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Abstract 23 

Ebola virus (EBOV) inclusion bodies (IBs) are cytoplasmic sites of nucleocapsid formation and 24 

RNA replication, housing key steps in the virus life cycle that warrant further investigation.  25 

During infection IBs display dynamic properties regarding their size and location.  Also, the 26 

contents of IBs must transition prior to further viral maturation, assembly and release, implying 27 

additional steps in IB function.  Interestingly, expression of the viral nucleoprotein (NP) alone is 28 

sufficient for generation of IBs, indicating that it plays an important role in IB formation during 29 

infection.  In addition to NP, other components of the nucleocapsid localize to IBs, including 30 

VP35, VP24, VP30 and the RNA polymerase L.  Previously we defined and solved the crystal 31 

structure of the C-terminal domain of NP (NP-Ct), but its role in virus replication remained 32 

unclear.  Here we show that NP-Ct is absolutely required for IB formation when NP is expressed 33 

alone. Interestingly, we find that NP-Ct is also required for production of infectious virus-like 34 

particles and retention of viral RNA within these particles. Furthermore, co-expression of the 35 

nucleocapsid component VP35 overcomes deletion of NP-Ct in triggering IB formation, 36 

demonstrating a functional interaction between the two proteins. Of all the EBOV proteins only 37 

VP35 is able to overcome the defect in IB formation caused by deletion of NP-Ct. This effect is 38 

mediated by a novel protein-protein interaction between VP35 and NP that controls both 39 

regulation of IB formation and RNA replication itself, and which is mediated by a newly 40 

identified domain of NP, the “central domain” (CD).   41 

 42 

Importance 43 

Inclusion bodies (IBs) are cytoplasmic sites of RNA synthesis for a variety of negative sense 44 

RNA viruses including Ebola virus.  In addition to housing important steps in the viral life cycle, 45 
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IBs protect new viral RNA from innate immune attack and contain specific host proteins whose 46 

function is under study.  A key viral factor in Ebola virus IB formation is the nucleoprotein, NP, 47 

which also is important in RNA encapsidation and synthesis.  In this study, we have identified 48 

two domains of NP that control inclusion body formation.  One of these, the central domain 49 

(CD), interacts with viral protein VP35 to control both inclusion body formation and RNA 50 

synthesis.  The other is the NP C-terminal domain (NP-Ct), whose function has not previously 51 

been reported.  These findings contribute to a model in which NP and its interactions with VP35 52 

link the establishment of IBs to the synthesis of viral RNA. 53 

          54 

Introduction 55 

Ebola virus (EBOV) causes severe, often fatal hemorrhagic disease in humans and is currently 56 

receiving enhanced attention due to a large recent outbreak in the Democratic Republic of Congo 57 

during late 2018 to early 2020. Promising vaccination development is underway, but efforts to 58 

better understand EBOV virology and pathogenesis so that additional approaches to prophylaxis 59 

and therapeutic discovery can be developed are still required (1-4).   60 

 Along with EBOV and the related Marburg virus (MARV), several well characterized 61 

negative strand RNA viruses, including vesicular stomatitis virus (VSV), respiratory syncytial 62 

virus (RSV), rabies virus (RABV), human parainfluenza virus (HPIV), Nipah virus (NiV), and 63 

human metapneumovirus (hMPV) carry out key replication steps in specialized cytoplasmic 64 

compartments referred to as inclusions, inclusion bodies (IBs) or Negri bodies (in the case of 65 

RABV) (5-19).  In general, IBs are complex sites of viral RNA synthesis and contain viral 66 

proteins required for this process.  In addition, IBs co-localize with specific host proteins whose 67 

roles in formation, maintenance and/or function of IBs are under study (19-25).  Typically IBs 68 
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lack an organizing outer membrane and in some cases their formation is driven by liquid phase 69 

separation, a physical consequence of specific viral protein properties (26, 27). Evidence from 70 

RABV, RSV and EBOV suggests a dynamic relationship between IBs and virus-induced stress 71 

granules or specific stress granule proteins, and that this relationship regulates the innate immune 72 

response to infection (20, 23, 28).  IBs are also thought to present a physical barrier to protect 73 

their RNA contents from innate immune attack.  Precisely how IBs come into existence, the 74 

exact molecular processes they support during RNA synthesis, how they interfere with innate 75 

immunity and how they pass their contents along for further viral maturation are all incompletely 76 

answered questions that have garnered recent scrutiny. 77 

 IBs within EBOV infected cells are initially small and located near the endoplasmic 78 

reticulum, but become more widespread as infection progresses, and many increase in size (17, 79 

29, 30).  They contain viral proteins NP, VP35, VP40, VP30, VP24 and L, which are involved in 80 

various aspects of positive and negative sense RNA synthesis, nucleocapsid assembly and 81 

function, and viral maturation (30-32).  Indeed, intact viral nucleocapsids have been visualized 82 

within EBOV IBs (18, 29, 33).  The nucleoproteins (NP) of EBOV and MARV are key players 83 

in initiating IB formation, and cells ectopically expressing NP as the only viral factor contain 84 

“NP-induced IBs”, demonstrating that NP is sufficient for IB formation (10, 29, 34-37). In 85 

contrast, other viral nucleocapsid proteins fail to exhibit this behavior when individually 86 

expressed (34, 35, 38, 39), although there are somewhat conflicting data regarding the L 87 

polymerase in this regard.  NP is a multifunctional 739 aa protein that is the most abundant 88 

component of the viral nucleocapsid, and in addition to triggering IB formation, its roles include 89 

RNA packaging, acting as a co-factor for RNA synthesis carried out by the viral polymerase L, 90 

and nucleocapsid assembly (32).  A second viral protein, VP35, is also a required co-factor for 91 
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EBOV and MARV RNA synthesis and is important in nucleocapsid function and assembly (40, 92 

41).  VP35 associates with NP and L, is found in IBs when co-expressed with NP, and one of its 93 

functions is to act as a bridge between NP and L in the formation of productive replication 94 

complexes (34, 35, 42).  Physical interactions between VP35 and NP have been observed that 95 

involve both the N-terminal and C-terminal regions of NP (34, 41, 43-46), and these have been 96 

directly implicated in supporting viral RNA synthesis.  Recently VP35 was shown to possess 97 

NTPase and helicase-like activities, which are proposed to support RNA remodeling during 98 

synthesis (47). VP35 also has well-documented anti-interferon (IFN) activity (48, 49). 99 

 Previously we reported the crystal structure of the C-terminal domain of NP (NP-Ct) 100 

from EBOV and the corresponding proteins from Taï Forest virus (TAFV) and Bundibugyo virus 101 

(BDBV) (50-52).  NP-Ct is highly conserved across filoviruses and assumes a novel tertiary fold 102 

structure (50-53).  Whereas activities carried out by the N-terminal domain of NP (aa 1-412; see 103 

Figure 1 and legend) have been well characterized and include RNA binding, NP-104 

oligomerization, and physical association with VP35 and L, the activities of NP-Ct have 105 

remained a mystery.  In this report, we demonstrate two novel and redundant functions of NP 106 

that control IB formation.  One of these is carried out by NP-Ct, which we observe also plays a 107 

separate novel role in production of infectious transcription and replication-competent virus-like 108 

particles (trVLPs).  The other IB-controlling function of NP is located within a previously 109 

uncharacterized region of the protein that spans amino acid positions 481-500, and is responsible 110 

for binding to the interferon inhibitory domain (IID) of VP35.  Importantly, we find this region 111 

of NP (the “central domain”; CD) to be crucially important not only for IB formation, but also 112 

for viral RNA synthesis.  Together these findings reveal new activities for NP in several key 113 
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viral replication steps and add to the complexity of viral RNA synthesis and IB dynamics that 114 

may potentially be exploited for small molecule inhibitor discovery. 115 

 116 

Results 117 

 118 

NP-Ct is required for production of infectious VLPs but not for transcription or RNA 119 

replication 120 

As illustrated in Figure 1A, NP-Ct spans amino acids 641-739, which corresponds to a region of 121 

high sequence conservation among ebolavirus species (51).  To investigate its function, a series 122 

of deletion mutants were tested in the trVLP assay (54-56).  In this assay, viral proteins VP40, 123 

VP24 and GP are expressed from a tetracistronic minigenome (MG), which also expresses 124 

Renilla luciferase as a reporter.  All other viral proteins (NP, VP35, VP30 and L) are supplied 125 

individually by transfection.  The transfected “p0” cells are competent for transcription, RNA 126 

replication and production of infectious VLPs containing newly replicated and encapsidated 127 

MGs.  trVLPs can be recovered from the p0 supernatant and used to infect “p1” cells, which will 128 

produce new MGs and trVLPs if they also are supplied by transfection with plasmids encoding 129 

NP, VP35, VP30 and L.  Importantly, we expressed NP deletion mutants in p0 cells but provided 130 

wild-type NP in p1 cells, allowing determination of whether p0 cells produced infectious trVLPs 131 

whose replication could be supported in p1 cells.   Also, in p0 cells the pCAGGS-NP expression 132 

plasmid was replaced with a pCAGGS-NP-FLAG construct (and mutant derivatives), which we 133 

found to support trVLP activity equally to untagged NP (Figure 1B). Full length and all mutant 134 

NP proteins were expressed at very similar levels as shown in Figure 1C.   135 
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 Deletion of the C-terminal 139 amino acid residues in NP(1-600) reduced reporter 136 

activity down to ~28% of the full length protein in p0 cells, which is consistent with previous 137 

results (36) and is due to loss of a VP30 binding site (aa 600-615/617) that controls RNA 138 

synthesis, as described (57, 58). Mutant NP(1-550) or mutants with larger C-terminal deletions 139 

had less than 2% of wild-type reporter activity in p0 cells, with no statistically significant 140 

difference from a control lacking NP altogether, indicating a severe defect in transcription and/or 141 

RNA replication.  In contrast, precise deletion of NP-Ct in NP(1-641) had no deleterious effect 142 

on reporter gene expression in p0 cells, indicating that NP(1-641) fully supports transcription and 143 

RNA replication.  Strikingly however, when p0 cell supernatants from cells expressing NP(1-144 

641) were used to infect p1 cells, reporter activity was only 1.0% of the wild-type, even though 145 

the p1 cells expressed wild-type NP supplied by transfection.  These data demonstrate that 146 

despite wild-type levels of transcription and replication in p0 cells expressing NP(1-641), the p0 147 

supernatants contained virtually no infectious trVLPs.  To understand this infectivity defect, 148 

trVLPs were isolated from p0 supernatants and analyzed for protein and negative strand viral 149 

RNA content using our previously published methods (56).  Interestingly, trVLPs isolated from 150 

p0 cells expressing either wild-type NP or NP(1-641) contained equal amounts of NP, indicating 151 

that the NP-Ct deletion did not result in a defect in NP incorporation into trVLPs.  Furthermore, 152 

these trVLPs also contained wild-type levels of VP35, GP and VP40, demonstrating that they 153 

were indeed assembled trVLPs (Figure 1D lanes 1 and 2).  However, expression of NP(1-600) or 154 

(NP1-550) did not produce intact trVLPs (Figure 1D lanes 3 and 4), consistent with the fact that 155 

the p0 cells expressing these proteins also did not express GP or VP40 (Figure 1D lanes 7 and 8), 156 

nor did they efficiently produce infectious VLPs as shown in Figure 1B.  Importantly, trVLPs 157 

containing NP(1-641) contained significantly decreased amounts (10%) of genomic RNA 158 
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compared with wild-type VLPs, which clearly correlates with their infectivity defect (Figures 1E 159 

and 1F).  This indicates that NP-Ct has an important role in genomic RNA incorporation or 160 

stability within the trVLP’s nucleocapsid, and as such supports our conclusion of a novel 161 

function for this domain. 162 

 163 

NP-Ct is required for formation of inclusion bodies 164 

As previously reported, NP from EBOV or MARV forms NP-induced IBs even in the absence of 165 

other viral proteins or viral RNA (10, 17, 29, 30, 34). To determine the role of NP-Ct in this 166 

process, HuH-7 cells were transfected with various NP-FLAG deletion constructs (Figure 2A) 167 

and stained with an anti-FLAG antibody (Figure 2B). Full length NP localized in IBs as 168 

expected, but NP(1-641), precisely lacking NP-Ct, clearly distributed throughout the cytoplasm 169 

and no IBs were observed.  Also all other C-terminal deletion mutants of NP lacking NP-Ct, 170 

namely 1-600, 1-550, 1-500, 1-481 and 1-450, didn’t localize in IBs (Figure 2B). Expression of 171 

NP-Ct by itself as NP(640-739) was not sufficient for IB formation, and also NP(410-739) did 172 

not localize to IBs, indicating that additional N-terminal domains are also required.  Deletion of 173 

the N-terminal aa 1-24 region, part of which is required for NP oligomerization and virus 174 

replication (43, 44) had no effect on IB formation, indicating that this region is dispensable for 175 

triggering IB formation. Together these results demonstrate that NP-Ct is an essential element for 176 

NP-induced IB formation. 177 

 178 

VP35 specifically complements deletion of NP-Ct 179 
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We wondered if the role of NP-Ct in IB formation might be linked to its requirement for 180 

production of infectious VLPs as presented in Figure 1.  Accordingly, we examined the 181 

localization of mutant NP(1-641) in the context of cells expressing all other trVLP assay 182 

components. Under these conditions NP(1-641) clearly localized in IBs (Figure 3A 2nd row), in 183 

complete contrast to its behavior when expressed alone (Figure 2).  This indicated that one or 184 

more components of the trVLP system could complement the mislocalization of NP(1-641).  185 

Next, we systematically omitted each of the trVLP expression plasmids to identify which 186 

plasmid is necessary for complementing mislocalization of NP(1-641).  As shown in Figure 3A, 187 

only omission of the VP35 expression plasmid, but not of any other trVLP system component, 188 

resulted in mislocalization of NP(1-641).  To confirm that VP35 is indeed necessary and 189 

sufficient to complement the NP-Ct deletion, each plasmid of the trVLP system was transfected 190 

individually along with NP(1-641), as shown in Figure 3B.  The VP35 expression plasmid was 191 

the only one that complemented mislocalization of NP(1-641).   192 

To avoid the potential problem of individual transfected cells receiving less than the full 193 

complement of plasmids, we used a lipid-based transfection with transfection complexes 194 

containing numerous plasmid copies. Given that the molecular weight of the transfected 195 

plasmids was between 3.5 and 7x10^6 g/mol, and that there were ~1x10^6 cells per well at the 196 

time of transfection, this means that for each cell there were >10,000 plasmid copies available 197 

for transfection even of the lowest amounts (i.e. 75 ng). Thus, if a cell took up a transfection 198 

complex, it was very unlikely that plasmids of a single type would be absent from the complex. 199 

More importantly, our data clearly show that when we omitted the VP35 plasmid, we observed a 200 

dramatic change in phenotype, which we did not observe in any of the other cases (Figure 3).  To 201 

confirm the data in Figure 3 indeed represent the typical phenotype of transfected cells, we 202 
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counted 200+ cells per sample for each biological replicate, comparing NP in the inclusion 203 

bodies with overall NP-positive cells.  In every case except the sample omitting the VP35 204 

plasmid, the IB phenotype was >90%, of stained cells, and in the sample omitting VP35, it was 205 

0%.   These results demonstrate that VP35 is necessary and sufficient for NP(1-641) localization 206 

to IBs.  VP35 is a co-factor for EBOV RNA synthesis and also has anti-interferon (IFN) activity 207 

(31). Since VP35 fails to trigger IB formation on its own (10, 34), these data also demonstrate 208 

that in the context of NP(1-641) expression, only two proteins, NP and VP35, are sufficient for 209 

IB formation. The data also show that mislocalization of NP(1-641) was likely not the cause of 210 

failure to produce infectious VLPs in p0 supernatants (Figure 1), because in cells that included 211 

NP(1-641) and all other trVLP components including VP35, intact IBs were observed, with 212 

proper NP(1-641) localization.  This strongly suggests the presence of dual, separate functions in 213 

NP-Ct, one involved in infectious VLP production and the other controlling IB formation. 214 

 215 

The 481-500 region of NP is required for IB formation and for association with VP35  216 

Because NP(1-641) localized in IBs when co-expressed with VP35, additional constructs were 217 

created to test which NP region is specifically required for IB formation in the presence of VP35, 218 

as presented in Figure 4A. FLAG-tagged C-terminal deletion mutants of NP were co-transfected 219 

with VP35.  Full length NP(1-739) as well as all C-terminal deletion mutants up to NP(1-500) 220 

co-localized efficiently with VP35 in IBs, but neither NP(1-481) nor NP(1-450) did so.  This 221 

indicates that the NP 481-500 region is required for IB localization when co-expressed with 222 

VP35, and explains the complementing activity of VP35 toward NP(1-641). However, as shown 223 

in Figure 1B, deletion mutants 1-550 or further C-terminal deletions showed trVLP activity of 224 

less than 1%,  and the same was true for an additional mutant, NP(1-481)flag (data not shown). 225 
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Therefore, the NP-VP35 interaction is not sufficient to support replication and transcription in 226 

the EBOV trVLP assay. 227 

 Next, physical interactions between myc-tagged NP and FLAG-tagged VP35 were 228 

examined.  As shown in Figure 4B, full length NP, NP(1-641) and NP(1-500) co-229 

immunoprecipitated with VP35, but NP(1-481) and NP(1-450) did not.  Identical results were 230 

observed using VP35-myc and NP-FLAG constructs (i.e. reversed epitope tags), using 231 

immunoprecipitation with anti-myc antibody (data not shown).  Thus, our results with co-232 

immunoprecipitation of NP deletion mutants and VP35 were completely aligned with IB co-233 

localization of the identical NP deletion mutants and VP35 (Figure 4A).  We conclude that the 234 

NP 481-500 region is important for both VP35 association and for IB formation. 235 

 236 

A highly conserved acidic/hydrophobic patch in NP region 481-494 interacts with VP35 237 

Based on our deletion analysis we noticed that the 481-500 region contains a highly conserved 238 

acidic/hydrophobic patch, specifically focused within aa 481-494.  Sequence conservation is 239 

observed across five ebolavirus members including EBOV, whose sequence in this region 240 

consists solely of acidic and hydrophobic residues (Figure 5A).  To examine the importance of 241 

this region, three alanine-scanning mutants were constructed to interrogate the possibly 242 

redundant activities of the constituent residues.  As such, each mutation converted 4 or 5 243 

consecutive residues to alanine stretches (Figure 5A).  Initially the mutants were tested in the 244 

context of full-length NP expressed alone, but none of them, namely A(482-5), A(485-8) or 245 

A(489-93) had any effect on IB formation (Figure 5B).  We interpret this result to be due to the 246 

presence of an intact NP-Ct in the full-length protein, which provided the redundant IB-247 

formation function.  We also tested the localization of NP(1-641) or NP(1-500) with our three 248 
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alanine scanning mutants.  As expected, due to the lack of NP-Ct, these mutants distributed in 249 

the cytosol and no IB localization was observed (data not shown).  Next, we tested whether the 250 

same mutations affect IB formation by NP(1-739), NP(1-641) or NP(1-500) in the presence of 251 

VP35.  As shown in Figure 5C, all NPs retaining wild-type sequences within the 481-494 region 252 

co-localized with VP35 in IBs (top panel).  Also, full length NP(1-739) containing alanine 253 

scanning mutations localized to IBs, as expected due to the presence of NP-Ct.  Importantly 254 

however, VP35 overwhelmingly distributed to the cytosol in the presence of NPs containing any 255 

of the alanine scanning mutants. There was some minor co-localization of VP35 and NPs with 256 

the A(482-5) or A(489-93) mutations, but even in those cases most VP35 clearly spread widely 257 

in the cytosol, and not in IBs.  This indicates that the NP 481-494 region is required for 258 

localization of VP35 in NP-induced IBs.  In the case of alanine scanning mutations within NP(1-259 

641) and NP(1-500), both of which lack NP-Ct, no IB co-localization with VP35 was observed.  260 

These data clearly suggest physical interaction between the NP 481-494 region and VP35, and 261 

that this interaction can establish localization at IBs through VP35-NP complex formation.  262 

 To further test this hypothesis, we performed co-immunoprecipitation assays of NP 263 

mutants within the 481-494 region (Figure 5D).  In the full-length NP(1-739) context, VP35-myc 264 

associated with wild-type NP-FLAG, but did not pull down any of the three alanine scanning 265 

mutants.  The identical result was obtained in the context of NP(1-500) containing each of the 266 

alanine scanning mutations. Thus, from co-localization and co-immunoprecipitation 267 

experiments, we conclude that the NP 481-500 region, particularly 481-494, is important for the 268 

interaction between NP and VP35. 269 

  270 
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The IFN inhibitory domain of VP35 is required for NP-VP35 association and co-271 

localization at IBs. 272 

Previously, the NPBP (NP binding peptide) of VP35 (aa 20-48) was shown to interact with the 273 

NP N-terminal domain (43, 44).  NPBP binding is essential for RNA replication and 274 

transcription, and it inhibits NP oligomerization and also preserves NP in an RNA-free state (43, 275 

44).  We tested whether mutation of the NPBP sequence affects the ability of VP35 to 276 

complement deletion of NP-Ct in the formation of IBs.  However, mutation of crucial NPBP 277 

residues L33D and M34P (43) had no effect on IB formation (not shown). Further deletions of 278 

VP35 were constructed to explore the domain(s) responsible for complementing the NP-Ct 279 

deletion.  As shown in Figure 6A, full length VP35(1-340) co-localized with NP(1-739), NP(1-280 

641), and NP(1-500).  Interestingly, VP35(1-219), lacking the interferon inhibitory domain (IID) 281 

located within aa 221-340, failed to co-localize with NP in IBs, or to complement NP-Ct deletion 282 

mutants NP(1-641) and NP(1-500).  VP35(40-340), which lacks most of the NPBP sequence, did 283 

co-localize with all NPs in IBs (full length, NP(1-641) and NP(1-500)).  Also VP35(80-340), 284 

which completely lacks the NPBP sequence, co-localized with all NPs and localized in IBs.   285 

 As expected, IBs were observed when full length NP(1-739) was co-expressed with 286 

VP35(215-340) containing the IID, and the two proteins co-localized.  However, the same 287 

portion of VP35 didn't trigger IB formation when co-expressed with either NP(1-641) or NP(1-288 

500) as shown in Figure 6A. This indicates that when NP-Ct is missing, VP35 IID is not 289 

sufficient to trigger IB formation, even though both NP(1-641) and NP(1-500) can interact with 290 

the IID. Therefore, VP35 sequences between aa 80 and 215 are also required for this function. 291 

 To test whether VP35 physically associates with the NP 481-500 region, NP(1-500) and 292 

its three alanine scanning mutants were tested for co-immunoprecipitation with VP35 and several 293 
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of its deletion mutants (Figure 6B).  NP(1-500) co-immunoprecipitated with full length VP35 (as 294 

also shown in Figure 4B).  Consistent with our co-localization data, VP35(1-219), completely 295 

lacking the IID, did not associate with NP(1-500). VP35(40-340) and VP35(80-340) did 296 

associate with NP(1-500), demonstrating that the NPBP sequence is dispensable for binding of 297 

NP(1-500) to VP35.  Importantly, VP35(215-340), containing the IID, co-immunoprecipitated 298 

with NP(1-500), but not with NP(1-481), NP(1-500/482-5A), NP(1-500/485-8A), or NP(1-299 

500/489-93A), demonstrating that the VP35 IID-NP interaction requires the NP 481-494 region.  300 

 Previously it was shown that the “first basic patch” of the VP35 IID (59), binds to NP and 301 

is critically important for RNA synthesis in a minigenome assay (45). To test whether these 302 

residues are involved in the interaction with NP (481-500), mutants (R225A and K248A), which 303 

abolished minigenome activity and binding to NP (45) were tested by pull-down assays (Figure 304 

6C).  Two additional VP35 mutants in the “central basic patch” (R312A and R322A) were also 305 

tested.  These mutants abolish dsRNA binding, reduce suppression of IFN-β promoter activation, 306 

but do not affect minigenome activity or NP binding (60). NP(1-641) and NP(1-500), both 307 

containing the NP 481-500 region, were examined for binding to all four VP35 mutants.  308 

Importantly, mutants R225A and K248A abolished the binding, but mutants R312A and R322A 309 

maintained efficient binding.  These data are consistent with those of Prins et al. (45) and in 310 

addition suggest that residues within the first basic patch of VP35 IID are required for binding to 311 

the NP 481-500 region.  312 

 To further confirm the interaction between the NP(481-500) region and VP35-IID, GST 313 

fusion proteins of NP(412-500) or its shorter derivatives were expressed in E. coli and purified, 314 

as was His-tagged VP35-IID (Figure 6D “Input”). Next, purified proteins were combined and 315 

subjected to pull-down assay. As shown in Figure 6D, we clearly confirmed the association of 316 
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GST-NP with His-VP35-IID using constructs containing NP(412-500), NP(481-500) and 317 

NP(481-494). No binding was observed with either GST alone or with GST-NP(412-480). These 318 

data demonstrate that NP(481-494) is sufficient to bind to VP35 IID and identify it as a novel 319 

VP35-binding domain.  Importantly, for the data presented in Figure 6D, purified proteins were 320 

used because this ensured that equivalent amounts of each domain could be strictly compared. 321 

To reduce nonspecific binding under these conditions, the protocol was optimized, including 322 

elevated salt concentration for higher stringency (see Materials and Methods).  The highest salt 323 

concentration was 0.5M NaCl, which demonstrated that the binding was resistant to stringent 324 

conditions, including detergent. These conditions reduced the amount of recovered protein, but 325 

specificity of binding was nonetheless demonstrated. 326 

 327 

The NP 481-500 region is crucial for EBOV RNA synthesis 328 

 Given the important role of the NP 481-500 region in IB formation and interaction with VP35, 329 

and considering the known functions of NP and VP35 in viral RNA synthesis (31), we asked if 330 

the NP 481-500 region is important for reporter activity in p0 cells, which is directly dependent 331 

on viral transcription and RNA replication (54-56).  Accordingly, trVLP assays of our three 332 

alanine-scanning mutants and the corresponding wild-type constructs were performed.  As 333 

shown in Figure 7, in the context of the full-length NP backbone, all three mutants resulted in 334 

strongly reduced reporter activity in p0 cells amounting to 4-12.5% of activity observed in 335 

context of wild-type NP.  Of note, when p1 cells expressing alanine scanning mutant NPs were 336 

infected with wild-type trVLPs from p0 cells, reporter activity in the p1 cells was also strongly 337 

reduced, indicating that the mutants were defective in replication of incoming genomes 338 

associated with wild-type nucleocapsids (not shown).  Keeping in mind that these mutant NPs 339 
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still localized in IBs due to the presence of NP-Ct (Figure 5B and C), we conclude that the NP-340 

VP35 interaction mediated by the NP 481-500 region is by itself essential for full 341 

transcription/RNA replication activity of EBOV.  Similar experiments were also performed 342 

within the context of the NP(1-641) backbone lacking NP-Ct. Under these conditions, activity of 343 

the three alanine scanning mutants was 2.3-2.5% of control NP(1-641) protein in p0 cells, 344 

whereas unmutated NP(1-641) fully supported reporter activity in p0 cells (as also shown in 345 

Figure 1). Considering that omission of NP altogether from the trVLP assay showed 2.4% the 346 

activity of the complete system (“no NP” in Figure 7), clearly these alanine-scanning mutants 347 

abolished almost all EBOV RNA synthesis.  Taken together, we conclude that NP 481-500 is a 348 

crucial region for EBOV replication and importantly, and that its function represents a novel 349 

form of regulation at the interface of RNA synthesis and inclusion body dynamics.   350 

 351 

Discussion 352 

With this report we have characterized three novel functions of NP, two of which are carried out 353 

by NP-Ct, and a third controlled by the newly identified aa 481-500 central domain (CD).  Based 354 

on our previous structural studies (50-52) we designed a deletion of NP-Ct that abolished 355 

production of infectious trVLPs in the trVLP assay, and also abolished IB formation when NP 356 

was expressed alone.  In the trVLP assay, despite wild-type levels of transcription/replication 357 

that were achieved in p0 cells expressing mutant NP(1-641) (Figures 1 and 3A), these cells failed 358 

to produce infectious trVLPs.  Importantly, since p1 cells in the trVLP assay were pre-loaded 359 

with wild-type NP, our results clearly demonstrate that the supernatants from p0 cells contained 360 

no infectious trVLPs whose replication would have been supported in p1 cells by the wild-type 361 

protein.  Further analysis revealed that NP, VP35, VP40 and GP were all detected in similar 362 
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amounts when comparing trVLPs harvested from NP(1-739) or NP(1-641) expressing cells.  363 

Interestingly, even though the protein composition of the two trVLP types were the same, the 364 

amount of genomic RNA recovered from the NP(1-641)-associated trVLPs was only 10% of the 365 

wild-type (Figure 1E and F).  These data clearly suggest that NP-Ct has an important role in 366 

genomic RNA incorporation or stability within the VLP nucleocapsids, and as such defines a 367 

novel function for this domain.  Our finding that NP(1-641) has wild-type 368 

transcription/replication activity in p0 cells is consistent with it containing previously identified 369 

binding sites for VP35 and VP30 that support transcription/replication, as well as the novel 370 

binding site for VP35 described in this work (the CD), in addition to its other well-characterized 371 

N-terminal domain functions (aa 1-450) (29, 31, 32).     372 

 A second, apparently unrelated function of NP-Ct described here is in the control of IB 373 

formation.  IB formation accompanies the establishment of viral RNA and nucleocapsid 374 

production in the context of viral infection, and also in the context of trVLP or minigenome 375 

replication.  It is well-established that ectopic expression of NP by itself is sufficient for IB 376 

formation (10, 29, 34-37).  Our data demonstrate that when NP is expressed alone, IB formation 377 

strictly depends on NP-Ct (Figure 2).  However, expression of NP-Ct alone is not sufficient to 378 

trigger IB formation, suggesting that other regions of the protein are also specifically involved.  379 

Since mutant NP(410-739) also fails to make IBs (Figure 2) we conclude that sequences in the 380 

N-terminal domain are also required, possibly including the known RNA-binding and/or NP 381 

oligomerization functions, to trigger IB formation.  Consistent with this, data from Noda et al., 382 

using a series of ~150 aa deletions across NP, showed that only deletion of aa 451-600, which 383 

retained an intact NP-Nt and NP-Ct, allowed inclusion body localization (36).  The mechanism 384 

by which NP-Ct contributes to IB formation is not yet known but may involve interactions with 385 
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cellular proteins in addition to viral protein interactions or structural regulation of NP.  As 386 

proposed by Kolesnikova et al, NP helices can be observed by EM in the perinuclear region near 387 

ER-bound ribosomes, suggesting that these may be nucleation sites for spatially-directed early 388 

viral translation, and that this could explain the emergence of IBs in the perinuclear region (29).  389 

NP-Ct could conceivably be involved in this process.  390 

 We conclude that the two steps of virus replication supported by NP-Ct (infectious VLP 391 

production and IB formation) are mechanistically distinct, because in cells that expressed NP(1-392 

641) plus all other trVLP components intact IBs and transcription/replication were observed 393 

(Figure 3), even though these cells failed to produce infectious trVLPs in p0 supernatants (Figure 394 

1).  This indicates that failure of NP(1-641) to support infectious trVLP production did not 395 

impinge on the process of IB formation.  It is interesting, but not necessarily surprising, that the 396 

two NP-Ct functions appear mechanistically distinct.  The possible roles of NP-Ct in 397 

nucleocapsid assembly or overall viral assembly, leading to production of infectious particles, 398 

would be expected to involve, at least in part, NP as a stable component of the intact 399 

nucleocapsid within newly generating virions.  This would likely be distinct from its role in IB 400 

formation, which seems to occur in coordination with newly forming or transcriptionally active 401 

nucleocapsids, particularly in light of our data presented here, demonstrating that IB formation 402 

and RNA synthesis are both controlled by the NP CD.  Indeed, in their cryo-electron tomography 403 

studies of MARV and EBOV nucleocapsids from intact virus, Bharat et al. (2011) and Bharat et 404 

al. (2012) concluded that periodic outward facing protrusions of the nucleocapsid contain the C-405 

terminal region of NP, in addition to VP24 and VP35 (61, 62), which is consistent with a 406 

structural role for the C-terminal region in building or stabilizing new virions.  In these studies, 407 

the NP C-terminal region was more broadly defined than the focused NP-Ct characterized here, 408 
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but nonetheless NP-Ct might be expected to reside in the outward facing protrusions of the 409 

nucleocapsid and therefore be available to be involved in productive virus assembly, including 410 

possible contacts with VP40 to achieve proper assembly (36).  Additionally, as we demonstrated 411 

in Figure 1, NP-Ct is required for viral genomic RNA to be found in isolated VLPs.   412 

 Importantly, we found that loss of NP-Ct in deletion NP(1-641) was efficiently 413 

complemented by VP35 expression in the formation of IBs, and this correlated with the physical 414 

association of NP(1-641) with VP35.  Using a combination of deletion and alanine scanning 415 

mutations, we identified a novel region of NP (NP 481-500) that interacts with the interferon 416 

inhibitory domain (IID) of VP35 and is required for IB formation and RNA synthesis in the 417 

trVLP assay.  We termed this region the NP central domain based on its location between NP-Nt 418 

and NP-Ct.  We demonstrated that the VP35 IID is sufficient to bind to NP derivatives 419 

containing the CD, including a minimal GST-NP(481-494) fusion protein. The NP 481-494 420 

sequence is highly conserved among five ebolaviruses, and in EBOV it consists of only acidic 421 

and hydrophobic residues (Figure 5A).  It was previously shown that VP35 IID binds to NP via 422 

basic patch residues in VP35, specifically involving R225, K248 and K251 of VP35, and that 423 

mutations in those residues abolished the interaction of VP35 IID with NP (45).  In this study, 424 

we identified the region of NP responsible for VP35-IID binding.  It is likely that the VP35 basic 425 

residues bind to the acidic residues in NP aa 481-494, because we observed that NP(1-500), 426 

which retains the CD, fails to bind VP35 derivatives with mutations in the first basic patch.  427 

Also, Prins et al. found that basic patch mutants R225A and K248A abolished an interaction 428 

between VP35 and NP (44), which is consistent with our data.  Because inhibition of the VP35-429 

CD interaction severely affects trVLP activity, inhibition of this interaction could be a good 430 

target for small molecule inhibition.  Indeed, compounds that inhibit VP35-NP interactions have 431 
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been identified (63).  Our study also raises the question of why there are apparently redundant 432 

functions encoded by EBOV to control IB formation, as revealed by complementation of the NP-433 

Ct deletion by VP35 IID.  Our finding clearly suggests that, even though VP35 supports IB 434 

formation in the absence of NP-Ct, fully functional IB formation likely requires both VP35 and 435 

NP-Ct.  Tools are not currently available to distinguish among potentially different “stages” of 436 

IB function during infection, but these will be interesting to establish.  IBs are turning out to be 437 

complex structures composed of viral and cellular components and we speculate that there are 438 

interesting, possibly distinct roles for both the NP-Ct and the VP35 binding domain of NP in this 439 

process, and that IBs may display different physical and functional properties as infection 440 

progresses.  441 

Structural studies by Leung et al. and Kirchdoerfer et al. revealed the binding of a peptide 442 

derived from VP35 to the N-terminal domain of NP (43, 44).  Binding of the VP35 peptide 443 

regulates NP-RNA interactions as well as NP oligomerization, both key requirements for 444 

productive RNA synthesis.  Moreover the NP region targeted by the peptide, which crucially 445 

involves NP residues R240, K248, and D252, is required for maximal RNA synthesis in 446 

minigenome assays (44).  These findings are the basis for models in which the binding of the 447 

VP35 peptide to the N-terminal domain of NP ensures a monomeric and RNA-free state of NP in 448 

preparation for productive replication of viral RNA (43, 44).  To this picture we have added the 449 

dual roles of the NP CD in controlling both RNA synthesis and IB formation.  Our data 450 

demonstrate that the CD is responsible for interacting directly with sequences within the IID of 451 

VP35 and is also crucially required for RNA synthesis and IB formation.  Interestingly, this NP-452 

VP35 interaction efficiently complements the defect in IB formation exhibited by the NP-Ct 453 

deletion mutant NP(1-641) when it is expressed alone (Figure 3).  In our experiments, mutation 454 
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or deletion of residues within the NP-binding VP35 peptide responsible for controlling RNA 455 

binding and NP oligomerization (43, 44) had no effect on the ability of VP35 to complement 456 

deletion of NP-Ct or to localize to inclusion bodies (Figure 6 and accompanying text), clearly 457 

indicating that the two NP-binding functions of VP35 are separate.  This raises interesting 458 

questions about the relationship between these two functions of VP35 in supporting RNA 459 

synthesis and nucleocapsid assembly.  The fact that VP35 interacts directly with NP at two 460 

distinct sites could influence the affinity of the individual interactions or the avidity of the 461 

overall interaction.  One interesting possibility is that the interaction of VP35 IID with the NP 462 

CD might prime or enhance the NPBP-NP interaction due to structural influences, thus allowing 463 

regulation of NP oligomerization and NP-RNA binding.  Figure 8 illustrates the two binding 464 

sites within NP for VP35, as defined in this work and by others for the NPBP region of VP35 465 

(43, 44).  In addition, Figure 8 illustrates the regions shown here involved in control of IB 466 

formation and production of infectious trVLPs. Further work will be required to understand these 467 

interesting relationships.      468 

Some common themes have emerged from the study of inclusion bodies generated by 469 

pathogenic negative strand RNA viruses.  These include the housing of RNA synthesis 470 

machinery, protection from innate immune mechanisms and association with certain host 471 

proteins (although there is not yet strong commonality among the different viruses regarding the 472 

identity of these proteins or their function in replication). In some cases there is good evidence 473 

that the structure of IBs is achieved by liquid phase separation (26, 27), which is mediated by the 474 

activity of specific viral proteins.  For EBOV, NP has a central role in IB formation, but there is 475 

no evidence so far of a protein shell, phase separation or other process that distinguishes inside 476 

from outside. Rather, EM analysis indicates that IBs contain an accumulation of arrays of 477 
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growing or fully assembled nucleocapsids when cells are infected with live virus or transfected 478 

with various nucleocapsid components including NP (10, 42). Also, several groups have reported 479 

co-localization with cellular proteins, strongly suggesting that IBs are more than simply 480 

accumulations of nucleocapsids that serve as RNA synthesis factories (19, 20, 24).  Regardless, 481 

whereas the molecular basis for IB formation remains a mystery overall, our results showing the 482 

involvement of NP-Ct and the NP CD support a model wherein the earliest steps of IB formation 483 

are controlled by NP and its interaction with VP35.  However, despite the fact that a small 484 

domain of NP is sufficient for direct binding to VP35, and that this interaction controls both IB 485 

formation and RNA synthesis, we do not yet know if there is a cause-and-effect relationship 486 

between IB formation and RNA synthesis, or whether these two processes are concerted yet 487 

mechanistically independent.  Clearly, RNA synthesis is not a prerequisite for IB formation.  488 

One striking example of this is when all components of the trVLP system are expressed in p0 489 

cells with the exception of the L polymerase, and this results in robust IB formation but no 490 

transcription/replication (Figures 1 and 3A).  This situation also occurs when full length NPs 491 

containing CD mutations are included in the trVLP assay: again, IBs are formed yet 492 

transcription/replication is highly defective (Figures 5C and 7).  In this case however, the IBs do 493 

not contain VP35 due to mutation of the CD (Figure 5C and 6B).  These results are consistent 494 

with two models.  In one model, IB formation and transcription/replication are independent 495 

processes, and both are dependent on the interaction between NP CD and VP35.  In the second 496 

model, transcription/replication strictly depends on IB formation, which depends on VP35 497 

binding to NP.  Further investigation of the molecular components of IBs (including the makeup 498 

of IBs at different stages of virus replication) will be required to fully distinguish among IB 499 

functional models.  500 
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 501 

 502 

Materials and Methods 503 

 504 

Plasmids 505 

All plasmids for the trVLP assay, i.e. pCAGGS-NP, pCAGGS-VP35, pCAGGS-VP30, 506 

pCAGGS-L, p4cis-vRNA-RLuc, pCAGGS-T7, pCAGGS-Tim1, and pCAGGS-luc2, were 507 

described previously (64). pCAGGS-NP-FLAG and pCAGGS-VP35myc were made from 508 

pCAGGS-NP and pCAGGS-VP35 (55), respectively. All deletions and mutants of pCAGGS-509 

NP-FLAG and pCAGGS-VP35myc were made by using standard PCR and cloning methods.  510 

Synthesized sequence of VP35 IID (aa 215-340) was cloned in pET45b (Novagen) to make His-511 

tagged VP35 IID. PCR amplified fragments of the NP(412-500) or shorter fragments from 512 

pCAGGS-NP were cloned into pGEX-6P-2 (GE Healthcare). All sequences of the cloned or 513 

mutated DNA regions of the plasmids were validated by Sanger DNA sequencing. 514 

 515 

Cells and transfection 516 

293T/17 cells and HuH-7 cells were grown in the media indicated in (65) and (54) respectively.  517 

Both cell lines were transfected using TransiT-LT1 (Mirus) according to Biedenkopf et al. (54) 518 

except reverse transfection was performed. 519 

 520 

Immunoprecipitation 521 

Forty to forty-eight hours after the transfection, 293T/17 cells were washed once with PBS and 522 

lysed in lysis buffer A (50 mM Tris-HCl pH 7.8, 1% NP-40, 150 mM NaCl, 1 mM EDTA) with 523 
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Pierce Protease Inhibitor Mini Tablets, EDTA-free (Thermo Scientific).  The lysates were 524 

cleared by centrifugation at 14,000 RPM for 10 min at 4˚C. Protein concentration was measured 525 

by BCA protein assay kit (Thermo Scientific).  Identical amounts of protein in lysates were 526 

subjected to immunoprecipitation.  Myc-tagged proteins were immunoprecipitated using mouse 527 

anti-myc monoclonal antibody (Cell signaling) and rProtein A agarose (Genesee). Identical 528 

amounts of lysates were incubated with antibody overnight, then rProtein A agarose was added 529 

and incubated for 1 hr.  Agarose beads were washed with lysis buffer A 4 times.  Proteins bound 530 

to the beads were eluted with 2x Laemmli sample buffer.  Equal volumes of eluents were 531 

subjected to SDS-PAGE. 532 

 533 

Western blotting 534 

Samples were prepared 40-48 hours after transfection by lysing the cells in 60 mM Tris pH 6.8 535 

and 2% SDS.  After harvesting the lysates, they were sonicated briefly, and measured for protein 536 

concentration.  Identical amounts of protein samples were subjected to SDS-PAGE and 537 

transferred to Immobilon-FL membrane (Millipore).  Immunoprecipitated samples were 538 

subjected to SDS-PAGE and transferred to Immobilon-FL membrane (Millipore).  FLAG-tagged 539 

and myc-tagged proteins were detected with rabbit anti-DYKDDDDK (FLAG) monoclonal 540 

antibody and rabbit anti-myc monoclonal antibody (Cell signaling), respectively.  For western 541 

blotting of trVLPs, the following antibodies were used: rabbit anti-NP antibody (Genetex), 542 

mouse monoclonal anti-VP35 (Kerafast), mouse monoclonal anti-GP, H3C8 (a gift from Dr. 543 

Judy White), and rabbit anti-VP40 (IBT Bioservices).   GAPDH mouse monoclonal antibody 544 

(Millipore) was used for the loading control.  Goat anti-rabbit antibody conjugated with 545 
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IRDye680RD and goat anti-mouse antibody conjugated with IRDye800CW were used as 546 

secondary antibodies.  Odyssey CLx (Li-Cor) was used to scan the membranes. 547 

 548 

Immunofluorescence staining 549 

Expression plasmids of the proteins indicated in the figures were transfected into HuH-7 cells 550 

and plated on coverslips in 6-well plates.  "All trVLP" is the combination of following; pCAGGS 551 

expression plasmids encoding NP-FLAG or NP(1-641)-FLAG (125 ng/well), VP35 (125 552 

ng/well), VP30 (75 ng/well), L (1000 ng/well), T7-polymerase (250 ng/well), and a p4cis-553 

vRNA-RLuc plasmid (250 ng/well). Forty to Forty-eight hours after the transfection, cells were 554 

washed once with PBS and fixed with 4% formaldehyde in PBS.  After permeabilization with 555 

0.1% trition X-100 (Sigma-Aldrich) in PBS, cells were blocked with 1x diluted Odyssey 556 

Blocking Buffer (PBS) (Li-Cor).  Cells were stained with primary antibodies: anti- 557 

DYKDDDDK, anti-myc antibody (Cell signaling) and/or mouse anti-VP35 antibody (Kerafast), 558 

then stained with secondary antibodies: Alexa Fluor 488 goat anti-mouse IgG (H+L) and Alexa 559 

Fluor 594 goat anti-rabbit IgG (H+L).  The nuclei were stained with Hoechst 33342 dye.  560 

Prolong Gold antifade reagent (Invitrogen) was used for mounting. 561 

 562 

trVLP assay 563 

trVLP assays were performed according to Hoenen et al. (55) except that reverse transfection 564 

was performed. pCAGGS-NP was replaced with pCAGGS-NP-FLAG or its derivatives in either 565 

p0 or p1 cells as indicated in the figures. 566 

 567 

Protein and RNA analyses of isolated trVLPs 568 
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Procedures are described in Watt et al (56). with minor modifications.  For western blotting of 569 

purified trVPLs, 24 ml of cell supernatant (72 hrs after transfection) was harvested and 570 

centrifuged twice at 2500 RPM for 10 min to remove cell debris, then concentrated by 571 

ultracentrifugation through a 20% sucrose cushion in an SW-32 rotor at 25,000 RPM for 2.5 hrs 572 

at 4˚C.  Pellets were resuspended in 140 μl of PBS and 47 μl of 4x sample buffer was added.  573 

Equivalent volumes of samples were subjected to western blot analysis.  For RNA quantification, 574 

RNA was purified from 280 μl VLP-containing supernatant using a QIAamp viral RNA (vRNA) 575 

Mini Kit (Qiagen) according to the manufacturer’s instructions. Sixteen μl of RNA was 576 

subjected to a 30-min DNase digest using 2 μl DNase I (Thermo Scientific) in a total volume of 577 

20 μl according to the manufacturer’s instructions. Digested RNA (7.5 μl) was reverse 578 

transcribed using Super-Script III reverse transcriptase (Life Technologies) according to the 579 

manufacturer’s instructions with the primer 5-CGGACACACAAAAAGAAAGAAG-3. Five μl 580 

of the resulting cDNA was amplified by touchdown PCR (10 cycles of annealing at 59 to 54°C 581 

for 30 s, followed by 10 cycles of annealing at 54°C for 30 s) using Taq polymerase (New 582 

England Biolabs) according to the manufacturer’s instructions and the primers 5-583 

CTTGACATCTCTGAGGCAAC-3 and 5-ATGCAGGGGCAAAGTCATTAG-3. One μl of 584 

PCR product was then subjected to standard PCR with Taq polymerase using the primers 5-585 

CGAACCACATGATTGGACCAAG-3 and 5-CTTATCAGACCTCCGCATTAATC-3. 586 

Quantification standards were included in each PCR at the stage of the first amplification.  587 

Known amounts of minigenome DNA were amplified along with RT-PCR under the same 588 

conditions and quantified to establish the linear range of amplification.  A linear range of 589 

amplification was verified from the standards for all trVLP samples.  Intensity of bands after 590 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 7, 2020. ; https://doi.org/10.1101/2020.04.06.028423doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.06.028423


agarose gel electrophoresis was measured using the Molecular Imager XRS system and 591 

quantified with Image Lab (Bio-Rad).   592 

 593 

Pull down assay of E.coli expressed proteins 594 

His-tagged VP35 IID (VP35 aa 215-340) and GST-NP (aa 412-500) or shorter 595 

variants were expressed in the BL21 CodonPlus strain (Agilent Technologies). Cells were lysed 596 

in Buffer (0.15) (50 mM Tris-HCl pH 8.0, 0.2 mM EDTA, 150 mM NaCl, 5 mM imidazole, 20% 597 

glycerol) with Pierce Protease Inhibitor Mini Tablets, EDTA-free (Thermo Scientific) and 0.1 598 

mg/ml of lysozyme (Sigma-Aldrich) and then the suspension was sonicated. After centrifugation, 599 

supernatants were subjected to purification using either HIS-Select HF Nickel Affinity Gel 600 

(Sigma-Aldrich) or Glutatione Sepharose 4B (GE healthcare). Purification was confirmed by gel 601 

electrophoresis and Coomassie Brilliant Blue (CBB) staining.  After dialysis with Slide-A-Lyzer 602 

MINI Dialysis Devices, 3.5K MWCO (Thermo Scientific), purified proteins were quantified by 603 

BCA protein assay kit (Thermo Scientific). Protein concentration was set to 1μM of His tagged 604 

proteins and to 2 μM of GST-tagged proteins for HIS-Select HF Nickel Affinity Gel pull down, 605 

and was set to 1 μM of GST tagged proteins and to 2 μM of His-fusion proteins for Glutatione 606 

Sepharose 4B pull down. Purified proteins were mixed as indicated in the figure and rotated with 607 

either HIS-Select HF Nickel Affinity Gel (Sigma-Aldrich) or Glutatione Sepharose 4B (GE 608 

healthcare) overnight. Beads were washed twice with Buffer (0.15) with 0.1% NP-40, once with 609 

Buffer (0.35) and Buffer (0.5), those are identical to Buffer (0.15) with 0.1% NP-40 except 610 

including 0.35 M and 0.5 M NaCl, respectively. Samples washed once again with Buffer (0.15) 611 

containing 0.1% NP-40. Proteins on the beads were eluted with 2 x sample buffer. Identical 612 

volumes of the samples were subjected to SDS-PAGE, and stained with CBB. 613 
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 614 

 615 

 616 

 617 

Figure legends 618 

 619 

Figure 1.    NP-Ct is required for infectious VLP production. 620 

A: NP primary structure. The precise definition of the N-terminal domain is subject to 621 

interpretation based on sequences included in constructs used for structural and biochemical 622 

studies (43, 44, 51, 66), but is labeled here as aa 1-412 based on sequence conservation.  NP-Ct 623 

domain definition is based on Dziubanska et al. (51).  B: trVLP assay (p0 cells) of NP deletion 624 

mutants.  Indicated NP-FLAG constructs were transfected into 293T/17 cells.  As described in 625 

the text, recipient p1 cells were supplied with wild-type NP.  Data are averages of independent 626 

biological triplicates.  Error bars represent the SD of the triplicates.  Marks above the bar 627 

indicate: * p<0.05, ** p<0.01, *** p<0.001 to the corresponding NP-flag samples based on 628 

Student’s t-tests. Untagged NP (column 1) showed no statistically significant difference from the 629 

corresponding NP-flag samples.  C: Western blot of lysates from p0 cell transfectants.  Lysates 630 

were separated by SDS-PAGE, blotted and probed with anti-FLAG (red) or anti-GAPDH (green) 631 

antibody. D: Western blot analysis of purified trVLPs and corresponding lysate from p0 632 

transfectants.  Indicated NP-FLAG constructs were transfected into 293T cells (p0) along with 633 

all other trVLP components.  trVLPs were purified from the supernatant as described in 634 

Materials and Methods.  trVLPs and corresponding cell lysates were analyzed by western blot 635 

with the indicated antibodies. Anti-GAPDH was used as loading control for the lysate samples 636 
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and as specificity control for the purified trVLPs. E: RT-PCR quantification of genomic 637 

(negative strand) RNA from the indicated, isolated trVLPs.  Isolated RNA was subjected to RT-638 

PCR and quantified using linear range amplification standards as described in Materials and 639 

Methods.  Positive control indicates a PCR product of a minigenome DNA template.  F: 640 

Quantitation of RT-PCR. PCR products were subjected to agarose gel electrophoresis and 641 

quantified with the Molecular Imager XRS system.  Means and standard deviations of 642 

biologically triplicate experiments are shown. Asterisk *** indicates p<0.001 to the NP(1-739) 643 

sample, ** indicates p<0.01 between NP(1-641) and NP(1-600) or NP(1-550) based on Student’s 644 

t-test. 645 

 646 

Figure 2. NP-Ct is required for IB formation.  A: Structure of NP deletion mutants. Each 647 

construct contains a C-terminal FLAG-tag.  B: HuH-7 cells were transfected with the indicated 648 

constructs and stained with anti-FLAG antibody and Hoechst 33342 dye after 48 hours.  All the 649 

constructs lacking the NP-Ct failed to localize in IBs. 650 

Figure 3. VP35 specifically complements deletion of NP-Ct.  A: FLAG-tagged NP(1-739) or 651 

NP(1-641) was transfected along with other trVLP components, i.e. expression plasmids for 652 

VP35, VP30, L, T7 polymerase, a tetracistronic minigenome (mg) expressing VP24, GP and 653 

VP40, and firefly luciferase, as indicated, and immuno-stained with anti-FLAG antibody.  654 

Individually omitted constructs are indicated in red.  B: NP(1-641) was co-transfected with each 655 

of the indicated individual plasmids of the trVLP system.   656 

 657 

Figure 4.  The NP 481-500 region is required for IB formation and association with VP35  658 
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A: Localization of co-expressed NP deletion mutants with VP35 in transfected HuH-7 cells.  659 

VP35 was detected with anti-VP35 antibody (green) and NP-FLAG proteins were detected with 660 

anti-FLAG antibody (red).  Nuclei were stained with Hoechst 33342 dye (blue).  B: Deletion 661 

mutants of myc-tagged NP (NP-myc) and VP35-FLAG were co-expressed in 293T/17 cells and 662 

immunoprecipitated with anti-myc antibody.  Immunoprecipitated proteins and lysate were 663 

subjected to SDS-polyacrylamide gel electrophoresis (PAGE), blotted and detected by anti-myc 664 

or anti-FLAG antibodies, as indicated. A GAPDH antibody was used for the loading control. 665 

 666 

Figure 5. Alanine scanning mutants covering the NP 482-493 region abolish IB formation, 667 

co-localization and interaction with VP35.  A:  Sequence alignment of five ebolavirus species 668 

members and sequences of alanine scanning mutants within EBOV.  Identical residues are shown 669 

with white letters on black background, and similar residues are shown with black letters on grey 670 

background.  Alanine mutations are boxed.  B: Immunofluorescence staining of wild-type and 671 

alanine scanning mutants of full-length NP.  FLAG-tagged NP and mutants were stained with 672 

anti-FLAG antibody (red) and Hoechst 33342 dye (blue).  C: NP(1-739), NP(1-641) and NP(1-673 

500), or their corresponding alanine scanning mutants were co-expressed with VP35.  Cells were 674 

stained with anti-FLAG antibody (NP; red) and VP35 was stained with anti-VP35 antibody 675 

(green).  Nuclei were stained with Hoechst 33342 (blue).  Merged green/red fields are shown.  D:  676 

Immunoprecipitation of co-expressed VP35-myc and wild-type or alanine scanning mutants of 677 

FLAG-tagged NP(1-739) or NP(1-500). Cells were co-transfected with VP35-myc and NP-678 

FLAG derivatives, lysed and processed for immunoprecipitation as described in Materials and 679 

Methods. A GAPDH antibody was used for the loading control.  Top panel: immunoprecipitates 680 

were separated by SDS-PAGE, blotted and probed with the indicated antibodies.  Bottom panel: 681 
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Crude lysates were separated by SDS-PAGE, blotted and probed with the indicated antibodies to 682 

determine protein expression levels. 683 

 684 

Figure 6. VP35 IID associates with the NP (481-500) region. A: Localization of deletion 685 

mutants of VP35 and NP.  Wild-type and deletion mutants of NP were co-transfected with VP35 686 

wild-type and deletion mutants in HuH-7 cells.  48 hours after transfection, cells were stained 687 

with anti-FLAG (NP, red) and anti-myc (VP35, green). Merged green/red fields are shown.  B: 688 

NP(1-500) and related mutants as indicated were co-transfected with VP35-myc wild-type and 689 

deletion mutants in 293T/17 cells and cells were lysed 48-50 hours after transfection.  An anti-690 

myc antibody was used for immunoprecipitation and co-immunoprecipitated proteins were 691 

analyzed by western blotting.  GAPDH is the loading control of the lysate.  Top panel: 692 

immunoprecipitates were separated by SDS-PAGE, blotted and probed with the indicated 693 

antibodies.  The left and right sides of the data shown were sourced from the same image, with 694 

several lanes deleted between lanes 5 and 6 of the figure.  Bottom panel: Crude lysates were 695 

separated by SDS-PAGE, blotted and probed with the indicated antibodies to determine protein 696 

expression levels.  C: NP(1-500) and NP(1-641) were co-transfected with VP35-myc wild-type 697 

or indicated mutants in 293T/17 cells and cells were lysed 48-50 hours after transfection.  An 698 

anti-myc antibody was used for immunoprecipitation and co-immunoprecipitated proteins were 699 

analyzed by western blotting.  Top panel: immunoprecipitates were separated by SDS-PAGE, 700 

blotted and probed with the indicated antibodies.  Bottom panel: Crude lysates were separated by 701 

SDS-PAGE, blotted and probed with the indicated antibodies to determine protein expression 702 

levels.  D: Pull down assay of E.coli expressed proteins.  GST-NPs with the indicated regions of 703 

NP or His-tagged VP35-IID were expressed in E.coli and purified using glutathione Sepharose or 704 
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Ni-NTA agarose.  Purified proteins were dialyzed, subjected to SDS-PAGE and stained with 705 

CBB (Input panel).  Purified proteins were quantified and equal amounts of GST-NPs or GST 706 

were mixed with His-VP35-IID protein.  After overnight incubation with the indicated beads 707 

followed by washing, protein bound to the beads was extracted with 2x sample buffer, and equal 708 

volumes of the eluents were subjected to SDS-PAGE and stained with CBB. 709 

 710 

Figure 7. trVLP assay of wildtype and alanine scanning mutants in aa 481-500. 711 

For p0 assays, NP(1-739) or NP(1-641) and their alanine scanning mutants, A(482-5), A(485-8) 712 

or A(489-93) were co-transfected with other components of the trVLP p0 assay, and luciferase 713 

activity of each lysate measured. Wildtype NP (1-739) activity was set at 100%. trVLP assays in 714 

the absence of NP (“No NP”) or L (“No L”) were used as negative controls.  For p1 assays, 715 

recipient cells were transfected with the complete set of trVLP plasmids including wildtype NP, 716 

and supernatants from the indicated p0 assay were used for infection. Error bars represent the SD 717 

from three independent biological replicates.  Asterisk * indicates p<0.05, and *** indicates 718 

p<0.001 to the corresponding NP(1-739) wildtype based on the Student’s t-test. 719 

 720 

Figure 8.  Identified NP functions.  Full-length NP and VP35 proteins are illustrated.  NP-N 721 

and NP-Ct cover aa 1-412 and 641-739 respectively, as defined in (51).  The central domain 722 

(CD) spans aa 481-500.  Red boxes: Regions required for IB formation.  The large region 723 

spanning aa 25-410 is based on data shown in Figure 2B. The requirement for NP-Ct applies to 724 

NP-induced IBs, and when VP35 is co-expressed, NP-Ct is not required, as described in the 725 

text.  Likewise, when NP-N and NP-Ct are present, mutation of the CD does not abolish IB 726 

formation; therefore NP-Ct and CD complement each other.  Green box: Region required for 727 
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production of infectious trVLPs and incorporation/retention of viral RNA in purified 728 

trVLPs.  For NP and VP35, black regions indicate NPBP and its corresponding binding region 729 

within NP, and the VP35 first basic patch as defined in (45, 60), and its corresponding binding 730 

region, the CD.  See references (43, 44) for definition of NP region bound by NPBP.  See 731 

Discussion for possible functional relationships between the two regions of VP35 that interact 732 

with NP. 733 
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