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Abstract

Rift Valley fever virus (RVFV) is an arbovirus that was first reported in the Rift Valley of
Kenya which causes significant disease in humans and livestock. RVFV is a tri-segmented,
negative-sense RNA virus consisting of a L, M, and S segments with the M segment encoding
the glycoproteins Gn and Gc. Host factors that interact with Gn are largely unknown. To this
end, two viruses containing an epitope tag (\V5) on the Gn protein in position 105 or 229
(V5Gn105 and VV5Gn229) were generated using the RVFV MP-12 vaccine strain as a backbone.
The V5-tag insertion minimally impacted Gn functionality as measured by replication Kinetics,
Gn localization, and antibody neutralization assays. A proteomics-based approach was used

to identify novel Gn-binding host proteins, including the E3 ubiquitin-protein ligase, UBRA4.
Depletion of UBR4 resulted in a significant decrease in RVFV titers and a reduction in viral RNA
production.
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Introduction

Rift Valley fever virus (RVFV) is an arthropod-borne virus (arbovirus) that can infect both
humans and ruminants, such as sheep, cattle, goats, and camels (Bird and Nichol, 2012;
Bouloy and Weber, 2010; Ikegami, 2012; Kroeker et al., 2020; Paweska, 2015; Weaver
and Reisen, 2010). Infection of ruminants can result in abortions (80-100% for sheep

and cattle) regardless of pregnancy stage. High rates of mortality have been observed in
young, infected animals. Humans infection can result in a wide variety of clinical symptoms
ranging from mild febrile illness to hepatitis, retinitis, delayed-onset of encephalitis, or in
more severe cases, hemorrhagic fever. The case fatality rate is estimated to be between
0.5-2% overall, although individuals with severe complications (jaundice, neurological or
hemorrhagic manifestations) are at higher risk for a fatal outcome. While outbreaks have
been limited to the African continent and Arabian Peninsula, the increase in travel and
commerce, expansion of the vector range, as well as the presence of domestic mosquito
species and vertebrate animals that can support RVFV replication have caused increased
concerns about the introduction into the US (Gaudreault et al., 2015; Linthicum et al.,
2016; Rolin et al., 2013; Wilson et al., 2018). Furthermore, there are no FDA-approved
prophylactic therapies or vaccines currently available for human use.

RVFV is from the Phlebovirus genus in the Phenuiviridae family and is characterized by

an enveloped virus particle (~100nm size) that contains a tripartite, negative stranded RNA
genome (Adams et al., 2017; Elliott, 2014; Elliott and Brennan, 2014). Based on their size,
the three segments are termed large (L), medium (M), and small (S). The L segment encodes
for the RNA-dependent RNA polymerase (RdRp) L protein, while the S segment encodes
for the nucleocapsid protein, NP, and the virulence factor, NSs. The M segment encodes

for several polyprotein precursors which upon proteolytic processing, produce the mature
proteins including NSm, envelope glycoproteins Gn and G, as well as an NSm-Gn fusion
protein termed 78kD (Collett et al., 1985).
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Gn and Gc are type | transmembrane proteins and facilitate viral entry, fusion, and
assembly (Spiegel et al., 2016). During attachment, Gn recognizes host cell receptors, like
dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN).
The interaction of the DC-SIGN receptor and Gn subsequently triggers viral uptake (Lozach
etal., 2011). DC-SIGN is just one of the three host cell receptors identified that Gn interacts
with to facilitate viral attachment (Spiegel et al., 2016). Gc has been designated as a class

Il membrane fusion protein that is responsible for the fusion of the viral envelope with

the endosomal membrane (Garry and Garry, 2004; Vaney and Rey, 2011). After genome
replication, the precursor glycoprotein Gn/Gc is relocated to the ER, subsequently cleaved
by a host protease, and Gn and Gc are glycosylated in the ER lumen before viral assembly
and egress.

RVFV assembly occurs at the Golgi complex where particles bud into the cisternae and
egress through the trans-Golgi network (Hornak et al., 2016). The Gn cytosolic tail contains
the genetic determinants required for targeting the glycoprotein heterodimers from the ER
to the Golgi, as well as binding to the L polymerase and ribonucleoprotein (RNP) complex
(Carnec et al., 2014). Several studies have focused on the co-packaging of the RVFV
genomic segments which has indicated that S and M segments are packaged at a higher ratio
when compared to L. Although this process is nonselective with only a small percentage

of virions incorporating all three segments, there are host specific fluctuations that occur
(Bermudez-Méndez et al., 2021; Hornak et al., 2016; Wichgers Schreur et al., 2018;
Wichgers Schreur and Kortekaas, 2016). A three-dimensional reconstruction of the RVFV
viral particle detailing the arrangement of the capsomers comprised of Gn/Gc oligomers that
resemble a cylindrical hollow spike on the particle surface has been completed (Freiberg et
al., 2008; Huiskonen et al., 2009; Sherman et al., 2009). Furthermore, both antigenic and
glycosylation sites on Gn/Gc have been mapped (Kakach et al., 1989; Kakach et al., 1988;
Keegan and Collett, 1986; Phoenix et al., 2016). The importance of the 78kD/NSm-Gn
fusion protein for assembly has also been examined. While this fusion protein is dispensable
for /n vitro propagation of the virus, it is required for dissemination within the arthropod
vector (Crabtree et al., 2012; Kreher et al., 2014) and produced in larger quantities in
invertebrate versus mammalian cells (Weingartl et al., 2014).

A complete picture of host factors required for RVFV entry and assembly, specifically as it
relates to Gn protein interactions, is still unknown. In the interest of providing a means to
isolate Gn-associated partners at different points within the RVFV lifecycle, we engineered
a recombinant RVFV virus containing a V5 epitope tag within the ectodomain of Gn. The
impact of the epitope tag insertion on Gn functionality and suitability as a means of isolating
Gn interacting partners was examined.

Proteomic analysis of Gn immunoprecipitated complexes identified Ubiquitin Protein Ligase
E3 Component N-Recognin 4, UBR4, as a Gn interacting protein. UBR4 is a human E3
ubiquitin ligase. It recruits a ubiquitin conjugated E2 through its association with the target
protein (Kim et al., 2018; Tasaki et al., 2005). UBR4 has been shown to impact several

key cellular functions, such as proteasomal degradation, secretion of macrovesicles, and
autophagy (Kim et al., 2018; Rinschen et al., 2016). UBR4 is of importance because it has
already been shown to significantly affect a myriad of other viruses including Influenza A
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virus (IAV), human papillomavirus (HPV), and dengue virus (DENV) (Huh et al., 2005;
Morrison et al., 2013; Tripathi et al., 2015). The interaction of UBR4 with the M2 protein

of 1AV allows for efficient budding from the plasma membrane. The absence of UBR4
results in altered trafficking of viral proteins, where they are no longer brought to the
plasma membrane and instead targeted to autophagosomes for degradation (Tripathi et al.,
2015). Conversely, in DENV-infected cells, the interaction between UBR4 and the viral NS5
protein allows for the degradation of STAT2, subsequently decreasing interferon signaling
(Morrison et al., 2013). This study aims to characterize two novel tagged virus and use them
to determine the impact UBR4 has on RVFV replication.

Materials and Methods

Cell Culture.

Vero cells (ATCC) and the UBR4 +/+ (wild-type, WT) and UBR4 —/- (knockout, KO) HEK
293Ts (Tripathi et al., 2015) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% heat inactivated fetal bovine serum (FBS) and 1% L-glutamine.
Huh-7 cells were maintained in DMEM containing 10% FBS, 1% nonessential amino acids
(NEAA), 1% L-glutamine, and 1% sodium pyruvate. Human small airway epithelial cells
(HSAECSs) were cultured in Ham’s F12 modified media supplemented with 10% FBS, 1%
NEAA, 1% L-glutamine, 1% sodium pyruvate, and 0.1% B-mercaptoethanol (Popova et al.,
2010). Cells were maintained in a humidified environment at 37°C and 5% CO,. Mosquito
C6/36 cells (Aedes albopictus, ATCC) and CxQx (Culex quinquefasciatus) were cultured
(29°C, 5%C02) in Eagle’s Minimum Essential Medium (EMEM) containing 10% FBS as
previously described (Hernandez and Brown, 2010).

Cloning of V5 insertion within RVFV Gn.

Viral stocks.

The V5 epitope (amino acid (aa) sequence-GKPIPNPLLGLDST) derived from the RNA
polymerase a subunit of the simian parainfluenza virus type 5 was cloned into the Gn
coding region within the pProT7-M(+) plasmid (RVFV MP12 strain). The V5 insertion sites
were at Gn aa 105 and 229 (M polyprotein aa 258 and 382, respectively). The two amino
acids before each insertion site was duplicated after the V5 sequence. All plasmid constructs
were verified by restriction enzyme digestion and sequencing. Plasmid and primer sequences
are available upon request.

Recombinant RVFV MP12 and ZH548 viruses were rescued and tittered as previously
described (Baer and Kehn-Hall, 2014; Benedict et al., 2015). Briefly, transfection of
BSR-T7/5 cells with the following plasmids was performed as previously described:
pProT7-M(+), pProT7-L(+), pProT7-S(+), pT7-IRES-VN, pT7-IRES-vL, and pCAGGS-vG
(Cyr et al., 2015). For V/5-tagged Gn rMP12 viruses, pProT7-M(+)_V5Gn105 and pProT7-
M(+)_V5Gn222 were utilized to generate MP12-V5Gn105 and MP12-V5Gn?2? viruses,
respectively. A passaged (P)1 viral stock was generated for infections. Additionally, the
parental rMP12 containing a VV5-tag inserted between amino acid position 1852 and 1853 of
the viral L protein, termed V5L, was also used in this study (Baer et al., 2016). Venezuelan
equine encephalitis virus (VEEV) TC-83 viral stocks were produced from electroporation of
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in vitro transcribed viral RNA generated from the pTC83 plasmid as described previously
(Lundberg et al., 2016). Zika virus (ZIKV) MR766 (Cat# NR-50065) was obtained from
BEI Resources.

Viral kinetic analysis.

Viral kinetics were measured by either infectious virus titers or percentage of RVFV
positive cells. HSAECs, Huh-7, C6/36 and the UBR4 WT and KO HEK 293T cells were
infected a MOI of 0.1. Extracellular media supernatants were collected at various times
post-infection and infectious viral titers were determined by plaque assay on Vero cells
(Baer and Kehn-Hall, 2014). An intracellular infectivity assay was performed as previously
described (Benedict et al., 2015). Briefly, the WT and KO UBR4 293T cells were infected
at a MOI of 0.1 with MP12. At 8 hours post infection (hpi) supernatants were collected

for extracellular plaque assay. Cells were washed with PBS, collected in DMEM, and

lysed using multiple freeze thaw cycles (using a dry ice-ethanol bath and 37°C water

bath. Cellular lysates (containing infectious intracellular virions) were centrifuged and

the supernatant was used for the intracellular plaque assay. For flow cytometry analysis,
Huh-7 and C6/36 cells were trypsinized at various time points after infection (MOI 0.1)
and fixed in 4% paraformaldehyde. Cells were permeabilized and then probed for RVFV
nucleoprotein (NP; clone 1D8 [1:1000], BEI Resources, Cat# NR-43188). The percentage of
RVFV NP positive cells from 10,000 cells was determined using EMD Millipore Guava®
easyCyte HT Sampling Flow Cytometer.

Gn antibody neutralization.

Vero cells were seeded at 2 x 10° cells/well in 12-well plates. Media containing Gn antibody
(clone 4D4, BEI Resources, Cat# NR-43190) at the two-fold dilutions (1:200, 400, 800,
1600, 3200, 6400, 12800, and 25600) or NP mouse antibody at 1:200 dilution was added
first to Vero cells. Next RVFV inoculum, at a MOI 0.1, was added to the well. In the case

of no antibody incubation, fresh complete DMEM was added to a final well volume of

ImL. After 24 hpi, supernatant was removed, cells were washed three times with phosphate
buffered saline (PBS), and incubated for an additional 24h. RVFV positive cells, as indicated
by RVFV NP staining, was determined by flow cytometry.

Immunofluorescence.

HSAECs were seeded on poly-L-lysine coated glass coverslips (Neuvitro, Cat# GG-22-1,5-
PDL) in 6-well plates at 5 x 10° cells/well seeding density. Cells were infected (MOI 1) with
MP12, V5Gn19 or VV5Gn229 viruses. At 24 hpi, cells were fixed with 4% paraformaldehyde
and permeabilized as previously described (Pinkham et al., 2016). Cells were then probed
for RVFV Gn (clone 4D4, 1:5000 BEI Resources), RVFV Gc (clone 4B6, 1:5000, BEI
Resources, Cat# NR-43184), TGN46 (AbD Serotec, Cat# AHP500G), and calnexin (Santa
Cruz, Cat# sc11397) expression. The following secondary antibodies (1:500) were used to
visualize the primary antibodies, Alexa Fluor 488 anti-mouse (Thermo Fisher Scientific,
Cat# A-11001), Alexa Fluor 568 anti-rabbit (Thermo Fisher Scientific, Cat# A-11011),

and Alexa Fluor 568 anti-sheep (Thermo Fisher Scientific, Cat# A-21099). Cells were
counterstained with DAPI before mounting coverslips on glass slides. Slides were imaged
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using the Nikon Eclipse TE 2000-U microscope with a 60x oil immersion lens. Five images
were taken per sample, with one representative shown.

Western blotting.

Cells were harvested at the indicated timepoint by one wash with PBS (without CaZ* or
Mg?*) and lysed directly in blue lysis buffer [1.25:1 ratio of 2x Novex® Tris-Glycine

SDS Sample Buffer (Thermo Fisher Scientific, Cat# LC2676) and Tissue Protein Extraction
Reagent (T-PER; Thermo Fisher Scientific, Cat# 78510), 2.0mM EDTA pH 8.0, 0.8mM
NaF, 160uM NazVOg4, 26mM dithiothreitol (DTT), and EDTA-free Complete Protease
Inhibitor Cocktail tablet (Sigma Aldrich, Cat# 11873580001)]. One tenth of the total volume
was loaded on 3-12% Bis-Tris glycine gels (Thermo Fisher Scientific, Cat# NP0321) or, in
the case of UBR4 protein, 3-8% Tris Acetate gels (Thermo Fisher Scientific, Cat# EA0375).
After separation, proteins were transferred to PVDF membrane and blots were probed with
antibodies against p-actin (Abcam, Cat# ab49900, 1:20,000), UBR4 (Abcam, Cat# ab86738,
1:1000), V5-tag (Biorad, Cat# MCA1360, 1:500), RVFV Gn (clone 4D4, 1:20,000) and NP
(clone 1D8, 1:500). The blots were visualized by chemiluminescence using SuperSignal
West Femto Maximum Sensitivity Substrate kit (Thermo Fisher Scientific, Cat# 34095) and
the BioRad Molecular Imager ChemiDoc or ChemiDoc XRS systems.

Immunoprecipitation.

For immunoprecipitation, Huh-7 cells or HSAECs were mock-infected (complete media
alone) or infected with MP12, V5Gn195, V5Gn229, or LV5 (MOI of 1). At 24 hpi, cells were
lysed directly in clear lysis buffer (50mM Tris-HCI pH 7.5, 120mM NaCl, 5mM EDTA,
50mM NaF, 0.2mM Na3VOy, 0.5% NP-40, and EDTA-free Complete Protease Inhibitor
Cocktail tablet) and protein concentration determined. Clarified cell lysates (2 mg) were
mixed overnight at 4°C with 10-20 pg of either Gn (clone 4D4), V5 (BioRad), or HA

(Cell Signaling, Cat# 3724) antibodies. The next morning, Protein G conjugated Dynabeads
(Thermo Fisher Scientific, Cat# 10004D) were added. After 2 h, antibody-bound complexes
were washed three times with TNE5¢ with 0.1% NP40 (50mM Tris pH 7.5, 50mM NacCl,
1mM EDTA, 0.1% NP-40, and EDTA-free Complete Protease Inhibitor Cocktail tablet) and
once with TNEgg with 0.1% NP40 (50mM Tris pH 7.5, 150mM NaCl, 1ImM EDTA, 0.1%
NP-40, and EDTA-free Complete Protease Inhibitor Cocktail tablet). Complexes were eluted
from the beads by boiling for 10 min in blue lysis buffer. As input controls, 50ug of total cell
lysates were used. Proteins were separated by SDS-PAGE and blots probed for RVFV Gn,
V5 epitope tag, and UBR4 as described above.

MS/MS analysis.

LC-MS/MS analysis was performed using a Thermo-LTQ mass spectrometer.
Immunoprecipitated samples were lysed in 8M urea, reduced using DTT and acetylated with
iodoacetamide. The reduced and alkylated proteins were trypsin digested (Promega, Cat#
V5113) for 24 hours at 37°C. The trypsinized peptides were eluted using ZipTip purification
(Millipore, Cat# ZTC18S) and analysis of the peptides was performed by LTQ-tandem
MS/MS equipped with a reverse-phase liquid chromatography nanospray (Thermo Fisher
Scientific). The peptides from the injected samples were eluted after washing using a 90
minute linear gradient from 0 to 40% acetonitrile and an additional step of 80% acetonitrile
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(all in 0.1% formic acid) for 5 minutes. The instrument was operated in a data-dependent
mode and tandem mass spectra were matched against the National Center for Biotechnology
Information human database by Sequest Bioworks software (Thermo Fisher Scientific) using
full tryptic cleavage constraints and static cysteine alkylation by iodoacetamide.

siRNA Transfection.

Huh-7 cells were seeded at 3.5x10° cell/well in 6-well plates. Following the manufacturer’s
instructions, cells were transfected using DharmaFECT 1 Transfection Reagent (Horizon
Discovery, Cat # T-2001-02) with 50nM nontargeting siRNA (siNTC; Dharmacon

cat #: D-001810-01-05), 50 nM siRNA against UBR4 (siUBR4; Dharmacon, cat #:
L-014021-01-0005), or no siRNA (Mock control). Transfection media was replaced after
24-48 hours and cells were infected with MP12 (MOI 0.1) at 72 hours post transfection.
Both extracellular media supernatants and protein lysates were harvested at 8 and 24

hpi. Viral titers were analyzed by plaque assay, while protein expression was analyzed by
western blot.

Cell viability assay.

The HEK 293T KO and WT UBR4 cells were cultured and infected at various MOlIs

with MP12. At 16 hpi cell viability was measured using CellTiter-Glo Cell Luminescent
Viability Assay (Promega, Cat# G7570) according to manufacturer’s protocol. Briefly, an
equal volume of room temperature media and CellTiter-Glo reagent was added to the

cells and mixed thoroughly. The plate was then incubated on a rocker for 10 minutes at
room temperature. The luminescence was detected using the Promega GloMax® Discover
Microplate Reader.

UBR4 gene knock-down in mosquito cells.

A pair of primers with 5* & 3’ flanking T7 promoter sequences (UBR4 F & UBR4 R; see
Suppl. Table 1) was designed to amplify a fragment of 455 bp size from the Culex UBR4
gene (Table 1). This fragment was obtained from gDNA extracted from Cx.quinquefaciatus
(CxQx) cells. The amplified fragment was further purified using a PCR purification kit
(Qiagen, Germany). The purified fragment (200 ng) was /n vitro transcribed using the T7
Megascript kit (Ambion, USA) according to the manufacturer’s instructions. Afterwards, the
RNA was purified using the Mega-clear transcription clean up kit (Invitrogen, USA) and
stored at —80°C until further use. dSRNA targeting the green fluorescent protein (GFP) ORF
was used as a negative control and also for assessing the toxic effect of dsSRNAs in CxQx
cells. A pair of primers (GFP F+ GFP R; see Suppl. Table 1) was designed to amplify a 495
bp segment of the GFP ORF from the pCAG-GFP plasmid (Addgene, USA) and dsRNA was
prepared following the same protocol as described above. CxQx (Culex quinguefasciatus)
cells were plated at the density of 8 x10% cells/well in a 24 well plate. Forty-eight hours post
plating, cells were transfected with 100 ng of dsRNA specific for the GFP or UBR4 gene per
well using Lipofectamine 2000 (Cat # 11668027, Invitrogen, USA). Twenty-four hours post
transfection, the cells were infected with the RVFV vaccine strain MP-12 (MOI 0.01), and
the supernatants were collected at 24 hpi. The virus titer in the supernatant was determined
by plaque assay on Vero-MARU cells in 24 well plates.
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Quantitative RT-PCR.

Entry assay.

Results

Infected HEK 293T KO and WT UBRA4 cells were lysed using Trizol (Thermo

Fisher Scientific, Cat# 15596026) to analyze intracellular RNA. Intracellular

RNA was isolated using the Direct-zol RNA Miniprep (Zymo Research,

Cat # R2051). All samples were normalized to 10ng/ul of RNA using

Nanodrop™ One prior to PCR analysis. gRT-PCR was performed using the

RNA UltraSense One-Step Quantitative RT-PCR system (Thermo Fisher Scientific,
Cat#11732-927) with primers and probe targeting the viral M segment (Forward
AAAGGAACAATGGACTCTGGTCA, Reverse CACTTCTTACTACCATGTCCTCCAAT,
and Probe 6FAM-AAAGCTTTGATATCTCTCAGTGCCCCAA-TAMRA).

HEK 293T WT and UBR4 KO cells were cultured in 6 well plates and pretreated with
either 12 mM NH,4CI dissolved in complete growth media or complete growth media
alone for 1 h. Cells were infected with the RVFV MP-12 (MOI 10) for 1h at 37°C. Cells
were washed with PBS and 0 hpi samples were collected using Trizol. The corresponding
treatment was returned to the 2 hpi samples and were subsequently collected at 2 hpi in
Trizol. Intracellular RNA was isolated using the Direct-zol RNA Miniprep. RT-qPCR was
performed using the RNA UltraSense One-Step Quantitative RT-PCR system with primers
and probe targeting the viral M segment. Samples were compared to a standard curve. Fold
change was determined by comparison to WT control.

Insertion of a V5-tag into RVFV Gn does not alter RVFV replication

Of the two RVFV glycoproteins, Gn mediates many of the interactions necessary for
targeting viral proteins to the Golgi complex, RNP encapsidation, and receptor binding.
Thus, we focused on providing a means to isolate Gn-associated complexes. There are
several RVFV Gn antibodies available, however, the use of isotype control antibodies as a
negative control can be problematic with a high degree of nonspecific interactions identified.
To avoid these issues, we first generated a recombinant RVFV clone that contains a foreign
epitope tag within Gn. At the time of creation, there was no crystallized structure of the
RVFV Gn glycoprotein available. However, the model formulated by Rusu et a/. was able
to create a molecular model based on the 3D structure of the RVFV virion and homologous
fold recognition analysis (Rusu et al., 2012). From this analysis, the ectodomain of Gn
formed most of the protruding capsomer (Huiskonen et al., 2009; Sherman et al., 2009).
Based on this model, two solvent exposed areas on Gn that were adjacent to previously
mapped neutralizing epitopes (aa. 105 (epitope 1) and 229 (epitope I1); (Besselaar and
Blackburn, 1991)) were utilized for V5 epitope tag insertion (Figure 1A). Recombinant
RVFV MP12 containing the V5 insertions, termed hereafter V5Gn19 and V5Gn229 were
rescued with well-defined plaques and with similar morphology to the parental RVFV
MP12.

To assess whether the V5-tag impacted Gn functionality due to disruption of Gn structure or
protein interactions, a number of complementary assays were performed. First, viral kinetics
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were analyzed in both mammalian cell lines, HSAECs and Huh-7 cells, as well as the
mosquito cell line, C6/36. HSAECs were chosen as a model of inhalational exposure to
RVFV, while hepatocytes are a primary site for RVFV replication /n vivo (Faburay et al.,
2016; Paweska, 2015; Smith et al., 2010; Wilson et al., 2016). The derived A. albopictus cell
line (C6/36) has been shown to yield high levels of RVFV replication /n vitro. Infectious
virus titers for the VV5-tagged viruses were comparable to the MP12 parental strain in all
three cell types (Figure 1B-D). Additionally, by 24 hpi, the levels of Gn protein expression
were also similar between all three viruses (Figure 1E-G). When utilizing the V5 antibody,
both the mature Gn, as well as, a truncated Gn protein was detectible via western blot
analysis.

The cellular localization of Gn/Gc glycoproteins was then examined by confocal microscopy
(Figure 2). Although the site of virus assembly is the Golgi complex, both glycoproteins are
initially synthesized within the ER. If the tag insertion disrupted the native Gn structure,
then localization of Gn, as well Gc, may be affected. Utilizing glycoprotein specific
antibodies, all three viruses demonstrated only a small portion of both Gn and Gc staining
overlap with the ER marker, calnexin (Figure 2A, B). Conversely, a larger overlap of Gn
with Golgi marker, TGN46 (Figure 2C, D) was observed. Gc also demonstrated some
overlap with the Golgi, but it to a lesser extent when compared to Gn. The pattern of
localization observed between the parental and V5-tagged viruses was similar, suggesting
that localization was not perturbed due to the V5-tag.

To examine whether viral spread was altered, the percentage of RVFV infected cells was
examined in both Huh-7 and C6/36 cells (Figure 3A and B, respectively). While there was
no difference in the percent of cells infected between the V/5-tagged viruses and MP12 in
Huh-7 cells, there was a slight lag in the C6/36 cells starting at 18 hpi. However, by 48

hpi, the average percentage of RVFV positive cells was 79% for the parental virus and

71% for both V/5-tagged viruses. Additionally, neutralization with a titrated Gn antibody
was performed to determine whether insertion of the V5-tag disrupted native Gn/Gc
conformation in the viral particles produced (Figure 3C). If the glycoprotein arrangement
on the particles was severely altered, then a shift in neutralization curves relative to the
parental virus would be expected to occur. Shifts to the left and right would indicate more or
less neutralization sensitivity, respectively. RVFV nucleoprotein antibody was utilized as a
negative control and at the highest concentration did not neutralize any of the RVFV viruses
tested. While both V5-tagged viruses did have increased sensitivity, neutralization of the
V5Gn229 virus was similar to the parental MP12 virus.

Mass spectrometry yields host-binding partners of RVFV Gn

As our goal was to utilize these tagged viruses to identify potential Gn protein interacting
partners, we compared the level of Gn protein immunoprecipitated by the VV5-tag or Gn-
specific antibody. Huh-7 cells were mock-infected (i.e. media alone) or infected with MP12,
V5Gn105, or V5Gn22? viruses, then immunoprecipitation was performed on the collected
lysates (Figure 4A). While higher levels of Gn protein was isolated with the Gn (clone
4D4) antibody, there was a high degree of background present. The amount of Gn isolated
was similar between MP12 constructs suggesting that insertion of the V5 epitope tags at
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amino acid positions 105 or 229 did not negatively impact the antigenic epitope Il structure.
The V5 antibody isolated only those Gn proteins that contained the V5 epitope. It was
observed that of the two tagged viruses, slightly more V5Gn22? protein than V5Gn19 was
collected. In conclusion, these results suggest that the V5 tag (16-mer amino acid) insertion
was tolerated and accessible for immunoprecipitation. Given that V5 tag insertion had less
impact on VV5Gn22? functionality, i.e. neutralization and immunoprecipitation, the VV5Gn22°
virus was selected for all downstream experiments.

To determine potential Gn binding partners, immunoprecipitation followed by mass
spectrometry (MS) analysis of RVFV Gn-associated complexes was performed using the
V5Gn229 and untagged MP12 parental virus. Huh-7 whole cell lysates collected at 24 hpi
(MOI 1) were utilized for these experiments. Employing the untagged MP12 parental virus
as a control for pull-downs helped to ensure that similar proteomic backgrounds were
being used for comparison. After subtracting out cellular factors that were identified in
both the untagged and V5-tagged backgrounds, 13 host factors were reproducibly detected
(Table 1). A large number of cytoskeleton proteins including actin gamma, myaosin, and
tropomyosin factors were identified. Prior reports have indicated that bunyaviruses can
rearrange cytoskeletal proteins for particle assembly factories. Similar to other viruses,
bunyaviruses are heavily dependent on these cytoskeletal proteins for egress (Carnec et al.,
2014; Fontana et al., 2008; Nuss et al., 2014; Ward, 2011), thus the high enrichment of
these factors is not unexpected. We also observed cellular proteins SEC13 and heat shock
70kDa protein 5 (alias GRP78/BiP). Both proteins have been shown to localize to the ER,
suggesting that we were isolating factors necessary for Gn folding and trafficking from the
ER. Finally, peptides that mapped to RVFV Gn were also enriched.

The mass spectrometry analysis also identified UBRA4 as a potential host-binding partner
of Gn. There is mounting evidence that UBR4 can be exploited by other viruses for
replication, like DENV (Morrison et al., 2013), 1AV (Tripathi et al., 2015) and HPV
(Huh et al., 2005), therefore it was chosen as a suitable candidate for confirmation. To
substantiate these findings, the same immunoprecipitation utilizing V5 and Gn specific
antibodies was performed to isolate Gn associated protein partners followed by western
blot analysis (Figure 4B). UBR4 was detected in both the V5-tagged and untagged Gn
immunoprecipitated complexes, verifying the mass spectrometry data.

and knockout of UBR4 causes decreases in RVFV titers

To determine whether UBR4 is necessary for RVFV replication, an siRNA knockdown of
UBR4 was performed in Huh-7 cells and infectious virus titers were measured at 8 and 24
hpi (Figure 5A and 5B). Greater than 80% knockdown of UBR4 was achieved and resulted
in a 4- to 5-fold decrease in viral titers. To further examine this phenotype, UBR4 —/- HEK
293T cells were utilized (Tripathi et al., 2015). A significant decrease in the amount of
infectious virus produced was observed at 8 and 16 hpi, where titers were decreased by 1
and 0.5 logs, respectively (Figure 5C). However, by 24 hpi the amount of infectious virus
recovered in the UBR4 KO cells to a level comparable to the WT cells. These results suggest
that UBR4 influences RVFV replication, but is not essential for infectious virus production.
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To determine if UBR4 is exploited by additional strains of RVFV, a time course was
performed with the virulent strain ZH548 in the UBR4 WT and KO cells (Figure 5D). A
significant decrease in the amount of infectious virus produced was once again observed.
However, this decrease was shifted towards later time points with a 0.5 logy decrease at 16
hpi and a 1 logq decrease at 24 hpi. In both attenuated and virulent RVFV strains, infectious
viral titers recovered by 48 hpi. In order to confirm that this effect is not due to a change

in growth or viability of the UBR4 KO cells, the amount of ATP present was measured

as a proxy for cell viability. No significant variation in the viability of the two cell lines
was observed with or without infection (Figure 5E). Finally, a UBR4 siRNA knockdown
experiment was performed in Culex quinquefasciatus cells with the RVFV vaccine strain
MP-12. A significant decrease of virus replication was observed 24 hpi when UBR4 was
knocked down (Figure 5F). Collectively, these data indicate that loss of UBR4 decreases
RVFV viral titers.

RVFV egress is not affected in the absence of UBR4

RVFV buds from the Golgi and infectious virus is trafficked to the plasma membrane

where it is released via exocytosis. The impact of UBR4 on viral egress was examined by
intracellular and extracellular infectious viral titer determination in WT and UBR4 KO cells.
If UBR4 impacts viral egress, then an increase in the amount of virus inside the cells would
be observed. However, the absence of UBRA4 resulted in a decrease of both intracellular and
extracellular viral titers (Figure 6A). The ratio of infectious virus inside to outside the cells
remained the same and were not significantly different between WT and UBR4 KO cells
(Intracellular/Extracellular: WT=0.050 +/- 0.024, KO=0.065 +/-0.027). The total amount of
infectious virus produced was calculated by adding the PFU values for both extracellular
and intracellular for each respective cell type. These data show that cells lacking UBR4
displayed an overall decrease in viral titers of nearly a 1 log,q (Figure 6B), indicating that
UBR4 does not impact viral egress, but rather impacts a stage of viral replication prior to
egress.

The absence of UBR4 does not affect viral entry

To further understand the mechanistic impact UBR4 has on the viral life cycle an entry assay
was performed using the UBR4 WT and KO cells infected with RVFV MP-12. Previous
research has shown that ammonium chloride (NH44Cl) is an inhibitor of the earliest stages
of the viral life cycle. Most notably by preventing the acidification of endosomes required
for fusion (Brindley and Maury, 2005; Ellenbecker et al., 2014; Farias et al., 1988; Helenius,
2013). Therefore, NH4Cl was used as a control for viral entry inhibition. Treatment was
performed 1h prior to, during, and post-infection. Cells were infected for 1 h at 37°C,
washed, and post-treated. Zero-hour samples were collected immediately after infection.
Intercellular RNA was extracted and RT-qPCR was performed against the viral M segment.
A standard curve was used to determine genomic copy numbers and samples were compared
to their respective WT control. No change in the amount of viral RNA was observed
between the untreated WT and KO cells at both 0 and 2 hpi (Figure 6C). Upon treatment
with NH4CI a significant reduction was seen in both the WT and KO cells at 2 hpi. These
data indicate that the virus enters the WT and KO UBR4 cells at a similar rate. Therefore, it
is a step after viral entry that UBR4 impacts.
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Lack of UBR4 decreases viral RNA production and Gn protein expression

Given the overall viral titers, both intracellular and extracellular, were decreased in the
absence of UBR4 but viral egress and entry are not affected, viral RNA production was
quantified via RT-qPCR. It was found that the amount of intracellular viral RNA was
significantly decreased in UBR4 KO cells compared to the WT cells at 8, 16, and 24 hpi by
0.5 logyg (Figure 6D). Additionally, the protein levels of Gn were also markedly reduced in
UBR4 KO cells at 16 hpi (Figure 6E). Notably, viral RNA levels were consistently lower
in UBR4 KO cells, while RVFV titers and Gn protein levels recovered by 24 hpi. These
data suggest that UBR4 has the most significant impact on viral RNA levels. To understand
UBR4’s mechanism of action further its interaction with the L protein of RVFV, the RdRp,
was examined. Immunoprecipitation followed by western blot analysis showed that UBR4
interacts with the L protein in Huh-7 cells infected with MP-12 V5L (Figure 6F). These
data further substantiate that the effect observed is due to UBR4’s impact on viral RNA
production.

Loss of UBR4 effects replication of RNA viruses from distinctive families

Previous studies have established that UBR4 can impact a variety of viruses. To confirm this
further, UBR4’s impact on Venezuelan equine encephalitis virus (VEEV), an alphavirus, and
ZIVK, a flavivirus, was examined using the UBR4 WT and KO cells. In both VEEV and
ZIKV infected cells a significant reduction in infectious titers was observed at various time
points post infection (Figure 7A-B). A half logq reduction was observed with VEEV at 8
hpi, and then over a logyg at 24 hpi. While with ZIKV a log;g reduction was observed at

16 hpi and a half logyq reduction in infectious virus was observed at 24 hpi. These results
corroborate and expand on previous findings that multiple viruses utilize UBR4 to facilitate
their replication.

Discussion

The incorporation of epitope tags into viral genomes, especially for mass proteomic
studies, has yielded several advantages over the reliance of protein specific antibodies.

The dependence on foreign epitopes for capture alleviates the potential exclusion of protein
partners that bind within the epitope region. Immunoprecipitation conditions such as the
cellular proteome at the time of harvest and the antibody and its respective reactivity

and background characteristics are then consistent between the experimental tagged virus
and the control untagged virus comparison. Also, advantageous is the availability of

tag antibodies in a variety of pre-conjugated formats, e.g. fluorescent dyes, magnetic or
sepharose beads, for various applications. An obvious caveat to the incorporation of foreign
epitope tags is that insertion may disrupt protein structure leading to impaired protein
binding and/or functionality. In addition, there has been some interest in the potential of
differentiating between naturally infected and vaccinated animals (termed DIVA (Capua et
al., 2004; Mansfield et al., 2015)). The incorporation of unique sequences, such as a tag to
distinguish between the vaccine and naturally circulating RVFV strains would be useful for
tracking.
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Our studies indicate that the insertion of a 16-amino acid V5 tag at two different sites

within Gn glycoprotein minimally impacted Gn functionality. With C6/36 cells, we observed
a minor delay in the percentage of infected cells but not in infectious titers at 18 and 24

hpi for the VV5-tagged viruses as compared to the parental MP12 virus (Figure 3B). This
suggests that viral spread within the mosquito cell population is slightly delayed during

the exponential phase of viral replication. Additionally, tag insertion at both sites slightly
increased sensitivity to Gn antibody clone 4D4 neutralization (Figure 3C). However, viral
titers, Gn protein levels, and Gn/Gc localization were comparable to the parental MP12
virus suggesting overall that the sites were tolerant of the tag insertion and any impact was
minimal.

Our proteomic analysis of Gn interacting partners identified proteins involved with the
cytoskeleton, trafficking, and protein folding/stability, all of which could be expected to
interact with a viral glycoprotein that is processed through the secretory pathway. One of
the identified Gn binding partners, HSPAS (alias GRP78/BiP), is known to be incorporated
into RVFV virions along with other HSP family members, HSP70 and HSP90 (Nuss et

al., 2014). siRNA mediated knockdown of HSPAS resulted in decreased RVFV replication
(Nuss et al., 2014). The interaction of HSPA5 with Gn provides a mechanism by which

it may be selectively incorporated into RVFV virions. While our method was successful
for isolating Gn and some associated proteins, it is still missing the full complement of

Gn interactions especially for those localized at the Golgi, the site of RVFV assembly.
Future studies will focus on immunoprecipitation of Gn from isolated organelles (e.g. Golgi
complex and ER) to facilitate the identification of additional Gn binding partners that may
play a role in viral assembly and/or protein trafficking.

Our data confirmed that Gn interacts with UBR4, a 576-kDa E3 ubiquitin ligase that
recognizes and binds to specific destabilizing amino acids within a protein’s N-terminal
residues (termed N-degrons), resulting in their ubiquitination and subsequent degradation
(Sriram et al., 2011). The UBR family is made up of four proteins (UBR1,-2,-4, and -5)
that are all E3 ubiquitin ligases that follow the N-end rule (Tasaki et al., 2005). The N-end
rule states that some N-terminal destabilized residues are be more likely to be targeted for
ubiquitination, which are then recognized by E3 ubiquitin ligases, or N-recognins (Hwang
etal., 2011). There are two categories of N-terminal degrons that are recognized within the
N-end rule pathway: type 1 substrates which contain acidic residues, and type 2 substrates
which contain bulky hydrophobic residues (Kim et al., 2013; Tasaki et al., 2009). Studies
have indicated that UBR4 specifically recognizes destabilized N-terminal amino acids, such
as arginine, through its evolutionarily conserved UBR domain (Hwang et al., 2011; Kim et
al., 2018).

UBR4 interacts with a few viral proteins including DENV NS5 (Morrison et al., 2013),
IAV M2 (Tripathi et al., 2015), and HPV E7 (Huh et al., 2005; White et al., 2012).

DENV NS5 binds to UBR4 facilitating degradation of STAT2, which enables DENV to
efficiently replicate in cells that can mount a type | interferon response. Loss of UBR4
results in decreased replication of both DENV and 1AV, but not HSV-1 (Tripathi et al.,
2015). Moreover, peptide-conjugated phosphorodiamidate morpholino oligomers (PPMOs)
targeting UBR4 protected mice from IAV-induced disease (Tripathi et al., 2015). In |AV

Virology. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bracci et al. Page 14

infected cells UBR4 localizes to the ER where it interacts with the M2 ion channel and
facilitates M2 trafficking to the plasma membrane (Tripathi et al., 2015). The mechanism
by which UBR4 enables M2 protein trafficking has yet to be determined, but the authors
hypothesize that M2 may be using UBR4 to induce the degradation of a host restriction
factor located in the ER, which would prevent viral protein trafficking from the ER to the
Golgi complex.

In this study, it was found that loss of UBR4 through siRNA and CRISPR-Cas9 mediated
knockout decreases the amount of infectious virus produced. However, it should be noted
that by 24 hpi infectious viral titers of RVFV recovered in mammalian cells. This was
also observed with two other RNA viruses, VEEV and ZIKV. This means that although
UBR4 associates with RVFV Gn, its interaction is either transient or another host-protein
can function in its place.

Since UBR4 co-immunoprecipitated with RVFV Gn, it was originally hypothesized that
UBR4 might impact viral assembly or egress. However, it was found that a build-up of

virus does not occur in the absence of UBR4, instead, less virus is being produced. To
understand the mechanistic impact UBR4 has on the RVFV life cycle, viral entry, viral RNA
production, and Gn protein expression levels were examined. It was found that UBR4 has
no effect on virus entry but a significant reduction was observed for both Gn protein and
viral RNA levels in the absence of UBR4. UBR4 had the most significant impact on RVFV
RNA levels, which was unexpected given that it was identified as a RVFV Gn interacting
partner. One possible explanation for these results is that UBR4 is indirectly interacting with
RVFV Gn, and its direct binding partner is another viral protein, such as the L polymerase
or NP. Our data lend support to this possibility, as UBR4 coimmunoprecipitated with RVFV
L polymerase; however additional experiments are needed to determine if this is a direct
interaction. It was previously determined that Gn interacts with NP through its C-terminal
tail and also co-localizes with the L polymerase at the Golgi (Hornak et al., 2016). Both the
L polymerase and NP play essential roles in RVFV RNA production, with the L polymerase
performing cap-snatching and directing RNA transcription and replication (Gaudreault et
al., 2019; Olschewski et al., 2020). Future studies will explore UBR4’s role in RVFV RNA
production, including the determination of what allows for the recovery of RVFV infectious
titers late in infection in cells lacking UBR4.
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Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

Rift Valley fever viruses containing an epitope tag on the Gn protein were
generated

The V5-tag minimally impacted Gn functionality
UBR4, an E3 ubiquitin-protein ligase, is a RVFV Gn interacting protein

Depletion of UBR4 significantly decreased RVFV titers and viral RNA
production
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Figure 1. Recombinant MP12 viruses containing V5-tagged Gn glycoproteins.
A) Schematic depicting RVFV M segment containing insertion of the V5 epitope tag (bold)

within Gn at positions 105 and 229 (Gn amino acid numbering). The two amino acids prior
to the insertion site were duplicated (italicized) after the V5 sequence. Mapped Gn antigenic
epitopes are indicated in orange and labelled I, I, and 111 (Besselaar and Blackburn, 1991).
B-D) Viral kinetics of MP12 viruses in human and mosquito cells. HSAECs (B), Huh-7 (C),
and C6/36 (D) cells were infected at a MOI 0.1 with either untagged parental MP12 virus or
the recombinant MP12 viruses containing V5-tagged Gn proteins (V5Gn1% and V5Gn?29).
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Infectious viral titers were determined by plaque assay. Both mean and standard deviations
are shown for three biological replicates. HSEACs (E), Huh-7 (F), and C6/36 (G) cells were
infected at a MOI 1 with either parental MP12 virus, V5Gn19% or VV5Gn229, At 24 hpi, cell
lysates were harvested and levels of untagged Gn, V5-tagged Gn, and actin were determined
by western blot.
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Figure 2. Cellular localization of Gn and Gc proteins.
HSAEC:s cells were infected with either the parental MP12 or V5-tagged viruses at a MOI 1.

At 24 hpi, cells were then fixed and analyzed by immunofluorescence for Gn (panels A, C)
or Gc (B, D) protein localization. Calnexin (A, B), TGN46 (C, D), and DAPI staining were
utilized as controls for the endoplasmic reticulum (ER), Golgi, and the nucleus, respectively.
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Figure 3. Impact of Gn V5 insertion on viral spread and neutralization.
A) Huh-7 and B) mosquito C6/36 cells were infected at a MOI 0.1 with parental MP12

or V5-tagged viruses. Viral spread over time was assessed by RVFV NP staining and flow
cytometry. Both mean and standard deviations are plotted for three biological replicates. C)
RVFV virus inoculum (MOI 0.1) was mixed with increasing 2-fold dilutions of Gn antibody
and incubated on Vero cells for 24h. After 48 hpi, cells were harvested and the percentage
of RVFV positive cells were determined by flow cytometry. Filled symbols represent data
from virus inoculum mixed with Gn antibody. Open symbols represent data from virus

Virology. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bracci et al.

Page 24

inoculum mixed with NP antibody at 1:200 dilution. Data is graphed as a percentage relative
to no antibody control. Both mean and standard deviations are plotted for three biological
replicates and non-linear regression analysis was performed. The ECs for MP12 is a
935-fold dilution, while the ECsq for V5Gn195 and V5Gn?29 is a 1649-fold and a 1314-fold
dilution, respectively.
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Figure 4. UBR4 associates with RVFV Gn protein.
A-B) Huh-7 cells were infected with either the parental MP12, V5Gn19° (panel A only),

or V5Gn229 virus at a MOI 1. Mock infection control refers to media alone. At 24 hpi,

cells were harvested and whole cell lysates were generated. Immunoprecipitation using V5
epitope or Gn antibodies was performed and probed by western blot for UBR4 (panel B
only) and Gn proteins using either an antibody raised against Gn or V5. Fifty micrograms of
whole cell lysates were used as input controls.
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Figure 5. Absence of UBR4 decreases RVFV viral titers.
A-B) UBR4 expression in Huh-7 cells was knocked down by siRNA treatment (50 nM).

After 72h, cells were infected with MP12 (MOI 0.1). At 8 and 24 hpi, infectious viral titers
(A) or protein expression of UBR4, Actin, and RVFV Gn and NP were examined (B). C-D)
HEK 293T WT and UBR4 KO cells were infected with untagged parental RVFV attenuated
strain, MP12, (C) or the fully virulent strain, ZH548, (D) at a MOI of 0.1. Viral supernatants
were collected at various time points post infection and titers were determined by plaque
assay. E) HEK 293T WT and UBR4 KO cells were either mock-infected or infected with the
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parental MP12 virus (MOI 0.1 or 1). Cellular viability was measured either prior to infection
or at 16 hpi using Cell Titer-Glo. F) Loss of Ubr4 decreases RVFV replication in mosquito
cells. CxQx cells were plated in a 24 well plate and transfected with 100ng of dsRNA per
well. The transfected cells were infected with RVFV MP12 (MOI 0.01). The supernatants
were collected and viral titer determined by plaque assay. Mock-transfected control cells,
GFP- dsRNA transfected cells; and Ubr4- dsRNA transfected cells. Figures 5 A and C-F
represent the mean and standard deviation of three biological replicates. *p-value<0.05,
**p-value<0.01.
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Figure 6. UBR4 impacts RVFV RNA production and Gn protein levels.
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A) HEK 293T WT and UBR4 KO cells were infected with untagged parental RVFV MP12
(MOI 0.1). At 8 hpi, intra- and extracellular infectivity was determined by plaque assay.

B) Total infectivity (i.e., the proportional sum of intra- and extracellular infectivity) per
infection was also determined. The data shown represents the mean and standard deviation
of three biological replicates. C) HEK 293T WT and KO cells were pretreated with
ammonium chloride (12mM) for 1 h followed by an infection with RVFV MP12 at an
MOI of 10. For the 2 hpi samples cells were post-treated until collection. At zero and 2
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hpi cells were lysed using Trizol and RNA was extracted. RT-gPCR was performed using
primers and probed against the M segment. Ct values were compared to a standard curve
followed by normalization to their respective WT Control. The data shown represents the
mean and standard deviation of three biological replicates. D) HEK 293T WT and UBR4
KO cells were infected with RVFV MP12 (MOI 0.01). At 4, 8. 16, and 24 hpi cells were
lysed with Trizol and RNA was extracted. RT-gPCR was performed using primers and probe
against the M segment. Ct values were compared to a standard curve to determine the viral
copy number. The data shown represents the mean and standard deviation of three biological
replicates. E) HEK 293T WT and UBR4 KO cells were infected with V5Gn?2? (MOI 1). At
8, 16, and 24 hpi whole cell lysates were collected. Lysates were separated by SDS-PAGE
and transferred to a PVDF membrane. The membrane was subsequently probed for both V5
and Actin. F) Huh-7 cells were infected with MP12 V5L (MOI 1). Mock infection control
refers to media alone. At 24 hpi whole cell lysates were collected. Immunoprecipitation
using V5 or HA antibodies was performed followed by a western blot for UBR4 and

V5. Fifty micrograms of whole cell lysates were used as input controls. *p-value<0.05,
**p-value<0.01.
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Figure 7. The absence of UBR4 effects multiple viruses.
HEK 293T WT and UBR4 KO cells were infected with VEEV TC-83 (A) or ZIKV (B) at

aMOI 0.1. At 4, 8, 16, and 24 hpi cellular supernatants were collected and viral titers were
determined by plaque assay. The data shown represents the mean and standard deviation of
three biological replicates. *p-value<0.05, **p-value<0.001.
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LC-MS/MS analysis of V5-tagged Gn interacting proteins.

Table 1.

List including XC Score, size, and # of peptides identified for relevant proteins.

Page 31

Gene Ontology  UniProt#  Protein Symbol  Full Name Score XC MW (kDa) IF(;?EEIEi?izSd
Cytoskeleton P63261 ACTG1 Actin, gamma 1 propeptide 60.31 41.8 9
P63267 ACTG2 Actin, gamma 2 propeptide 90.24 41.8 14
P35579 MYH9 Myosin, heavy polypeptide 9, non-muscle 80.33 226.4 11
P19105 MYL12A Myosin, light chain 12A, regulatory,non- 60.25 19.8 15
sarcomeric
P60660 MYL6 Myosin, light chain 6, alkali, smooth 60.22 16.9 7
muscle and non-muscle isoform 1
P35580 MYH10 Myosin, heavy polypeptide 10, non-muscle 30.19 228.9 4
P67936 TPM4 Tropomyosin 4 isoform 2 80.28 28.5 18
P14649 MYL6B Myosin alkali light chain 6B 20.14 22.7 2
P09493 TPM1 Tropomyosin 1 alpha chain isoform 5 20.2 32.8 2
Trafficking Q00610 CLTC Clathrin heavy chain 1 20.19 191.5 2
P55735 SEC13 SEC13 protein isoform 1 20.21 355 2
Protein Q5T4S7 UBR4 Ubiquitin Protein Ligase E3 Component 10.15 573.5 7
Folding/ N-Recognin 4
Stability
P11021 HSPA5 Heat shock 70kDa protein 5 20.14 72.3 3
Viral P21401 GP_RVFVZ ZH548/MP12 strain M polyprotein 60.24 130.7 7
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