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2 

Abstract 1 

 2 

To investigate how Ebola virus phenotypes changed during the 2013‒2016 Western African 3 

Ebola virus disease epidemic, we examined a key viral mutation that rose to high frequency: an 4 

R111C substitution in the viral nucleoprotein (NP). Though NP plays many essential roles 5 

during infection, there are a limited number of assays for studying these functions. We 6 

developed new reporter assays to measure virion-like particle (VLP) production and NP 7 

oligomerization in live cells under biosafety level 2 conditions. We found that NP-R111C 8 

significantly enhanced VLP production and slightly increased NP oligomerization without 9 

impairing viral transcription and replication. By contrast, a synthetic charge-reversal mutant, NP-10 

R111E, greatly increased oligomerization but dramatically reduced transcription and replication. 11 

We detected an interaction of NP with the cellular clathrin adaptor protein-1 (AP-1) complex, 12 

which may explain how NP facilitates VLP production. Our study provides enhanced methods to 13 

study NP and indicates a complex interplay between NP's roles in virion budding, protein 14 

structure, and transcription and replication.  15 
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Introduction 1 

Given the past and current public health threats caused by Ebola virus disease (EVD) 2 

outbreaks, rapidly evaluating whether Ebola virus (EBOV) genomic mutations change viral 3 

phenotypes is critically important. As an RNA virus, EBOV generates many mutations over the 4 

course of an outbreak. The vast majority of these mutations likely will not be adaptive and will 5 

instead have negligible or negative effects on EBOV viability and replication (Holmes 2009). 6 

Yet, changes in the EBOV genome over time can have important implications for clinical patient 7 

care, epidemiological modeling, and vaccine development, and thus influence prospective 8 

outbreak prediction and outbreak response. 9 

The need to better understand EBOV evolution became clear during the 2013‒2016 10 

EVD epidemic in Western Africa caused by the EBOV Makona variant. This epidemic is the 11 

largest EVD epidemic on record with over 28,000 infections and more than 11,000 deaths 12 

(WHO 2016). EBOV replication generated thousands of mutations over numerous rounds of 13 

human-to-human transmission (Baize et al. 2014; Gire et al. 2014; Carroll et al. 2015; Ladner et 14 

al. 2015; Tong et al. 2015; Park et al. 2015; Simon-Loriere et al. 2015; Kugelman et al. 2015; T. 15 

Hoenen et al. 2015; Thomas Hoenen et al. 2016; Smits et al. 2015; Quick et al. 2016), but only 16 

a handful of mutations became common enough to have had a sizeable impact on the epidemic 17 

(Baize et al. 2014; Gire et al. 2014; Park et al. 2015; Carroll et al. 2015; Ladner et al. 2015; 18 

Tong et al. 2015; Simon-Loriere et al. 2015). These mutations define four distinct genetic EBOV 19 

Makona clades, which emerged as the outbreak was accelerating in May 2014. Each of the 20 

clades, termed “SL1” through “SL4,” descended from one another sequentially (e.g., SL2 21 

derived from SL1), with a subsequent increase in EVD cases. Because non-synonymous 22 

mutations directly change protein sequence, we focused on the only two non-synonymous 23 

clade-defining mutations—one each defining the SL1 and SL2 clades. 24 

 25 
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The SL1 clade-defining mutation, C6283U, results in an A82V substitution in the EBOV 1 

glycoprotein (GP-A82V) and has been studied extensively through well-established biosafety 2 

level 2 (BSL-2) surrogate model systems and live virus BSL-4 studies. Because EBOV GP 3 

mediates EBOV particle entry into cells and is a major target for host antibodies, GP-A82V is an 4 

obvious priority for experimental studies. During outbreaks of other viral diseases, mutation in 5 

viral surface proteins such as GP has altered cell tropism (e.g., Zika virus (Yuan et al. 2017)) or 6 

host tropism (e.g., chikungunya virus (Tsetsarkin et al. 2007)). Based on multiple in vitro 7 

studies, GP-A82V increases EBOV infectivity for a variety of human and non-human primate 8 

cell types. These data suggest that the mutation confers a selective advantage to EBOV (Diehl 9 

et al. 2016; Urbanowicz et al. 2016; Dietzel et al. 2017; Ueda et al. 2017; Hoffmann et al. 2017; 10 

Wang et al. 2017), which however has not yet been demonstrated clearly in vivo (Marzi et al. 11 

2018; Wong et al. 2018).  12 

 The SL2 clade-defining mutation, C800U, results in an R111C substitution in the EBOV 13 

nucleoprotein (NP-R111C) and has not been thoroughly studied because, though NP has many 14 

functions, there are a limited number of assays for studying these functions. While surface 15 

glycoproteins like EBOV GP alter viral tropism primarily by affecting cell susceptibility (e.g., 16 

increased viral entry), mutations in non-glycoproteins can also affect viral tropism by changing 17 

cell permissiveness (e.g., increased viral genome replication) (Cauldwell et al. 2014; Kirmaier et 18 

al. 2010; Krupp et al. 2013; Zimmermann et al. 2011). For this study, we focused our attention 19 

on EBOV NP. 20 

The N-terminus of EBOV NP, which contains the R111 residue, interacts with viral RNA 21 

and connects multiple viral phenotypes such as virion structure, and transcription and 22 

replication. During virion assembly and budding, the EBOV matrix protein VP40 dimerizes in the 23 

cytoplasm, traffics to the cell membrane, and oligomerizes. VP40 oligomers engage with the 24 

EBOV ribonucleoprotein (RNP) complex composed of NP, polymerase cofactor VP35, 25 

transcription regulator VP30, and RNA-dependent polymerase L, and shape the cell's plasma 26 
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membrane around them into EBOV virions, which exit the cell by budding (Luke D. Jasenosky 1 

and Kawaoka 2004). Expression of VP40 in the absence of other viral proteins generates 2 

similarly shaped particles, dubbed virion-like particles (VLPs) (Harty et al. 2000; L. D. Jasenosky 3 

et al. 2001; Noda et al. 2002). Co-expression of VP40 with NP or other viral proteins 4 

significantly increases the number of VLPs in cellular supernatant (Licata et al. 2004), 5 

suggesting that NP plays a structural role in assembling and stabilizing VLPs. Mutations in NP 6 

that affect its ability to enhance VLP production are not known.  7 

EBOV NP also plays an essential role in viral transcription and replication. By directly 8 

interacting with EBOV RNA, VP35, and VP30, NP recruits L to enact both of these essential 9 

functions (Groseth et al. 2009). Based on EBOV NP structural data, homology modeling versus 10 

other viral nucleoproteins, and site-directed mutagenesis experiments, key EBOV NP residues 11 

that interact with EBOV RNA (Dong et al. 2015; Leung et al. 2015; Kirchdoerfer et al. 2015), 12 

VP35 (Leung et al. 2015; Kirchdoerfer et al. 2015), and VP30 (Kirchdoerfer et al. 2016) have 13 

been identified. However, NP residue 111, the site of the Makona variant SL2 clade-defining 14 

mutation, lies outside of any of these annotated interaction surfaces.  15 

Yet another property of EBOV NP is its ability to form long oligomers; these oligomers 16 

coat EBOV RNA during multiple viral life cycle events. Many studies have determined the 17 

structure of the core of NP and modeled how it interacts with itself and RNA (Dong et al. 2015; 18 

Leung et al. 2015; Kirchdoerfer et al. 2015; Wan et al. 2017; Su et al. 2018; Sugita et al. 2018). 19 

However, the oligomerization domain (OD) at the very N-terminus of NP has eluded 20 

crystallization, presumably due to its disordered structure (Su et al. 2018). Alterations to NP 21 

oligomerization could affect virion assembly and transcription and replication, but the interplay of 22 

these functions is not obvious. Aside from deletion of the oligomerization domain (∆OD), no 23 

other mutations are known to affect EBOV NP oligomerization, in part because oligomerization 24 

is a challenging phenotype to assay in cell culture. 25 
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 For this study, we have adapted and, when necessary, created new BSL-2 methods to 1 

study key functions of EBOV NP in cell culture. Such tools are critical for rapidly characterizing 2 

unknown or emerging mutants since studying live EBOV requires scarce maximum containment 3 

(BSL-4) facilities. Moreover, existing recombinant live virus systems typically use the same 4 

genetic backbone that is different from the Makona C-15 EBOV (Volchkov et al. 2001; Neumann 5 

et al. 2002; Towner et al. 2005; Thomas Hoenen et al. 2013), and generating new recombinant 6 

systems remains logistically and financially challenging due to restrictions on their use and 7 

associated synthesis costs. Using these straightforward, modular reporter assays, we found that 8 

NP-R111C increases EBOV VLP production. In addition, NP residue 111 is positioned to control 9 

NP oligomerization and viral transcription and replication, highlighting the multi-functionality of 10 

NP. Our findings support the possibility that NP-R111C is beneficial for viral replication.  11 
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7 

Results 1 

 2 

Ebola virus nucleoprotein mutation R111C emerged alongside a GP-A82V 3 

mutation during the 2013‒2016 Western African epidemic 4 

Among the viral mutations that rose to dominate the EBOV population during the 2013‒2016 5 

Western African EVD epidemic, NP-R111C is of great interest because it shares features with 6 

the GP-A82V mutation that enhances viral infectivity in vitro (Diehl et al. 2016; Urbanowicz et al. 7 

2016; Dietzel et al. 2017; Ueda et al. 2017; Hoffmann et al. 2017; Wang et al. 2017). GP-A82V 8 

and NP-R111C are two major clade-defining mutations that rose to high frequency during the 9 

epidemic; other mutations do not affect the amino acid sequence of EBOV proteins (Gire et al. 10 

2014; Park et al. 2015). Based on phylogeny of EBOV genomes from clinical samples, the NP-11 

R111C mutation occurred soon after the emergence of the GP-A82V substitution (Figure 1A) 12 

and temporally preceded the inflection point of the epidemic (Figure 1B). Indeed, few EBOV 13 

Makona variant genomes encode the GP-A82V mutation in the absence of the NP-R111C 14 

mutation (23 cases, 1.26% of total), and the overwhelming majority of genomes encode both 15 

mutations (1653 cases, 90.67% of total). 16 

 17 

Location of the Ebola virus nucleoprotein R111 residue  18 

To investigate the functional importance of the NP 111 residue, we examined existing 19 

annotations and potential functions of NP. The R111 residue lies outside of key sites known to 20 

be interaction surfaces (i.e., for binding EBOV RNA and VP35) (Figure 1C). Based on NP 21 

crystal structures (Kirchdoerfer et al. 2015; Dong et al. 2015), the R111 residue appears on the 22 

same face of the protein as the NP oligomerization domain (Figure 1D, left, Figure S1A), 23 

opposite to the key VP35 and RNA interaction residues (Figure 1D, right). Electron microscopy 24 

(EM) subtomogram averaging indicates that R111 is proximally located to key oligomerization 25 
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residues (Figure S1A, blue) (Wan et al. 2017). Interestingly, R111 lies amidst a conserved 1 

stretch of 3 basic residues, K109/K110/R111, on the surface of the NP protein. A recent cryo-2 

EM structure identifies K110, adjacent to R111, as a residue forming a key electrostatic 3 

interstrand NP-NP interaction (Sugita et al. 2018). Therefore, we focused on whether NP-4 

R111C affects structural phenotypes during the EBOV life cycle, and further queried this residue 5 

by generating charge-reversed mutants (NP-R111E and NP-K109E/K110E/R111E). 6 

 7 

Ebola virus nucleoprotein mutation R111C increases budding of virion-like 8 

particles 9 

To determine whether the NP-R111C mutation plays a structural role in infectivity, we designed 10 

and performed a VLP budding assay. Traditionally, researchers assess viral budding efficiency 11 

by harvesting cell culture supernatants, purifying VLPs by ultracentrifugation through sucrose, 12 

and detecting VLPs by western blot (WB) using antibodies to specific VLP components (Licata 13 

et al. 2004; McCarthy, Licata, and Harty 2006; Bornholdt et al. 2013; Liu et al. 2010). However, 14 

WBs are often not sensitive to modest changes in VLP numbers and can suffer from high 15 

technical variability. By contrast, luminescence can be reproducibly detected over a larger linear 16 

dynamic range, so one would prefer to generate luciferase-fused VLPs for cell-based 17 

expression, purification, and luminescence detection instead of WBs. However, the size of firefly 18 

luciferase (FLuc; 60 kDa) can severely interfere with incorporation into budding VLPs. Indeed, 19 

although the EBOV matrix protein VP40 (40 kDa) alone is sufficient to bud VLPs (Harty et al. 20 

2000; L. D. Jasenosky et al. 2001; Noda et al. 2002), fusion of VP40 to FLuc decreased 21 

luciferase activity to undetectable levels in a budding assay (McCarthy, Licata, and Harty 2006). 22 

Here, we took advantage of the smaller size of NanoLuc (NLuc; 19 kDa) (Hall et al. 2012) and 23 

fused it to VP40. We expressed NLuc-VP40 in cell culture, purified VLPs following established 24 

protocols, and measured NLuc reporter activity (Figure 2A).  25 
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9 

To verify that our assay was truly measuring VLP production, we generated loss-of-1 

function (LOF) mutants, measured thermal stability, and visualized VLPs via electron 2 

microscopy (EM). We generated VP40-L117R, an LOF mutant that was defective in 3 

dimerization, membrane trafficking, and VLP budding as judged by immunofluorescence 4 

microscopy and WB (Bornholdt et al. 2013). As expected, budding of this mutant was >400-fold 5 

impaired compared to wild-type VP40-L117 in our NLuc-based VLP assay (adj. p < 0.002; 6 

Dunnett's test) (Figure 2B). Additionally, since monomeric VP40 can be expelled from cells in 7 

exosomes (Pleet et al. 2016), we tested whether ultracentrifugation was purifying VP40-VLPs 8 

specifically. As NLuc (Hall et al. 2012) has a higher melting point than VP40 VLPs (Hu et al. 9 

2011), we heated the total supernatant to denature VLPs. Compared to heating supernatant to 10 

60.2 °C alone, heating and subsequent ultracentrifugation reduced NLuc activity 15-fold (p < 11 

0.007; paired t-test). This reduction in NLuc activity suggests that NLuc-VP40-bearing VLPs 12 

were denatured and thus were not pelleted and detected (Figure S2A). Lastly, using EM, we 13 

observed VLPs in culture supernatant of cells expressing VP40 and NP-R111 or NP-R111C 14 

(Figure S2B), which appeared similar in size and volume (Figure S2C). 15 

  Next, we tested the NP-R111 mutants in our VLP budding assay and found that only NP-16 

R111C improved VLP production. Expression of viral nucleoproteins, including EBOV, is known 17 

to significantly increase matrix protein-induced VLP production (Licata et al. 2004). We verified 18 

that ancestral NP-R111 expression increased NLuc-VP40 VLP production 1.93-fold compared 19 

to enhanced green fluorescent protein (eGFP) control inserted in place of NP-R111 (adj. p < 20 

0.0002, Dunnett's test) (Figure 2C). NP-R111C significantly increased VLP production above 21 

NP-R111 (1.26-fold; adj. p < 0.039, Dunnett's test), whereas the charge-reversed NP-R111E 22 

(1.07-fold; adj. p < 0.847, Dunnett's test) and NP-K109E/K110E/R111E (1.13-fold; adj. p < 23 

0.484, Dunnett's test) did not have a reproducible effects.  24 

 25 
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10 

Ebola virus nucleoprotein position 111 significantly affects oligomerization of NP 1 

To illuminate why NP-R111C increases VLP production, we developed an assay to measure 2 

intracellular NP oligomerization using bioluminescence resonance energy transfer (BRET). 3 

Traditional oligomerization assays in cell culture involve tagging a protein separately with two 4 

different tags, co-expressing both, and then co-immunoprecipitation (co-IP) targeting one tag 5 

and WB targeting the other tag (Watanabe, Noda, and Kawaoka 2006; Ng et al. 2012; Ortiz-6 

Riano et al. 2012). However, WB often has linear dynamic range issues; furthermore, co-IPs 7 

can introduce non-specific or spurious protein-protein interactions under different cell lysis and 8 

binding buffers. To overcome these deficits of co-IPs and WBs, we used BRET to study NP 9 

oligomerization in live cells. We tagged NP with either NLuc or HaloTag (which covalently binds 10 

to an acceptor fluorophore), co-expressed the tagged NPs in cells, and activated the NP-NLuc 11 

with substrate, resulting in emission of light at 465 nm. Spatial proximity of NP-NLuc to NP-12 

HaloTag due to NP oligomerization results in energy transfer and a second light emission at a 13 

longer wavelength, 625 nm (Figure 3A) (Machleidt et al. 2015).  14 

  To verify that our assay was truly measuring NP oligomerization, we generated NP LOF 15 

mutants and disrupted oligomerization with biologically relevant EBOV VP35. We first generated 16 

NP-∆OD, an LOF mutant that size exclusion chromatography and multiangle light scattering 17 

indicate to be defective in oligomerization (Kirchdoerfer et al. 2015). Then, we confirmed that 18 

the mutant lost oligomerization capability using the traditional dual-tag co-IP-WB strategy 19 

(Figure S3). We then performed our BRET assay in live cells and, as expected, the lack of NP-20 

NLuc or NP-HaloTag, expression of NP-∆OD, or free NLuc reduced BRET signal appreciably 21 

(Figure 3B). To confirm our assay in a biologically relevant context, we additionally expressed 22 

the NP-binding peptide (NPBP) of EBOV VP35, which disrupts NP oligomerization (Kirchdoerfer 23 

et al. 2015). To quantitatively detect VP35 NPBP expression, we fused eGFP to NPBP via a 24 

bridging porcine teschovirus 1 2A 'self-cleaving' peptide (Kim et al. 2011) (eGFP-P2A-25 
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VP35(NPBP)). Titrating increasing amounts of VP35 NPBP led to a quantitative decrease in 1 

BRET oligomerization signal (residual ÷ total sum of squares = 0.95) (Figure 3C).  2 

  Next, we measured the propensity of NP-R111 variants to form oligomers and found that 3 

NP-R111C, and to an even greater extent NP-R111E and NP-K109E/K110E/R111E, increased 4 

NP oligomerization. To quantify changes in oligomerization, we titrated an increasing 5 

concentration of acceptor NP-HaloTag to saturate the donor NP-NLuc signal. The resulting 6 

binding curves fit well to Michaelis-Menten kinetics, described by the parameters vmax (maximum 7 

signal) and Km (concentration of NP-HaloTag needed to reach half vmax) (Figure 3D). As 8 

expected, control eGFP substituted for NP resulted in no detectable BRET signal, and NP-∆OD-9 

HaloTag resulted in background signal detected only at high concentrations (Figure 3D). 10 

Relative to NP-R111, NP-R111C increased oligomerization slightly (12% lower Km; adj. p < 11 

0.003, Dunnett's test), whereas the charge-reversed NP-R111E (36% lower Km; adj. p < 0.0001, 12 

Dunnett's test) and NP-K109E/K110E/R111E (28% lower Km; adj. p < 0.0001, Dunnett's test) 13 

mutants oligomerized at even lower concentrations (Figure 3D). These results support our 14 

hypothesis that the NP 111 residue affects NP-NP interactions (Figure 1D, S1A). Indeed, 15 

deuterium exchange mass spectrometry indicates that this residue is partially buried in wild-type 16 

NP compared to an oligomerization-incompetent NP (Su et al. 2018). Moreover, cryo-EM 17 

identifies the adjacent residue, NP-K110, as forming a key electrostatic interaction with NP-18 

E349 on a neighboring NP molecule (Sugita et al. 2018). 19 

 20 

Ebola virus nucleoprotein interacts with the AP-1 clathrin adaptor complex 21 

independent of the nucleoprotein residue 111 allele 22 

As NP-NP interactions appeared to be affected by the NP 111 residue, we searched for host 23 

binding proteins that may explain how NP enhances VLP budding. Only a single interactome 24 

study has been performed on EBOV NP fused to eGFP (García-Dorival et al. 2016), which 25 
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utilized the NP amino acid sequence from the Mayinga isolate of the EBOV Yambuku variant, 1 

the first EBOV isolated in 1976.  2 

To build upon these previous results, we performed immunoprecipitation tandem mass 3 

spectrometry (IP-MS/MS) using myc-tagged NP from EBOV/Makona bearing either R111 or NP-4 

K109E/K110E/R111E. Our approached yielded multiple members of the adaptor related protein 5 

1 (AP-1) complex as strong candidate interactors (Figure 4A, right), which were identified 6 

previously (García-Dorival et al. 2016) but were not further confirmed in that study. Here, we 7 

confirm that both NP-R111 and NP-K109E/K110E/R111E strongly interact with AP-1 subunit M1 8 

(AP1M1) and AP1G1 by reciprocal IP-WB (Figure 4B). Yet, NP-R111C, NP-R11E, and NP-9 

K109E/K110E/R111E all bind to the AP-1 complex with similar affinity as NP-R111 (Figure 4C), 10 

suggesting that the AP-1 interaction does not explain why the epidemic mutation NP-R111C 11 

produced more VLPs than the ancestral NP-R111.  12 

 13 

Ebola virus nucleoprotein position 111 influences viral transcription and 14 

replication 15 

The mechanism by which changes in NP's structural phenotypes (budding, 16 

oligomerization) affect viral transcription and replication is not obvious because NP is highly 17 

multi-functional. We quantified viral transcription and replication using a minigenome reporter 18 

assay (Luke D. Jasenosky, Neumann, and Kawaoka 2010). In this assay, we express the 19 

components of the EBOV RNP complex (NP, VP35, VP30, and L) in the presence of a 20 

'minigenome' consisting of a reporter FLuc-encoding gene flanked by the EBOV promoter-like 21 

genomic leader and trailer sequences. Transcription is essential for minimal FLuc activity; 22 

replication is further required to achieve maximum signal (T. Hoenen et al. 2010).  23 

Intriguingly, we found that NP-R111C caused similar transcription and replication activity 24 

as NP-R111, whereas the charge-reversal NP-R111E abrogated these activities. As expected, 25 
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absence of VP30, L, or the minigenome resulted in <5% normalized luminescence compared to 1 

cells expressing the minigenome and the entire RNP complex with NP-R111 (Figure 5). 2 

Substitution of NP-R111C in place of NP-R111 yielded similar activity (99%). On the other hand, 3 

the charge-reversal mutants NP-R111E (23% reporter activity; adj. p < 0.003; Dunnett's test) 4 

and NP-K109E/K110E/R111E (44% reporter activity; adj. p < 0.017; Dunnett's test) greatly 5 

attenuate transcription and/or replication. These results indicate that the NP 111 residue is 6 

connected to both the structural and transactivation roles of EBOV NP.  7 
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Discussion 1 

Here, we developed and modified BSL-2 assays to study in-depth a key EBOV NP mutant, NP-2 

R111C, which arose during the 2013‒2016 Western African EVD epidemic. Though the NP-3 

R111 residue has not been previously annotated as functional, NP-R111C increases VLP 4 

production and NP oligomerization, and the charge-reversal mutation NP-R111E dramatically 5 

increases NP oligomerization while hindering viral transcription and replication.  6 

Many viral proteins are highly multi-functional, making study of individual mutations 7 

challenging without high-throughput, robust assays that are sensitive to subtle changes in viral 8 

phenotype. Since luciferase-based reporter systems fit the aforementioned requirements, we 9 

took advantage of these systems to develop VLP detection assays and BRET assays for NP 10 

oligomerization. As new assays always require thorough testing, we have verified that luciferase 11 

activity in these assays indeed reflects phenotype using LOF mutations (NLuc-VP40-L117R for 12 

VLP production, NP-ΔOD to assess oligomerization) and biologically relevant disruptions 13 

(heating to denature VLPs, VP35 expression to reduce NP oligomerization). These BSL-2 14 

assays are simple and flexible for testing new viral mutations as they emerge during epidemics. 15 

With more rigorous screening and quantification of key metrics of variability, like Z-factor, these 16 

assays could potentially be used for high-throughput screens of hundreds of EBOV NP mutants, 17 

interactions with host factors, or antagonism by drug candidates.  18 

Although these reporter assays show that NP-R111C increases VLP production, the 19 

mechanism behind this increase remains unclear. In this study, we used co-IP-MS/MS to 20 

identify many new putative NP binding partners, since there has only been a single previous 21 

interactome study on EBOV NP (García-Dorival et al. 2016). We confirmed an interaction with 22 

the clathrin adaptor AP-1 complex (García-Dorival et al. 2016), which is of particular interest. In 23 

retroviruses, the Gag protein facilitates budding by hijacking the AP-1 complex (Camus et al. 24 

2007). Because retroviral and EBOV particles bud using the same cellular pathway and 25 
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machinery (Liu et al. 2010), we hypothesize that EBOV NP also co-opts the AP-1 complex for 1 

virion egress and trafficking. This interaction with the AP-1 complex could explain why 2 

expression of NP significantly enhances budding of EBOV VLPs (Licata et al. 2004). However, 3 

NP-R111 and NP-R111C bound to AP-1 with similar affinity, suggesting that this interaction was 4 

not the reason behind NP-R111C's increased ability to promote VLP production. To identify 5 

protein-protein interactions in this study, we used a standard label-free co-IP-MS/MS approach. 6 

To gain deeper mechanistic insight into this complex NP surface, researchers of future studies 7 

could apply more powerful label-based quantification approaches to identify differential 8 

interacting partners between NP-R111, NP-R111C, and NP-R111E. 9 

Charge reversal at the NP residue R111, NP-R111E, further demonstrates the 10 

importance of this position to multiple essential viral life cycle functions. We show that NP-11 

R111E is not aberrantly misfolded and degraded since it expresses similarly as NP-R111 and 12 

NP-R111C. In fact, we find that NP-R111E oligomerizes at significantly lower protein 13 

concentration compared to NP-R111, yet NP-R111E is unable to support normal levels of viral 14 

replication and transcription. Basicity at residues K109, K110, and R111 is highly conserved 15 

among nearly all immediate relatives of EBOV in the genus Ebolavirus, including the newly 16 

discovered Bombali virus (Goldstein et al. 2018). This high degree of conservation, despite 17 

significant evolutionary divergence between ebolaviruses, emphasizes the importance of this 18 

highly basic region to NP functions.  19 

Indeed, a recent cryo-EM structure identified K110 as forming an electrostatic interaction 20 

with E349 on a neighboring NP molecule (Sugita et al. 2018), but it it not immediately apparent 21 

how changing the NP-R111 residue affects multiple viral phenotypes. The triple charge-reversal 22 

mutant NP-K109E/K110E/R111E, which presumably disrupts the K110-E349 electrostatic 23 

interaction, increases oligomerization while ablating minigenome transcription and replication. 24 

Because NP-R111E phenocopies the triple charge-reversal mutant, it is possible that NP-25 

R111E disrupts the K110-E349 interaction as well. Intriguingly, the epidemic substitution NP-26 

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted October 29, 2018. ; https://doi.org/10.1101/454314doi: bioRxiv preprint 

https://doi.org/10.1101/454314
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

R111C slightly increases oligomerization compared to NP-R111, but to a lesser extent than NP-1 

R111E. Biochemically, 14% of cysteine residues (pKa = 8.18) (Nelson, Lehninger, and Cox 2 

2008) will be negatively charged at a typical intracellular pH of 7.4, in between lysine (100% 3 

positively charged) and arginine (100% negatively charged). Yet, NP-R111 and NP-R111C 4 

produce similar levels of minigenome transcription and replication, while NP-R111E and NP-5 

K109E/K110E/R111E are significantly ablated. This correlation between side chain charge, 6 

oligomerization, and transcription and replication hints at the possibility of subtle shifts in the NP 7 

structure and/or additional electrostatic interactions that coordinate NP's ability to influence all 8 

these different functions simultaneously.  9 

Findings from reporter-based assays are chiefly limited because such assays must still 10 

be supported by live virus experiments. Viral proteins like NP have multiple essential and 11 

accessory roles during infection, and despite our best efforts, we did not assay every function. 12 

There are innumerable molecular phenotypes that could not all be assayed (e.g., alterations to 13 

NP protein structure, localization, interaction binding sites, immune epitopes). Even for the 14 

functions studied here (VLP production, NP oligomerization, viral transcription/replication), 15 

predicting the effect of a mutation in an authentic live virus setting is challenging because active 16 

viral replication alters cellular pathways, and antiviral and other host pathways respond to 17 

infection. Here, we prioritized testing those phenotypes most likely to be affected based on the 18 

location of the R111 residue in the available NP crystal structures. 19 

Testing whether mutations affect fitness with live virus experiments brings additional 20 

challenges because different viral stocks and cultured cells versus animal models can cause 21 

discrepancies in results. For example, the SL1 clade-defining mutation, GP-A82V, has been 22 

shown numerous times to enhance EBOV infectivity in cell culture (Diehl et al. 2016; 23 

Urbanowicz et al. 2016; Dietzel et al. 2017; Ueda et al. 2017; Hoffmann et al. 2017; Wang et al. 24 

2017), using multiple EBOV surrogate systems (EBOV VLPs, retroviral particles pseudotyped 25 

with EBOV GP, and recombinant live virus (Dietzel et al. 2017)) and multiple cell types (e.g., 26 
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human monocyte-derived dendritic cells (Diehl et al. 2016)). However, results from a recent 1 

study using immunocompromised laboratory mice and non-human primates (Marzi et al. 2018) 2 

indicated that EBOV Makona viral isolates encoding GP-A82V lead to modestly decreased viral 3 

load compared those without the GP-A82V mutation. A second recent study found that GP-4 

A82V may induce slightly more morbidity and mortality in immunocompromised mice but not in 5 

ferrets (Wong et al. 2018). Findings could differ between studies because (Marzi et al. 2018) 6 

use clinical EBOV isolates, which contain multiple non-GP-A82V mutations in the reference 7 

sequence as well as dozens of minor allele mutations. By contrast, other researchers (Diehl et 8 

al. 2016; Urbanowicz et al. 2016; Dietzel et al. 2017; Ueda et al. 2017; Hoffmann et al. 2017; 9 

Wang et al. 2017) utilize monoclonal plasmids to drive EBOV gene expression, so only the 10 

desired mutation is present. Marzi and colleagues (Marzi et al. 2018) did not observe that EBOV 11 

viral isolates encoding GP-A82V replicate more efficiently in cell culture than those without the 12 

mutation, in direct contrast to another study (Dietzel et al. 2017) which used live EBOV 13 

generated from recombinant DNA plasmids. Additional mutations in the EBOV viral isolates or 14 

differing protocols may explain the discrepancy between the two studies. 15 

Limited recombinant live EBOV studies have been performed to test the impact of the 16 

NP-R111C substitution specifically. (Dietzel et al. 2017) showed that EBOV with GP-A82V and 17 

NP-R111C outcompetes an ancestral EBOV Makona in a head-to-head format in cultured cells, 18 

but did not measure the impact of NP-R111C alone. (Wong et al. 2018) found that NP-R111C 19 

alone increases viral replication in cell culture, decreases morbidity and mortality in 20 

immunocompromised mice, and does not differ from ancestral EBOV Makona in ferrets.  21 

The most direct way to test whether a viral mutation has functional consequence would 22 

be to generate a recombinant live EBOV bearing the mutation of interest, and to then infect non-23 

human primates in an animal BSL-4 setting (Marzi et al. 2018; Basler 2017). However, the vast 24 

majority of recombinant virus backbones are based on the EBOV Yambuku-Mayinga isolate 25 

(Volchkov et al. 2001; Neumann et al. 2002; Towner et al. 2005; Thomas Hoenen et al. 2013), 26 
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which differs from the desired EBOV Makona-C15 reference sequence by hundreds of 1 

mutations. Even an existing recombinant EBOV Makona virus backbone (Albariño et al. 2015)  2 

would require 7 or 8 back-mutations to achieve the Makona-C15 reference sequence. Future 3 

improvements in large plasmid assembly methodology (Gibson et al. 2009) will greatly facilitate 4 

the ability to rapidly generate new recombinant DNA plasmid sequence as novel EBOV variants 5 

emerge. Given current limitations and restrictions of BSL-4 settings and the severe impact and 6 

potential global threat of EVD epidemics, using BSL-2 model systems allows initial and more 7 

rapid and comprehensive exploration of any potentially consequential EBOV mutations.  8 

Our finding of the importance of the R111 residue and experimental systems established 9 

represent steps towards characterizing key EBOV mutations that arose during the 2013‒2016 10 

Western African EVD epidemic. These findings provide additional insight into the interplay 11 

between the many functions of NP in viral assembly and budding, oligomerization, and 12 

transcription and replication.   13 
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Materials and methods 1 

 2 

Key resources table 3 

Reagent type 
(species) or 
source 

Designation Source or 
reference 

Identifiers Additional 
information 

cell line (H. 
sapiens) 

Human 
embryonic 
kideny (HEK) 
293FT 

Thermo Fisher 
Scientific 

R70007   

cell line (H. 
sapiens) 

HEK 293 ATCC CRL-1573   

antibody mouse α-myc, 
clone 9B11 

Cell Signaling 
Technologies 

2276   

antibody mouse α-V5, 
clone SV5-Pk1 

Bio-Rad 
Laboratories 

MCA1360   

antibody mouse α-
AP1G1, clone 
100/3 

Sigma-Aldrich A4200-.2ML   

antibody mouse α-VPS35, 
clone B-5 

Santa Cruz 
Biotechnology 

sc-374372   

antibody mouse α-tubulin, 
clone B-7 

Santa Cruz 
Biotechnology 

sc-5286   

antibody normal mouse 
IgG 

Santa Cruz 
Biotechnology 

sc-2025   

antibody Peroxidase 
AffiniPure Goat 
Anti-Mouse IgG, 
Light Chain 
Specific 

Jackson 
ImmunoResearc
h 

115-035-174   

antibody rabbit α-V5, 
clone D3H8Q 

Cell Signaling 
Technologies 

13202   

antibody rabbit α-AP1M1, 
polyclonal 

Proteintech 12112-1-AP   

antibody rabbit α-VPS26, 
clone EPR13456 

Abcam ab181352   
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antibody normal rabbit 
IgG 

Santa Cruz 
Biotechnology 

sc-2027   

antibody Peroxidase 
AffiniPure Goat 
Anti-Rabbit IgG 
(H+L) 

Jackson 
ImmunoResearc
h 

111-035-144   

recombinant 
DNA reagent 

pGL4.23-
CMV/NP-V5 

this paper     

recombinant 
DNA reagent 

pGL4.23-
CMV/NP-myc 

this paper     

recombinant 
DNA reagent 

pGL4.23-
CMV/eGFP-V5 

this paper     

recombinant 
DNA reagent 

pcDNA3.1(+)/Bla
-VP40 

BEI Resources, 
(Manicassamy 
and Rong 2009) 

NR-19813   

recombinant 
DNA reagent 

pcDNA3.1(+)/NL
uc-VP40 

this paper     

recombinant 
DNA reagent 

pNL1.1/NLuc Promega N1001   

recombinant 
DNA reagent 

pcDNA3.3/KLF4 Addgene 
(Derrick Rossi), 
(Warren et al. 
2010) 

26815   

recombinant 
DNA reagent 

pLV-
WPRE/mCherry 

Addgene 
(Pantelis 
Tsoulfas) 

36084   

recombinant 
DNA reagent 

pcDNA3.3/eGFP
-V5 

this paper     

recombinant 
DNA reagent 

pGL4.23-
CMV/NP 

this paper     

recombinant 
DNA reagent 

pGL4.23-
CMV/GP-A82V 

(Diehl et al. 
2016) 

    

recombinant 
DNA reagent 

pGL4.23-
CMV/NP-NLuc 

this paper     

recombinant 
DNA reagent 

pGL4.23-
CMV/NP-
HaloTag 

this paper     

recombinant pcDNA3.3- this paper     
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DNA reagent WPRE/eGFP-
P2A-
VP35(NPBP)-V5 

recombinant 
DNA reagent 

mTagBFP2-
pBAD 

Addgene 
(Michael 
Davidson), 
(Subach et al. 
2011) 

54572   

recombinant 
DNA reagent 

pcDNA3.3-
WPRE/mTagBF
P2-V5 

this paper     

recombinant 
DNA reagent 

pCAGGS/L (Luke D. 
Jasenosky, 
Neumann, and 
Kawaoka 2010) 

    

recombinant 
DNA reagent 

pCAGGS/VP30 (Luke D. 
Jasenosky, 
Neumann, and 
Kawaoka 2010) 

    

recombinant 
DNA reagent 

pCAGGS/T7pol (Luke D. 
Jasenosky, 
Neumann, and 
Kawaoka 2010) 

    

recombinant 
DNA reagent 

pCAGGS/FLuc (Luke D. 
Jasenosky, 
Neumann, and 
Kawaoka 2010) 

    

recombinant 
DNA reagent 

pCAGGS/RLuc (Luke D. 
Jasenosky, 
Neumann, and 
Kawaoka 2010) 

    

recombinant 
DNA reagent 

pCAGGS/NP-
2A-VP35 

(Luke D. 
Jasenosky, 
Neumann, and 
Kawaoka 2010) 

    

sequence-based 
reagent 

NP-R111-NTerm Integrated DNA 
Technologies 

 GBlock with N-
terminus of 
EBOV/Mak-C15 
NP 

sequence-based 
reagent 

NP-R111-CTerm Integrated DNA 
Technologies 

 GBlock with C-
terminus of 
EBOV/Mak-C15 
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NP 

sequence-based 
reagent 

NP-R111C-fwd Integrated DNA 
Technologies 

CGTTTTGAAGT
CAAGAAGTGT
GATGGAGTGA
AGCGCC 

SDM primer to 
generate NP-
R111C 

sequence-based 
reagent 

NP-R111C-rev Integrated DNA 
Technologies 

GGCGCTTCAC
TCCATCACACT
TCTTGACTTCA
AAACG 

SDM primer to 
generate NP-
R111C 

sequence-based 
reagent 

NP-R111E-fwd Integrated DNA 
Technologies 

GGTTCCGTTTT
GAAGTCAAGA
AGGAGGATGG
AGTGAAGCGC
CTTG 

SDM primer to 
generate NP-
R111E 

sequence-based 
reagent 

NP-R111E-rev Integrated DNA 
Technologies 

CAAGGCGCTT
CACTCCATCCT
CCTTCTTGACT
TCAAAACGGA
ACC 

SDM primer to 
generate NP-
R111E 

sequence-based 
reagent 

NP-K109E-
K110E-fwd 

Integrated DNA 
Technologies 

GGGTTCCGTT
TTGAAGTCGA
GGAGGAGGAT
GGAGTGAAGC 

SDM primer to 
generate NP-
K109E & -K110E 

sequence-based 
reagent 

NP-K109E-
K110E-fwd 

Integrated DNA 
Technologies 

GCTTCACTCCA
TCCTCCTCCTC
GACTTCAAAAC
GGAACCC 

SDM primer to 
generate NP-
K109E & -K110E 

sequence-based 
reagent 

NP-dOD-fwd Integrated DNA 
Technologies 

CGAGTCTCAC
TGAATCTGACA
TGAGAGTCAT
CCCAGTGTAT
C 

SDM primer to 
generate NP-
ΔOD 

sequence-based 
reagent 

NP-dOD-rev Integrated DNA 
Technologies 

GATACACTGG
GATGACTCTCA
TGTCAGATTCA
GTGAGACTCG 

SDM primer to 
generate NP-
ΔOD 

sequence-based 
reagent 

NP-dC50-fwd Integrated DNA 
Technologies 

GGTAAAGAGT
ACACGTATCC
GTCTAGAGGT
AAGCCTATCC
C 

SDM primer to 
generate NP-
ΔC50 

sequence-based NP-dC50-rev Integrated DNA GGGATAGGCT SDM primer to 
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reagent Technologies TACCTCTAGAC
GGATACGTGT
ACTCTTTACC 

generate NP-
ΔC50 

sequence-based 
reagent 

BspEI_eGFP-
fwd 

Integrated DNA 
Technologies 

GATGCTTCCG
GACCACCATG
GTGAGCAAGG
GCGA 

PCR primer to 
generate eGFP 
with restriction 
enzyme sites as 
insert 

sequence-based 
reagent 

XbaI_eGFP-rev Integrated DNA 
Technologies 

TGTCCTTCTAG
ACTTGTACAGC
TCGTCCATGC 

PCR primer to 
generate eGFP 
with restriction 
enzyme sites as 
insert 

sequence-based 
reagent 

EBOV-Mak-C15-
VP40 

Integrated DNA 
Technologies 

 GBlock with 
EBOV/Mak-C15 
to replace 
EBOV/Yam-May 
in original vector 

sequence-based 
reagent 

VP40-L117R-
fwd 

Integrated DNA 
Technologies 

CTACGGCCGC
CATCATGCGT
GCTTCATATAC
TATCACCC 

SDM primer to 
generate VP40-
L117R 

sequence-based 
reagent 

VP40-L117R-rev Integrated DNA 
Technologies 

GGGTGATAGT
ATATGAAGCAC
GCATGATGGC
GGCCGTAG 

SDM primer to 
generate VP40-
L117R 

sequence-based 
reagent 

NP-
GSGGGSGGGT
-rev 

Integrated DNA 
Technologies 

TCCTCCAGATC
CTCCTCCGGA
TCCCTGATGAT
GTTGCAGGAT
TGC 

Inversion PCR 
primer to 
generate linear 
pGL4.23-CMV-
NP as vector for 
Gibson 
assembly 

sequence-based 
reagent 

pGL423-CTerm-
fwd 

Integrated DNA 
Technologies 

TAATCTAGAGT
CGGGGCGG 

Inversion PCR 
primer to 
generate linear 
pGL4.23-CMV-
NP as vector for 
Gibson 
assembly 

sequence-based 
reagent 

GSGGGSGGGT
-HaloTag-fwd 

Integrated DNA 
Technologies 

GGAGGAGGAT
CTGGAGGAGG
TACCGAAATC
GGTACTGGCT

PCR primer to 
generate linear 
HaloTag with 
Gly-rich spacer 
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TTCC as insert for 
Gibson 
assembly 

sequence-based 
reagent 

pGL423-
HaloTag-rev 

Integrated DNA 
Technologies 

CCGCCCCGAC
TCTAGATTAAC
CGGAAATCTC
CAGAGT 

PCR primer to 
generate linear 
HaloTag with 
Gly-rich spacer 
as insert for 
Gibson 
assembly 

sequence-based 
reagent 

GSGGGSGGGT
-nLuc-fwd 

Integrated DNA 
Technologies 

GGAGGAGGAT
CTGGAGGAGG
TACCATGGTCT
TCACACTCGAA
GA 

PCR primer to 
generate linear 
NLuc with Gly-
rich spacer as 
insert for Gibson 
assembly 

sequence-based 
reagent 

pGL423-nLuc-
rev 

Integrated DNA 
Technologies 

CCGCCCCGAC
TCTAGATTACG
CCAGAATGCG
TTCG 

PCR primer to 
generate linear 
NLuc with Gly-
rich spacer as 
insert for Gibson 
assembly 

sequence-based 
reagent 

pcDNA-EGFP-
fwd 

Integrated DNA 
Technologies 

GACCGATCCA
GCCTCCACCA
TGGTGAGCAA
GG 

PCR primer to 
generate linear 
EGFP with P2A 
peptide as insert 
for Gibson 
assembly 

sequence-based 
reagent 

P2A-EGFP-rev Integrated DNA 
Technologies 

AGGTCCAGGG
TTCTCCTCCAC
GTCTCCAGCC
TGCTTCAGCA
GGCTGAAGTT
AGTAGCTCCG
CTTCCCTTGTA
CAGCTCGTCC
ATGC 

PCR primer to 
generate linear 
EGFP with P2A 
peptide as insert 
for Gibson 
assembly 

sequence-based 
reagent 

pGL423-N-P2A-
rev 

Integrated DNA 
Technologies 

GCCCTTTGTTC
TAGTTGTCATA
GGTCCAGGGT
TCTCCTC 

PCR primer to 
generate linear 
EGFP with P2A 
peptide as insert 
for Gibson 
assembly 

sequence-based EBOV-Mak-C15- Integrated DNA GCCCTTTGTTC GBlock with full-
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reagent VP35 Technologies TAGTTGTCATA
GGTCCAGGGT
TCTCCTC 

length 
EBOV/Mak-C15 
VP35 

sequence-based 
reagent 

VP35-fwd Integrated DNA 
Technologies 

ATGACAACTAG
AACAAAGGGC
A 

PCR primer to 
generate linear 
VP35(NPBP) as 
insert for Gibson 
assembly 

sequence-based 
reagent 

V5-VP35-80aa-
rev 

Integrated DNA 
Technologies 

GTTAGGGATA
GGCTTACCTTA
TTAATTGCAAA
TTGGGTCCGT
TT 

PCR primer to 
generate linear 
VP35(NPBP) as 
insert for Gibson 
assembly 

sequence-based 
reagent 

BspEI_mTagBF
P2-fwd 

Integrated DNA 
Technologies 

GATGTCTCCG
GACCACCATG
GTGTCTAAGG
GCGAAGA 

PCR primer to 
generate 
mTagBFP2 with 
restriction 
enzyme sites as 
insert 

sequence-based 
reagent 

XbaI_mTagBFP
2-rev 

Integrated DNA 
Technologies 

TGTCCATCTAG
AATTAAGCTTG
TGCCCCAGTT 

PCR primer to 
generate 
mTagBFP2 with 
restriction 
enzyme sites as 
insert 

peptide, 
recombinant 
protein 

SureBeads 
Protein A 
Magnetic Beads, 
3 ml 

Bio-Rad 
Laboratories 

1614013   

peptide, 
recombinant 
protein 

SureBeads 
Protein G 
Magnetic Beads, 
3 ml 

Bio-Rad 
Laboratories 

1614023   

peptide, 
recombinant 
protein 

Protein A/G 
PLUS-Agarose 

Santa Cruz 
Biotechnology 

sc-2003   

peptide, 
recombinant 
protein 

Phusion High-
Fidelity PCR 
Master Mix with 
GC Buffer 

New England 
Biolabs 

M0532L   

commercial 
assay or kit 

Nano-Glo 
Luciferase 
Assay System 

Promega N1120   
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commercial 
assay or kit 

NanoBRET 
Nano-Glo 
Detection 
System 

Promega N1662   

commercial 
assay or kit 

Dual-Luciferase 
Reporter Assay 
System 

Promega E1980   

chemical 
compound, drug 

DMEM, high 
glucose, 
GlutaMAX 
Supplement, 
HEPES 

Thermo Fisher 
Scientific 

10564029   

chemical 
compound, drug 

Fetal Bovine 
Serum, certified, 
One Shot 
format, US origin 

Thermo Fisher 
Scientific 

A3160402   

chemical 
compound, drug 

Penicillin-
Streptomycin 

Thermo Fisher 
Scientific 

15140122   

chemical 
compound, drug 

MEM Non-
Essential Amino 
Acids Solution 
(100X) 

Thermo Fisher 
Scientific 

11140050   

chemical 
compound, drug 

Sodium 
Pyruvate 
(100mM) 

Thermo Fisher 
Scientific 

11360070   

chemical 
compound, drug 

Opti-MEM I 
Reduced Serum 
Media 

Thermo Fisher 
Scientific 

31985062   

chemical 
compound, drug 

Opti-MEM I 
Reduced Serum 
Medium, no 
phenol red 

Thermo Fisher 
Scientific 

11058021   

chemical 
compound, drug 

Lipofectamine 
2000 
Transfection 
Reagent 

Thermo Fisher 
Scientific 

11668019   

chemical 
compound, drug 

TransIT-LT1 Mirus Bio MIR 2300   

chemical 
compound, drug 

PBS, pH 7.4 Thermo Fisher 
Scientific 

10010049   
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chemical 
compound, drug 

Sucrose Sigma-Aldrich 84097-250G   

chemical 
compound, drug 

Polyvinylpyrrolid
one 

Sigma-Aldrich 234257-5G   

chemical 
compound, drug 

Dimethyl 
sulfoxide, 
ReagentPlus, 
≥99.5% 

Sigma-Aldrich D5879-100ML   

chemical 
compound, drug 

PageBlue 
Protein Staining 
Solution 

Thermo Fisher 
Scientific 

24620   

chemical 
compound, drug 

2x Laemmli 
Sample Buffer 

Bio-Rad 
Laboratories 

1610737   

chemical 
compound, drug 

SuperSignal 
West Pico 
Chemiluminesce
nt Substrate 

Thermo Fisher 
Scientific 

34078   

software, 
algorithm 

Virus Pathogen 
Database and 
Analysis 
Resource (ViPR) 

(Pickett et al. 
2012) 

  Accessed 
October 2017 

software, 
algorithm 

MAFFT (Katoh and 
Standley 2013) 

v6.902b   

software, 
algorithm 

trimAI (Capella-
Gutiérrez, Silla-
Martínez, and 
Gabaldón 2009) 

v1.4   

software, 
algorithm 

RAxML (Stamatakis, 
Ludwig, and 
Meier 2005) 

v7.3.0   

software, 
algorithm 

PyMOL Schrödinger, 
(Schrödinger, 
LLC 2015) 

v2.0.3   

software, 
algorithm 

ImageJ (Schneider, 
Rasband, and 
Eliceiri 2012) 

    

software, 
algorithm 

SEQEST Thermo Fisher 
Scientific, (Eng, 
McCormack, and 
Yates 1994) 
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software, 
algorithm 

Contaminant 
Repository for 
Affinity 
Purification 
(CRAPome) 

(Mellacheruvu et 
al. 2013) 

v1.1 Accessed 
November 2015 

software, 
algorithm 

Search Tool for 
the Retrieval of 
Interacting 
Genes/proteins 
(STRING) 

(Snel 2000; 
Szklarczyk et al. 
2015) 

v10 Accessed 
November 2015 

software, 
algorithm 

Cytoscape (Shannon et al. 
2003) 

v3.4.0   

software, 
algorithm 

Prism GraphPad 
Software 

v7.0c   

software, 
algorithm 

R (R Core Team 
2016) 

v3.3.1   

software, 
algorithm 

nlstools' 
package in R 

(Baty et al. 
2015) 

v1.0-2   

software, 
algorithm 

ggplot2' package 
in R 

(Wickham 2016) v2.2.1   

other 0.45 µm, 
Acrodisc Syringe 
Filter with HT 
Tuffryn 
Membrane 

Pall Laboratory 4184   

other BioCoat Poly-D-
Lysine 6-well 
Clear Flat 
Bottom TC-
treated Multiwell 
Plate 

Corning 356413   

other 96-well Black 
Flat Bottom 
Polystyrene NBS 
Microplate 

Corning 3991   

other BioCoat Poly-D-
Lysine 96-well 
Black/Clear Flat 
Bottom TC-
treated 
Microplate 

Corning 356640   

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted October 29, 2018. ; https://doi.org/10.1101/454314doi: bioRxiv preprint 

https://doi.org/10.1101/454314
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

other 4–15% Mini-
PROTEAN TGX 
Precast Protein 
Gels, 10-well, 30 
µL 

Bio-Rad 
Laboratories 

4561083   

 1 

Ebola virus genome sequences and phylogenetic analysis 2 

We obtained Ebola virus (EBOV) genomes from the US National Institute of Allergy and 3 

Infectious Diseases (NIAID) Virus Pathogen Database and Analysis Resource (ViPR) through 4 

the web site at http://www.viprbrc.org/ (Pickett et al. 2012) on October 2017. We removed short 5 

sequences, sequences from tissue-cultured EBOV isolates, duplicate sequences from the same 6 

clinical EVD case, and sequences with >0.2% ambiguous or missing nucleotide calls. The final 7 

dataset consisted of 1,823 EBOV complete or near-complete genomes.  8 

We aligned these genomes with MAFFT v6.902b (Katoh and Standley 2013) using the 9 

parameters (L-INS-i):–localpair–maxiterate 1000–reorder–ep 0.123. We trimmed the alignment 10 

using trimAl v1.4 (Capella-Gutiérrez, Silla-Martínez, and Gabaldón 2009) with -automated1. 11 

Lastly, we generated a maximum likelihood tree with RAxML v7.3.0 (Stamatakis, Ludwig, and 12 

Meier 2005) under a generalized time-reversible (GTRɣ) nucleotide substitution model with 100 13 

bootstrap pseudoreplicates. 14 

For functional characterization, we used the genome sequence of Ebola virus/H.sapiens-15 

wt/GIN/2014/Makona-C15 (EBOV/Mak-C15; GenBank #KJ660346.2; Filoviridae: Zaire 16 

ebolavirus) as the EBOV Makona variant reference sequence for NP, VP40, VP35, and GP 17 

analyses and cloning, unless otherwise noted. The structural analysis of EBOV NP was based 18 

on the Ebola virus/H.sapiens-tc/COD/1976/Yambuku-Mayinga NP (EBOV/Yam-May) crystal 19 

structure under Protein Data Bank (PDB) #4YPI (Leung et al. 2015), with manual annotation of 20 

key residues based on results of other studies (Leung et al. 2015; Kirchdoerfer et al. 2015). The 21 

structure of EBOV/Mak-C15 NP has not yet been elucidated, but the amino acid sequence is 22 

98% identical (14 mutations / 739 residues) to EBOV/Yam-May NP, and the N-terminal 450 23 
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amino acids of the two variants are 99.3% identical (3 mutations / 450 residues). The 1 

subtomogram averaged electron microscopy (EM) NP structure (also derived from EBOV/Yam-2 

May) was accessed from PDB #6EHL (Wan et al. 2017). We visualized all structures using 3 

PyMOL (Schrödinger, New York City, NY) (Schrödinger, LLC 2015). 4 

 5 

Constructs and cloning 6 

We performed all assays with the same mammalian expression vector for EBOV NP and its 7 

mutants. We synthesized EBOV NP-R111 in 2 dsDNA gBlocks (Integrated DNA Technologies 8 

[IDT], Coralville, IA) and cloned these into pGL4.23-CMV (described in (Diehl et al. 2016)) 9 

modified with a C-terminal V5 peptide tag. To generate all NP mutants, we performed a 10 

modified site-directed mutagenesis (SDM) protocol on this plasmid, as described in (Diehl et al. 11 

2016). For many assays, we expressed enhanced green fluorescent protein (eGFP) in place of 12 

NP as a negative control; we generated the corresponding vector by cloning eGFP into 13 

pcDNA3.3-CMV (Thermo Fisher Scientific, Waltham, MA) modified by a sequence encoding an 14 

in-frame C-terminal V5 peptide tag. 15 

For the VLP budding assay, we additionally constructed a plasmid to express a 16 

NanoLuc-EBOV Makona-C15 VP40 (NLuc-VP40) fusion protein. To create this plasmid, we 17 

obtained a pcDNA3.1(+)-based vector expressing β-lactamase (Bla) fused to EBOV/Yam-May 18 

(Bla-VP40) through the US National Institutes of Health (NIH)/NIAID Biodefense and Emerging 19 

Infections Research Resources Repository (BEI Resources, Manassas, VA; #NR-19813) 20 

(Manicassamy and Rong 2009). We replaced the Bla gene with the gene encoding NanoLuc 21 

(NLuc) from pNL1.1 (Promega, Madison, WI), and replaced the EBOV/Yam-May VP40 22 

sequence with that of EBOV/Mak-C15 from a gBlock (IDT). pNL1.1, which expresses NLuc 23 

alone without VP40, was used as a negative control. As an additional negative control, we 24 

performed SDM to introduce a VP40 L117R mutation into the NLuc-VP40-encoding vector 25 

based on loss-of-function (LOF) induced by this mutation as reported in (Bornholdt et al. 2013). 26 
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For EM experiments, we additionally co-expressed EBOV glycoprotein (GP) from a pGL4.23-1 

CMV vector (Diehl et al. 2016).  2 

For co-immunoprecipitation (co-IP) and oligomerization studies, we generated numerous 3 

versions of EBOV/Mak-C15 NP in the pGL4.23-CMV backbone. For a traditional dual-tag co-IP-4 

western blot (WB) strategy, we generated pGL4.23-CMV/NP-myc and pGL4.23-CMV/NP-V5, 5 

with both tags at the C-terminus of the fusion protein. For the bioluminescence resonance 6 

energy transfer (BRET) oligomerization assay, we replaced the C-terminal V5 tag with either a 7 

HaloTag or a NLuc tag from the NanoBRET Nano-Glo Detection System (Promega). As a 8 

negative control, we generated NP-ΔOD by SDM to remove NP amino acids 20‒38, thereby 9 

abrogating NP oligomerization (Kirchdoerfer et al. 2015).  10 

For BRET experiments aimed at studying the NP-VP35 interaction, we modified the 11 

pcDNA3.3 backbone (pcDNA3.3/KLF4 was a gift from Derrick Rossi; Addgene, Cambridge, MA; 12 

plasmid #26815) (Warren et al. 2010) with a V5 peptide tag and a woodchuck hepatitis virus 13 

post-transcriptional regulatory element (WPRE) to increase insert expression, using pLV-14 

WPRE/mCherry, a gift from Pantelis Tsoulfas (Addgene; plasmid #36084) as source material. 15 

We then cloned in eGFP, porcine teschovirus 1 2A peptide (P2A) (Kim et al. 2011), and 16 

EBOV/Mak-C15 VP35 from a gBlock (IDT) into a single open reading frame (ORF) upstream of 17 

the WPRE. The NP-binding peptide (NPBP) of EBOV VP35 was cloned in a similar manner, but 18 

only included amino acids 1‒80 (Kirchdoerfer et al. 2015). As a negative control, we also cloned 19 

mTagBFP2 into the pcDNA3.3-WPRE-V5 backbone, using mTagBFP2-pBAD, a gift from 20 

Michael Davidson (Addgene; plasmid #54572) (Subach et al. 2011) as source material . 21 

 22 

For minigenome experiments, plasmids are described in (Luke D. Jasenosky, Neumann, and 23 

Kawaoka 2010). In this system, EBOV RNA-dependent RNA polymerase (L), viral cofactor 24 

proteins (VP30 and VP35), and NP were derived from EBOV/Yam-May and expressed from a 25 
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pCAGGS vector. We replaced EBOV/Yam-May NP with EBOV/Mak-C15 NP and its variants 1 

before measuring minigenome activity. 2 

 3 

Cell culture and plasmid transfections 4 

Unless otherwise specified, we grew human embryonic kidney (HEK) 293FT cells (Thermo 5 

Fisher Scientific; #R70007) in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal 6 

bovine serum, 100 U/mL penicillin/streptomycin, non-essential amino acids, and sodium 7 

pyruvate (Thermo Fisher Scientific), at 37 °C with 5% CO2.  8 

 For most assays, we performed lipid-based reverse transfection using Lipofectamine 9 

2000 (Thermo Fisher Scientific). For a 6-well plate, we incubated 2 µg of plasmid DNA with 125 10 

µL of Opti-MEM (Thermo Fisher Scientific) at room temperature for 5 min. We incubated this 11 

mixture with 10 µL of Lipofectamine 2000 in 115 µL of Opti-MEM at room temperature for 45 12 

min. We added all 250 µL of the DNA:lipid mixture to a well of a 6-well plate, and then added 13 

trypsin-harvested cells. For smaller or larger plates, amounts were scaled accordingly. For 14 

BRET experiments, we used Opti-MEM without phenol red (Thermo Fisher Scientific) to 15 

minimize background fluorescence from culture media. 16 

 For the minigenome assay and electron microscopy, we performed forward transfection 17 

by incubating DNA with TransIT-LT1 (Mirus Bio, Madison, WI) in a 1:3 DNA:reagent ratio in 18 

Opti-MEM for 20 min at room temperature, and then added the mixture dropwise onto cells in 6- 19 

or 12-well plates. 20 

 21 

Virion-like particle (VLP) budding assay 22 

We grew cells to near confluency, harvested following trypsinization, reverse-transfected, and 23 

plated them in 6-well poly-D-lysine plates (Corning, Corning, NY). We reverse-transfected each 24 
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well with 50 ng of pcDNA3.1/NLuc-VP40 or pNL1.1/NLuc negative control and 2000 ng of 1 

pGL4.23-CMV/NP-V5, NP mutants, or pcDNA3.3/eGFP negative control.  2 

At 16 h post-transfection, we removed supernatant, washed the cells with DMEM, and 3 

added 1.5 mL of fresh DMEM. 24 h later (40 h post-transfection), we harvested culture 4 

supernatant and filtered it through an Acrodisc 0.45 µm low protein-binding filter (Pall 5 

Laboratory, Port Washington, NY). We underlaid 1 mL of filtered supernatant with 1 mL of 20% 6 

(w/v) sucrose (Sigma-Aldrich) in phosphate-buffered saline (PBS) and ultracentrifuged at 7 

222,000 x g at 4 °C for 2 h. We aspirated the supernatant and sucrose, and resuspended the 8 

pellet in 170 µL of PBS and rocked at room temperature for 1 h. We aliquoted resuspended 9 

VLPs into 3 x 50 µL as technical triplicates, added 50 µL of Nano-Glo assay reagent (Promega) 10 

to each replicate, and incubated in 96-well non-binding-surface plates (Corning) in the dark at 11 

room temperature for 10 min. We measured total luminescence on a SpectraMax L (Molecular 12 

Devices, Sunnyvale, CA) over a 1 s integration. Technical triplicates were averaged and 13 

considered as a single biological replicate. For each NP mutant and control, we performed 6 14 

biological replicates.  15 

For the thermal stability assay, the same protocol was used with reverse transfection of 16 

50 ng of pcDNA3.1/NLuc-VP40 per well, except that we heated 1.2 mL of filtered supernatant 17 

on a Mastercycler pro S thermocycler (Eppendorf, Hamburg, Germany) at 4, 22, 37.1, 43.8, 18 

60.2, or 95 °C, for 30 min. We saved 50 µL of sample at each temperature point for direct NLuc 19 

measurement. Subsequently, we carried out the remainder of the standard protocol described 20 

above by ultracentrifugation of 1 mL of heated supernatant through sucrose to purify VLPs, and 21 

subsequent measurement of NLuc activity as described above. For each temperature, we 22 

performed 3 biological replicates.  23 

 24 
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Electron Microscopy (EM) 1 

We seeded 6 x 105 HEK 293 cells per well in 6-well plates. The following day, we transfected 2 

each well with 1250 ng of pcDNA3.1(+)-VP40 (untagged), 930 ng of pGL4.23-CMV/NP or 3 

pGL4.23-CMV/NP-R111C (both untagged), and 310 ng of pGL4.23-CMV/GP-A82V (Diehl et al. 4 

2016) using 6.25µl of TransIT-LT1 (Mirus Bio). We changed media the next morning. 48 h later, 5 

we harvested culture supernatant, filtered it through a 0.45 µm filter, and overlaid it on a 20% 6 

(w/v) sucrose in TNE (10 mM Tris-Cl, 100 mM NaCl, 1 mM EDTA pH 7.5) cushion. VLPs were 7 

pelleted by ultracentrifugation at 222,000 x g for 2 h at 4 °C. We aspirated the supernatant and 8 

sucrose, washed the pellet gently with 1 mL of ice-cold PBS, and resuspended VLPs in 100 µL 9 

of 2% FBS in PBS and stored VLPs at 4 °C prior to EM. 10 

We prepared samples for EM based on our previously described protocol (Gao and 11 

Hendricks 2012). Briefly, we performed all spreads on freshly prepared Carbon stabilized 12 

Formvar Support films on 200 mesh copper grids. We adsorbed VLPs onto a carbon-coated 13 

Formvar support films for 30 s. We removed excess liquid with filter paper and negatively 14 

stained the samples immediately by running 6 drops of 1% uranyl acetate over the grid to 15 

contrast the VLPs. We removed excess stain and air-dried the samples in a controlled humidity 16 

chamber. We then examined the samples using a FEI Tecnai 12 Spirit BioTwin transmission 17 

electron microscope (Thermo Fisher Scientific) using an accelerating voltage of 120 Kv. We 18 

captured micrographs at various magnifications to record the fine structure of VLPs and 19 

exported micrographs into ImageJ (Schneider, Rasband, and Eliceiri 2012) to measure the 20 

length and volume of individual particles. 21 

 22 

Co-immunoprecipitation (co-IP) 23 

We washed cells in 6-well plates with PBS, harvested by scraping, pelleted, and resuspended 24 

cells in 30 uL of 1.2% (w/v) polyvinylpyrrolidine (PVP) in 20 mM 4-(2-hydroxyethyl)-1-25 
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piperazineethanesulfonic acid (HEPES) buffer pH 7.4, and snap-froze with liquid nitrogen. We 1 

lysed cells with 250‒500 µL of pre-chilled lysis buffer with end-over-end rotation at 4 °C for 30 2 

min, pelleted membranous debris at 8000 x g at 4 °C for 10 min, and saved an aliquot as input. 3 

To capture the target protein, we prepared a mixture of 25 µL each of Protein A and Protein G 4 

SureBeads Magnetic Beads (Bio-Rad), and bound 1‒2 µg of primary antibody by rotation at 5 

room temperature for 20 min. We washed the bead-antibody complexes thrice with lysis buffer, 6 

and then incubated with cleared cell lysate while rotating the mixture at 4 °C for 2 h. After 7 

capture, we washed beads six times with wash buffer followed by a final wash with PBS, and 8 

eluted proteins by boiling in 50 µL of Laemmli sample buffer (Bio-Rad) at 95 °C for 10 min. We 9 

separated proteins by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 10 

and detected proteins of interest by chemiluminescent WB. 11 

For reciprocal co-IP experiment in Figure 4B, we instead captured protein complexes 12 

with Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, Dallas, TX). In this setup, 13 

we first incubated cleared cell lysate with 1‒2 µg of primary antibody, rotated at 4 °C for 2‒4 h, 14 

and then added 40 µL of protein A/G agarose beads, and rocked at 4 °C overnight. We washed 15 

bead-antibody complexes four times with wash buffer, twice with PBS, and eluted proteins as 16 

described above. 17 

For the dual-tag co-IP-WB for NP oligomerization, we used RIPA buffer (50 mM Tris pH 18 

6.8, 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 1% (w/v) Triton X-100 (Sigma-Aldrich)) as 19 

both the lysis and wash buffer because the NP-NP interaction is very strong (Watanabe, Noda, 20 

and Kawaoka 2006). 21 

 22 

Western blot (WB) 23 

We loaded the specified amount of input into 10% acrylamide SDS gels, and ran at 180 V until 24 

complete. We transferred protein to Immun-Blot PVDF membranes (Bio-Rad) in a wet tank 25 

either at 200 mA for 1.5 h at 4 °C, or at 40 V overnight at 4 °C. We blocked membranes by 26 
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rocking in blocking buffer consisting of 5% non-fat dry milk (Santa Cruz Biotechnology) 1 

dissolved in tris-buffered saline with 0.1% Tween 20 (TBS-T) buffer for 1 hr at room 2 

temperature. We incubated membranes with primary antibody in blocking buffer for 45 mins, 3 

washed the membrane three times in TBS-T, incubated with HRP-conjugated secondary 4 

antibody in blocking buffer for 1 hr, and washed the membrane three times. We detected 5 

chemiluminesence with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 6 

Scientific), and imaged with an AlphaInnotech ChemiImager (ProteinSimple, San Jose, CA) or 7 

FluorChem E (ProteinSimple) CCD camera. 8 

 9 

 10 

BRET NP oligomerization assay 11 

We grew cells to near confluency, harvested by trypsinization, reverse-transfected, and plated 12 

cells in poly-D-lysine 96-well black/clear flat bottom plates (Corning). We reverse-transfected 13 

each well with 10 ng of pGL4.23-CMV/NP-NLuc or pNL1.1/NLuc negative control and 100 ng of 14 

pGL4.23-CMV/NP-HaloTag or pcDNA3.3/eGFP negative control. At the start of transfection, we 15 

also added dimethylsulfoxide (DMSO) control or HaloTag NanoBRET 618 ligand in DMSO 16 

(NanoBRET Nano-Glo Detection System, Promega) to cell culture media at a final concentration 17 

of 100 nM.  18 

At 24 h post-transfection, we added 1:100 NanoBRET Nano-Glo Substrate, incubated 19 

cells in the dark at room temperature for 45 min, and measured luminescence on a DTX880 20 

Multimode Detector (Beckman Coulter, Brea, CA) with emission filters of 625/35 nm (HaloTag 21 

ligand acceptor signal), and then 465/35 nm (NLuc donor signal), both over 1 s integrations. We 22 

calculated BRET signal as the 625 nm / 465 nm ratio for a sample subtracted by the same ratio 23 

for its corresponding DMSO (no HaloTag ligand) control, per manufacturer's protocol. 24 

For the VP35 inhibition experiment, we reverse-transfected each well with 2 ng of 25 

pGL4.23-CMV/NP-NLuc and 10 ng of pGL4.23-CMV/NP-HaloTag. To test a range of 26 
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VP35(NPBP) expression, we co-transfected decreasing amounts of pcDNA3.3-WPRE/eGFP-1 

P2A-VP35(NPBP) plasmid. To ensure that each well received the same total amount of DNA, 2 

we also co-transfected increasing amounts of control pcDNA3.3-WPRE/mTagBFP2 plasmid. 3 

We serially diluted pcDNA3.3-WPRE/eGFP-P2A-VP35(NPBP) plasmid in control pcDNA3.3-4 

WPRE/mTagBFP2 plasmid, as described in the manufacturer's protocol. We performed the 5 

remainder of the standard BRET protocol as described above and collected 3 biological 6 

replicates.  7 

For the donor saturation setup, we reverse-transfected all wells with 2 ng of pGL4.23-8 

CMV/NP-NLuc. To test a range of NP-HaloTag expression, we co-transfected decreasing 9 

amounts (80, 20, 5, 0 ng) of pGL4.23-CMV/NP-HaloTag or pcDNA3.3/eGFP negative control. 10 

To ensure that each well received the same total amount of DNA, we also co-transfected 11 

increasing amounts of control pcDNA3.3/eGFP plasmid. We serially diluted pGL4.23-CMV/NP-12 

HaloTag or pcDNA3.3/eGFP in control pcDNA3.3/eGFP plasmid, as described in the 13 

manufacturer's protocol. We collected 6 biological replicates for each NP mutant and controls.  14 

 15 

Minigenome assay 16 

Screening of NP mutants was done as described in (Luke D. Jasenosky, Neumann, and 17 

Kawaoka 2010). We seeded HEK 293T cells into 12-well plates, grew to 70% confluence, and 18 

transfected with 2 µg of pCAGGS/L, 0.25 µg of pCAGGS/VP30, 0.5 µg of pCAGGS/T7pol, 0.5 19 

µg of 3E5E/T7-FLuc, 0.1 µg of pCAGGS/RLuc, and 0.75 µg of pCAGGS/NP-2A-VP35 for each 20 

NP mutant. After 2 days, we washed and lysed cells with 100 µL of 1X Passive Lysis Buffer 21 

(Dual Luciferase Assay Kit, Promega), freeze-thawed lysates, and cleared by centrifugation. We 22 

incubated 10 µL of lysate with 50 µL of Luciferase Assay Reagent II, allowed the mixture to 23 

settle for 2 s, and integrated luminescence for 10 s on a Spark 10M microplate reader (Tecan, 24 

Zürich, Switzerland) to measure FLuc activity. We then added 50 µL of Stop & Glow reagent 25 

and integrated luminescence for 10 s to measure RLuc activity. FLuc activity from the EBOV 26 
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minigenome was normalized to the co-transfected RLuc control. Data are presented as the 1 

percent of the ancestral EBOV/Mak-C15 NP normalized FLuc activity and represent the result of 2 

three replicates.  3 

 4 

Co-IP and Tandem Mass Spectrometry (MS/MS) 5 

For mass spectrometry and reciprocal co-IPs of AP1 protein complexes, we used the mild lysis 6 

and wash buffers, slightly modified from another study (Lin et al. 2013). Mild buffer consisted of 7 

20 mM K-HEPES buffer pH 7.4, 100 mM NaOAc, 2 mM MgCl2, 0.1% (v/v) Tween 20, 250 mM 8 

NaCl, 0.5% (v/v) Triton X-100, 4 µg/mL DNase I (QIAgen, Hilden, Germany), 2 µg/mL RNase A 9 

(QIAgen), 1/200 (v/v) each phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich), and 1/100 10 

(v/v) protease inhibitor mixture (Sigma-Aldrich). Wash buffer consisted of 20 mM K-HEPES pH 11 

7.4, 100 mM NaOAc, 2 mM MgCl2, 0.1% (v/v) Tween 20, 500 mM NaCl, and 0.5% (v/v) Triton 12 

X-100.  13 

To assess protein-protein interactions of NP, we scaled up our co-IP protocol. We grew 14 

two 15-cm2 plates of cells to 40‒60% confluence and transfected with 32 µg of pGL4.23-15 

CMV/NP-myc encoding either the NP-R111 or the NP-K109E/K110E/R111E mutants. After 48 16 

h, we harvested cells by scraping and lysed in 2.5 mL of mild lysis buffer. 17 

We performed co-IP of myc-tagged NP complexes using 25 µg of mouse α-myc IgG or 18 

irrelevant normal mouse IgG at 4° C overnight, and bound complexes to 250 µL of protein A/G 19 

agarose beads at 4° C for 2 h. We washed beads as described above and eluted proteins in 20 

120 µL of Laemmli sample buffer at 95 °C for 10 min. We separated proteins by SDS-PAGE, 21 

visualized with PageBlue Protein Staining Solution (Thermo Fisher), and excised lanes 22 

excluding IgG chains. 23 

We cut gel bands into approximately 1-mm3 pieces and performed a modified in-gel 24 

trypsin digestion procedure (Shevchenko et al. 1996). We dehydrated pieces with acetonitrile for 25 

10 min, dried them completely in a speed-vac pump, and rehydrated with 50 mM ammonium 26 
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bicarbonate solution containing 12.5 ng/µl of modified sequencing-grade trypsin (Promega) at 4 1 

°C for 45 min. To extract peptides, we replaced the solution with 50 mM trypsin-free ammonium 2 

bicarbonate solution and incubated at 37 °C overnight. We washed once with 50% acetonitrile 3 

and 1% formic acid, dried in a speed-vac pump for ~1 h and then stored at 4 °C. On the day of 4 

analysis, we reconstituted peptides in 5‒10 µl of high-performance liquid chromatography 5 

(HPLC) solvent A (2.5% acetonitrile, 0.1% formic acid). We packed nano-scale reverse-phase 6 

HPLC capillary columns with 2.6 µm C18 spherical silica beads into fused silica capillary tubes 7 

(100 µm inner diameter x ~25 cm length) using flame-drawn tips (Peng and Gygi 2001). After 8 

equilibrating the columns, we loaded each sample via a Famos autosampler (LC Packings, San 9 

Francisco, CA). Peptides were eluted with increasing concentrations of solvent B (97.5% 10 

acetonitrile, 0.1% formic acid). 11 

Peptides were detected by MS/MS on an LTQ Orbitrap Velos Pro ion-trap mass 12 

spectrometer (Thermo Fisher). We matched MS/MS fragmentation spectra to human forward 13 

protein databases and against reverse databases to a 1‒2% false discovery rate using the 14 

SEQUEST database search program (Thermo Fisher) (Eng, McCormack, and Yates 1994). We 15 

computed unique and total peptide spectra matches (PSMs) for each identified protein. 16 

To generate a list of putative NP interacting partners, we filtered proteins with at least 2 17 

unique PSMs in co-IPs of both NP-R111 and NP-K109E/K110E/R111E, and at least 2-fold 18 

greater-than-average PSM enrichment of ɑ-myc co-IP over both IgG controls combined. To 19 

eliminate abundant and ‘sticky’ proteins, we normalized average PSM enrichment against PSMs 20 

identified in all 411 Contaminant Repository for Affinity Purification (CRAPome) version 1.1 21 

experiments (Mellacheruvu et al. 2013), a collection of proteins identified in negative control 22 

isolations. From each replicate, we used the top 10% proteins enriched versus CRAPome 23 

experiments for Search Tool for the Retrieval of Interacting Genes/proteins (STRING) version 24 

10 analysis (Snel 2000; Szklarczyk et al. 2015) and visualized interactions with Cytoscape 25 
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(Shannon et al. 2003). See Supplementary file S1 for raw and filtered peptide/protein PSM 1 

counts. 2 

 3 

Statistical analysis 4 

We performed all hypothesis testing using Prism 7 (GraphPad Software, La Jolla, CA) and all 5 

non-linear curve fitting using R (R Core Team 2016) and the 'nlstools' package (Baty et al. 6 

2015). We generated most plots using the 'ggplot2' package in R (Wickham 2016). 7 

We quantified raw NLuc intensities from VLPs produced from expression of NLuc-VP40, 8 

NLuc-VP40-L117R, or NLuc alone with n = 6 biological replicates each. To assess statistical 9 

significance, we performed a repeated measures ANOVA (rANOVA) with Dunnett's post-test in 10 

which each condition was compared to NLuc-VP40 to generate an adjusted p-value. 11 

To measure the impact of NP genotype on VLP production, we co-expressed NLuc-12 

VP40 and NP-R111 or NP mutants (R111C, R111E, K109E/K110E/R111E, ΔC50 - a 50 amino 13 

acid truncation of the NP C-terminus (Licata et al. 2004)) or eGFP control. rANOVA revealed 14 

significant day-to-day (replicate-to-replicate) variability; therefore, we normalized NLuc 15 

intensities for all NP mutants to NP-R111 for each replicate. We performed Dunnett's post-test 16 

with the normalization group NP-R111 removed (since variance and degrees of freedom of NP-17 

R111 are both 0 after normalization) and compared each NP mutant or eGFP versus 1 to 18 

generate an adjusted p-value.  19 

To determine whether heating disrupted VLPs, we expressed NLuc-VP40 and heated 20 

cell culture supernatant to 4, 22, 37.1, 43.8, 60.2, or 95 °C either before or after purifying VLPs 21 

via ultracentrifugation with n = 3 biological replicates in a repeated measures design. We 22 

normalized NLuc values for all temperatures to the 4 °C value for each replicate, log-23 

transformed the normalized values, and fit the data to sigmoidal curves using the 'nls' function in 24 

R:  25 

log10(NLuc.Norm) ~ min + max/(1 + e(midpt - temp)/scale)            (1) 26 
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, where temperature is the independent variable, NLuc.Norm is the dependent variable, and 1 

min, max, midpt, and scale are all constants to be fitted. Additionally, we tested whether NLuc 2 

intensity differed with heating to 60.2 °C either before or after purifying VLPs with a paired t-test.  3 

 For the VLP35 inhibition using BRET, we expressed varying amounts of VP35 NP 4 

binding peptide in the presence of NP-NLuc and NP-HaloTag with n = 3 biological replicates for 5 

each VP35 expression level. We fit the inverse function to data using the 'nls' function in R:  6 

BRET ~ scale/(VP35 + max) + min              (2) 7 

, where VP35 expression is the independent variable, BRET is the dependent variable, and 8 

scale, max, and min are constants to be fitted. In the non-linear regression, scale = 1.9 x 105, 9 

max = 3.4 x 104, and min = 0.49, leading to the model:  10 

BRET ~ 1.88 x 105/(VP35 + 3.53 x 104) + 0.49            (3) 11 

This model suggests that, in the absence VP35 expression (VP35 = 0), the maximum BRET 12 

signal would be 5.80; with very high VP35 expression (VP35 → ∞), the minimum BRET signal 13 

would be 0.49. To determine the appropriateness of the non-linear regression, we calculated the 14 

residual/total sum of squares to be 0.95, very close to the perfect regression value of 1. To 15 

calculate confidence intervals, we used the 'nlstools' package to generate 999 bootstrap 16 

pseudoreplicates, inferred parameters for each pseudoreplicate, and plotted the central 95% of 17 

values as a shaded region. 18 

For donor saturation assay using BRET, we performed the BRET protocol with NLuc- 19 

and HaloTag-tagged version of NP-R111 or NP mutants or eGFP control with n = 6 biological 20 

replicates for each HaloTag expression level. We fit the data to Michaelis-Menten curves using 21 

the 'nls' function in R:  22 

BRET ~ vmax * NP-HaloTag / (Km + NP-HaloTag)            (4) 23 

, where the concentration of NP-HaloTag is the independent variable, BRET is the dependent 24 

variable, and vmax and Km are constants to be fitted. For NP-R111 or each NP mutant or eGFP 25 
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control, we inferred vmax and Km and generated 95% confidence intervals using 'nlstools' as 1 

described above. Data points from eGFP and NP-ΔOD controls failed to generate appropriate 2 

curve fits. To determine whether the remaining curve fits were significantly different from each 3 

other, we performed ANOVA with Dunnett's post-test in which NP-R111C, NP-R111E, and NP-4 

K109E/K110E/R111E were compared to NP-R111 to generate an adjusted p-value using Prism 5 

7. 6 
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All data generated or analyzed during this study are included in the manuscript and supporting 1 

files.  2 
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Figure Legends 1 

 2 

Figure 1. The Ebola virus nucleoprotein mutation R111C emerged alongside a GP-A82V 3 

mutation and lies outside of established NP known functional domains. 4 

(A) Phylogenetic analysis of the 2013–2016 Ebola virus disease (EVD) epidemic. We 5 

constructed a maximum likelihood tree based on 1,823 EBOV genome sequences, and colored 6 

branches based on GP-82 and NP-111 alleles. No GP-A82/NP-R111C sequences were 7 

detected. Arrowheads point to the emergence of the GP-A82V (green) and NP-R111C (blue) 8 

mutations compared to genomes encoding the ancestral GP-A82/NP-R111 alleles (tan). The 9 

scale bar denotes substitutions/nucleotide. 10 

(B) Number of EVD cases over time, stratified by genotype. Coloring is identical to Figure 1A. 11 

(C) Schematic of NP. R111 (yellow) lies in an un-annotated region within the N-terminal lobe. 12 

Key residues for known NP interactions are highlighted. 13 

(D) Crystal structure (PDB #4YPI) of NP. Though the precise location of the oligomerization 14 

domain has yet to be determined by crystallography (orange dashed line), the R111 residue 15 

(yellow) is located on the same face as residues proximal to the oligomerization domain 16 

(orange), but opposite to the VP35 (magenta) and RNA (red) interaction interfaces. 17 

 18 

Figure 2. Ebola virus nucleoprotein mutation R111C increases budding of virion-like 19 

particles. 20 

(A) Schematic of the virion-like particle (VLP) budding assay. We transfect plasmid encoding 21 

NLuc-VP40 to form luminescent VLPs, and co-transfect NP-expressing plasmids to measure the 22 

impact of NP genotype on VLP budding. 23 

(B) VLP budding assay control. VP40 loss-of-function mutant L117R fails to form VLPs. n = 6 24 
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biological replicates. 1 

(C) VLP budding with NP mutants. NP-R111C (red) significantly increases budding compared to 2 

wild-type NP-R111 (tan). The charge-reversal mutants NP-R111E (light blue) and NP-3 

K109E/K110E/R111E (dark blue) do not affect VLP budding compared to NP-R111 as indicated 4 

by lack of statistical significance. p-values were calculated using Dunnett’s test. n = 6 biological 5 

replicates. 6 

 7 

Figure 3. Ebola virus nucleoprotein residue 111 significantly affects oligomerization of 8 

NP. 9 

(A) Schematic of the NP oligomerization assay. We co-express NP fused to NLuc (donor) and 10 

HaloTag (acceptor). Binding and oligomerization brings the tags into close spatial proximity, 11 

allowing bioluminescence resonance energy transfer (BRET) and emission at 625 nm. 12 

(B) Oligomerization assay controls. Absence of either tag, free NLuc, or deletion of the NP 13 

oligomerization domain (∆OD) reduces BRET signal.  14 

(C) EBOV VP35 NP-binding peptide (NPBP) disrupts NP oligomerization. In addition to 15 

expressing NP-NLuc and NP-HaloTag, we co-expressed varying amounts of eGFP-P2A-16 

VP35(NPBP). Data (n = 3 biological replicates) are fit to an inverse function. Shading indicates 17 

95% confidence intervals based on 999 bootstrap pseudoreplicates. 18 

(D) Donor saturation assay with NP mutants. We expressed a constant amount of NP-NLuc 19 

donor and titrated increasing amounts of NP-HaloTag acceptor to generate saturation curves (n 20 

= 6 biological replicates). We fitted data to Michaelis-Menten kinetics and calculated maximum 21 

oligomerization (Max) and Km for each NP mutant. NP-R111C (red), NP-R111E (light blue), and 22 

NP-K109E/K110E/R111E (dark blue) mutants significantly increased oligomerization compared 23 

to NP-R111 (tan). NP-∆OD (gray) yielded much weaker oligomerization, and eGFP (black dots 24 
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near x-axis) did not produce data suitable for curve fitting. Shading indicates 95% confidence 1 

intervals based on 999 bootstrap pseudoreplicates. N = 6 biological replicates. 2 

 3 

Figure 4. Ebola virus nucleoprotein interacts with the AP-1 clathrin adaptor complex 4 

independent of the nucleoprotein residue 111 allele. 5 

(A) IP-MS/MS and STRING analysis of proteins co-immunoprecipitating with NP-myc, with both 6 

ancestral R111 and triple charge-reversal (EEE) NP-myc mutants.  7 

(B) Reciprocal co-IP of NP with AP-1 and vacuolar protein sorting (VPS) antibodies. Adaptor 8 

related protein complex 1 subunit gamma 1 (AP1G1), and mu 1 (AP1M1) are strong interactors 9 

of NP, whereas VPS35 is one of several weak interactors. 10 

(C) Reciprocal co-IP of all NP mutants and eGFP negative control with α-AP1G1 antibody. No 11 

apparent difference was observed between any NP mutant or NP-R111 ancestor. 12 

 13 

Figure 5. Ebola virus nucleoprotein position 111 influences viral transcription and 14 

replication. 15 

We expressed NP mutants or ancestral NP-R111 in the presence of the EBOV replication 16 

complex (L, VP30, VP24), a minigenome (MG) encoding a firefly luciferase reporter gene, and a 17 

Renilla luciferase loading control. Absence of L, VP30, or minigenome abolished firefly 18 

luciferase signal. Both NP-R111E and NP-K109E/K110E/R111E charge-reversal mutants 19 

significantly decrease MG activity. p-values are calculated using Dunnett’s test. n = 3 biological 20 

replicates. 21 

 22 
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Figure S1. Additional EBOV NP structural data. 1 

(A) Electron microscopy subtomogram average (PDB #6EHL) of NP. The R111 residue (yellow) 2 

lies in β strand 2 (β-2), anti-parallel to strand β-1 (blue) and the oligomerization domain 3 

(orange). 4 

(B) Ebolavirus sequence alignment of residues surrounding R111. We compared sequences 5 

from the National Center for Biotechnology Information RefSeq database for 6 ebolaviruses and 6 

overlaid secondary structure as in another study (Wan et al. 2017). The shaded yellow region 7 

from residues 109–111 indicates a patch of basic residues that is relatively well conserved. The 8 

oligomerization domain (orange) is nearly completely conserved. A key electrostatic NP-NP 9 

interaction between K110 on one NP monomer and E349 on a different NP monomer (Sugita et 10 

al. 2018), is also highly conserved. 11 

 12 

Figure S2. VLP budding assay. 13 

(A) Heating supernatant prior to ultracentrifugation results in loss of VLP luminescence signal. 14 

We expressed NLuc-VP40 in cells, collected total supernatant, and heated at a gradient of 15 

temperatures. We then either measured luminescence directly to assess NLuc thermal stability 16 

(blue), or pelleted VLPs and then measured luminescence to assess VLP stability (tan). Data (n 17 

= 3 biological replicates) were normalized to 4 °C, log-transformed, and fit to sigmoidal curves.  18 

(B) EM of VP40 VLPs created by with co-expression of GP-A82V and NP mutants or ancestral 19 

NP-R111. 20 

(C) Quantification of VLP size and volume. 21 

 22 

Figure S3. BRET NP oligomerization assay. 23 

Co-immunoprecipitation (co-IP) western blot (WB) NP oligomerization assay. Deletion of NP 24 
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residues 20–38 (∆OD) eliminates oligomerization. We co-expressed myc- and V5-tagged NP or 1 

NP∆OD, lysed cells, and performed co-IP targeting either the myc (blue) or the V5 (orange) 2 

tags, or IgG isotype controls, followed by detection of co-eluting proteins by western blot (WB). 3 

Oligomerization is indicated by heterologous detection (IP myc and WB band for V5, and vice 4 

versa) and did not occur with NP∆OD. NP and NP∆OD run at the same apparent molecular 5 

weight. The H and L chains of the co-IP antibody were detected by WB using a secondary 6 

antibody.  7 
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Figure 1 1 
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Figure 2 1 
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Figure 3 1 
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Figure 4 1 
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Figure 5 1 
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Figure S1 1 
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Figure S2 1 
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Figure S3 4 
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