes. The mass spectrometer operated in data-dependent
acquisition (DDA) mode by acquiring a full scan over a m/z range of 350-1500 m/zin

the Orbitrap at 120,000 resolution (@200 m/z), followed by as many MS/MS scans as

could be collected in 3s in the Orbitrap at 15,000 resolution. Dynamic exclusion was set to
30 seconds, with a 10 ppm exclusion width setting. Peptides with charge states 2-8 were
selected for MS/MS interrogation using higher energy collisional dissociation (HCD) with a
normalized collision energy of 30%.

Data processing: Raw mass spectrometry data was analyzed by the MaxQuant algorithm
(version 1.6.8.0) to match mass spectra to peptide and protein sequences, localize post-
translational modification sites, and extract ion intensity information.124 The data were
searched against the UniProt Homo sapiens reference proteome and the UniProt West

Nile virus (strain NY-99) reference proteome (both downloaded on October 10, 2019),
reviewed sequences and canonical isoforms only. The match between runs feature was
enabled with a match time window of 2 min. For protein abundance analysis, variable
modifications were considered for methionine oxidation and protein N-terminal acetylation.
For phosphorylation analyses, variable modifications were considered for serine, threonine,
or tyrosine phosphorylation in addition to the same modifications considered for protein
abundance. All other MaxQuant parameters were used at default settings. The data

were subsequently analyzed by the MSstats package in R (version 3.22.1).40 Data were
normalized by equalizing medians, the summary method was tukey’s median polish (TMP),
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the cutoff value for the model was the minimum value for each feature across runs
(minFeature), model-based imputation was enabled, and the maximum quantile for deciding
censored missing values was 0.999. Conditions were compared using the groupComparison
function to estimate Log2-fold-changes, p-values, and p-values adjusted for multiple testing.
In some cases, a protein or phosphosite was detected in all four replicates of one condition
and absent in all four replicates of the condition for comparison. In these cases, the fold-
change was defined as positive or negative infinity, and these data points were considered

as significantly up- or downregulated for subsequent enrichment analyses, including GO
analysis, kinase library analysis, and KSEA analysis. Any other cases, in which a protein or
phosphorylation site was not detected in any replicates of one condition and was detected

in fewer than all four replicates of the other condition, were assigned a NA value for
fold-change and not included in any subsequent analyses. See data and code availability
section for code access.

GO enrichment analysis: Gene Ontology (GO) analysis was conducted using a
hypergeometric test with the dhyper function in R (see data and code availability section

for code access). Gene ontologies annotations were downloaded from UniProt and GO
definitions from the Gene Ontology Resource on 18 February 2021.125.126 The test set

was comprised of proteins significantly increasing or decreasing as defined above in the
comparison of interest, and the background set was all proteins quantified in the comparison
of interest. Enrichment tests were performed for any GO term that had at least 2 overlapping
proteins in the test set. Proteins identified by peptides that were not unique to a single
protein sequence were excluded from this analysis. A detailed list of all terms, results and
statistics for each analysis are provided in the supplementary data (Tables S3 and S4).

Western blotting to validate protein abundance and phosphorylation: U20S
cells plated into 6-well plates were either uninfected or infected with WNV NY2000

for 16 hours, 20 hours, and 24 hours. Cells were washed with PBS and lysed in RIPA
buffer supplemented with protease inhibitor cocktail (Sigma). After incubation on ice for
20 minutes, the cell lysates were clarified by centrifugation at 18,000xg for 10 minutes at
4° C. The clarified cell lysates were then transferred into a new tube and boiled for 10
minutes with 6x sample buffer. Protein samples were separated on 12% SDS-PAGE gels
and transferred to PVDF membranes (Millipore). After blocking with 5% milk in TBST,
the membranes were incubated with indicated primary antibodies overnight at 4° C. After
washing with TBST for 3 times, the membranes were incubated with HRP-conjugated
secondary antibodies for 1 hour at room temperature. Western blots were visualized using
Amersham Imager 680 (Amersham). The specific primary antibodies used are detailed
below.

RNA isolation and quantitative RT-PCR: Total cellular RNA was isolated using Trizol
(ThermoFisher Scientific) purified and DNase-treated using RNA Clean & Concentrator
(Zymo) per manufacturer’s instructions. Complementary DNA (cDNA) was synthesized
using 1 ug of input RNA with using random hexamer primers (Life Technologies) with
MMLYV reverse transcriptase (Invitrogen) in a total volume of 20 pl. cDNA reactions were
diluted 1:5 and 20 pl of each diluted sample was used to make a pooled reference. The
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pooled reference was used for subsequent 10-fold dilutions to generate a standard curve for
all targets being measured. cDNA reactions were further diluted 1:5 (1:25 total dilution) and
SYBR green reactions contained 5 pl of 2x Maxima SYBR green/Rox gPCR Master Mix
(Thermo), 5 pl of diluted cDNA, 5 pmol of both forward and reverse primers, analyzed by
gPCR and the relative abundance of each target was calculated using the standard curve.
The relative values for each transcript were normalized to a control RNA (18S rRNA or
GAPDH) and compared between experimental conditions. A complete list of primers used
for quantitative RT-PCR is provided in Table S13.

cDNA overexpression screen: HEK293 cells were seeded at 25,000 cells/well in 200
ul media per well in collagen-coated 96-well plates for cDNA transfection. A total of 100
ng plasmid DNA was transfected into each well using X-tremeGENE 9 (Sigma) according
to the manufacturer’s instructions. A GFP-expressing vector was included as a positive
control for transfection. After 24 hours, we confirmed GFP expression and proceeded with
infections. WNV and DENV infections were done at an MOI of 0.01. Infectivity was
measured 24 hours post infection by immunostaining and automated microscopy. Cells were
fixed with 4% formaldehyde for 10 minutes, permeabilized with 0.1% Triton X-100 for 15
minutes, washed three times with PBS and blocked with 2% BSA in PBS-T. Cells were
stained overnight with the mouse 4G2 (anti-envelope) antibody (1:4000 for DENV and
ZIKV, 1:12000 for WNV Kunjin). Cells were washed three times in PBS-T and incubated
with 5 pg/mL Hoechst 33432 to identify nuclei and with an Alexa Fluor-488-conjugated
a-mouse secondary antibody (1:1000) for one hour at room temperature. Cells were washed
three times with PBS-T and imaged in 100 ul PBS. Nine sites per well were imaged at

10X magnification (ImageXpress Micro; Molecular Devices). Each screen was performed
in duplicate. Automated image analysis (MetaXpress; Molecular Devices) was used to
segment the images and determine the number of DAPI-positive and 488-positive cells.

The percentage of infected cells was calculated, averaged for the nine sites in each well,

and log transformed. The plate median and interquartile range were calculated and used to
calculate a robust Zscore for each well using the following equation: [(Log10(%infection)
— Log10(median)/(IQR x 0.74)].127 The robust z-scores for the experimental replicates
were average and candidates were identified as positive if the averaged robust .Zscore

was <— 1.5 or >1.5. Cytotoxic candidates were identified based on nuclei counts and

those with a >30% decrease in cell number as compared to the average cell count were
excluded from further study. The heat map for visualization was generated using Morpheus
(https://software.broadinstitute.org/morpheus/). Hierarchical clustering was performed using
Euclidean distance. The complete screening results can be found in Table S6.

RNAI, transfection, and infection studies: For RNAI experiments, 200,000 U20S
cells were plated in a 6-well plates and siRNAs were transfected using HiPerFect (Qiagen)
according to manufacturer recommendations at a final concentration of 20nM and incubated
for 48-72 h. Cells were infected with WNV, DENV or ZIKV at the MOls and timepoints
indicated in the figure legends. Following infection, cells were collected in 1 mL Trizol for
quantitative RT-PCR experiments or washed 3X in PBS and resuspended in 1 mL IP buffer
for western blotting. For transfection experiments, 200,000 U20S cells were plated in 6-well
plates and the indicated vectors were transfected using Fugene HD (Promega) and incubated
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for 48 h. Following transfection, cells were collected in 1 mL Trizol for quantitative RT-PCR
experiments or washed 3X in PBS and resuspended in 300 uL RIPA buffer with protease
inhibitors for western blotting. A complete list of SIRNA sequences is provided in Table S11.

WNV replicon studies and generation of mutants: Site-directed mutagenesis was
performed with the CloneAmp HiFi PCR premix and In-Fusion cloning kit (Takara)

to generate phospho-null (Ser—Ala) or phospho-mimetic (Ser—Asp) substitutions in a
lineage-11 WNV replicon encoding a GFP reporter in-frame with the WNV nonstructural
proteins 1 through 571 (Rep-G/Z). HEK293T cells seeded into 6-well plates were transfected
using X-tremeGene9 with 1ug Rep-G/Z plasmid and incubated for 48 h. Cells were replated
into 96-well black-walled plates for immunofluorescence and the remainder were collected
in Trizol. Quantitative RT-PCR was used to measure viral RNA using primers specific to
WNV nonstructural genes.

NS2b/3 cleavage studies: HEK293T cells seeded into 6-well plates were transfected
with 1 pg plasmids encoding WNV NS2b/3 wild-type, alanine mutants (S1777A, S1972A)
or aspartic acid mutants (S1777D, S1972D), or a protease catalytic mutant S1640A. The
transfections were performed using X-tremeGENE 9 DNA Transfection Reagent (Roche)
according to the manufacturer’s instructions. At 48 hours post-transfection, the transfected
cells were collected and lysed in RIPA buffer containing Halt protease inhibitor cocktail
(Thermo Scientific). Following centrifugation at 18,000xg for 10 minutes at 4° C, the
clarified cell lysates were dissolved in 6x SDS sample buffer and subjected to SDS-PAGE.
Expression of WNV NS2b/3 polyprotein and cleaved NS3 was examined using a.-Strep
antibody (Abcam). A specific antibody against WNV NS2B (GeneTex) was used to
determine the cleavage of WNV NS2B from NS2b/3.

Protein purification: Protein purification was performed as previously described.””
Briefly, an IPTG-inducible vector encoding the helicase domain of WNV NS3 (residues
1676-2124) was used as a template for site-directed mutagenesis (Takara) to generate
S1972A and S1972D mutants. These vectors were transformed into BL21-DE3 Rosetta2
cells (Novagen) and expression of NS3h was induced with IPTG. Bacteria were pelleted
and induction was verified by PAGE and One-Step Blue staining (Biotium). Bacteria were
homogenized with a mechanical disruptor and lysate was purified over His-Pur Ni-NTA
resin (Pierce). Peak fractions of protein eluate were pooled and dialyzed against storage
buffer. Proteins were aliquoted and stored at —80° C. 1000ng of purified protein was run on
a 10% Trisglycine gel and stained with One-Step Blue, and protein purity was determined by
band densitometry using ImageJ.

In vitro ATPase assay: /n vitro assays were performed as previously described.’” Briefly,
1.5mL of a reaction buffer containing 25mM MOPS pH 6.5, 5mg/mL BSA, 1.25mM MgCl,,
0.01% Tween20, 10nM NS3h, 1.5pg/mL poly-U RNA (Sigma), and ATP from 10 to 300pM
was assembled on ice. The tube was then incubated in a water bath at 37.0° C. 100uL
fractions were transferred to a 96-well plate on ice containing 10uL 0.5M EDTA at 0, 10,
20, 30, 35, 40, 45, 50, 55, 60, 65, and 70 seconds. BioMol Green (Enzo) was added to
quantify liberated phosphate. Phosphate accumulation curves were plotted and each curve
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was used to determine the rate of ATP hydrolysis. Data were fit to a nonlinear regression
using GraphPad Prism 10 to determine kinetic parameters of the purified NS3h proteins.

Kinase activity analysis: Kinase activity analysis was performed with the KSEA
package in R (see data and code availability section for code access). KSEA was performed
on phosphorylation sites ranked by Log2fold-change values using to the ProtMapper
database of kinase-substrate interactions.’®:128 Only kinase-substrate interactions with a
belief score of 1 were used for this analysis. Phosphorylation sites identified by peptides that
were not unique to a single protein sequence and phosphorylation sites detected on multiply
phosphorylated peptides were excluded from this analysis.

Kinase library analysis: Sequences surrounding each phosphorylation site within a range
of +/- 7 amino acids were extracted using custom code in R (see data and code availability
section for code access). These sequences were input into The Kinase Library enrichment
analysis web tool.”®

Viral life cycle assays

Entry: U20S cells were transfected with siRNAs as previously described and allowed 48-72
hours to silence. Cells were infected with WNV NY2000 (MOI=10) for 120’ at 4° C, then
shifted to 37° C for 0’ or 150’ to allow for internalization. After incubation at 37° C,

cells were washed with ice-cold PBS and incubated with Proteinase K (1U/mL in DPBS
supplemented with 3% heat-inactivated FBS) for 45° at 4° C to remove virions bound to

the cell surface, then washed three times with ice-cold PBS and collected in Trizol for
quantitative RT-PCR.

Infection timecourse: U20S cells were transfected with siRNAs as previously described
and allowed 48-72 hours to silence. Cells were infected with WNV NY2000 (MOI=10) for
120’ at 4° C to synchronize infection, then moved to 37° C and collected in trizol at 0, 3, 6,
9, 12, 15, and 24 hours post-infection for quantitative RT-PCR.

Translation (WNV): HEK293T cells were transfected with sSiRNAs targeting PAK2 or

a nontargeting control siRNA for 48 hours, then transfected with 400ng WNV replicon
plasmid encoding Renilla luciferase with a catalytic mutation in NS5 (WNVII RepRenIB
Pol™) per well of 24-well plate.

Translation (DENV): DENV replicon RNA was produced by /in vitro transcribing a
linearized DENV replicon plasmid (Wild-type or Pol-dead)198 using the T7 MEGAscript kit
(Ambion). RNA was purified by LiCl precipitation and capped using the Vaccinia capping
system (NEB) and stored at —80° C. HEK293T cells were silenced as described above and
replated into 24-well plates after 48 hours. 24 hours after replating, cells were transfected
with 1ug capped RNA using MessengerMax RNA transfection reagent per manufacturer
instructions (Thermofisher). As a control, one pair of wells were treated with 25pg/mL
cycloheximide preceding transfection and were collected at 4 hours post-transfection. Cells
were collected at indicated timepoints in 0.1mL 1x passive lysis buffer and a Renilla
luciferase assay was performed (Renilla-Glo, Promega).
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Ongoing replication: Hek293T cells harboring a stably replicating WNV replicon were
transfected with siRNAs as previously described and allowed 48-72 hours to silence. Cells
were collected in Trizol and gRT-PCR performed on cDNA from transfected cells.

Multiple alignment analysis: The sequences of WNV NY99 proteins were aligned to
those in closely related flaviviruses using the Clustal Omega Multiple Sequence Alignment
tool (version 1.2.4) with default settings. Phosphorylated serine residues in NY99 proteins
are denoted by red highlighting. Conservation of the post-translationally modified residues
in related viruses is indicated by the same color scheme. Protein sequences were obtained
from viral genome polyprotein sequences accessed on UniProt under the following reference
numbers: WNV NY99, Q9Q6P4; WNV Kunjin, P14335; DENV-1, P17763; DENV-2,
P14340; DENV-3, P27915; DENV-4, Q58HT7; ZIKV-FP A0A024B7W1; ZIKV-MR 766,
Q32ZE1; JEV, P27395; YFV, Q6DV88.

Plasmids and generation of mutants: The NS2b/3 open reading frame from strain
WNV NY 2000-crow 3356 was cloned into pPCDNA4_TO with a C-terminal 2xStrep Il
affinity tag or a C-terminally 3X FLAG affinity tag for expression in human cells as
previously described.? The lineage Il WNV replicon encoding GFP or Renilla luciferase
was a generous gift from Dr. Ted Pierson (NIH). The DENV replicons encoding Renilla
luciferase were a generous gift from Jan Carette (Stanford). Mutations in each of the
indicated sites were generated via site-directed mutagenesis using the In-Fusion HD Cloning
Plus Kit (Takara). A complete list of primers used for cloning these constructs can be found
in Table S10.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using R (proteomics, see STAR Methods) or Graphpad
Prism. Details for specific experiments can be found in figure legends. Statistical tests
include Student’s T-test (unpaired) or one-way ANOVA with Bonferroni correction for
multiple comparisons. For each experiment, n is indicated in the figure legend and is
defined as one biological replicate. Data are presented as mean = SD or SE as indicated

in figure legends. Significance was defined as an adjusted p-value (corrected for multiple
comparisons if necessary) of below 0.05.

ADDITIONAL RESOURCES

Raw data for proteomics and code for data analysis can be found at the PRIDE repository or
Github (see key resources table for details).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Protein abundance changes in infected cells are regulated post-
transcriptionally

Phosphorylation of viral non-structural proteins influences viral RNA
replication

Kinases AMPK and PAK2 are activated by phosphorylation during viral
infection

PAK2 limits West Nile virus replication by inhibiting viral genome translation
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Figure 1. Quantification of protein changes during WNV infection
(A and B) Strategy to generate proteomic samples (A) and quantify changes in protein

abundance and phosphorylation (B).
(C) Proteins with significant phosphosites

and abundance changes (red) vs. proteins with

only significant changes in phosphosites (gray).
(D) Volcano plot depicting upregulated (red) or downregulated (blue) peptides. Shown is
log2 fold change of protein abundance (xaxis) vs. —1og10 adjusted p value () axis).
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(E) Enriched terms for proteins with increased (red) or decreased abundance (blue) upon
WNV infection. The magnitude represents statistical significance (—-log(p value)).

(F) Volcano plot depicting protein phosphorylation changes as in (D).

(G) Enriched terms for increased or decreased phosphorylation as in (E).

(H) WNV polyprotein with indicated phosphorylated residues.

For all MS data, 7= 4. See also Figures S1 and S2; Tables S1, S2, S3, and S4; and Data S1.
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Figure 2. Protein abundance changes during WNV infection
(A) Wolcano plot showing expression of known antiviral 1SGs.

(B) Overlap of proteins with increased abundance with known antiviral 1SGs.

(C and D) U20S cells were infected with WNV NY2000 (MOI 1) and lysates were probed
with the indicated antibodies.

(E) Relative RNA of indicated ISGs with increased protein abundance from WNV-infected
cells.

(F) Relative RNA of indicated transcripts with increased protein abundance from WNV-
infected cells.
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For all data, the mean + SD is shown; 7= 4. Western blot data are representative of =2
independent experiments. Significance is indicated by *p < 0.05, **p < 0.005, or ***p <
0.0005; two-tailed Student’s t test. See also Table S5.
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Figure 3. Overexpression screen for upregulated proteins
(A) Heatmap of average robust Zscores for WNV Kunjin or DENV infection upon cDNA

overexpression (/7= 2; Table S6) with rows clustered by Euclidean distance.

(B) Relative RNA of WNV NY2000 in HEK293T cells transfected with cDNA constructs,
normalized to a control GFP-expressing vector. 7= 3.

(C) Relative WNV NY2000 or DENV viral RNA upon HERPUD1 silencing, normalized to
siControl (siCON). n= 3.
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(D) Relative WNV RNA in U20S cells transfected with control or VCP siRNAs, normalized
asin(C). n=3.

(E) Cells were treated with VVCP inhibitor Eey1 (VCPi; 5 uM) or DMSO and infected with
WNV Kunjin for 24 h. Infection was quantified using immunofluorescence microscopy and
normalized to DMSO control. 7= 3.

(F) Relative viral RNA following infection with WNV NY2000 upon silencing of SYVN1,
normalized as in (C). n=4.

(G) Relative percentage infection of WNV Kunjin in cells treated with an SYVNL1 inhibitor
(LS102, 10 pM) or DMSO. Shown is the DMSO-normalized percentage infection. n= 3.
(H) Relative viral RNA following infection with WNV NY 2000 upon HERPUD?2
knockdown. Infections are normalized as in (C). n= 3.

(I) The ubiquitin-like (Ub-like) and the ERAD protein (UBQLN1 and SYVNZ1)-interacting
(ERAD-int.) domains of HERPUD1.

(J) Relative WNV replicon RNA from cells co-transfected with the indicated vectors. 7= 5.
For all data, the mean + SD is shown. Significance is indicated by *p < 0.05, **p < 0.005,
or ***p < 0.0005; two-tailed Student’s t test or Welch’s ANOVA with Bonferroni post hoc
correction. See also Figure S3; Table S6.
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(A) WNV NS5 schematic with phosphorylated residues indicated.

(B) Wild-type (WT) or mutant WNV replicon constructs were transfected into HEK293T
cells; relative WNV replicon RNA is normalized to the WT control. The RdRp-dead
D3196A and empty vector (EV) are included as controls. 7= 4.

(C) Representative western blot of strep-tagged WT and phospho-mutant WNV NS5 with
actin loading control. Relative protein expression (Alphaview) is indicated underneath each

lane, mean + SE. n= 4.
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(D) WNV NS3 schematic with phosphorylated residues indicated.

(E) Western blot demonstrating self-cleavage of strep-tagged NS2b/3 constructs with actin
as a loading control. The NS3 protease-dead (S1640A) construct is included as a control.

(F) A replicon assay was performed as described in (B). The S1640A mutant is included as a
control. n=3-6.

(G) Representative immunofluorescence images from data quantified in (H). Hoechst (DNA)
is shown in blue, GFP in green, scale bar indicates 150 pm.

(H) Quantification of WT-normalized GFP* HEK293T cells following transfection of the
indicated WNV replicons. S1640A, D3196A, and EV are included as controls. n= 3-7.

() Structure of the WNV NS3 helicase domain (PDB: 2QEQ) with motifs false colored and
ATP-binding pocket in gray.

(J) Michaelis-Menten kinetic curves for WT, A1792L, and S1972A NS3h.

(K) Ky and kgqt £ SE and catalytic efficiency (Keai/Km) £ SE for each mutant. 7= 3-5.
Unless indicated, the mean £ SD is shown for all data. Western blot data are representative
of >2 independent experiments. Statistics are one-way ANOVA with corrections for multiple
comparisons; ****p < 0.0001. See also Figures S4 and S5.
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Figure 5. Protein phosphorylation during WNYV infection
(A) Significantly changed phosphorylated peptides were analyzed by: (left) Kinase Library

analysis with volcano plot showing increased (red) or decreased (blue) consensus motifs
in WNV-infected cells for indicated kinases; (middle) kinase-substrate enrichment analysis
(KSEA), with increased (red) or decreased (blue) kinase substrates during infection; and
(right) differentially abundant phosphosites in WNV infection with an annotated regulatory
function (PhosphoSitePlus).
(B) Regulatory phosphosites predicted to increase activity during infection.
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(C) Validation of phosphorylation by western blot in WNV-infected U20S cells (N'Y2000,
MOI 1), with tubulin shown as a loading control.

(D) Relative WNV RNA following infection upon AMPKp1 depletion in U20S cells,
normalized to siControl (siCON).

(E) Silenced U20S cells were infected with WNV NY2000 (MOI 10) and lysates were
probed with the indicated antibodies.

(F) Relative WNV NY2000 RNA from silenced CCF-STTGL1 astrocytoma cells. Infections
are normalized as in (D).

(G) TCIDsgq assays were performed on supernatants from (F). Data are presented as
log10(TCID5p/mL).

For all data, the mean £ SD is shown. 7= 3. Western blot data are representative of >2
independent experiments. Significance is indicated by *p < 0.05 or **p < 0.005, two-tailed
Student’s t test. See also Figure S6; Tables S7, S8, and S9.
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Figure 6. PAK2 restricts WNV by inhibiting viral RNA translation
(A) U20S cells were transfected with PAK2 siRNAs and infected with WNV NY2000.

Relative WNV RNA is normalized to cells treated with siControl (siCON). n= 3.

(B) Relative WNV RNA from PAK2-silenced CCF-STTG1 cells. Data are normalized as in
(A). n=3.

(C) Supernatant from (B) was used to perform TCIDsq assays. Data shown are the mean +
SD log10(TCIDgg/mL). n=3.

(D) Relative WNV RNA from infected HBEC-5i cells transfected as in (B), normalized to
siCON samples. n=5.

(E) TCID5g assays were performed on supernatants from (D). Data shown are the mean +
SD log10(TCIDsg/mL). n=5.

(F) Relative DENV and ZIKV RNA from U20S cells transfected with PAK2 siRNAs. Data
are normalized as in (A). n= 4.

(G) Viral entry of WNV NY2000 in PAK2-silenced U20S cells. n=4.

(H) Relative viral RNA from PAK2-silenced U20S cells at indicated time points. n=4.
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(1) PAK2-silenced HEK?293T cells were transfected with Renillaluciferase DENV replicon
RNA. n=4.

(J) PAK2-silenced HEK293T cells were transfected with a capped polymerase-dead DENV
replicon RNA. n=4.

(K) Relative viral RNA from PAK2-silenced Huh7.5 cells infected with hepatitis C virus
(HCV) for 24 h, normalized to siCON. n= 3.

For all data, the mean £ SD is shown. All analyses are either two-tailed unpaired Student’s t
test or one-way ANOVA with corrections for multiple comparisons. n.s. indicates p> 0.05;
*p<0.05, **p<0.01, and ****p< 0.0001. See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Strep tag I Abcam Cat# ab184224, RRID:AB_3086746
Mouse monoclonal anti-Tubulin (clone DM1A) Sigma Cat# T6199, RRID:AB_477583
Rabbit polyclonal anti-WNV NS2b Genetex Cat# GTX132060, RRID:AB_2886552

Rabbit polyclonal anti-beta Actin

Cell Signaling Technology

Cat# 4967, RRID:AB_330288

Rabbit monoclonal anti-Rig-1 (clone D14G6)

Cell Signaling Technology

Cat# 3743, RRID:AB_2269233

Rabbit monoclonal anti-CD44 (clone E7K2Y)

Cell Signaling Technology

Cat# 37259, RRID:AB_2750879

Rabbit polyclonal anti-RAP1B

Genetex

Cat# GTX111933, RRID:AB_1951632

Rabbit polyclonal anti-Ubiquitin

Enzo

Cat# ADI-SPA-200

Rabbit polyclonal anti-LC3

ProteinTech

Cat# 14600-1-AP, RRID:AB_2137737

Rabbit monoclonal anti-MEK1/2 (clone D1A5)

Cell Signaling Technology

Cat# 8727, RRID:AB_10829473

Rabbit monoclonal anti-Histone H3 (Clone
D1H2)

Cell Signaling Technology

Cat# 4499, RRID:AB_10544537

Rabbit polyclonal anti-STAT1-pS727

Cell Signaling Technology

Cat# 9177 RRID:AB_2197983

Rabbit polyclonal anti-STAT1

Cell Signaling Technology

Cat# 9172 RRID:AB_2198300

Rabbit polyclonal anti-c-Jun-pS63

Cell Signaling Technology

Cat# 9261 RRID:AB_2130162

Rabbit monoclonal anti-c-Jun (clone 60A8)

Cell Signaling Technology

Cat# 9165 RRID:AB_2130165

Rabbit polyclonal anti-PAK2-pS141

Cell Signaling Technology

Cat# 2606 RRID:AB_2299279

Rabbit polyclonal anti-PAK2

Cell Signaling Technology

Cat# 2608 RRID:AB_2283388

Rabbit polyclonal anti-WNV Envelope

Genetex

Cat# GTX132052, RRID:AB_2886550

Rabbit polyclonal anti-AMPKa-pThrl72

Cell Signaling Technology

Cat# 2531 RRID:AB_330330

Rabbit polyclonal anti-AMPKa

Cell Signaling Technology

Cat# 2532 RRID:AB_330331

Rabbit polyclonal anti-AMPKB1-pS108

Abcam

Cat# ab156890

Rabbit polyclonal anti-AMPKB1

Cell Signaling Technology

Cat# 12063 RRID:AB_2797812

Rabbit polyclonal anti-ACC

Cell Signaling Technology

Cat# 3662 RRID:AB_2219400

Rabbit polyclonal anti-ACC-pS79

Cell Signaling Technology

Cat# 3661 RRID:AB_330337

Rabbit monoclonal anti-TBK1 (clone D1B4)

Cell Signaling Technology

Cat# 3504 RRID:AB_2255663

Rabbit monoclonal anti-TBK1 pS172 (clone
D52C2)

Cell Signaling Technology

Cat# 5483 RRID:AB_10693472

Mouse monoclonal anti-WNV Env (clone 4G2)

Dr. Michael Diamond

N/A

Goat polyclonal anti-Rb 1gG-AF488

Thermofisher

Cat# A-11034 RRID:AB_2576217

Goat polyclonal Anti-Ms 1gG-AF488

Thermofisher

Cat# A-11029 RRID:AB_2534088

Goat polyclonal Anti-Rb 1gG-HRP

Thermo Scientific

Cat# G-21234 RRID:AB_2536530

Goat polyclonal Anti-Ms IgG-HRP

Thermo Scientific

Cat# G-21040 RRID:AB_2536527

Bacterial and virus strains

Stellar DH5a TakaraBio 636763
STBL2 competent £. coli Thermo Scientific 10268019
West Nile Virus Kunjin CH16532 World Reference Center of Emerging Viruses N/A

and Arboviruses
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REAGENT or RESOURCE SOURCE IDENTIFIER
West Nile virus NY2000 Crow 3356 Dr. Michael Diamond N/A
DENV2 NGC BEI Resources N/A
ZIKV Mexico 2016 Mex2-81 World Reference Center of Emerging Viruses N/A
and Arboviruses
Biological samples
N/A N/A N/A
Chemicals, peptides, and recombinant proteins
Eeyarestatin Tocris Cat# 3922
LS-102 EMD Millipore Cat# 5.38184.0001
MG-132 EMD Millipore Cat# 474787
Bortezomib EMD Millipore Cat# 5.04314.0001
Bafilomycin Al Cell Signaling Technology Cat# 54645
Critical commercial assays
Renilla-Glo luciferase assay Promega Cat# E2720
PowerUp SYBR green Thermo Scientific Cat# A25743
Deposited data
Proteomics data ProteomeXchange Consortium-PRIDE PXD050159
repository
Experimental models: Cell lines
U20S ATCC HTB-96
HEK293T ATCC CRL-3216
BHK-21 ATCC CCL-10
CCF-STTG1 ATCC CRL-1718
C6/36 ATCC CRL-1660
HBEC-5i ATCC CRL-3245
Oligonucleotides
siRNAs: See Table S11 for full list N/A N/A
Cloning primers: See Table S10 for full list N/A N/A
gPCR primers: See Table S13 for full list N/A N/A
Recombinant DNA
Overexpression screen vectors: See Table S6 N/A N/A
Plasmids: See Table S12 N/A N/A
Software and algorithms
ImageJ (FIJI) v2.16.0/1.54p https://imagej.net/ij/download.html N/A
Alphaview v3.5.0.927 Bio-Techne N/A
MaxQuant v1.6.8.0 https://www.maxquant.org/ N/A
MSStats v3.22.1 Bioconductor N/A
ClustalOmega v1.2.4 https://www.ebi.ac.uk/jdispatcher/msa/clustalo N/A
Morpheus v1.0.15 https://software.broadinstitute.org/morpheus/ N/A

Other
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

R code for proteomics analysis

Github

https://github.com/jrjohns1/Walter-et-al
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