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Abstract

Flaviviruses are enveloped, positive-strand RNA viruses that cause millions of infectionsin the
human population annually. Although Zikavirus (ZIKV) had been detected in humans as early
as the 1950s, its reemergence in South Americain 2015 resulted in agloba health crisis. While
flaviviruses encode 10 proteins that can be post-trand ationally modified by host enzymes, little
is known regarding post-translational modifications (PTMs) of the flavivirus proteome. We used
mass spectrometry to comprehensively identify host-driven PTMs on the ZIKV proteome. This
approach allowed usto identify 43 PTMs across 8 ZIKV proteins, including several that are
highly conserved within the Flavivirus genus. Notably, we found two phosphosites on the ZIKV
envelope protein that are functionally important for viral propagation. Both appear to regulate
viral budding, while one also impacts ZIKV cytopathogenicity. Additionally, we discovered host
kinases that interact with ZIKV proteins and determined that Bosutinib—an FDA-approved
tyrosine kinase inhibitor that targets some of these host kinases—impairs ZIKV growth, in part
by blocking phosphorylation of atyrosine residue on the envelope protein. Thus, we have
defined a high-resolution map of host-driven PTMs on ZIKV proteins as well as cellular
interacting kinases, uncovered novel mechanisms of host driven-regulation of ZIKV budding and

cytopathogenicity, and identified an FDA-approved inhibitor of ZIKV growth.
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Introduction

ZIKV isamosquito-borne, enveloped, positive-strand RNA virus that encodes three structural
proteins (capsid, C; membrane, prM; and envelope glycoprotein, E) and seven nonstructural
(NS) proteins (NS1, NS2A, NS2B, NS3, NHAA, NSAB, and NS5; Fig 1A). ZIKV wasfirst
discovered in 1947 and confirmed as a human pathogen in 1952 (1). ZIKV belongs to the
Flavivirus genus, which has a large disease burden on the human population because of notable
members like dengue (DENV), West Nile (WNV), and yellow fever viruses (YFV). Though
considered a benign disease for most of its known history, ZIKV emerged in South Americain
2015 and resulted in a global health crisisthat lasted for more than a year and caused closeto 1
million suspected and confirmed infections, but likely infected over 130 million people by the
end of 2018 (2, 3). Most ZIKV infections are asymptomatic, while approximately 20% of those
infected experience mild disease. In rarer cases, detrimental neurological complications arisein
the form of Guillain-Barré syndrome as well as fetal microcephaly (4, 5). Infants afflicted with
microcephaly because of ZIKV infection suffer developmental and health consequences into
childhood often with no countermeasures available; those born with severe microcephaly require
constant care.

Surveys of post-trandational modifications (PTMs) on viral proteins have previously
been used to understand how viruses affect cells and vice versa. Viral proteinsare
multifunctional and PTMs are an important host-driven process that can regulate viral protein
functionality. Discovery of PTMs can potentially elucidate novel viral protein functions. For
example, in human immunodeficiency virus and lymphocytic choriomeningitis virus (LCMV),
phosphorylation of viral proteins has been shown to be important in key processes like viral

particle budding and regulation of budding of different classes of viral particles (6-9). There have
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been a small number of flavivirus phosphorylation sites discovered which demonstrate that
phosphorylation of viral proteins can influence the host’s innate immune system or evade it,
affect functionality of aviral protein, impact viral protein-protein interactions, or regulate the
replication of viral RNA (10-14). These important discoveries emerged from studies of NS5
proteins of several species of flaviviruses. However, there remains an expansive terrain of other
flavivirus proteins. Importantly, identification of novel PTMs and their functional relevanceis
anticipated to reveal unexplored avenues for pharmacological therapeuticsin these diseases. To
address this gap in knowledge, herein we performed a large-scale mass spectrometry analysis of
the ZIKV proteome to broadly map the PTM landscape of ZIKV. Additionally, we mapped host
kinases that interact with the ZIKV proteome and tested whether FDA-approved inhibitors of
interacting kinases can be used to inhibit ZIKV growth. Finally, we functionally interrogated a
subset of the identified PTMs to determine their importance for ZIKV propagation and, where

relevant, mapped the stage of the viral life cycle impacted.

Results

Discovery of post-tranglational modifications (PTMs) on the Zika virus proteome

A primary goal of this study was to identify host-driven PTMs that occur on ZIKV proteins
produced by mammalian cells, either in the setting of cell-free virions or within cells. Where
possible, we wished to examine PTMs in the setting of authentic ZIKV infection. At the time of
this study, the only suitable antibody available for purification of a ZIKV protein, expressed in
the context of an infected cell, was 4G2, which recognizes the ZIKV envelope (E) protein (15).
This antibody was used to purify intracellular ZIKV E and itsinteracting host partners from

infected cells (Figs 1B and 1C) or E-decorated, cell-free virions released from these same
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infected cells (Figs 1B and 1D). Note that immunopurified ZIKV particles contained the
structural proteins E, prM, and C (Fig 1D and Supplementary Information 1). We also isolated
cell-free virions from infected mosquito cells via banding on a potassium tartrate density
gradient (Fig S1A). To circumvent the lack of antibodies suitable for immunoprecipitation of the
remaining ZIKV proteins from cells, we used plasmids to express streptavidin-binding protein
(SBP)-tagged ZIKV proteins. This allowed for efficient capture of SBP-tagged viral proteinsvia
magnetic streptavidin beads (Figs 1B, 1E, S2, S3, and $4). To increase the likelihood of
detecting phosphorylation events, transfected cells were treated with either H,O,, Calyculin A, or
DM SO to inhibit tyrosine phosphatases, serine/threonine phosphatases, or to act as a control,
respectively (Figs 1B, 1E, S2, S3, and $4). Samples derived from immunoprecipitation and
affinity purification were subjected to SDS-PAGE to orthogonally separate protein components.
Gel lanes were cut into multiple sections, and each piece was subjected to in-gel trypsin
digestion. Meanwhile, ultracentrifuged purified virus from mosquito cells (Fig S1B) was
digested with trypsin using filter-assisted sample preparation. All resulting tryptic peptides were
subjected to liquid chromatography tandem mass spectrometry for identification of PTMs or
interacting host proteins as described in the Methods and previously (9, 16). A complete list of
peptides from viral proteins including those containing PTM s such as phosphorylation and
ubiquitination can be found in Supplementary Information 2. Tandem mass spectrafor
discovered phosphorylation and ubiquitination sites are available in Supplementary Information
3 (spectrafor ZIKV E T351 from virionsisavailable in Figs S1C, S1D).

We identified 18 phosphorylation sites and 5 ubiquitination siteson ZIKV E (Table 1,
Table S1, Figs 2A, and 2B). Two of these phosphorylation sites, Y61 and T351, were discovered

in the context of infection (Y61 from infected Vero E6 cells and T351 from mosquito cell-
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83 deived ZIKV particles) (Fig S1D). T351 was also found on ZIKV E expressed from plasmid in
84 HEK293T cells. The remaining PTMs were identified from plasmid-expressed viral proteins.
85 Thelocationsof Y61, T351, and other PTMsfound on ZIKV E are shown in Figs 2A and 2B.
86 Y6lislocated in Domain Il of E, which isthe region responsible for dimerization (17). T351is
87 located in Domain I11, which is often atarget of neutralizing antibodies (17). PTMs on E were
88  aso mapped using electrostatically labeled models (Fig S5). Figure S5A shows one “face” of the
89 ZIKV E dimer aslargely positively charged while Figure S5B shows the other largely negatively
90 charged face. In contrast, the border of the E dimer is mostly neutral (Fig S5C). The majority of
91 ZIKV E phosphosites were found on the neutral border of the envelope protein (Fig S5C). The
92  two phosphorylation sites on M, S16 and T18, are positioned in close proximity to one another at
93 ajunction of where E and M associate (Fig 2C). Interactions between the M S16 and T18
94  phosphorylated residues with E are hard to resolve, however, because both sites are in flexible
95 regionsof M and are interacting with flexible regions of E (Fig S6A).
96 We identified 11 phosphorylation sites and one ubiquitination site on NS1 (Table 1,
97 Table S1). Location mapping of PTMs on NS1 revealed that approximately half of the modified
98 amino acid residues were in the beta-roll or beta ladder domains of NS1 (Fig 2D) important for
99 NSl intracellular dimerization (18) and host protein interaction (19), respectively. We were
100 unableto successfully express and isolate adegquate quantities of NS2A or NS3 to analyze for
101 PTMs(Fig S7). Mass spectrometry revealed a phosphorylated serine at position 71 on the NS2B
102 protein (Table 1, Table S1), asmall protein known to associate with NS3 to form the ZIKV
103  protease complex (Fig 2E). There were no PTMs found on NS4A despite an abundance of NSAA
104  peptides observed by mass spectrometry. One phosphorylation site was detected on N4B,

105 though the precise location could not be determined with certainty. Our mass spectrometry data
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106  suggestitslocation to be at either S217, S218, or T219 (Table 1, Table S1). There are currently
107 no models of ZIKV N$4B, thus we were unable to depict these sites within the protein structure.
108 Lastly, we discovered four phosphorylation sites on NS5 (Table 1, Table S1). Of these, two were
109 located in the RNA-dependent RNA polymerase region of NS5 and two in the methyl-transferase
110 region (Fig 2F).

111 To determine how conserved the discovered ZIKV protein PTMs might be with other
112 flaviviruses, we constructed a multiple sequence alignment (M SA) that included viruses

113  spanning the Flavivirus genus and chose flaviviruses known to cause human disease

114  (Supplementary Information 4; virus list also noted in the Methods section). In total, we

115 compared 15 different flaviviruses representing tick- or mosquito-borne viruses, viruses with no
116  known vectors, and those considered emerging pathogens. Amino acid residues were defined as
117  conserved if they were found in at least seven of the 15 flavivirusesin our panel. Of the 43

118 discovered PTMs, 14 met this degree of conservation across the Flavivirus genus and five were
119  conserved across nearly al flavivirus subfamilies, aresult that suggests they may be

120 fundamentally important for many species of flaviviruses (Table 1). Notably, four sites were

121  foundonly in ZIKV isolates (Table 1).

Tyrosine 61 and threonine 351 on the ZIKV E protein are critical for viral growth
122  We next sought to determine whether the PTMs identified were important for viral propagation.
123 Wefocused on two ZIKV E phosphosites, Y61 and T351, because they were found in both
124  infection-derived and plasmid-expressed contexts. Y 61 was discovered from infected cells while
125 T351 wasfound in virionsand on plasmid-expressed ZIKV E. Further, these sites represented

126 residuesthat are either highly conserved in flaviviruses (Y61) or uniqueto ZIKV (T351) (Table


https://doi.org/10.1101/2021.11.24.469793
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.24.469793; this version posted June 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

127  1; Supplementary Information 4). To evaluate their importance in viral propagation, we

128 employed a ZIKV reverse genetics system (20) to generate recombinant viruses encoding

129  phosphoablative or phosphomimetic mutations at these sites (Fig 3A). We then used these

130  recombinant viruses in multi-step growth curves to determine how each change impacted viral
131 fitness. Throughout this manuscript the terms “clon€e” or “infectious clone”’ are used as general
132  shorthand for recombinant virus generated from a ZIKV infectious cDNA clone using the

133  reverse genetics system. The terms, “mutant”, “mutant virus’, or “mutant clone” are used as
134  shorthand to refer to recombinant viruses carrying mutations at phosphorylation sites of interest.
135 ZIKV E Y61 was mutated to a negatively-charged glutamic acid (Y61E) to reflect a
136  permanent state of phosphorylation (i.e. a phosphomimetic) and to a phenylalanine (Y 61F) to
137  represent a non-phosphorylatable state. We recovered the non-phosphorylatable Y 61F mutant
138  virusbut, interestingly, the phosphomimetic Y 61E mutant appeared to be nonviable as assessed
139 by plague assay (Fig 3B). Recovery of a Y 61E mutant clone was attempted three times without
140  success, despite successful recovery of awild-type clone each time. To account for the

141  possibility that the Y61E mutant virus could be propagating but unable to form plaques (and
142  therefore undetectable by plague assay), we screened for the presence of infectious virus by
143 focusassay (Fig 3C). In parallel, to account for the possibility that the virus was replicating but
144 not with sufficient kinetics to be detectable by focus or plaque assay after the initial recovery
145 passage, we blind-passaged Y 61E three times. This approach led to the successful isolation of a
146  Y61E recombinant virus capable of forming foci beginning at passage 3 (Fig 3C). However,
147  sequencing of thisinfectious clone at passage 3 revealed that the glutamic acid (Y 61E) had

148 mutated to avaline (Y61V), suggesting that there is selection pressure to avoid a permanent

149 negative charge at position 61.
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150 To address whether phosphorylation of Y61 influences viral fitness, we performed a
151  multi-step growth curve comparing the phosphomutant clones Y61F and Y61V to awild-type
152  clone. Interestingly, both the Y61F and Y61V infectious clones grew with accelerated kinetics
153  and produced higher quantities of infectious virus compared to the wild-type clone (Fig 3D;

154  Y61F p = 0.006).

155 ZIKV E T351 was mutated to an aspartic acid (T351D) to mimic a state of

156  phosphorylation or an aanine (T351A) to act as a non-phosphorylatable mutant. Infectious

157  clones of each mutant were successfully recovered (Fig 3B) and multi-step growth curves were
158 performed. There was no difference between the growth of the phosphomimetic T351D mutant
159 and thewild-type clone (Fig 3E; p = 0.964). Notably, the growth of the T351A non-

160 phosphorylatable mutant was impaired compared to WT virus or the T351D mutant (Fig 3E; p =
161 0.0009). After 72 hours, the titers for the T351D and the wild-type infectious clones decreased
162 morerapidly compared to T351A. This could be because the wild-type and T351D clones caused
163  more cytopathic effect at thistime point and therefore cells could not support further rounds of
164  infection.

165 In summary, both the Y61 and T351 sites appear important for viral propagation. Our
166  results suggest that blocking phosphorylation at Y61 enhances viral growth while blocking

167  phosphorylation at T351A impairsit.

Y61 and T351 on ZIKV E are required for efficient Zika virus budding
168 Todeterminethelife cycle stage impacted by ZIKV E Y61 or T351, we next tested how a
169  phosphomimetic or non-phosphorylatable mutation at each site would impact viral budding. To

170  do so, we used avirus-like particle (VLP) assay that features a single plasmid that expresses

10
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ZIKV prM and E. Once expressed, these two proteins form ZIKV VLPs that bud from cells and
can be detected in supernatant (21). The plasmid was mutated at ZIKV E Y61 to Y61E or Y61F
and at T351 to T351A or T351D. The Western blots used to quantify ZIKV E expression and
calculate VLP budding efficiency are shown in Fig S8. Compared to the wild-type control, VLP
budding efficiency was decreased when T351 was mutated to alanine (T351A) but not aspartic
acid (T351D) (Fig 3F; p = 0.04). Interestingly, we were unable to express ZIKV E protein when
Y 61 was mutated to Y61E (Fig S8) despite performing two bacterial transformations and
evaluating several clones from each transformation. This result, combined with our inability to
isolate genetically stable Y 61E infectious clones (Fig 3C), suggests that a constitutive negative
charge or phosphorylation at Y61 is not favorable either for protein expression or viral growth.
Mutation of Y61 to F also reduced budding efficiency (Fig 3F, p = 0.006), despite the improved
growth kinetics of this mutant (Fig 3D).

We next measured the budding efficiency of the Y61F and Y61V infectious clones by
comparing the ratios of extracellular to intracellular infectious virions of the mutantsto WT
virus. Notably, the intracellular infectious titers of both non-phosphorylatable mutants were
higher than the WT virus (Fig 3G). Y et, consstent with the VLP assay (Fig 3F), budding
efficiency was decreased in both Y61V and Y 61F mutant clones (Fig 3H, p = 0.031 and 0.015,
respectively).

Taken together, our findings suggest that both the Y 61 and T351 phosphosites are

required for efficient ZIKV budding.

Phosphorylation status of ZIKV E Y61 impacts ZIKV cytopathogenicity

11
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191 Titersof the non-phosphorylatable mutants Y61V and Y 61F remain elevated at late time points
192 (Fig 3D), leading us to assess whether phosphorylation at Y61 impacts cell viability. Usng MTT
193  assays, we measured viability of Vero E6 cellsinfected with ZIKV WT, Y61V, or Y61F at 24,
194 72, and 96 hours post infection. Compared to the WT virus, cells infected with the Y61 non-

195 phosphorylatable mutants had increased viability at several time points, particularly at 96 hours
196 postinfection (Fig 3I). We verified that the viruses were adhering to the same growth kinetic
197 patterns seenin Fig 3D by simultaneously measuring viral titers (Fig S9). The highest cell

198 viahility, observed at 72 and 96 hours post infection, matched the time points where ZIKV Y61V
199 and YG61F titers surpass WT virus (Fig S9). In summary, these results suggest that blocking host-

200  driven phosphorylation of Y61 protects cells from ZIKV cytopathogenicity.

Host protein kinasesinteract with the Zika virus proteome
201  Given the multiple phosphosites discovered on various ZIKV proteins, we next wished to
202  determine the host kinases that associate with ZIKV proteins. The immunoprecipitation and
203  affinity purification performed in Figs 1C, 1D, 1E, S2, S3, and $4 not only captured ZIKV
204  proteins, but also their host celular protein partners. Thus, we were able to identify host kinases
205 that interacted with ZIKV C, M, E, NS1, NS2B, NS4A, and NB. In total, we found 115
206  cdlular kinases that interacted with ZIKV proteins (Table S2). We subjected this dataset to
207 analysisusing MiST, an affinity purification mass spectrometry computational tool that scores
208 protein-protein interactions to remove interactions that could be false positives (22). MiST
209 analysisrestricted the interactome to 40 kinases (Table S3, Fig S10) that were above a MiST
210 threshold of 0.62. This threshold was chosen based on how inclusive it was of kinases that were

211  independently discovered in other ZIKV proteomic or functional screens (23-28) but still

12
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212 stringent enough to remove low-scoring interactions. Most kinases were unique to this study, but
213 14 wereindependently discovered in other ZIKV proteomic or functional screens (Table S3,

214  Column F). Notably, when comparing the original list of 115 kinases to these studies (23-28), an
215 additional 18 kinases overlap with our study (Table S2, Column F). We have included the

216 completelist of 115 kinasesin Table S2 in the event that MiST analysis excluded additional, not-
217  yet-tested, but functionally relevant interactions. Figure S10 depicts the MiST analyzed kinases
218 and highlightstheir involvement in biological processes such as regulation of protein translation,
219 neuron differentiation, cell cycle arrest, and other cellular processes which are relevant to ZIKV
220 infections.

221 We next used Scansite 4.0 to predict kinases that might phosphorylate ZIKV proteins at
222  thesites of phosphorylation identified in this study (Table 1, Tables S2 and S3, Column H).

223 Intriguingly, a subset of these kinases were interacting partners of the ZIKV proteins they were
224 predicted to phosphorylate and/or were discovered in other ZIKV proteomic or functional

225 screens(Table 1, purple text if unigue to our dataset, or bolded purple text if discovered in others
226  ZIKV studies). These were AURKB, CAM2KB, PLK1, and PRKDC (serine/threonine-protein
227  kinase Aurora B, calcium/calmodulin-dependent protein kinase type Il subunit beta,

228  serine/threonine-protein kinase 13, and DNA-dependent protein kinase catal ytic subunit,

229  respectively). Thislist is more extensive when not accounting for MiST scoring (Table 1, bolded
230 black text). Other kinases predicted by Scansite 4.0, although not found by our mass

231  spectrometry analysis to be interacting partners, either have shared homology with or are found
232  inthe same signaling cascades as interacting kinases (Table 1, highlighted in blue). To

233  incorporate the information above, we constructed Figure 4A which is representative of kinase

234  interactions with MiST scores above 0.8 and highlights the broad range of kinases detected from

13
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235  various kinase groups or families/subfamilies, emphasizing those which were discovered in other
236  ZIKV proteomic (bolded text), functional screens (bolded and asterisked text), and predicted by
237  Scansite 4.0 to phosphorylate a ZIKV protein (italicized text). Figure 4A also includesinhibitors
238  known to target the listed kinases, some of which are FDA-approved (bolded text in “Inhibitor”
239  column). In summary, we have identified ZIKV-interacting host kinases, some of which were
240 predicted to phosphorylate ZIKV proteins at sites discovered in this study, and a number of

241  which that were previously confirmed as ZIKV interactors or important for ZIKV propagation

242 (Tablel, Fig. 4A, Table S2, Table S3).

Inhibition of host cell kinases by Bosutinib impairs Zika virus growth and its mechanism of
action is partially associated with blocking Y61 phosphorylation on ZIKV E
243  Considering that there are no FDA approved treatments for ZIKV, we next tested whether
244  sdlected FDA-approved kinase inhibitors might be effective in restricting ZIKV growth. At 10
245  uM, thetyrosine kinase inhibitors Bosutinib and Defactinib both reduced ZIKV titers (Fig 4B; p
246  =0.03, p=0.02, respectively) while Sunitinib and Imatinib did not (Fig 4B; p=0.17, p = 0.35,
247  respectively). To determine the ICsp of each drug, we constructed concentration-response curves.
248  To account for drug cytotoxicity, we performed simultaneous MTT assays on cells that had been
249  treated with each kinase inhibitor at the equivalent concentrations. Although Defactinib
250 inhibition of ZIKV infectious virus production reached levels as high as 86%, at the same
251  concentration of drug, cell toxicity measured 73% (Fig 4C). At Defactinib’s 1Csp of 4.5 uM, cell
252  toxicity was approximately 46%. Thefitted curve of inhibition and cell toxicity closely followed
253  each other, suggesting that most of the viral inhibition may have been due to nonviable cells.

254  After determining the CCsof Defactinib to be 7.53 uM, we calculated the selectivity index for
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255  Defactinibto be 1.7. The ICsy of Bosutinib was 5.5 uM. In this case, at the same doses of drug,

256  cdll toxicity was approximately 17%. At higher concentrations, Bosutinib completely inhibited

257  viral growth while cdll toxicity remained at approximately 30% (Fig 4D). Given Bosutinib’'s 1Cs

258 and CCx (17.43 uM), we calculated the selectivity index to be 3.14. Because Bosutinibisa

259  tyrosine kinase inhibitor, we next wanted to determine if ZIKV impairment by the drug was

260 associated with blocking phosphorylation of Y 61, the only phosphotyrosine discovered on the

261  ZIKV E protein. We thus tested whether Bosutinib would impair the Y61V and Y 61F mutant

262 clones' growth despite their inability to be phosphorylated. We found that 15 uM Bosutinib, a

263  concentration chosen based on its full inhibition of WT virus (Fig 4D), indeed reduced Y 61V

264  and Y61F virustiters by 87- and 45-fold, respectively (Fig 4E). However, the titer reduction was

265 not asrobust compared to the 510-fold change in the WT virus. Thus, Bosutinib appears to

266 inhibit ZIKV partially by itsinhibitory effect on a host kinase responsible for Y61

267  phosphorylation, but also through other avenues such as blocking phosphorylation on a different

268 ZIKV tyrosine(i.e., NS1Y22, Y175, Y200, or one that was not detected in this study) and/or by

269 effecting host proteins that lead to cellular events which are unfavorable for ZIKV growth. In

270 summary, we and others have shown that ZIKV proteins interact with host kinases and some of

271  these host kinases are predicted to phosphorylate ZIKV proteins at the discovered phosphosites

272 inthisstudy (Tables 1, S2, S3). Finally, we have shown that the mechanism by which Bosutinib

273  reduces ZIKV growth (Fig 4D) may be due, in part, to blocking phosphorylation of Y61.

274  Overdl, our results suggest that host cell kinases may be tractable antiviral targets for ZIKV.
Discussion

275  Littleis known regarding the diversity of host-driven PTMs that occur on flavivirus proteins or

276  how such modifications regulate the functionality of these proteins. We addressed this deficiency
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277 by providing the first comprehensive map of phosphorylation and ubiquitination sites found on a
278  flavivirus proteome. A major finding was that selected phosphorylation sites on the ZIKV E

279  protein appear critical for ZIKV propagation, likely at the stage of viral assembly and release.
280 Moreover, we discovered that blocking phosphorylation of atyrosine on ZIKV E reduced ZIKV
281  cytopathogenicity, leading to a paradoxical increase in infectious virus, despite a defect in viral
282  budding. We also identified a network of host kinases that interact with ZIKV proteins, some of
283  which were predicted to target the identified phosphosites. Finally, we discovered that Bosutinib,
284  an FDA approved tyrosine kinase inhibitor, likely impairs ZIKV growth partly by blocking

285  phosphorylation of anewly discovered ZIKV E phosphotyrosine. Our data suggest that

286 inhibition of host kinases may be an effective approach to restrict ZIKV growth.

287 The use of mass spectrometry allowed usto discover 43 sites of phosphorylation and
288  ubiquitination on ZIKV proteins. Due to the lack of antibodies suitable for immunoprecipitation,
289  many of these PTMs were discovered on plasmid-expressed viral proteinsin non-infectious

290  settings, introducing a possible limitation to this study. Our subsequent experiments focused on
291 theZIKV E phosphosite Y61 because it was found in the context of infection and T351 because
292 it wasdiscovered invirions aswell as on plasmid expressed ZIKV E. Furthermore, recently, two
293  ubiquitination sites on ZIKV E were shown to be required for viral entry and replication (29).
294  Notably, one of these ubiquitination sites, K281, was detected on plasmid expressed ZIKV E in
295  our study (Table 1, Table S1) and adds further evidence that phosphosites discovered on the

296 plasmid-expressed viral proteins merit investigation into their functional relevance.

297 Flavivirus budding occurs at the endoplasmic reticulum and is largely driven by prM and
298 E. Thispair of structural proteins together induce curvaturein the ER membrane leading to the

299 formation of spherical budded virionsthat contain the encapsidated viral genome (30). We show
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300 that the ZIKV envelope glycoprotein (ZIKV E) has at least two phosphosites, Y61 and T351,
301 whichareinvolved in the budding stage (Fig 3F, 3H). Thus, our data suggests that

302  phosphorylation of E may play aregulatory rolein ZIKV budding. To our knowledge,

303  phosphorylation of aflavivirus protein has not been implicated in the budding process.

304 Moreover, considering the conservation of Y61 in other pathogenic flaviviruses (Table 1,

305  Supplementary Information 4), this PTM could be fundamentally important for flavivirus

306 budding.

307 Phosphosite Y61 isfound in domain Il of ZIKV E, the domain responsible for ZIKV E
308 dimerization (17). Theinability of the phosphomimetic Y 61E infectious clone to efficiently grow
309 over thefirst two passages following reverse genetics rescue coupled with its conversion at this
310 residuefrom aglutamic acid to valine by passage 3 (Fig 3C, 3D) suggest that the negatively

311 charged amino acid is not favorable. Indeed, there may be pressure at position 61 to be either a
312  non-charged or hydrophobic amino acid. A zoomed-in view of the ZIKV model reveals that Y61
313 isnear an agparagine (N207) and glutamic acid (E262) (Fig S6B). In the absence of

314  phosphorylation, it is possible that the N207 and E262 residues are interacting. A large

315 phosphate group on Y61 might repel the negative charge on E262 and perhaps disrupt this

316 interaction, providing a possible explanation for why a non-charged stateis optimal at this

317 position. This preferenceis further supported by the fact that we readily rescued the non-

318 phosphorylatable mutant, Y 61F, which has a hydrophobic, non-charged phenylalanine at

319 position 61.

320 The hydrophobic/non-phosphorylatable amino acid changes (Y to F or V) at position 61
321 resulted in ZIKV infectious clones that were less cytopathic (Fig 3I) and outperformed wild type

322  ZIKV inreaching peak titers (Fig 3D, 3G), yet resulted in a budding defect (Fig 3F, 3H). We
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323 interpret these finding in several ways. First, phosphorylation of ZIKV E at Y61 is either not
324 favorableto thevirusor isbeneficial at very specific time point(s) in the ZIKV life cycle,

325  supported by the observation of the budding defect. If the latter scenario is at work, our growth
326  curve datamay not be sufficient to resolve at which other life cycle stages Y 61 phosphorylation
327 may be beneficial to ZIKV because the infectious clones employed contained static mutations at
328 thisposition. The negatively-charged phosphosite may be important in aiding a specific purpose,
329  such as encouraging a conformational change for a period and then returning to an

330 unphosphorylated state. When mutated to Y61E, ZIKV E no longer expressed from a plasmid
331 (Fig S8), suggesting that the ZIKV envelope protein containing a negatively-charged glutamic
332  acid at this position is too unstable for expression or may be quickly marked for degradation.
333 Interestingly, the Y61 site is highly conserved among flaviviruses. A multiple sequence

334  aignment (Supplementary Information 4) shows that flaviviruses such asWNV, Y FV, Japanese
335 encephalitis virus (JEV), and Saint Louis encephalitis virus (SLEV) also contain atyrosine at
336 thisposition, suggesting that maintaining control over the charge of thistyrosine likely benefits
337 theseflaviviruses. DENV contains an isoleucine at this position and more distantly related

338 flaviviruses contain aleucine, both of which share properties with tyrosine and phenylalaninein
339 that they are also non-charged, hydrophobic amino acids.

340 The seemingly paradoxical characteristics of decreased budding (Fig 3F, 3H) but

341  enhanced growth of the Y 61E mutants (Fig 3D) are resolved when considering the significantly
342  dampened cytopathogenicity of Y61 mutants (Fig 3I). With increased cell viability, mutants may
343 replicate to higher levels, evidenced by the observed increased intracellular titers of Y61 mutants
344  compared to WT (Fig 3G), overcoming their budding defects, and ultimately outperforming the

345  WT virus (summarized in Fig 5).
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Phosphorylation of ZIKV E at position T351 was observed both in purified virionsand in
cells. T351 sitswithin Domain 111 of ZIKV E, which contains motifs for cellular receptor binding
and is often the target of neutralizing antibodies (17). A negative charge at this position, either
from a phosphorylated threonine or an aspartic acid substitution, was optimal for growth (Fig
3E). Smilarly, a negatively charged aspartic acid in the budding assay resulted in the
maintenance of virus-like particle budding. Conversely, mutation to an alanine, the
nonphosphorylatable mutant, resulted in a strong reduction in virus-like particle budding (Fig
3F), suggesting that host-driven phosphorylation of T351 promotes ZIKV budding. Intriguingly,
phosphorylation of T351 was discovered both on ZIKV E isolated from human cells as well on
virions derived from mosquito cells, suggesting that not only is phosphorylation of T351
important in the host, but that it may also play arolein the virus vector. Future studies could
focus on confirming the functional importance of T351 and other discovered phosphosites, such
as Y61, in mosquito cells, as well as evaluating whether phosphomutant viruses from mosquito
cellsimpact entry or infectivity in human cells. Because there may be differences in human and
arthropod kinomes, it is possible that the ZIKV phosphoproteome in vector cells would diverge
from our dataset in mammalian cells. Additionally, it may be that optimal viral fitness requires
different patterns of regulatory phosphorylation in the cells of mammalian and arthropod hosts.
Therefore, it would be informational to map the phosphoproteome of ZIKV in mosquito cells for
comparison with this dataset as well as for comparison of the roles of phosphorylation in both
cell types.

Previous studies have shown that host-driven phosphorylation of the flavivirus NS5
proteiniscritical for the flavivirus viral life cycle. For example, phosphorylation of YFV NS5 at

a highly conserved site (S56) is required for YFV to evade the cap-dependent innate immune
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369 responseinthe host cell (10). Blocking the phosphorylation of another conserved flavivirus
370  residue, T449 on DENV NS5, resultsin a nonfunctional protein (31). Other key studies linked
371  phosphorylation of NS5 or Hepatitis C virus NS5A to important functions such as its interaction
372 with NS3 (11, 32), localization during different stages of infection (32), and viral particle

373  assembly and viral replication (12, 33). In some instances, phosphorylation of NS5 was detected
374  but not the specific residues driving the observed phenotype (11, 32). The highly conserved NS5
375 phosphosites identified in our study may be responsible for driving these important functions
376 (Tablel). Indeed, we have uncovered several highly conserved phosphositesin the ZIKV

377  proteome that may help guide the discovery of new functions for these viral proteins or the

378  mechanisms by which these functions are regulated.

379 Our mass spectrometry analysis revealed 115 host kinases that interacted with one or
380 moreof the8 ZIKV proteins probed (Table S2). A limitation of this study is that we did not

381 orthogonally verify these interactions. An additional consideration isthat kinase expression in
382 thecdl lines used may not fully reflect that of primary cells targeted by ZIKV, which could

383 influence both the phosphoproteomic landscape and the observed kinase and viral protein

384 interactions. Therefore, it will be important to validate interactions and functionally interrogate
385 thesekinasesin future studies. However, despite these potential limitations, 32 of the kinases
386  discovered in this study were identified in other ZIKV proteomics or functional studies,

387  providing independent validation of our findings. We used MiST analysis to refine the list of
388  kinasesfrom 115 to 40 and remove potential false positives (Table S3). Thisresulted in the

389 exclusion of 18 independently discovered kinases (23-28), introducing the possibility that the

390 analysis might remove functionally relevant targets. Therefore, in addition to the more stringent
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391 MiST-sdected kinases listed in Table S3 and Fig S10, we have also provided the complete list of
392 115interacting kinasesin Table S2.

393 The discovery of host kinases as viral protein interactors raised the possibility that some
394  subset may beresponsble for viral protein phosphorylation. Treating cells after infection with
395  Bosutinib, an FDA-approved tyrosine kinase inhibitor, reduced ZIKV growth (Fig 4B, 4D).
396 Indeed, arecent study by Valenciaet al. confirmed our finding that Bosutinib reduces ZIKV
397  growth in the setting of BHK-21 cells (34). There are different possibilities for how Bosutinib
398 inhibits ZIKV growth. Oneisthat Bosutinib’s inhibitory effect on ZIKV is exclusively through
399  cdlular mechanisms. For example, Bosutinib may be acting on host kinases that ultimately lead
400 toacelular environment not conducive to optimal ZIKV growth. Another possibility is that
401  Bosutinib reduces titers by inhibiting kinases that act directly on ZIKV phosphosites and cellular
402  processes do not play arolein titer reduction. However, Bosutinib is known to act on many
403  celular kinases (35), making it unlikely that the reduction of ZIKV titersissolely dueto its
404  impact on viral phosphosites. Which leads to the last possibility that Bosutinib may be acting
405  through a combination of cellular mechanisms aswell as directly on ZIKV phosphosites. To
406 investigate whether Bosutinib’s mechanism of action is associated with blocking

407  phosphorylation of Y61, the lone high confidence phosphotyrosine discovered on ZIKV E, we
408 treated the Y61V and Y 61F mutant clones with Bosutinib. If Bosutinib’s only mechanism for
409 reducing ZIKV titersis by blocking Y61 phosphorylation due to the inhibition of a kinase that
410 actson thissite, and the mutant clones are refractory to this kinase because they are non-

411  phosphorylatable, then we would expect that Bosutinib treatment would not lower mutant titers.
412  Conversdly, if Bosutinib reduces ZIKV titers through mechanism(s) completely independent to

413  blocking Y61 phosphorylation, then mutations at this site would be irrelevant and we would
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414  expect Bosutinib to reduce mutant titers as effectively asit does ZIKV WT titers. Our results
415  showed that Bosutinib reduced the mutant clones’ titers, but to alesser degree, than the WT virus
416  (Fig4E), suggesting that Bosutinib’stiter reduction is, in part, due to blocking phosphorylation
417  at Y61 and also through other cellular mechanisms and/or potentially a different ZIKV

418 phosphoste (i.e. NS1 Y22, Y175, Y 200, or one not detected in this study). It is possible that
419  Bosutinib treatment, by blocking Y 61 phosphorylation, resultsin a budding defect, similar to the
420  budding defects of VLPs (Fig 3F) and authentic virions (Fig 3H) of non-phosphorylatable Y61
421  mutant clones. In the mutant clones, this budding defect was ultimately overcome by higher

422 intracelular (Fig 3G) and extracellular (Fig 3D and 3G) titers stemming from a substantial

423  increasein cell viability (Fig 3I).

424 Although the kinase predicted by Scansite 4.0 to phosphorylate Y61, FGR, was not

425  detected asa ZIKV interacting partner, the closely related tyrosine protein kinase FYN was

426 (Tablel, Table S2). Furthermore, FY N isinhibited by Bosutinib at nanomolar concentrations
427  (35). Additional studies are needed to identify the exact host kinase that phosphorylates Y61. As
428  discussed above, Bosutinib may be affecting other ZIKV phosphosites and we have found

429  additional kinases that are targeted by the drug. It is also important to consider that the

430 concentration at which kinase inhibitors are administered will influence their specificity. So,
431  athough targets of Bosutinib (Fig 4A) were not predicted to directly phosphorylate discovered
432  phosphosites (Table 1), Bosutinib may be inhibiting off-target kinases that phosphorylate ZIKV
433  proteins. Further studies using molecules related to Bosutinib may improve efficacy and

434  specificity for blocking specific kinases. Collectively, these dataimply that blocking

435  phosphorylation by host kinases is a potential antiviral strategy.
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436 Many of our discovered kinases have been corroborated as ZIKV interactors or

437  functionally important for ZIKV (Fig 4A, Tables 1, S2, S3) (23-28). Of these, aseveral (ATM,
438 AURKB, CAMK2B, GSK3B, NEK7, PRKDC) are predicted to phosphorylate ZIKV at the

439  phosphosites discovered in this study, making them intriguing targets for further studies. Several
440 interacting kinases (ATM, ATR, and mTOR) discovered in our study were the targets of early
441  drug screens against ZIKV. Specifically, Cherry et al. used inhibitors VE-822 and WAY -600 to
442  robustly block ZIKV infection (36). Intriguingly, VE-822 targets kinases ATM and ATR, which
443  wefound to be interacting partners of ZIKV M (ATM, ATR) or ZIKV E (ATM) (note that ATM
444 ispredicted to phosphorylate S16 on ZIKV M; Table 1). WAY -600 targets mTOR, which we
445  found to be an interacting partner of ZIKV phosphoproteins M and E aswell as NSAA (Table
446  S2). Interestingly, mTOR was the most abundant kinase found to interact with any of the ZIKV
447  proteins (Table S2). Itsimportance was established early in the ZIKV epidemic when it was
448  discovered that ZIKV proteins can suppress the Akt-mTOR pathway, leading to impairment of
449  neurogenesis and upregulation of autophagy, which is beneficial for ZIKV during replication
450 (37, 38). Another study found an overall downregulation of the AKT/mTOR pathway during
451  ZIKV infection (25). Dueto ZIKV M associating with high levels of mTOR (see peptide counts
452  in Table S2), we theorize that ZIKV M could be acting as asink for mTOR, providing an

453  explanation for why the Akt-mTOR pathway is downregulated and there is less phosphorylation
454  of mTOR targets observed during ZIKV infection (25).

455 In summary, we have detailed a high-resolution map of host-driven PTMs on ZIKV

456  proteins, uncovered a novel mechanism by which ZIKV budding may be regulated, discovered
457  that phosphorylation may influence ZIKV cytopathogenicity, and identified an FDA-approved

458  drug that could be repurposed for the treatment of ZIKV infection. The dataset described here
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459  will be useful to the field for the discovery of novel ZIKV protein functions and the mechanisms
460 by which these functions are regulated. Our work further suggests that targeting host kinases
461  may be an effective antiviral strategy and provides potential targets.

Materialsand Methods

Cellsand viruses
462  HEK 293T/17 cells (CRL-11268), referred to as HEK293T throughout, and A549 cells (CCL-
463  185) were procured from the American Type Culture Collection (ATCC, Manassas, VA). Vero
464  E6 cellswerekindly given by J. L. Whitton (The Scripps Research Ingtitute, La Jolla, CA).
465 HEK293T cells were maintained in Dulbecco’ s modified Eagle medium (DMEM) containing
466  10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 1% HEPES buffer solution, 1%
467 MEM nonessential amino acid solution, and 1% GlutaMAX, from Thermo Fisher Scientific
468  (Waltham, MA). A549 cells were maintained in DMEM-F12 (Thermo Fisher) containing 10%
469 FBSand 1% penicillin-streptomycin. Vero E6 cells were maintained in DMEM containing 10%
470 FBS, 1% penicillin-streptomycin, and 1% HEPES buffer solution. Cell lines described above
471  wereincubated at 37°C with 5% CO,. Aedes albopictus mosquito cells (C6/36; akind gift of
472  Prof Alain Kohl, MRC-University of Glasgow Centre for Virus Research) were maintained in
473  Lebovitz' s L15 media (Gibco) containing 10% FBS (Gibco), 10% triptose phosphate broth
474  (Gibco), and 1% pen/strep (Gibco) and incubated at 28°C. ZIKV strain BeH819015, a Brazilian
475  isolate (GenBank: KU365778.1), was generously provided by the Baric Lab (University of North
476  Carolina, Chapel Hill, North Carolina, USA) (20). The Zika virus strain used to infect mosquito
477  celswas ZIKV/H.sapiens/Brazil/PE243/2015 (Recife, Brazil) (39). Working stocks of infectious
478  ZIKV, including recombinant ZIKV clones generated via reverse genetics (see below for details

479  onrecovery), were grown on Vero E6 cells and titered by standard plaque assay.
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Plasmids
480  Several plasmids were used for expression of ZIKV proteins. The nucleotide sequences of ZIKV
481 ORFsusead in this study were derived from ZIKV strain H/PF/2013 (NCBI gene identifier
482  number AHZ13508). The Heise lab (University of North Carolina, Chapel Hill, North Carolina,
483 USA) provided their pOME plasmid-based library that permits expression of each ZIKV ORF
484  containing a C-terminal 3XFLAG tag (40). To enable streptavidin-based affinity purification of
485 ZIKV proteins, the ZIKV C, E, M, NS1, NS2B, and NSAA ORFs encoded in the pOME plasmids
486  were subcloned into our modified pCAGGS expression vector (41, 42) such that they would
487  encode aC-terminal streptavidin binding peptide (SBP)
488 (MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP) in place of the 3XFLAG tag.
489 Each ZIKV ORF was fused to the SBP tag through an 18 base pair linker. The nucleotide
490 sequence of the ZIKV genes was amplified by PCR from the pOME vectors with forward
491 primersthat contained a5’ overhang containing a Gateway AttB1 site and a Kozak sequence and
492  reverse primers containing an overhang with the linker sequence (all primers used are listed in
493  Supplementary Information 5). The SBP tag was amplified from a previously generated in-house
494  plasmid via PCR using the forward primer SBP (5'-
495 GCAGCTGGAGGTGGAGGTATGGACGAAAAAACCACCGGT-3), whichhasa’b' overhang
496  containing the linker sequence, and the reverse primer SBP (5'-
497 ACCACTTTGTACAAGAAAGCTGGGTCTTACGGTTCACGCTGACCCTGCGG-3'), which
498 containsa 3’ overhang with a stop codon preceding an AttB2 sequence. The two PCR products
499  (each respective amplified ZIKV gene and the amplified SBP tag) were fused by PCR using the
500 appropriate ZIKV gene forward primer and the SBP reverse primer. The resulting cassette was

501 subcloned into the modified pCAGGS vector using the Gateway cloning system (Invitrogen)
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502  following the manufacturer’ s instructions. pPOME plasmids encoding ZIKV NS2A, NS3, NAB,
503 or NS5, each with the same C-terminal linker and SBP tag as described directly above, were

504 generated by GenScript Biotech Corporation (Piscataway, NJ, USA) but were maintained in the
505 original pPOME vector. Plasmids for the ZIKV reverse genetics system were kindly provide by
506 theBaric Lab asdescribed in Widman et al. (20). The plasmid from the Baric system which

507 contained the ZIKV E gene was modified by GenScript to include the Y61F, Y61E, T351A, and
508 T351D mutations. The plasmid used for the virus-like-particle budding assay, which encodes the
509 ZIKV prM and E genes, is described here (21) and was generously provided by Emergent

510 BioSolutions, Inc. This plasmid was also modified by GenScript to include the include the Y 61F,

511 Y61E, T351A, and T351D mutations. All plasmid sequences were verified by DNA sequencing.

| dentification of post-tranglational modifications of ZIKV proteins by mass spectrometry
512  Toidentify phosphorylation sites on ZIKV proteins via mass spectrometry, three general
513  approaches were taken. In the first approach, to purify ZIKV E, Vero E6 cdls were infected with
514 ZIKV at an MOI of 0.1 or mock infected and 72 hours later cells were collected and lysed in
515  Triton buffer consisting of 1% Triton X-100, 0.5% NP40, 140mM NaCl, and 25mM Tris-HCI
516 containing a protease inhibitor cocktail (04693159001, Roche Applied Science, Indianapolis, IN)
517 aswell as PhosStop phosphatase inhibitor cocktail (04906837001, Roche Applied Science). The
518 resulting protein lysate was incubated with anti-ZIKV E 4G2 antibody at 4°C, overnight. The
519 next day, magnetic Protein G Dynabeads (ThermoFisher Scientific, Waltham, MA) were added
520 to thelysate-antibody mixture and incubated at 4°C, rotating for at least 4 hours (but not more
521  than 8 hr). Beads were then magnetically isolated, gently washed 3 times in Triton buffer,
522  magnetically isolated for afinal time and then boiled in Laemmli buffer (62.5 mM Tris-HCI,

523  10% glycerol, 2% sodium dodecyl sulfate and 0.01% bromophenol blue (B392, Fisher Scientific,
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524  Pittsburgh, PA) for 5 minutes to release antibody, ZIKV E protein, and associated host or viral
525  protein partners. Similarly, ZIKV virions were immunopurified from infected Vero E6

526  supernatants 96 hours post-infection using Dynabeads coated with anti-ZIKV E 4G2 antibody or
527 anirrdevant mouse IgG then lysed using 10X Triton buffer containing the same protease and
528 phosphatase inhibitor cocktails described directly above. The mock infected lysates and

529  supernatants served as controls during mass spectrometry analysis.

530 To purify ZIKV proteins expressed from plasmid, our second approach was to transfect
531 HEK293T cdlswith modified pCAGGS plasmid expressing ZIKV C, M, E, NS1, NS2B, NH4A,
532 N$AB, or NS5 proteins with a C-terminal SBP tag in each case, or an empty plasmid labeled as
533 V for “vector” in Figures 1E, S2, S3, $4 to serve as the control condition during mass

534  spectrometry analysis. 5x10° cells per well in 6-well plates were transfected with 2 ug of plasmid
535 using 8 g of polyethylenimine (23966, Polysciences, Inc., Warrington, PA), which was

536 reconstituted at 1 mg/mL. Two days later, transfected cells were treated either with DM SO

537 (D2650, Sigma-Aldrich. Saint Louis, MO), H,O,, (Thermo Fisher) or Calyculin A (Cell

538 Signaling Technology, Danver, MA) for 20 minutes. Cells were collected and lysed with Triton
539 buffer (same formulation described above) and then subjected to affinity purification using

540 magnetic MyOne Streptavidin T1 beads (65601, Thermo Fisher Scientific) according to the

541 manufacturer’ singtructions. Briefly, magnetic beads were washed in buffer several times, added
542  to protein lysates from transfected cells, and then rotated overnight at 4°C. The next day, the
543  beadswere magnetically isolated and washed several times with lysis buffer containing protease
544  and phosphatase inhibitors and then boiled in Laemmli buffer for 5 minutes to release SBP-

545  tagged ZIKV proteins from the streptavidin beads.
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546 Infected or mock-infected cell lysates (control condition), transfected lysates from cells
547  expressing ZIKV proteins or empty plasmid/empty vector (control condition), and virion protein
548 lysatesfrom infected or mock infected supernatants (control condition) were separated on 4-20%
549  Tris-Glycine polyacrylamide gels (EC60255, Invitrogen). To visualize protein bands for excising
550 and mass spectrometry processing, gels were stained with Coomassi e (40% methanol, 20%

551 acetic acid, and 0.1% Brilliant Blue R (B7920, Sigma-Aldrich)). Gels were destained with a

552  solution of 30% methanol and 10% acetic acid and imaged using a Canon Canoscan 8800F

553  scanner. Sample lanes were cut into a series of gel pieces containing prominent protein bands or
554  band groups. After excision, gel pieces were further cut into 1 mm cubes and processed.

555  Chemicals used for processing were purchased from Thermo Fisher Scientific. Gel pieces were
556  rinsed with HPLC-grade water and then incubated with destain solution (50 mM ammonium
557  bicarbonate and 50% acetonitrile) for 30 minutes at 37°C. Destain was removed and gel pieces
558 were dehydrated by incubating twice with 100% acetonitrile for 5 minutes. The gel pieces were
559  reduced with 25 mM dithiothreitol in 50 mM ammonium bicarbonate for 30 minutes at 55°C.
560 After cooling, gel pieces were dehydrated with 100% acetonitrile for 5 minutes and then

561 alkylated with 10 mM iodoacetamide in 50 mM ammonium biocarbonate for 45 minutes at room
562 temperature, while protected from light. Gel pieces were washed twice in destain solution for 5
563  minutes, dehydrated with 100% acetonitrile, then rehydrated with water for 10 minutes. Gel

564  pieces were further dehydrated with two 5-minute incubationsin 100% acetonitrile. All liquid
565 wasremoved and gel pieces were |eft to incubate at room temperature to evaporate trace

566  acetonitrile. Gel pieces were rehydrated with a solution of 12.5 ng/uL sequencing-grade,

567 modified trypsin (V5111, Promega) in 50 mM ammonium bicarbonate on ice for 30 minutes,

568 before digesting overnight at 37°C. Peptides were extracted with a solution of 2.5% formic acid
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569  in 50% acetonitrile while spinning in a microcentrifuge at 13,000 RPM for 10 minutes. The

570 supernatant was removed and saved while the gel pieces were subjected to further extraction and
571  rinsing with 100% acetonitrile. The second extraction was combined with the initial extraction.
572  All solvent was removed from the extracts using a vacuum centrifuge at 37°C. The peptides were
573  resuspended in 2.5% formic acid, 2.5% acetonitrile prior to mass spectrometry analysis.

574 Dried peptides were resuspended in Solvent A (2.5% MeCN, 0.15% formic acid (FA))
575 and separated using the Easy n-LC 1200 across 15-cm columns packed in-house with 2.7 um
576  C18 packing material prior to analysis on the Q Exactive Plus mass spectrometer fitted with a
577  Nanospray Flex ion source (2.2 kV) and supplied with Thermo Xcalibur 4.0 software. Peptides
578 wereeluted using a0 - 50% gradient of Solvent B (80% MeCN, 0.15% FA) over 60 min,

579 followed by 10 minutes at 95% Solvent B. The precursor scan (scan range = 3601700 nvz,

580  resolution = 7.0 x 10%, maximum IT = 100 ms) was followed by HCD fragmentation spectrain a
581  Top-10 approach (resolution = 3.5 x 10%, AGC = 5.0 x 10*, maximum IT = 50 ms, isolation

582  window = 61.6 nVz normalized collision energy = 26%, dynamic exclusion = 30 s). Raw spectra
583  were searched against aforward and reverse database of tagged ZIKV proteins with common
584  contaminants added using SEQUEST with a precursor mass tolerance of + 5 PPM and a

585 fragment ion tolerance of + 0.006 Da. The following differential modifications were permitted:
586 phosphorylation of serine, threonine and tyrosine (£79.9663 Da), ubiquitylation of lysine

587  (x114.0429 Da), oxidation of methionine (£15.9949 Da), carboxyamidomethylation of cysteine
588 (+57.0215 Da), and acrylamidation of cysteine (£71.0371 Da). No enzyme was indicated in the
589 original search to expand the database, and the resulting hits were filtered for tryptic peptides.
590  Spectra of phosphopeptide hits were manually assessed and compared to their unphosphorylated

591 counterparts to confirm hits and determine phosphorylation site localization. Any
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592  phosphopeptide hits with poor fragmentation or with ambiguous phosphorylation site

593 localization were removed from the dataset. To identify bound human interactors, raw data were
594  searched against aforward and reverse human database containing common contaminants via
505 SEQUEST. Trypsin was specified as the cleavage agent with two missed cleavages permitted.
596 Masstolerances and allowed modifications were as stated above. Resulting hits were filtered by
597  cross corrélation score (>= 2.0 for z=2, >= 2.2 for z=3, >=2.4 for z=4, >=2.6 for z=5) and delta
598 correation score (>=0.15), resulting in a FDR of <1%. Host proteins were considered ZIKV

599 interactorsif they wereidentified by two or more unique peptides in experimental conditions and
600 werenot present in the controls. Proteins were also considered ZIKV interactors in cases where
601 proteins were >5-fold enriched in experimental over control conditions. We used the MiST

602 computational tool at https.//modbase.compbio.ucsf.edu/mist in the PCA (principal component

603  analysis) training mode to score the viral protein — host protein interactions identified by mass
604  spectrometry. After scoring, athreshold of 0.62 was chosen to generate Table S3 and Fig S10.
605 Fig4A included kinases with scores greater than 0.8.

606 In our third approach, which led to the identification of ZIKV E T351 from virions,

607 C6/36 cells wereinfected with ZIKV at an MOI of 0.1 and then incubated at 28°C. Four days
608 later, the supernatant was harvested and clarified by centrifugation at 5000 RPM. The clarified
609  supernatant was concentrated using 100,000 MW cut-off Centricon concentrators (Millipore).
610 The concentrate was underlayed with a5 mL sucrose cushion (24% w/v in 1x NTE buffer; NaCl-
611 TrisEDTA) and ultracentrifuged at 105,000 g in a Surespin 630 Rotor (Thermo Scientific) for
612 1.5 hours. The pellet-associated virus was resuspended in NTE, then overlaid onto a 10-35%
613 (w/v)/ density gradient of potassium tartrate in 30% glycerol in NTE, prepared using a Gradient

614 Mager (Biocomp Instruments). Virions were banded by ultracentrifugation at 175,000 g
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615 overnight and collected by pipetting from the top of the gradient. Next, the virus-containing
616 fraction was removed from the gradient, placed in 100,000 MW cut-off dialysis units, and

617 dialyzed several timesusing 1x NTE to remove the potassium tartrate and glycerol. After

618 dialyzing overnight, virus was concentrated using 100,000 MW cut-off Centricon concentrators
619  (Millipore).

620 Concentrated ZIKV virions were inactivated at 70°C in 4M final ureain TEAB and then
621  prepared for liquid chromatography and tandem mass spectrometry (LC-MS/MYS) as described
622 (43). Briefly, the sample was reduced, alkylated, and then digested with trypsin and LysC using
623 filter-assisted sample preparation (FASP) (44). Peptides were separated by reversed-phase

624  chromatography using a 2h gradient on an Ultimate 3000 RSLCnano HPLC system (Dionex).
625 Thiswasrun in direct injection mode and coupled to a Q Exactive mass spectrometer (Thermo),
626 runningin‘Top 10 data-dependent acquisition mode with fragmentation by higher-energy

627  collisional dissociation (HCD). Charge state +[11 ions were rejected and fragmentation and

628  dynamic exclusion with 40 s was enabled. Mass spectra were annotated in MaxQuant version
629  1.6.3.4 (45) with reference proteomes from Zika virus isolate

630 ZIKV/H.sapiengBrazil/PE243/2015 (GenBank KX197192.1) and Aedes aegypti (UniProt

631 UP000008820, accessed on 2018-10-26) and the MaxQuant common contaminants list. Standard
632  settings were used, with the enzyme set as trypsin/P and fixed modifications set as

633  carbamidomethyl (C). Variable modifications were oxidation (M), acetyl (Protein N-ter),

634 phospho (STY) and, to account for artefactual modifications when inactivating in urea, carbamyl
635 (KRC). Modified spectra were considered where they could be identified in the absence of

636 artefactual carbamylation. Data from this third approach can be found at

637  https://researchdata.gla.ac.uk/1222/.

31


https://doi.org/10.1101/2021.11.24.469793
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.24.469793; this version posted June 14, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Multiple sequence alignment
638 A multiple sequence alignment (MSA) of flavivirus FASTA-formatted sequences was generated
639 using the MUSCLE (Multiple Sequence Comparison by Log-Expectation) algorithm (46) as
640 implemented in the NIAID Virus Pathogen Database and Analysis Resource (ViPR) through the

641 web siteat http://www.viprbrc.org/ (47). The Uclust parameter was set asaMUSCLE pre-

642  processor to improve both speed and quality of alignment. The alignment visualization with
643 PTM annotations was created in Jalview 2.11.1.4 (48). The following flaviviruses were aligned:
644  ZIKV H/PF/2013 (AHZ13508), ZIKV Uganda (ABI54475), ZIKV SPH2015 (ALU33341),
645 ZIKV Paraiba (ANH10698), ZIKV USA UT (AO019564), ZIKV BeH819015 (AMA12085),
646 DENV 1 NP059433), DENV 2 (NP056776), DENV 3 (YP001621843), DENV 4 (NP073286),
647 JEV (Japanese encephalitis virus, NP059434), SLEV (Saint Louis Encephalitis Virus;
648  YP001008348), USUV (Usutu virus; AAS59401), WNV 1(Y P001527877), WNV 2
649 (NP041724), AHFV (Alkhurmahemorrhagic fever virus, AAL08421), KFDV (Kyasanur forest
650 diseasevirus, AAQ91607), OHFV (Omsk hemorrhagic fever virus, AAQ91606), TBEV (tick-
651 borne encephalitis virus, NP043135), ENTV (Entebbe bat virus; AAV34153), MMLV (Montana
652 myotis leukoencephalitis virus, CAC82713), LAMV (Lammi virus, ACR56717), YFV
653  (NP041726), and PCV (Palm Creek virus, AGG76014).

SDS-PAGE and western blotting
654  Protein lysates were diluted in Laemmli buffer, boiled for 5 minutes, then separated on NUPAGE
655 4-12% Bis-Tris gels with MES buffer. Protein was transferred to nitrocellulose membranes
656 usingiBlot gel transfer stacks (IB301001 or IB301002, Invitrogen) and the Invitrogen iBlot
657  Device according to manufacturer instructions. Membranes were blocked with 5% milk in PBS

658 for 1 hour and incubated overnight with primary antibody diluted in PBS which contained 5%
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milk and 0.2% Tween 20 (BP337, Fisher Scientific). The following day the membrane was
rinsed several times with TBST (tris-buffered saline with 0.1% Tween 20) then incubated for 1
hour with secondary antibody diluted in PBS containing 5% milk, 0.2% Tween 20, and 0.02%
SDS. After secondary antibody incubation, the membrane was washed severa timesin TBST
then washed in PBS before imaging on aLI-COR Odyssey CLx system.

Primary antibodies were used for western blotting at the following concentrations. mouse
anti-ZIKV E (4G2) (1:10,000) (generously provided by Baric Lab), mouse anti-streptavidin
binding peptide (MAB10764, Millipore, Billerica, MA) (1:10,000), rabbit anti-actin (A2066,
Sigma-Aldrich) (1:5,000), and mouse anti-actin (A5441, Sigma-Aldrich) (1:5,000). For
guantitative western blotting, the following secondary antibodies from LI-COR were used at a
1:20,000 dilution: IRDye 800CW goat anti-mouse (926—-32210) and IRDye 680LT goat anti-
rabbit (926-68021).

Generation of mutant ZIKV clones

We used the Baric lab reverse genetics system to generate phosphomimetic and non-
phosphorylatable mutants as described in Widman et al. (20). ZIKV E was mutated at Y 61 to
Y61E and Y61F and separately ZIKV E T351 was mutated to T351D and T351A. The Baric
reverse genetics system is composed of 4 plasmids, Fragments A through D, that encode the
ZIKV proteome. Fragment A was modified by GenScript from thymine to guanine at nucleotide
position 1599 and thymine to adenine at position 1601 to generate the Y 61E phosphomimetic
while nucleotide 1600 was modified from adenine to thymine for the Y 61F non-
phosphorylatable mutant. Nucleotides 2470 and 2471 in Fragment A were modified from
adenine and cytosine to guanine and adenine, respectively, for the T351D phosphomimetic while

position 2470 was modified from adenine to guanine for the T351A non-phosphorylatable
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681 mutant. Infectious recombinant ZIKV clones were generated as described in Widman et al. (20).
682  Four plasmids containing Fragments A-D, respectively, which encode for the ZIKV genome,
683  weredigested with BamHI and Bsu36I for Fragment A, Bsu361 and BstX| for Fragment B,
684  BstXI and Sfil for Fragment C, and Sfil, Smal, AlwNI for Fragment D. Restriction enzymes
685 wereall acquired from New England Biolabs (Ipswich, MA). The four digested fragments were
686 ligated with T4 DNA ligase purchased from New England Biolabs. Ligated DNA was
687  precipitated with chloroform then in vitro transcribed using the MM ESSAGE mMMACHINE™ T7
688 ULTRA Transcription Kit from ThermoFisher Scientific. The transcribed product was then
689  electroporated into Vero E6 cells using a Gene Pulser Xcell (Bio-Rad Laboratories, Hercules,
690 CA) and incubated at 37°C for 4 days. Cell media was collected after 4 days and passaged onto a
691 new monolayer of Vero E6 cells. Cell media collected from this passage was described as
692 “passage 1/ p.1". Clarified cell mediawas titered by plague assay using Vero EG6 cells.

Virus growth curves
693  For the Y61F and Y61E mutants, six-well plates were seeded with 2 x 10° Vero E6 cells per well
694  andinfected the following day at an MOI of 0.001. For the T351A and T351D mutants, 12-well
695 plates were seeded with 2 x 10* A549 cells and infected the following day at an MOI of 0.01.
696 Cell mediawas collected at indicated time points from separate wells. Cell mediawas clarified
697 by centrifugation at 1200 RPM for 5 minutes, stored at -80°C, and then titered by plaque assay
698  (seeplague and focus assays below for details).

Plague and focus assays
699 Plague assays were used to measure infectious virus titersin several experiments as follows. Six-
700  waell plates were seeded with 2.5 x 10° Vero E6 cells per well and the following day inocul ated

701  with 10-fold serial dilutions of virus. Plates were rocked every 15 minutes for 1 hour to allow for
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702  viral absorption at 37°C, the cells were overlaid with a solution of 0.7% agarose (20-102, Apex
703  Industrial Chemicals, Aberdeen, United Kingdom) in Vero E6 growth media. Wells with agarose
704 plugs werefixed 3 days later with a solution of 2.5% formaldehyde (1635-4L, Sigma-Aldrich) in
705 3x PBS. Following removal of the agarose, the fixed cell monolayers were stained with 0.1%
706  crystal violet (C581-100, Fisher Scientific) and 2.1% ethanol in water.
707 Focus assays were used to assess the presence of the Y 61E infectious clones after several
708  viral passages. 24-wel| plates were seeded with 2 x 10* Vero E6 cells per well and the following
709  day wereinoculated with 10-fold serial dilutions of infectious viral clones. Plates were incubated
710  for 1 hour at 37°C with rocking every 15 minutes. After absorption, cells were overlaid with
711  0.01% methylcellulose in Vero E6 media (see Cells and Viruses for media detail) and were | eft
712 ina37°C incubator for 3 days. After 3 days the overlay was removed and cell monolayers were
713 fixed with 4% formaldehyde (28906, Thermo Fisher Scientific) at room temperature, washed,
714  then permeabalized with 0.5% Triton X-100 in PBS. Cell monolayers were then blocked with
715 5% milk in PBS and thereafter incubated with 4G2 antibody (1:10,000) diluted in 5% milk in
716 PBSfor 1 hour at 37°C. Cells were washed with PBS and then incubated with goat anti-mouse
717  secondary antibody at a 1:2000 (5450-0011, LGC Clinical Diagnostics, Inc., Milford, MA)
718  dilutionin 5% milk in PBSfor 1 hour at 37°C. Cells were washed again and then incubated with
719  TrueBlue Peroxidase Substrate (5510-0030, LGC Clinical Diagnostics, Inc.) until the formation
720  of bluefoci and reaction was stopped by removing the substrate.

Virus-like particle (VLP) release assay
721  Todetermine the efficiency of VLP formation and release when ZIKV E contains mutations at
722 Y61 or T351, 5 x 10° HEK293T cellsin 6-well plates were transfected with 2 pg of the modified

723  or unmodified (corresponding to either WT ZIKV E or mutant ZIKV E) Emergent BioSolutions,
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724 Inc. plasmids (see Plasmids for details) using 8 ug of PEI per well. Twenty-four hours after
725  transfection, fresh cell media was added to wells. 48 hours after transfection, cells and cell media
726  were collected. Cell mediawas clarified by centrifugation for 3 minutes at 1500 RPM and then
727 VLPswerelysed with 10X Triton buffer for afinal dilution of 1X lysis buffer. Cells were
728  collected with cold PBS, centrifuged for 3 minutes at 1500 RPM, and then lysed with Triton
729  buffer. Cells and cell media were subjected to quantitative western blotting for the detection of
730 ZIKV E by way of 4G2 antibody (concentration of 1:10,000). To calculate efficiency of VLP
731 release, each ZIKV E protein value found in cells was first normalized to actin valuesin cells
732 (rabbit anti-actin antibody at 1:5000). VV LP release efficiency was then calculated as the quotient
733  of the E protein quantity in VLPs divided by the quantity of E in célls [(EmutantVLP / EmutaniCellS)
734 | (Ewr VLP/ Ewr cells)*100].

Intracellular Infectious Virus Titer Assay and Budding Efficiency Calculation
735 Todetermineif there were differencesin the intracellular titers of Y 61 non-phosphorylatable
736  mutant viruses compared to WT, deionized water was used to release intracellular virions from
737 infected cells. To establish if there were differences in the budding efficiencies of mutants
738 compared to WT virus, intracellular titers were compared to their corresponding extracellular
739 titersand then normalized to WT virus. The following methodology was adapted from Kong et
740  al. (49). First, 1.4 x 10° Vero E6 cells were infected with ZIKV WT, Y61V, or YB1F virusat an
741  MOI of 0.001. After 96 hours, supernatants were clarified by centrifugation at 1500 RPM for 3
742  minutesto remove floating cells. Infected cells were centrifuged at 1500 RPM for 3 minutes then
743  washed with PBS, 3 timesin tandem, to remove any extracellular virions present in the
744  supernatant. Washed cells were lysed with nuclease free deionized water for 15 minutes at room

745  temperature. Then 2X DMEM was added to the lysate to normalize salts. Next, the lysate was
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746  centrifuged to separate cell debris from the intracellular virions in the supernatant. Finally,
747  supernatants and lysates from infected cells were assayed for extracellular and intracellular titers,
748  respectively, by plague assay. Budding efficiency was calculated using the following formula:
749  [(Mutant exracaliular titer / MUtaNtintracaliular titer) / (WT VirUSexracaliular titer / WTVITUSintracaiular titer)* 100].
Cell viability assay
750 Todetermineif Y61 mutant viruses impact cell viability, weused an MTT (3-(4,5-
751  dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) assay (M 6494, Thermo Fisher
752  Scientific). First, 1.2 x 10° Vero E6 cells were infected with ZIKV WT, Y61V, or Y61F
753  virus. At 24, 48, and 96 hours post infection, supernatants were collected, clarified by
754  centrifugation at 1500 RPM for 3 minutes, stored at -80°C, then titered by plague assay. At every
755  collection timepoint, cells were treated with 1.2 mM MTT in PBS for 4 hours at 37°C. After
756  incubation, MTT was removed and DM SO was added to each well, incubated for 10 minutes at
757  37°C, and absorbance was read at 540 nm. Cell viability was determined by normalizing the
758  absorbance readings of mutant-infected wells to the WT-infected control wells.
Kinase inhibition assays
759 Todetermineif treating cells at the time of infection with various kinase inhibitors would impact
760 viral growth, viral challenge assays were performed. First, to screen apanel of inhibitors at a
761  fixed concentration, 2.5 x 10°> A549 cells were seeded in 6-well plates. The next day cells were
762 infected at an MOI of 0.1 with ZIKV. After an hour of absorption at 37°C, the inoculum was
763  removed and cells were treated with 10 uM of Sunitinib (B1045, APEXBIO Technology LLC,
764  Houston, TX) Bosutinib (PZ0192,Sigma-Aldrich), Defactinib (B4800, APEXBIO), Imatinib
765  (9084S, Cel Signaling Technology), or DM SO vehicle control in HEK293T media. The

766  infection proceeded for 48 hours then supernatants were collected, clarified by centrifugation,
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767  stored at -80°C, and then titered by plague assay. The percent inhibition was determined by

768 normalizing titers of drug-treated wells to the DM SO control well titers and multiplying by 100.
769  Second, to determine the 1Cso of Bosutinib or Defactinib, a dose response curve was set up with
770  drugs at concentrations of 30, 20, 15, 10, 7.5, 5, and 1.25 pM as well as DM SO. 2.8 x 10" A549
771  cellswere seeded into 48 well plates. One day later, cells were infected at an MOI of 0.1. One
772  hour after absorption, the inoculum was removed and cells were treated with A549 media

773  containing drug at the listed concentrations. After 48 hours, supernatants were collected, clarified
774 by centrifugation, stored at -80°C, and then titered by plague assay. To determine the cell

775  toxicity of each drug, an MTT assay was conducted in parallel to the infection and kinase

776  inhibitor treatment according to manufacturer instructions. A549 cells were set up in 48 well
777  plates and treated with the listed concentrations of Bosutinib. After 48 hours, cell mediawas
778 removed and replaced with 1.2 mM MTT in PBSfor 4 hours at 37°C. After incubation, MTT
779  wasremoved and DM SO was added to each well, incubated for 10 minutes at 37°C, and

780 absorbance was read at 540 nm. Cell viability was determined by first normalizing the

781  absorbance readings of drug-treated cellsto the DM SO control wells. Cell toxicity was

782  determined by subtracting the value of cell viability from 100. To determine the I1Cs, (half-

783  maximal inhibitory concentration) of Bosutinib and Defactinib, we used [inhibitor] versus

784  normalized response curve fitting in Prism 8.0. To determine CCsp (cytotoxic concentration

785  causing death to 50% of cells), the same Prism 8.0 curve fitting was applied to our MTT assay
786  data(inhibitor versus cell toxicity). The selectivity index (SI) of each drug was calculated by
787  dividing the CCs by the ICs of each drug.

788 To determine if Bosutinib impacts growth of Y61 mutants, viral challenge assays were

789  performed. First, 3 x 10° A549 cells were infected with ZIKV WT, Y61V, or YB1F virusat an
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MOI of 0.01. After an hour of absorption at 37°C, the inoculum was removed and replaced with
A549 media containing 15 uM Bosutinib or DM SO. After 48 hours, supernatants were collected,

clarified by centrifugation, stored at -80°C, then titered by plagque assay.
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Figure Legends
803  Figurel. Discovery of post-trandational modificationson the ZIKV proteome.
804 (A) Depictionsof i) aZIKV particle with its structural proteinsindicated and ii) the organization
805 of the ZIKV positive-strand RNA genome and its encoded ORFeome.
806 (B) Overview of the workflow for discovery of post-trandational modifications on ZIKV
807  proteinsin the settings of viral infection or plasmid-based expression of ZIKV proteins. IP,
808 immunoprecipitation; AP, affinity purification.
809 (C, D, and E) Western blots and Coomassie stained SDS-page gels of affinity purified ZIKV E
810 from ZIKV infected cdlls (C), authentic ZIKV particles (D), or the indicated SBP-tagged ZIKV
811 proteins (E). For (C and D), Vero E6 cells were infected with ZIKV strain BeH819015 at an
812 MOI of 0.1 or mock infected. Cells (C) and media (D) were collected 72 hours and 96 hours
813 later, respectively. In (C), infected cellswerelysed in Triton-X buffer and intracellular ZIKV E
814  was purified using the anti-E antibody 4G2 and magnetic protein G beads. As a control, we
815 performed immunoprecipitation of uninfected (mock) cellular lysates with the 4G2 antibody. In
816 (D), vira particles were immunoprecipitated from clarified supernatants using the 4G2 antibody
817 and magnetic protein G beads. Control conditionsincluded (i) immunoprecipitation of virus-
818 containing supernatants with a non-specific mouse 1gG antibody and (ii) immunoprecipitation of
819  anuninfected (mock) supernatant with the 4G2 antibody. For (E), to purify ZIKV proteins
820  expressed from plasmid, we engineered plasmids to encode the indicated ZIKV ORFs with a C-
821 termina streptavidin-binding protein (SBP) tag. HEK293T cells were transfected with a plasmid
822  encoding the indicated SBP-tagged ZIKV protein or, as a control, an empty vector (V). Two days
823  after transfection, the cells were lysed in Triton-X buffer and ZIKV proteins were affinity

824  purified using streptavidin-coated magnetic beads (labeled as Anti-SBP in panels). In panels (C-
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825 E), for both antibody- and streptavidin-based purifications, captured protein mixtures were

826  orthogonally separated using SDS-PAGE, followed by in-gel processing for subsequent mass
827  spectrometry analysis to discover post-translational modifications or interacting host proteins.
828 Themolecular weight in kDa, viral proteins (yellow text and arrows), and immunoglobulin

829 Dbandsare labeled. Note that the asterisksin (E) indicate monomeric streptavidin that was eluted

830  off the streptavidin beads when boiled.

831 Figure?2. Location of post-trandational modification siteson ZIKV proteins. Phosphosites
832  and ubiquitination sites are marked in green and light purple, respectively. For each ZIKV

833  protein, individual domains or specific features are color coded with the text label displayed in
834  the matching color in each instance.

835 (A and B) Location of the Y61 and T351 phosphosites on ZIKV E (A) or location of all post-
836 trandlational modificationson ZIKV E (B). In both (A and B), PDB ID: 5JHM was used and one
837  copy of E isshown.

838 (C) ZIKV E - M heterodimer (PDB ID: 51Z7). Y61 and T351 are labeled on the E ectodomain.
839 ZIKV M phosphosites S16 and T18 are labeled on the M protein.

840 (D) PTM locationson ZIKV NS1 (PDB ID: 5GS6).

841 (E) ZIKV NS2B — NS3 protease complex shown in close conformation (PDB 1D: 5GPI) with
842 l|abeled phosphosites on ZIKV NS2B.

843 (F) ZIKV NS5 (PDB ID: 5TMH) phosphosites. RdRp, RNA-dependent RNA polymerase;

844  MTase, methyltransferase domain.
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845 Figure3. Tyrosine 61 and threonine 351 on the ZIKV E protein arecritical for viral

846  propagation at the stage of viral budding.

847 (A-C) Overview of the reverse genetics approach used to recover infectious ZIKV clones bearing
848 mutationsat Y61 or T351 in the E protein (A). For each recovery attempt, full-length infectious
849 RNAsweretranscribed from a cDNA template of the viral genome. The RNAs were

850 electroporated into Vero E6 cells and 3 days later supernatants from these cultures were screened
851 for the presence of infectious ZIKV particles by either viral plaque assay (B) or focus assay (C).
852 In(C), therZIKV E YG61E clone was passaged 2 additional times due to the absence of

853  detectable plagues or foci after passage 1. The Y 61E passage 3 material showed infectious virus
854 andthisrLCMV had mutated from a glutamic acid to avaline at position 61.

855 (D and E) The growth kinetics of theindicated rZIKV E Y61 mutants (D) or T351 mutants (E)
856  wasdetermined by infecting Vero E6 cellsat an MOI of 0.001 (D) or A549 cells at an MOl of
857 0.0l (E) with these viruses and measuring the infectious particles released by plaque assay at 24,
858 48, 72, 96, 120, or 144 hours after infection. Data represent the mean+SEM from three (D) or
859 two (E) independent biological replicates. For statistical analysis, data were analyzed via mixed-
860 effect analysis (two-way ANOVA) with Holm-Sidak’ s test for multiple comparisonsin Prism
861 8.0.

862 (F) Thebudding activity of WT, Y 61- or T351-mutant E proteins was measured by a virus-like
863 particle (VLP) assay. VLPs were generated by transfection of HEK293T cells with plasmid that
864 encodesZIKV prM and E (either WT E or the indicated E mutants). The quantity of ZIKV E
865 released into the supernatant vs retained in cells was measured by quantitative western blot and
866  budding efficiency was determined as described in the Methods. Data represent the mean+SEM

867  from three (Y61 mutants) or four (T351 mutants) independent biological replicates. Statistical
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868  significance was determined in Prism 8.0 software using a one-way ANOV A followed by

869 Fisher’'sLSD test.

870 (G) Theintracdlular and extracellular titers of WT, Y61V, and Y 61F were measured by plague
871 assay. Vero E6 cells were infected with the indicated virus at an MOI of 0.001 for 96 hours.

872  Supernatants were collected, infected cells were lysed with distilled (Milli-Q) water to release
873 intracelular virions, as described in Methods, and titers were determined by plague assay. Data
874  represent the mean+SEM from two independent biological replicates.

875 (H) Budding efficiency of authentic virions was calculated by normalizing the ratio of mutant
876  extracelular to intracellular infectioustiters (shown in panel G) to the ratio of the WT

877 extracdlular to intracellular infectious titers, as described in the Methods. Statistical significance
878  wasdetermined in Prism 8.0 software using a one-way ANOV A with Holm-Sidak’ stest for

879  multiple comparisons.

880 (I) Cdll viahility after infection was measured by MTT assays. Vero E6 cells were infected with
881 ZIKV WT, Y61V, or Y61F virus at an MOI of 0.001 and cell viability was determined by MTT
882  assay at 24, 72, and 96 hours post infection, and normalized to the ZIKV WT condition. Data
883  represent the mean+SEM from two biological replicates. Statistical significance was determined
884  in Prism 8.0 software via two-way ANOV A with Holm-Sidak’ s test for multiple comparisons.

885  For theindicated statistical testsin (D-F): *, P<0.05; **; P<0.01; ***; P<0.001.

886 Figure4. Host kinaseinteractionsthe ZIKV proteome and effects of kinase inhibitorson
887  ZIKV growth.
888  (A) Host kinases that interact with ZIKV proteins representative of MiST-scored interactions

889  with achosen threshold of >0.8. In the “Interacting Kinase” column, kinases are organized into
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890 respective groups or families. Bolded text indicates kinases that were also found to interact with
891 ZIKV proteinsin other studies. Bolded text with an asterisk were found to be functionally

892  important in other studies. Kinases predicted by Scansite 4.0 to phosphorylate ZIKV proteins at
893 thediscovered phosphosites areitalicized. To capture the range of the different kinases found,
894  we prioritized displaying kinases discovered in published ZIKV interactomes or functional

895  studies, then those that had the highest MiST scores. Drugs known to inhibit specific kinases are
896 listed inthe*“Inhibitor” column; drugswith FDA approval are bolded. Note the full list of

897 interacting kinases are listed in Table S2.

898 (B) Efficacy of kinase inhibitorsin restricting ZIKV growth. A549 cells were infected with

899 ZIKV at aMOI of 0.1. One hour later, the inoculum was removed and cells were treated with 10
900 M of theindicated drug or, as acontrol, DM SO (vehicle). Two days later infectious virus was
901 quantified from supernatants via plaque assay. Data represent mean+SEM from three

902 independent biological replicates. Statistical significance was determined in Prism 8.0 software
903 viaone-way ANOVA with Holm-Sidak’ s test for multiple comparisons. *, P<0.05

904 (CandD) ICs determination for Defactinib and Bosutinib inhibition of ZIKV growth. A549
905 cdlswereinfected with ZIKV at aMOI of 0.1 and 1 hour later, the inoculum was removed and
906 cellsweretreated with the indicated doses of Bosutinib or Defactinib. Two days later infectious
907  viruswas measured in the supernatants via plaque assay. In parallel, the cytotoxicity of each
908  drug at these same doses was determined viaMTT assay as described in the Methods. Data

909 represent mean+SEM from three independent biological replicates. The resulting 1Csp and

910 sdectiveindex (SI) values are listed for each drug. Calculations of both values are described in

911 Methods.
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(E) Bosutinib inhibits growth of non-phosphorylatable Y61 mutant viruses, but to alesser degree
than WT virus. A549 cells were infected with ZIKV WT, Y61V, or Y61F mutant viruses at an
MOI of 0.01. One hour post infection, inoculum was removed and replaced with cell media
containing either Bosutinib [15 pM] or DM SO. Supernatants were collected after 48 hours, and
titers were measured via plaque assay. Data represent the meantSEM from two biological
replicates. Statistical analysis of the differences in fold changes between groups was determined
in Prism 8.0 software via one-way ANOV A with Holm-Sidak’ s test for multiple comparisons

and showed no statistical difference.

Figure 5. Graphical summary of the effects of blocking phosphorylation of ZIKV E T351
and ZIKV E Y61 on ZIKV growth. A graphical interpretation of results from Fig 3D — I and
Fig S9 experiments. Blocking phosphorylation of ZIKV E T351 reduces budding efficiency,
resulting in avira titer decrease. Blocking phosphorylation of ZIKV E Y61 reduces viral
budding efficiency, increases intracellular viral titers, and reduces ZIKV cytopathogenicity.
Presumably, the decrease in virus-induced cytopathogenicity supersedes the negative impact on
virus budding, resulting in an overall higher capacity for viral propagation. Created with

BioRender.com.

Figure S1. Identification of ZIKV E phosphosite T351 in virions from mosquito cells. C6/36
mosquito cells were inoculated with ZIKV at an MOI of 0.1. Four days later, cell-free ZIKV
particles were collected, concentrated, and purified by banding on a potassium tartrate density
gradient. (A) Aliquots of gradient fractions were separated by SDS-PAGE and stained with

Coomassie Brilliant Blue; the position of ZIKV E is shown. Virus-containing fractions then were
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933 dialyzed and concentrated. (B) Negative stain transmission electron micrograph showing

934  concentrated ZIKV virions prepared using this process (from an infection at MOI of 1.0,

935 harvested at 72 h post-infection). Concentrated ZIKV particles were digested with trypsin and
936 LysC and analyzed using mass spectrometry. Annotated mass spectra are shown for ZIKV E

937 T351in (C) unmodified site and (D) phosphorylated forms; ph/@ = phosphorylation.

938 Figure S2. Purification of plasmid-expressed ZIKV M, C, or E in the setting of phosphatase
939 inhibition for mass spectrometry analysis. Western blots and Coomassie stained SDS-page
940 gelsof purified SBP-tagged ZIKV proteins. HEK293T cells were transfected with a plasmid

941  encoding theindicated SBP-tagged ZIKV protein or, as a control, an empty vector (V). Two days
942  after transfection, cells were treated with DM SO, H,0,, or Calyculin A for 30 minutes and then
943 lysedin Triton-X buffer. SBP-tagged ZIKV proteins were affinity purified using streptavidin-
944  coated magnetic beads and the captured protein mixtures were orthogonally separated using

945 SDS-PAGE, followed by in-gel processing for subsequent mass spectrometry analysis to

946  discover post-trandational modifications or interacting host proteins. The molecular weight in
947  kDa, viral proteins (yellow text and arrows), and immunoglobulin bands are labeled. Note that
948 the asterisksin indicate monomeric streptavidin that was eluted off of the streptavidin beads

949  when boiled.

950 Figure S3 Purification of plasmid-expressed ZIKV NS1, NSA, and NS2B in the setting of
951 phosphatase inhibition for mass spectrometry analysis. Western blots and Coomassie stained
952 SDS-page gels of purified SBP-tagged ZIKV proteins. HEK293T cells were transfected with a

953 plasmid encoding the indicated SBP-tagged ZIKV protein or, as a control, an empty vector (V).
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954  Two days after transfection, cells were treated with DM SO, H,0,, or Calyculin A for 30 minutes
955 andthen lysed in Triton-X buffer. SBP-tagged ZIKV proteins were affinity purified usng

956  streptavidin-coated magnetic beads and the captured protein mixtures were orthogonally

957  separated using SDS-PAGE, followed by in-gel processing for subsequent mass spectrometry
958 analysisto discover post-translational modifications or interacting host proteins. The molecular
959 weight in kDa, viral proteins (yellow text and arrows), and immunoglobulin bands are |abeled.
960 Notethat the asterisksin indicate monomeric streptavidin that was eluted off streptavidin beads

961 when boiled.

962 Figure $4. Purification of plasmid expressed ZIKV NS4B and NS5 in the setting of

963 phosphatase inhibition for mass spectrometry analysis. Western blots and Coomassie stained
964 SDS-page gelsof purified SBP-tagged ZIKV proteins. HEK293T cells were transfected with a
965 plasmid encoding theindicated SBP-tagged ZIKV protein or, as a control, an empty vector (V).
966 Two days after transfection, cells were treated with DM SO, H,O,, or Calyculin A for 30 minutes
967 andthen lysed in Triton-X buffer. SBP-tagged ZIKV proteins were affinity purified usng

968  streptavidin-coated magnetic beads and the captured protein mixtures were orthogonally

969 separated usng SDS-PAGE, followed by in-gel processing for subsequent mass spectrometry
970 analysisto discover post-translational modifications or interacting host proteins. The molecular
971 welghtin kDa, viral proteins (yellow text and arrows), and immunoglobulin bands are |abeled.
972  Notethat the asterisksin indicate monomeric streptavidin that was eluted off of the streptavidin

973  beadswhen boiled.
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974  Figure S5. PTMslabeled on an electrostatic model of ZIKV E dimer (PDB ID: 5JHM). Blue
975 indicates positive charges while red indicates negative charges. (A) Electrostatic view of ZIKV E
976 dimer. (B) rotated to the negatively charged “face’. (C) “ Side-view” positioning showing the

977 neutral border of eectrostatically labeled ZIKV E dimer along with location of post-translational

978 modification.

979 FigureS6. ZIKV E Y61 interactionswith neighboring residues and a view of the junction
980 of ZIKV E and M. (A) Zoomed in view of the junction of ZIKV E (yellow) and M heterodimer
981 (dark purple) with M phosphosites labeled in green. (B) Zoomed in view of Y61 on ZIKV E.

982 Y6lislabeled in green whileresidues in close proximity, N207 and E262, are labeled in yellow.

983 FigureS7. NS2A and NS3 did not express at sufficiently high levelsfor mass spectrometry
984 analyss. Attempts were made to express and purify NS2A and NS3 via plasmid transfection of
985 mammalian cells. HEK293T cells were transfected with plasmids that encoded ZIKV proteins
986  with either aC-terminal 3x FLAG-tag (A) or a SBP tag (B). Two days later, cells were lysed and
987  tag-based protein purifications were attempted with an anti-FLA G antibody and magnetic protein

988 G beads (A) or magnetic streptavidin beads (B).

989  Figure S8. Expression of WT and mutant forms of plasmid-derived ZIKV E. Accompanying
990 Western blots of the VLP budding assay shown in Fig 3F. HEK293T were transfected with a
991 plasmid that encodes ZIKV prM and E (either WT E or the indicated E mutants). Forty-eight
992  hours after transfection, cells and cell media (labeled “VLPS") were subjected to quantitative

993  western blotting for the detection of ZIKV E by way of 4G2 antibody or 3-Actin.
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994  Figure 9. Elevated titers of non-phosphorylatable Y61 mutant viruses correspond with
995 higher cell viability. Left Y-axis: Vero E6 cells were infected with WT, Y61V, or Y61F virus at
996 an MOI of 0.001. Supernatants were collected at 24, 72, and 96 hours post infection and viral
997 titers (open bars) were determined by plague assay. Right Y -axis. Smultaneous to titer
998 determination, cell viability (shaded bars) was measured by MTT assays at 24, 72, and 96 hours
999  post infection. Data represent the mean+SEM from two biological replicates. Statistical

1000 significance was determined in Prism 8.0 software viatwo-way ANOV A with Holm-Sidak’ s test

1001  for multiple comparisons. *, P<0.05.

1002  Figure S10. ZIKV-human kinase inter action networ k. The complete list of 115 interacting
1003  kinases found in this study (Table S2) was subjected to MiST scoring with a score threshold of
1004  0.62, resulting in 40 kinases and 85 viral-host interactions. The network depicts interactions
1005 between ZIKV proteins (purple circles/ with orange border if ZIKV protein was phosphorylated)
1006  and cedlular kinases (grey circles) discovered during mass spectrometry. Kinases involved in
1007 neurological disorders such as microcephaly, intellectual disability, developmental delays, vision
1008 and hearing issues, paralysis, and dementia (grey circle with red text), and kinases that were
1009 independently found in other ZIKV interactome or functional studies (grey circle with dashed
1010 borders) are indicated. Interactions between viral and host proteins are depicted by solid lines
1011 with color representing MiST scoring (lowest to highest corresponding to lightest to darkest
1012  purple) and width representing peptide counts (lowest to highest corresponding to thinnest to
1013 thickest). Dashed linesindicate published interactions or associations between kinases integrated

1014  with the STRING application in Cytoscape 3.9.1.
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1015 Table 1. Phosphorylation and ubiquitination siteson the ZIKV proteome.

Treatment®
ZIKV Post- . . Predicted Kinases/Interacting kinases/ Closely-
Protein trans_lgtlopal DMSO H,0, Calyculin A elated kinases discovered”
modifications
C None found
M S1601° v PRKAA1L, NEK1, NEK3, NEK4, NEK5,_NEK8,
NEK10 (low), CLK2, ATM, PRKDC (min)
T18 v GSK3B, AKT1, PRKACG (low), CAMK?B,
PRKCE, PRKAAL, AURKA, AURKB (min)
E y617° FGR
S142 v v v GSK3B, AURKB, NEK3 (min)
S149 v v v PRKAA1, NEK5 (min)
T156 v GSK3B, PLK1, PRKAA1 (min)
S173» v v CDK1, CDKS5 (low), MAPK3 (min)
T179 v PLK1, PRKCD, PRKCE, PRKAA1, AURKA, NEKS,
NEK7, NEK10 (min)
S1850] ' v
T205 v NEK? (med), NEK6, NEK8, NEK9 (low), NEK 10
(min)
T231 v v v NEK6, MAPK3 (min)
T233 v v CDK1, CDKS5 (low) MAPK3 (low)
PRKACG, AURKB (med), PRKCD, PRKAA1,
T254 v AURKA (low), CAMK2G, PRKCE, PRKD1, NEK2,
NEK4, NEK5 (min)
S306" v PLK1, AKT1, AURKA (min)
T335 v v v CSNK1G2 (min)
T3510 v v v CAMK2G (min)
T353 v v v CDK1, CDK5, MAPK3 (low)
T360M° v AKT1 (low), PRKD1, MAPK3 (min)
T366 v
S368 v
S372 v NEK5 (low), CSNK1G2, PLK1 (min)
K93~ v v v
K118” v
K246 v
K281n v v
K290 v v
f PRKD1, PRKCZ (low) AKT1, PRKACG, PRKCA,
NS1 - Ti7oe Y PRKCD (min) o)
Y22* v FGR, LCK, SCR (min)
S132 v v PLK1 (med), NEK5 (low), CAMK2G, PRI_(CD,
PDPK1, NEK1, NEK5, NEK9, NEK10 (min)
Y175 v INSR (min)
S176 v v PLK1 (low)
T186 v CDK1 (min)
Y200 v NEKZ10 (min)
T233*+9 v CSNK1G2 (min)
S239**/ A v
S246" v PRKD1 (min)
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NEK2 (med), NEK1, NEK3, NEK4, NEK8, NEK10

An v v v
5348 (low), NEK5, NEK6, NEK9 (min)
K141 v

NS2B  S717 v v CDK1, CDKS5 (low)

NS4A None found
NS2A No expression

NS3 No expression
#" #
NS4B 8/217 [S2187C v PRKAAL1 (low), NEK 3, NEK6, NEK8, NEK9,
GSK3B, PLK1, PDPK1, CDK1 (min)
T219%#
NS5 S234 v CDK1 (min)
S237™M v PRKAA1, PRKDC, NEK3, NEK10 (min)
T2927 v PRKCD, PRKCE, NEK6, NEK7, NEK8 (min)
S663™M v v v CLK2 (min)

1016  “Cell treatment conditions (DM SO, H,0,, Cayculin A, or, in the case of Y61, no treatment)
1017  under which peptides were detected are indicated with check marks.

1018 °Names in black text represent kinases predicted by Scansite 4.0 to phosphorylate the
1019 corresponding residue listed in a given row. Purple text represents predicted kinases that were
1020 interacting partners of the indicated viral protein for a particular row in this study. Bolded purple
1021 indicates that the kinase was independently discovered as an interacting partner of or
1022  functionally important for ZIKV in other studies. Blue text represents predicted kinases that were
1023 not found to interact with viral proteins but are in the same kinase cascade or have shared
1024 homology with an interacting kinase of the corresponding viral protein. Bolded black text
1025 represents predicted kinases that were an interacting partner with the viral protein in the
1026  corresponding row and/or were discovered in other ZIKV proteomics or functional studies, but
1027  were excluded after MiST analysis. Predicted kinases are followed by Scansite 4.0 stringency
1028 levels (high, med/medium, low, or min/minimum). High, medium, low, minimum stringency
1029 indicates that the motif identified in the ZIKV polypeptide sequence is within the top 0.2%, 1%,
1030 5% and 15% of sequence matches, respectively.

1031  “OPhosphosite conserved only among ZIKV strains.

1032  “Phosphosite conserved in 7 or more of the 15 Flavivirus genus members analyzed.
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1033  °™ Phosphosite highly conserved among 13 or more Flavivirus genus members analyzed.

1034  -For full details of the amino acid conservation analysis related to “%¢

, see the “multiple sequence
1035 alignment” section of the Methods.
1036  "Mass spectrometry data not sufficient to distinguish between NS1 sites T17 and Y 22; there was

1037 evidencefor both sites.

1038 ¥ Evidence for both T233 and S239 phosphosites on NSL.

1039  "#Phosphosite was located to one of these three locations.
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Figure S3
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Figure S4
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Figure S5
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Figure S6

ZIKV M S16 and T18 magnified ZIKV E Y61 magnified
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Figure S8
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