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The non-structural protein NSs of the Phenuiviridae family members appears to have a role in the host immunity escape.
Toscana virus NSs protein exerts its inhibitory function by triggering RIG-I for proteasomal degradation, confirming the
interaction between the ubiquitin system and TOSV NSs. The mass spectrometry analysis of TOSV NSs allowed the
direct identification of lysine residues targeted for ubiquitination. Moreover, analysis of NSs K-mutants confirmed the
presence and the important role of lysine residues located in the central and the C-terminal parts of the protein in
controlling the NSs cellular level. Therefore, we directly demonstrated a new cellular pathway involved in controlling TOSV
NSs fate and activity, and this opens the way to new investigations among more pathogenic viruses of the Phenuiviridae
family.
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| 1. Introduction

Toscana virus (TOSV) is a member of the Phenuiviridae family (Phlebovirus genus) classified as an emergent sandfly-
borne virus. It is mainly transmitted to humans by Phlebotomus perfiliewi, P. perniciosus, and P. papatasi sandfly species
[I2E, Although pauci-symptomatic infections are described in endemic countries !, TOSV infection is mostly associated
to meningitis or more severe central nervous system (CNS) injuries, such as encephalitis and cerebral ischemia [2I=1E],
Nowadays, TOSV is widely present in the Mediterranean basin [EIEIILALL and represents a significant public health
threat.

The non-structural protein (NSs) of the Phenuiviridae and Bunyaviridae family members represents an important virulence
factor, inhibiting the host innate immunity to viral infections, mainly mediated by type | interferons (IFN-o/@) [L2[13114][15](16]
(L718I1920021] |y order to overcome this first-line defense implemented by the host, viruses evolved protein(s) able to
block the IFN-3 production and its downstream activity at different steps in the signaling cascade.

However, TOSV is the first Phlebovirus described to date, whose behavior is different from that observed among the
Bunyaviridae or Phenuiviridae members, since interferons are not inhibited during viral infection and replication, despite
its NSs protein. TOSV NSs protein is rapidly degraded by the ubiquitin-proteasome system, as previously demonstrated
(19]120121] Therefore, during TOSV infection in humans, the ubiquitination and degradation of the NSs protein occur very
early in virus replication to prevent IFN-§ inhibition in the host.

The proteasomal degradation of proteins is triggered by ubiquitination, a process consisting of covalent attachment of
poly-ubiquitin (poly-Ub) chains at lysine residues on the target protein. The assembly of poly-Ub chains to the target
protein is accomplished by the cooperation of ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and
ubiquitin-ligases (E3), which work in a sequential cascade [221[231[24][25](26](27][28][29][SON[S1I[S2)[33][34] * A \well-characterized
cellular complex, which mediates ubiquitination of target proteins, is represented by the Skp, Cullin, and F-box (SCF)-
containing complex. Cullin activity is regulated by their NEDdylation, which is the covalent attachment of the small
ubiquitin-like protein NEDD8 (neural precursor cell expressed developmentally downregulated 8) to the cullin subunit via
the NEDDS8 activating enzyme (NAE) 1231281 |n this context, the E3 ubiquitin ligase is the only enzyme that confers
specificity to this system by recognizing selected target proteins [241251[26]

The structure of the poly-Ub chain assembled by the E3 ligase is crucial for target protein fate and function [22123],
Covalent bonding between ubiquitin monomers occurs at one of the seven lysine residues in the previously attached
ubiquitin molecule, resulting in the formation of ubiquitin chains containing distinctive linkages between the ubiquitin
moieties, thus creating a different structure. Based on the linkage generated between ubiquitin moieties, the cognate
proteins undergo regulation of their physiological functions, although the role of some chains is still elusive [B433IS6IS7]38]
Notably, Lyssg (K4g) ubiquitin linkage has been reported to be involved in targeting proteins for degradation by the 26S
proteasome, while the Lysgs (Kg3) linkage has been proved to regulate protein functions, especially those involved in



signal transduction, cell cycle, and gene expression [Z328l81 Sq far, the involvement of the ubiquitin system in virus

replication, latency, oncogenic properties, and immunity escape has been widely demonstrated [B2[201411[42][43][44][45][46][47]
[48][49][50][51][52](53][54][55][56](57][58][59]

Among Phenuiviridae members, Rift Valley fever virus (RVFV) is the most investigated virus in terms of antagonistic
effects of its NSs protein. The involvement of the ubiquitin system, and in particular of the SCF E3 ubiquitin ligase
complex, has been recently elucidated BEAEL  However, despite the involvement of RVFV NSs in the ubiquitin-
proteasome control of cellular components, no direct evidence of its ubiquitination and fate/function regulation has been
shown.

Regarding TOSV, the involvement of the ubiquitin system in controlling its NSs activity was further demonstrated by a
recent work, where an E3 ubiquitin ligase activity has been attributed to the viral protein. Similarly to RVFV, this E3 ligase
activity was necessary to mediate RIG-I ubiquitination and proteasomal degradation and, consequently, impede IFN-f3
production B, The only evidence that Bunyaviridae NSs protein could be subjected to ubiquitination has been
investigated in the Bunyamwera virus (6263 |ndeed, analysis of recombinant virus carrying lysine knockdown NSs variant
highlighted the increased stability of the mutated protein.

However, no significant advantage in virus growth and virulence in mice were reported, suggesting that NSs ubiquitination
is not essential for the virus life cycle B2,

| 2. NSs Stability Is Influenced by Disordered Regions

Putative intrinsically disordered regions (IDRs) were identified in TOSV NSs by on-line tools (http://prdos.hgc.jp). Based
on a predictive algorithm, two IDRs were mapped at aa 1-17 of the N-terminus and aa 295-316 of the C-terminus of the
protein. Previous results already showed the important role of the C-terminus, since its deletion influenced protein stability
(58] Next, we assessed the role of the N-terminus on the NSs protein stability by deleting the first 72 aa (Figure 1).
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Figure 1. Schematic representation of the of TOSV NSs full-length (wt-NSs) sequence, N-(NSsAN), or C-terminus deleted
(NSsAC) variants. Green dots indicate the lysine residues with a high predictive score for ubiquitination.

Immunoblotting and densitometric analysis of lysates of Lenti-X 293T cells transfected with NSs expressing plasmid
showed a 9-fold increase of NSsAN protein accumulation compared to the wt-NSs protein (p < 0.0005) (Figure 2A),
confirming the presence of a disordered instable region at the N-terminus.
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Figure 2. Domains affecting TOSV NSs stability. (A) The involvement of TOSV NSs C- and N-terminal regions on protein
stability was demonstrated by generating deleted NSs proteins (NSsAC and NSsAN). The behavior of the deleted NSs
variants was tested by immunoblotting on the whole-cell lysates (50 pg) of Lenti-X 293T-transfected cells. Specific
proteins were detected by using anti-6xHis (NSs) monoclonal antibody (left figure). Loading control was represented by
actin (a-ACT) detection (left figure). Quantitative assessment of deleted NSs variants was determined by densitometric
analysis (right figure). (B) Lenti-X 293T cells were transfected with FFLuc NSsSAN and NSsAC fusion constructs and
Renilla Luciferase as an internal control. Transfected cells were mock-treated or treated with cycloheximide (CHX) and
collected at 1.5 and 3 h. Fold induction was obtained by luciferase activity normalization with respect to Renilla luciferase
values and comparison to the relative mock-treated sample. Results were expressed as mean fold change values
collected in at least three independent experiments + standard deviation.

To better address the involvement of N-terminus IDR on the NSs stability, Firefly Luciferase (FFLuc) fusion proteins were
generated. Afterwards, cycloheximide (CHX) chase experiments were performed to compare protein stability among the
NSsAN, NSsAC, and wt-NSs. Luciferase activities were measured in transfected CHX-treated cells. After normalization
with respect to the constitutively expressed Renilla luciferase (pSV40-RenLuc), a considerable reduction of the Luciferase
activities, consistent with NSs degradation, was reported in wt-NSs lysates just 1.5 h after CHX treatment in comparison
with the mock-treated sample. On the contrary, the detection of a higher Luciferase signal for NSsAN and NSsAC
demonstrated a significant increased protein stability at both 1.5 and 3 h after CHX treatment (Figure 2B). Moreover,
based on the CHX chase experiment datasets, the deduced half-lives of NSsAN (ty» 8.7 h) and NSsSAC (t1/, 4.8 h) were
significantly longer (p < 0.0001) than those observed for wt-NSs (t;» 1.6 h) (Data not shown). These data support the
prediction of intrinsic disordered sequences located at the terminal ends of the NSs, thus the deleted variants of the
protein acquired greater stability and cytoplasmic accumulation in transfected cells.

| 3. Ubiquitin-Dependent NSs Proteasomal Degradation

Previous results have shown that TOSV NSs retains antagonistic function on host innate immunity to viral infection [22[21]
58] exhibiting an E3 ubiquitin ligase activity on RIG-I1 B2, Therefore, we also investigated the effect of ubiquitination on the
fate and function of the viral protein. Similarly to Bunyamwera virus, TOSV NSs protein stability was also evaluated
analyzing its possible ubiquitination, since its accumulation into the cell cytoplasm was strongly enhanced by the exposure
to the proteasome inhibitor MG-132 29211 |ndeed, a significant increase of protein stability (p < 0.05) was noticed when
the inhibitor MG-132 was included during the CHX chase experiments, with a fold increase of protein accumulation at 3 h
treatment of 2.3 for the wt-NSs, 6.1 for NSSAC, and 3.9 for NSsAN (Figure 3). Moreover, the immunoblotting confirmed
the enhanced protein accumulation in the cell cytoplasm when the transfected cells were exposed only to MG-132 (Figure
3).
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Figure 3. Effects of the proteasome inhibitor MG-132 on NSs deleted mutants were evaluated. (Upper panel) wt-NSs,
NSsAN, and NSsAC expressing cells were treated with 25 uM of the inhibitors along with 100 pg/mL of CHX and collected
at 1.5 and 3 h. Cell lysates were subjected to a dual-luciferase assay in order to estimate the stability of NSs protein
variants. A significant increase of protein stability over time was noticed for wt-NSs, NSsSAC, and NSsAN. (Lower panel)
The immunoblotting with anti-6xHis antibody or anti-ACT performed on MG-132 and CHX treated cells confirmed the
stabilizing properties of the MG-132 on the NSs proteins tested. The error bars represent the standard deviation from the
mean values obtained in independent experiments.

Furthermore, the positive effects of the proteasome inhibitor were evidenced by the deduced half-life of NSSAC (t;» 22 h)
and NSsAN (t;, 26.4 h), which was significantly higher (p < 0.05) with respect to the untreated counterparts. This
evidence confirmed the ubiquitinated status of TOSV NSs, suggesting that the stability of TOSV NSs was also controlled
by ubiquitination and proteasomal degradation and that lysine residues target for ubiquitination were at least located in the
central region of the protein, common to the three constructs.

| 4. Evidence of TOSV NSs Ubiquitination

To understand whether TOSV NSs was directly ubiquitinated, the presence of polyubiquitin chains linked to the viral
protein was investigated. The denaturant pull-down assay performed on NSs and HA-Ub co-transfected cells allowed the
efficient inactivation of de-ubiquitinating enzymes (DUBs), preserving NSs ubiquitinated forms 9. The ubiquitination
status of the affinity purified NSs was detected by immunoblotting using anti-6xHis and anti-HA antibodies, demonstrating
that NSs protein underwent a robust ubiquitination. Indeed, high-molecular-weight migrating bands with a constant
increase were detected with anti-HA monoclonal antibody, corresponding to mono-, multi-, or poly-ubiquitinated forms of
NSs (Figure 4A). Unfortunately, the anti-6xHis monoclonal weakly detected these bands due to a lower sensitivity of the
antibody.
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Figure 4. TOSV NSs undergoes ubiquitination. NSs ubiquitination was evaluated by immunoblotting. (A) Lenti-X 293T
cells were transfected with wt-, AC-, or AN-expressing plasmids, along with the plasmid expressing HA-tagged wild-type
ubiquitin (Ub). Cells treated with the proteasome inhibitor MG-132 were collected at 48 h post-transfection and NSs
protein enrichment was performed on cell lysates by pull-down (PD) experiments using Ni-NTA agarose beads. 6xHis-
NSs-enriched samples were subjected to immunoblotting for Ub (a-HA) or NSs (a-6xHis) detection. The ubiquitinated
status of the three NSs forms was evaluated as a modification of the targeted substrate, causing a shift in MW of ~10 kDa
(mono-ubiquitination) or multiples. Asterisk represents ubiquitinated NSs forms. (B) The rate on Kg-and Kgz-moiety
ubiquitination was assessed by PD assay and immunoblotting. Lenti-X 293T cells were transfected with wt-, AC, or AN
NSs expressing plasmids, along with the plasmid expressing HA-tagged Ksg-only or Kgz-only ubiquitin mutants. Twenty-
four hours later, cells were treated with MG-132 and collected after additional 24 h. Lysates were prepared and PD with
Ni-NTA agarose beads. Isolated proteins were separated by SDS-PAGE and probed by immunoblotting for NSs (a-6xHis)
and Ub-K,g and Ub-Kg3 (0-HA) detection. Asterisk indicates ubiquitinated forms of the NSs proteins.

As shown in Figure 4A, both the N- and C-terminal-truncated proteins underwent ubiquitination at a similar extent to that
observed for the wt-NSs. On the basis on these results, it appears that lysine residues target for ubiquitination are located
in the central region of the protein. We further investigated the ubiquitin-linkage type present on the NSs protein,
particularly the K4g- or Kgz-chain. These experiments demonstrated that both K4g- and Kgs-ubiquitination moiety occurs in
both wt- and the deleted NSs variants (Figure 4B). Indeed, anti-HA reactive bands corresponding to mono-, multi-, or poly-
ubiquitinated forms of the NSs were detected in all the samples tested. These data supported the idea that both Kg3 and
K4g ubiquitin linkages take place, thus this type of post-translational modification does not only influence NSs stability, but
it could also affect NSs protein activity.
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