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Abstract 23 

Within infected host cells, mammalian orthoreovirus (MRV) forms viral factories 24 

(VFs) which are sites of viral transcription, translation, assembly, and replication. MRV 25 

non-structural protein, μNS, comprises the structural matrix of VFs and is involved in 26 

recruiting other viral proteins to VF structures. Previous attempts have been made to 27 

visualize VF dynamics in live cells but due to current limitations in recovery of 28 

replicating reoviruses carrying large fluorescent protein tags, researchers have been 29 

unable to directly assess VF dynamics from virus-produced μNS. We set out to develop a 30 

method to overcome this obstacle by utilizing the 6 amino-acid (CCPGCC) tetracysteine 31 

(TC)-tag and FlAsH-EDT2 reagent. The TC-tag was introduced into eight sites 32 

throughout μNS, and the capacity of the TC-μNS fusion proteins to form virus factory-33 

like (VFL) structures and colocalize with virus proteins was characterized. Insertion of 34 

the TC-tag interfered with recombinant virus rescue in six of the eight mutants, likely as a 35 

result of loss of VF formation or important virus protein interactions. However, two 36 

recombinant (r)TC-μNS viruses were rescued and VF formation, colocalization with 37 

associating virus proteins, and characterization of virus replication were subsequently 38 

examined. Furthermore the rTC-μNS viruses were utilized to infect cells and examine VF 39 

dynamics using live cell microscopy. These experiments demonstrate active VF 40 

movement with fusion events as well as transient interactions between individual VFs, 41 

and demonstrate the importance of microtubule stability for VF fusion during MRV 42 

infection. This work provides important groundwork for future in depth studies of VF 43 

dynamics and host cell interactions. 44 

Importance 45 
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MRV has historically been used as a model to study the double-stranded RNA 46 

(dsRNA) Reoviridae family, which infect and cause disease in humans, animals, and 47 

plants. During infection, MRV forms VFs that play a critical role in virus infection, but 48 

remain to be fully characterized. To study VFs, researchers have focused on visualizing 49 

the non-structural protein μNS which forms the VF matrix. This work provides the first 50 

evidence of recovery of replicating reoviruses in which VFs can be labeled in live cells 51 

via introduction of a TC-tag into the μNS open reading frame. Characterization of each 52 

recombinant reovirus sheds light on μNS interactions with viral proteins. Moreover, 53 

utilizing the TC labeling FlAsH-EDT2 biarsenical reagent to visualize VFs, evidence is 54 

provided of dynamic VF movement and interactions at least partially dependent on intact 55 

microtubules.  56 

Introduction 57 

Mammalian orthoreovirus (MRV) is a segmented, double-stranded RNA 58 

(dsRNA) virus that has been utilized as a tool to study the life cycle of the virus family 59 

Reoviridae. The virus is also of particular interest as it is classified as an oncolytic virus 60 

and is currently being studied in various pre-clinical and clinical trials to treat multiple 61 

tumor types (1). During MRV infection, inclusion bodies called viral factories (VFs) 62 

form, which were first identified in 1962 and later described as small particles that 63 

coalesced to form a reticulum-like structure around the nucleus (2, 3). VFs have 64 

historically been hypothesized to be the location of viral replication and assembly of viral 65 

core particles (4, 5), and recent data showing core particle recruitment and positive strand 66 

RNA synthesis at VFs (6, 7) and translation of viral RNA within and around VFs (8) 67 

suggest they are also the site of viral transcription and translation. 68 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 9, 2017. ; https://doi.org/10.1101/174235doi: bioRxiv preprint 

https://doi.org/10.1101/174235


VFs are largely comprised of the viral non-structural protein μNS which is 69 

suggested to be the only virus protein required to form the matrix of VFs (9). When 70 

expressed in transfected cells from a plasmid, μNS forms inclusions similar to VFs that 71 

are termed viral factory-like (VFL) structures (9). Moreover, μNS formation of VFLs 72 

results in specific VFL localization of each of the five viral structural proteins that make 73 

up the core particle (λ1, λ2, λ3, σ2, and μ2), the non-structural σNS protein that is 74 

involved in virus translation and replication, as well as the intact core particle itself (6, 9-75 

11). The mechanism of VFL formation by μNS is not fully understood, however, several 76 

regions of the protein, including the carboxyl (C)-terminal 7 amino-acids (AA), and a 77 

putative metal chelating structure formed by AA His570 and Cys572 have been shown to 78 

be necessary for VFL formation in transfected cells and replication in infected cells (12-79 

14). Additionally, the C-terminal 250 amino-acids (AA 471-721) of μNS, which 80 

comprise a predicted coiled-coil domain, are sufficient to form VFL structures (12, 15). 81 

Deletion of AA 471-561 disrupts VFL formation, suggesting this region also plays a role 82 

in the assembly of these structures (12).  83 

Much of the work defining VFs has been done using transient transfection of 84 

plasmids expressing μNS and other virus proteins, primarily because it has thus far been 85 

difficult to visualize these proteins during infection in live cells. While researchers have 86 

been able to add fluorescent tags to viral proteins in other viruses and recover 87 

recombinant virus, the MRV genome has only recently been made amenable to reverse 88 

genetics technologies (16-19). Utilizing this technology, a virus in which the coding 89 

region within the S4 gene segment was replaced by the EGFP gene has been recovered, 90 

however, this virus replicates only when propagated in cells expressing the S4 gene 91 
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product σ3 (16). Both replicating and non-replicating recombinant viruses have also been 92 

recovered with fluorescent proteins iLOV and UnaG independently expressed 93 

downstream of the N-terminal half of viral spike protein, σ1 (σ1-N), as well as a fusion 94 

of σ1-N with UnaG which could infect cells but was unable to replicate in the absence of 95 

wildtype MRV (19, 20). In addition, recombinant reoviruses in which small protein 96 

coding sequences (6His, HA-tag, and 3HA-tag) were added to the σ1 protein have been 97 

recovered (21). However, there is currently no other published evidence of a replicating, 98 

recombinant virus in which μNS or other viral proteins have been successfully tagged 99 

with fluorescent or other tags. To overcome this difficulty visualizing VFs in infected live 100 

cultures, cells transiently expressing EGFP-μNS have been infected with intermediate 101 

subvirion particles (ISVPs) (8), and VFs formed by the dual expression of virus 102 

expressed μNS and EGFP-μNS have been examined. This has led to important findings 103 

including demonstrating the interaction of the cellular vesicular network with VFs during 104 

infection; however, the addition of the non-wildtype EGFP-μNS may alter VF function 105 

and virus replication complicating interpretation of results. The ability to rescue a 106 

replicating recombinant virus expressing a fluorescent or fluorescent competent tagged 107 

μNS would allow for direct visualization of VF dynamics in MRV infected cells. 108 

One possible solution for tagging the μNS protein within the viral genome is to 109 

exploit the 4,5–bis(1,3,2-dithioarsolan-2-yl)fluorescein, also known as the fluorescein 110 

arsenical helix binder, bis-EDT adduct (FlAsH-EDT2) which fluoresces green when 111 

bound to a small 6 AA tag (CCXXCC) (22). FlAsH-EDT2 was first described in 1998 112 

and was shown to fluoresce when bound to two pairs of cysteines separated by two 113 

amino-acids (CCXXCC) referred to as a tetracysteine (TC)-tag (22). This technique has 114 
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been utilized in several recombinant viruses including HIV-1 to visualize TC-Gag protein 115 

during infection, and in bluetongue virus, a member of the Reoviridae family, to label 116 

viral protein VP2 to visualize virus particle entry (23, 24). Once the TC-tag is added to a 117 

protein, FlAsH-EDT2, which contains two 1,2-ethanedithiol motifs, creates covalent 118 

bonds with the TC motif resulting in fluorescence. FlAsH-EDT2 can be added at any 119 

time post infection (p.i.) allowing for visualization of TC-tagged proteins throughout the 120 

virus life cycle. As CCPGCC is rare to find within natural proteins and is the preferred 121 

FlAsH-EDT2 binding sequence (25), it is a good AA sequence to use for the TC-tag, 122 

resulting in highly specific FlAsH-EDT2 binding with little background fluorescence.  123 

In this study we introduced the CCPGCC TC-tag in frame into eight sites 124 

throughout the μNS protein and examined the impact of the insertion on known μNS 125 

functions. We further demonstrated that we could rescue recombinant viruses expressing 126 

the TC-tag at two sites within μNS. Recombinant (r)TC-μNS viruses were characterized 127 

with regard to replication, VF formation, and stability of the TC-tag within the M3 128 

genome segment over multiple viral passages. Finally, rTC-μNS viruses were used to 129 

examine μNS and VF dynamics in live cells, and to observe the role of microtubules in 130 

VF fusion and movement throughout the cell. 131 

Materials and methods 132 

Cells, viruses, antibodies, and reagents. CV-1, Vero, and BHK-T7 cells (26) were 133 

maintained in Dulbecco’s modified Eagles’s medium (DMEM) (Invitrogen Life 134 

Technologies) supplemented with 10% or 2% (Vero during virus amplification) fetal 135 

bovine serum (Atlanta Biologicals), penicillin (100 I.U./ml) streptomycin (100 μg/ml) 136 

solution (Mediatech), and 1% MEM non-essential amino-acids solution (HyClone).To 137 
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maintain the T7 polymerase 1 mg/ml of G418 (Alexis Biochemical) was added every 138 

fourth passage to BHK-T7s. L929 cells were maintained in Joklik modified minimum 139 

essential medium (Sigma-Aldrich) supplemented with: 2% fetal bovine serum, 2% 140 

bovine calf serum (HyClone), 2 mM L-glutamine (Mediatech), and penicillin (100 141 

I.U./ml) streptomycin (100 μg/ml) solution. Our laboratory stock of MRV strain type 1 142 

Lang (T1L) originated from the laboratory of B. N. Fields. The virus was propagated and 143 

purified as previously described (27). Primary antibodies used were as follows: 144 

monoclonal mouse anti-FLAG (α-FLAG) antibody (Sigma Aldrich, F1804), monoclonal 145 

mouse α-HA antibody (ThermoFisher, 26183), polyclonal mouse α-μNS, polyclonal 146 

rabbit α-μNS, α-μ2, and T1L α-virion antibodies (9, 27-29), monoclonal mouse α-σNS 147 

(3E10) and α-λ2 (7F4) antibodies deposited in the Developmental Studies Hybridoma 148 

Bank (DSHB) by Dermody, T.S. (30, 31), and rabbit α-MRV(core) (32). Secondary 149 

antibodies used are Alexa 594- and 488-conjugated donkey anti-mouse or anti-rabbit IgG 150 

antibodies (Invitrogen Life Technologies). FlAsH-EDT2 (ThermoFisher, Cayman 151 

Chemical) was used at a final concentration of 2.5 μM. Nocodazole (Acros Organics) 152 

was used at a final concentration of 10 μM.  153 

Plasmid construction. pCI-σNS, pCI-λ1, pCI-λ2, pCI-λ3/HA, and pCI-σ2 were 154 

previously described (6, 10, 11). The T1L MRV reverse genetics plasmids pT7-M1-S1-155 

S2-S4-RZ, pT7-L3-S3-RZ, pT7-L1-M2-RZ, pT7-L2 and pT7-M3 were previously 156 

described (16, 17). The Flag-tagged μ2 plasmid (pCI-Flag/Μ1 T3DC) was made by PCR 157 

amplification of a plasmid encoding the Flag-tag and the M1 5’ end (nts 1-564)  using 158 

forward and reverse primers (IDT) containing an XhoI site and an EcoRV site 159 

respectively, flanking Flag-M1 gene sequence homology. The PCR product and pCI-μ2 160 
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(33) were digested with XhoI and EcoRV and ligated. The TC-tagged μNS plasmids 161 

were constructed utilizing synthetic dsDNA gBlocks (IDT) containing each of the 162 

described mutations and the surrounding μNS sequence flanked on each end by 163 

restriction sites as follows: TC-μNS(#1) (SacI-BbvCI), TC-μNS(#2) (BbvCI-XmaI), TC-164 

μNS(#4) and TC-μNS(#5) (BclI-BstEII), TC-μNS(#6) and TC-μNS(#7) (BstEII-SalI), 165 

TC-μNS(N-term) (SacI-PciI), and TC-μNS(C-term) (SalI-NotI). Each gBlock and pT7-166 

M3 were digested with the indicated restriction enzymes, and vector and insert fragments 167 

were ligated. All restriction enzymes were purchased from NEB. 168 

Transfection, infection and reverse genetics. For transfections and infections, BHK-T7 169 

and CV-1 cells were seeded at a concentration of 2.0x105 and 1.0x105 cells per well, 170 

respectively, in 12-well plates containing 18 mm glass coverslips the day before 171 

transfection or infection. For transfection, 1 μg of plasmid DNA and 3 μl of TransIT-LT1 172 

reagent (Mirus Bio) were added to 100 μl of Opti-MEM reduced serum medium 173 

(Invitrogen Life Technologies), incubated at room temperature for 30 mins, added 174 

dropwise to cells, and incubated at 37oC overnight. CV-1 cells were infected with T1L, 175 

rTC-μNS(C-term-T1L)/passage 5 (P5), or rTC-μNS(#7-T1L)/P5 at an MOI = 1 for 1 h 176 

with shaking and then incubated at 37oC overnight. For reverse genetics, 5.0x105 BHK-177 

T7 cells were plated on a 6-well plate (9.5 cm2) (Corning Inc.) and transfected as 178 

previously described (27). The cells were incubated for six days at which point cells and 179 

media were subjected to three freeze/thaw cycles, and standard L929 cell plaque assays 180 

were performed (34). Recovered plaques were passaged ten times on Vero cells for 7-28 181 

days to allow for replication of slow growing virus. 182 
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Immunofluorescence assay. 18 h post-transfection (p.t.) or p.i.,  cells were treated or not 183 

with FlAsH-EDT2 diluted to 2.5 μM in Opti-MEM (Invitrogen Life Technologies) for 184 

45-90 mins then fixed with 4% paraformaldehyde for 20 mins, and washed twice with 185 

phosphate buffered saline (PBS) (137 mM NaCl, 3 mM KCl, 8 mM Na2HP04, 1.5 mM 186 

KH2PO4, pH 7.4). Cells were permeabilized with 0.2% Triton X-100 in PBS for 5 mins, 187 

washed twice with PBS, and blocked with 1% bovine serum albumin in PBS (PBSA) for 188 

10 mins. Cells were then incubated for 45 min at room temperature with primary 189 

antibodies diluted in PBSA and washed two times with PBS, followed by incubation with 190 

secondary antibody diluted in PBSA for 30 mins and two additional PBS washes. 191 

Labeled cells were mounted with ProLong Gold antifade reagent with DAPI (4, 6-192 

diamidino-2-phenylindole dihydrochloride) (Invitrogen Life Technologies) on slides. 193 

Each coverslip was then examined on a Zeiss Axiovert 200 inverted microscope equipped 194 

with fluorescence optics. Representative pictures were taken by a Zeiss AxioCam MR 195 

colour camera using AxioVision software (4.8.2). Plot profiles were utilized using 196 

ImageJ (2.0.0-rc-49/1.51d) to determine pixel intensity of viral protein localization 197 

relative to μNS-labeled VFLs to compare wildtype μNS to TC-μNS. A significant 198 

difference (p < 0.05), denoted as a (-) in Table 1, was determined using JMP Pro (12.0.1). 199 

Images were prepared using Adobe Photoshop and Illustrator software (Adobe Systems).  200 

Replication assay. L929 cells were seeded at a concentration of 2.5x106 cells per 60 mm 201 

dish (Corning Inc.). 24 h post-seeding, cells were infected with wildtype T1L, rTC-202 

μNS(C-term-T1L)/P2 or /P7, or rTC-μNS(#7-T1L)/P2 virus at an MOI of 0.2. At 0, 12, 203 

24, 36, and 48 h p.i. cells were harvested and subjected to three freeze/thaw cycles, then 204 

standard MRV plaque assays were performed on L929 cells to determine viral titers (34). 205 
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The mean and standard deviation were determined from two experimental replicates in 206 

two different biological replicates. A student’s t-test was used to determine the p-value 207 

using Microsoft Excel (Microsoft Office). After the viral titer was determined 8% 208 

paraformaldehyde was added to each well and left to incubate overnight. The next day 209 

the paraformaldehyde and overlay was removed, and cells were washed with PBS twice, 210 

and 1% crystal violet in 20% ethanol was added and incubated at room temperature for 211 

15 mins. Cells were washed twice with water, and the plaques were imaged using a 212 

ChemiDoc XRS Imaging System (Bio-Rad). Plaque size was then determined by 213 

measuring five plaques from each virus using ImageJ (2.0.0-rc-49/1.51d) and the average 214 

was calculated. Images were prepared using Adobe Photoshop and Illustrator (Adobe 215 

Systems).  216 

Immunoblot. L929 cells were plated at a concentration of 1x106 cells per well in a 6-217 

well plate. 24 h post-seeding, cells were  mock infected or infected with T1L, rTC-218 

μNS(C-term-T1L)/P5, or rTC-μNS(#7-T1L)/P5 at an MOI = 0.25. At 0, 12, 24 and 48 h 219 

p.i. cells were washed twice with PBS and collected in 2X protein loading buffer (125 220 

mM Tris-HCl pH 6.8, 200 mM dithiothreitol (DTT), 4% sodium dodecyl sulfate (SDS), 221 

0.2% bromophenol blue, 20% glycerol). Alternatively, 5x105 PFUs of each virus was 222 

diluted to the same volume using PBS + 2 mM MgCl2 and then 2X protein loading buffer 223 

was added to each sample. Cell lysates/virions were separated by SDS-polyacrylamide 224 

gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose by electroblotting. 225 

Nitrocellulose membranes were incubated with primary and secondary antibodies in Tris 226 

buffered saline (20 mM Tris, 137 mM NaCl, pH7.6) with 0.25% Tween 20 (TBST) for 227 
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18 h and 4 h respectively, followed by addition of PhosphaGLO AP (SeraCare) substrate 228 

and imaging on a ChemiDoc XRS Imaging System (Bio-Rad). 229 

MRV genome analysis and reverse transcription. 1.0x108 PFUs of T1L, rTC-μNS(C-230 

term-T1L)/P2, /P5, /P7, or /P10, or rTC-μNS(#7-T1L)/P2 or /P5 and 1.0x109 PFUs of 231 

T1L (T1L 10X) were subjected to TRIzol LS (Life Technologies) extraction via 232 

manufacturer’s instructions. Briefly viruses were homogenized in TRIzol LS and the 233 

addition of chloroform separated each sample into proteins, DNA, and RNA phases. The 234 

RNA phase was collected and isopropanol and ethanol were added to precipitate and 235 

wash RNA.  Extracted RNA was separated on 10% SDS-PAGE at a constant 20 mA for 236 

12 hrs, and the gel was incubated in water with 3X gel red (Phenix Research Products) 237 

for 1 h and imaged on a ChemiDoc XRS Imaging System (Bio-Rad). Extracted RNA was 238 

also subjected to reverse transcription (RT)-PCR using SuperScript IV (Invitrogen Life 239 

Technologies) as per manufacturer’s instructions for sequencing. 240 

Live cell imaging of VFs. BHK-T7 and Vero cells were seeded on a 12 well, 14 mm 241 

glass bottom plate (MatTek Corporation) at a concentration of 2x105 and 7.5x104 cells 242 

per well, respectively, and then infected the following day with T1L at an MOI of 100, 243 

rTC-μNS(C-term-T1L)/P2 at an MOI of 5 (BHK-T7 cells), or rTC-μNS(C-term-T1L)/P5 244 

at an MOI of 100 (Vero cells). For BHK-T7 cells, at 18 h p.i., media was removed and 245 

cells were washed twice with DMEM without phenol red (HyClone) supplemented with 246 

penicillin (100 I.U./ml), streptomycin (100 μg/ml) solution, 1% MEM non-essential 247 

amino-acids solution, and 25 mM HEPES (4-(2-Hydroxyethyl)piperazine-1-248 

ethanesulfonic acid), followed by addition of FlAsH-EDT2 diluted to 2.5 μM in DMEM 249 

and incubated at 37oC with shaking every 15 mins for a total of 45 mins, at which point 250 
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800 μl of DMEM was added to each well and imaging was initiated. For Vero cells, at 10 251 

h p.i. cells were washed and treated with FlAsH-EDT2 until 12 h p.i. at which point 252 

FlAsH-EDT2 was removed, media was replenished and imaging was initiated. In 253 

experiments involving nocodazole, at 6 h p.i. 10 μM nocodazole was added and 254 

maintained throughout the experiment. All cells were examined using an Olympus IX071 255 

inverted fluorescence microscope on a vibration table, equipped with an environmental 256 

control chamber heated to 37oC. Still images and video were captured through a 40x 257 

apochromatic objective by a high resolution Hamamatsu CCD camera using MetaMorph 258 

for Olympus MetaMorph Advanced (V 7.7.7.0). All image exposure conditions were 259 

maintained throughout the experiment and background levels were set using FlAsH-260 

EDT2 expression in wildtype T1L infected cells. Still images were processed using 261 

ImageJ (2.0.0-rc-49/1.51d) and assembled for publication using Adobe Photoshop and 262 

Illustrator (Adobe Systems).  263 

Results 264 

Construction of plasmids expressing the TC-tag from within the μNS protein. 265 

Specific regions within the μNS protein have previously been identified that are required 266 

for recruitment of the viral core and six other MRV proteins to VFs, and for forming VFs 267 

(6, 7, 9, 10, 12) (Fig. 1A). As our goal was to rescue a type 1 Lang (T1L) MRV virus 268 

expressing the TC-tag, CCPGCC, from within the μNS protein, we reasoned that there 269 

would be sites of insertion that would not allow rescue of virus as a result of interference 270 

with μNS functions during infection. For this reason, to locate a position within the 271 

protein that would be tolerated during virus infection, we inserted the nucleotide 272 

sequence encoding CCPGCC at eight positions throughout a μNS-encoding M3 gene 273 
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expression plasmid. We initially reasoned that utilization of existing amino-acids of the 274 

TC-tag from within the μNS protein may prevent disruption of μNS function and 275 

constructed clones in which we incorporated the remainder of the tag into an existing PG, 276 

by flanking the PG residues with two CC residues at AA 28 [TC-μNS(#1)], 132 [TC-277 

μNS(#2)] and 334 [TC-μNS(#4)], or CP, by flanking the CP with a C and GCC at AA 278 

491 [TC-μNS(#5)]. Although μNS is highly conserved between strains, to improve our 279 

chance of success in rescuing a recombinant virus expressing a tagged μNS, we 280 

performed a sequence comparison between the μNS protein from the three major MRV 281 

serotypes (T1L, T2J, and T3D), and identified two areas of 6 AA that were not highly 282 

conserved. We replaced these regions with CCPGCC in the T1L μNS (TC-μNS(#6)- AA 283 

614 EAAAKC to CCPGCC, and TC-μNS(#7)- AA 545 QSLNAQ to CCPGCC). Finally, 284 

we reasoned we may be able to rescue a virus where the μNS protein sequence was not 285 

disrupted and the CCPGCC was added as a fusion to either the μNS amino (N)- or 286 

carboxyl (C)-terminus to make TC-μNS(N-term) and TC-μNS(C-term) (Fig. 1A).   287 

VFL formation and biarsenical labeling of TC-μNS in transfected cells. Insertion of 288 

the TC-tag does not ensure the protein will be labeled upon exposure to biarsenical 289 

compounds as folding of the tagged protein may prevent or interfere with compound 290 

binding. It is also plausible that the TC-tag would prevent VFL formation due to a 291 

conformational change in μNS resulting in loss of μNS-μNS association. In order to 292 

examine FlAsH-EDT2 labeling and VFL formation of the TC-μNS fusion proteins, we 293 

transfected BHK-T7 cells with plasmids expressing each of the eight TC-tagged proteins. 294 

At 18 h p.t., FlAsH-EDT2 reagent was added. We began to observe fluorescence within 295 

15 mins in most samples (data not shown), that increased in intensity throughout the 296 
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labeling period of 90 mins, at which point the FlAsH-EDT2 reagent was removed and 297 

cells were fixed and subjected to immunofluorescence assays with antibodies against 298 

μNS, followed by Alexa 594-conjugated secondary antibodies (Fig. 1B). Upon 299 

microscopic observation, we found colocalization of the FlAsH-EDT2 and μNS staining 300 

(Fig. 1B) indicating that the FlAsH-EDT2 was binding TC-μNS in six of the eight 301 

proteins, including TC-μNS(#1), TC-μNS(#4), TC-μNS(#6), TC-μNS(#7), TC-μNS(N-302 

term), and TC-μNS(C-term). TC-μNS(#5) exhibited weak FlAsH-EDT2 labeling, and 303 

TC-μNS(#2) did not exhibit detectable labeling, although there were high levels of μNS 304 

protein expressed in these cells. We next examined the effect of the TC-tag on mutant 305 

VFL formation and we found that TC-μNS(#1), TC-μNS(#4), TC-μNS(#6), TC-306 

μNS(#7), TC-μNS(N-term), and TC-μNS(C-term) formed VFLs. TC-μNS(#1), TC-307 

μNS(#4), and TC-μNS(N-term) had little to no diffuse μNS staining and formed 308 

subjectively tighter VFLs than TC-μNS(#6), TC-μNS(#7), and TC-μNS(C-term) which 309 

formed less distinct VFLs with varying levels of diffuse μNS staining. TC-μNS(#2) and 310 

TC-μNS(#5) did not form VFLs and instead were entirely diffuse in all transfected cells. 311 

These results suggest that the TC-tag can be added at multiple sites throughout the μNS 312 

protein without disrupting VFL formation and that the expressed TC-μNS protein was 313 

label-competent utilizing FlAsH-EDT2. 314 

Insertion of the TC-tag within the N-terminal two thirds of μNS leads to diminished 315 

recruitment of viral proteins to VFLs. We hypothesized that we could also utilize these 316 

mutants to learn more about μNS localization with MRV proteins by investigating the 317 

interaction of each mutant with individual virus proteins that were previously identified 318 
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as μNS associating partners. We separated the TC-μNS mutants based on previously 319 

identified functions of μNS to include the N-terminal third (AA 1-221), the central third 320 

(AA 222-470), and the C-terminal third (AA 471-721). Previous studies have found that 321 

the μNS N-terminal third is both necessary and sufficient to bind virus proteins σNS, μ2, 322 

λ1, λ2, and σ2, the C-terminal third is necessary and sufficient to bind λ3, form VFs, and 323 

bind cellular clathrin, and the central third, which has been implicated in recruiting 324 

cellular protein Hsc70 to VFs (6, 7, 9, 10, 12, 35, 36). To examine the impact of the 325 

introduced TC-μNS mutations we co-transfected cells with each pTC-μNS mutant or 326 

wildtype pT7-M3 along with plasmids expressing each of the other six virus proteins 327 

individually. As TC-μNS(#2) and TC-μNS(#5) did not form VFLs, we did not examine 328 

the impact of these mutations on μNS localization with other viral proteins. At 18 h p.t., 329 

cells were fixed and stained with antibodies against μNS and each respective protein or 330 

associated protein tag followed by Alexa 594- and 488-conjugated secondary antibodies. 331 

Three representative pictures of each condition were acquired and μNS recruitment of λ1, 332 

λ2, λ3, σ2, and σNS to VFLs, or μ2 recruitment of μNS to microtubules was quantified 333 

by comparing the pixel intensity of μNS and associating proteins at VFLs or 334 

microtubules. Each quantified interaction of TC-μNS and associating protein was made 335 

relative to wildtype μNS and a student’s t-test was used to determine if each TC-μNS 336 

mutant was significantly decreased, (p < 0.05) denoted by a (-), from wildtype (Table 1). 337 

We found that each TC-μNS mutant had a statistically significant diminished 338 

colocalization with one or more viral proteins with the exception of the C-terminal 339 

mutant which maintained wildtype levels of colocalization of all proteins. Since the N-340 

terminal third of μNS is necessary for multiple interaction with μNS associating proteins, 341 
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it is not surprising that the insertion within this coding region resulted in disruption of 342 

colocalization of the most proteins. As the central and C-terminal thirds of μNS are not 343 

implicated in viral protein recruitment to VFLs aside from λ3, it unclear why TC 344 

insertions in these regions result in decreased colocalization, but may suggest loss of 345 

proper μNS folding in these mutants. Altogether, these findings suggest that the C-346 

terminus may be the most amenable region of μNS for TC-tag insertion.  347 

Rescue of MRV expressing TC-μNS. All of the TC-μNS mutants were tested in a 348 

plasmid based reverse genetics approach to attempt to rescue viruses containing the 349 

CCPGCC motif in the μNS protein (17). Briefly, a modified version of the previously 350 

described T7-driven, 4 and 10 plasmid systems was used (17). Three plasmids from the 351 

four-plasmid system were used to provide 8 of the MRV genes (pT7-M1-S1-S2-S4, pT7-352 

L3-S3, pT7-L1-M2). The L2 and M3 wildtype and M3 TC mutant genes were each 353 

provided from individual plasmids (pT7-L2, pT7-M3/TC-M3 mutants). Plasmids were 354 

co-transfected into BHK-T7 cells, and incubated for six days at which point cells and 355 

media were harvested and subjected to three freeze/thaw cycles, followed by standard 356 

MRV plaque assay on L929 cells (34). Three experiments were done for each mutant, 357 

and wildtype M3 and no M3 plasmid positive and negative controls were included in 358 

each experiment. To allow for slow growing viruses, plaque assays were incubated for 359 

five days and monitored each day for plaques. In each experiment there were greater than 360 

104 plaques formed in the positive control and no plaques formed in the negative control. 361 

There were also no plaques recorded in any experiment with pTC-μNS(N-term), pTC-362 

μNS(#1), pTC-μNS(#2), pTC-μNS(#4), pTC-μNS(#5) or pTC-μNS(#6). However, we 363 

observed plaques forming from days 3-5 on a single experiment with pTC-μNS(#7) and 364 
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pTC-μNS(C-term), suggesting we had recovered rTC-μNS(#7-T1L) and rTC-μNS(C-365 

term-T1L) viruses with TC-tagged μNS. Plaques were picked and the viruses were 366 

passaged ten times on Vero cells to amplify the viruses. After two passages, CV-1 cells 367 

were infected with recombinant viruses and were labeled with FlAsH-EDT2 18 h p.i. and 368 

subsequently prepared for immunofluorescence to label μNS. We observed FlAsH-EDT2 369 

labeling of μNS and VFs in cells infected with each virus (Fig. 2) indicating we had 370 

recovered two fluorescent competent, recombinant viruses. While both viruses exhibited 371 

FlAsH-EDT2 labeling, rTC-μNS(#7-T1L) factories were qualitatively less fluorescent 372 

than rTC-μNS(C-term-T1L) factories. 373 

TC-μNS containing viruses exhibit growth deficiencies. After two passages of both 374 

rTC-μNS(#7-T1L) and rTC-μNS(C-term-T1L) viruses were titered on L929 cells and 375 

replication assays were performed to determine the fitness of the recombinant viruses 376 

relative to wildtype T1L. Following infection with an MOI of 0.2, samples were taken at 377 

0, 12, 24, 36, and 48 h p.i., freeze/thawed three times, and subjected to plaque assays on 378 

L929 cells (Fig. 3A). While both recombinant viruses replicated comparable to wildtype 379 

up to 12 h p.i. we observed a statistically significant attenuation of virus replication at 24, 380 

36, and 48 h p.i. in the recombinant viruses relative to wildtype. Overall the wildtype 381 

virus replicated to between 10- and 100-fold higher than rTC-μNS(#7-T1L) and rTC-382 

μNS(C-term-T1L) after 24 h p.i. Despite this attenuation, recombinant viruses were able 383 

to replicate to about 103 fold relative to time zero at 48 h p.i., suggesting they were 384 

capable of completing the entire virus life cycle, albeit slower than wildtype T1L (Fig. 385 

3A). We additionally measured the plaque size of each virus and found that rTC-μNS(#7-386 

T1L) and rTC-μNS(C-term-T1L) plaques were 55% and 45% the size of wildtype 387 
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plaques, respectively (Fig. 3B). These findings suggest that addition of the TC-tag in the 388 

C-terminal third of μNS inhibits viral infection relative to wildtype virus, however, both 389 

rTC-μNS(#7-T1L) and rTC-μNS(C-term-T1L) replicated to titers that should be 390 

sufficient for live cell imaging. 391 

Recombinant viruses retain recruitment of μNS associating proteins to VFs. In an 392 

attempt to explain the attenuated nature of rTC-μNS(#7-T1L) and rTC-μNS(C-term-T1L) 393 

we examined μNS recruitment of viral proteins to VFs in cells infected with each 394 

recombinant virus. CV-1 cells were infected with T1L, rTC-μNS(C-term-T1L)/P5, or 395 

rTC-μNS(#7-T1L)/P5 at an MOI of 1 and at 18 h p.i. cells were fixed and stained with 396 

antibodies against μNS and σNS, λ2, μ2, or the core particle followed by Alexa 594- and 397 

488-conjugated secondary antibodies (Fig. 4A-C). The core antibody has been shown to 398 

bind λ1, λ2, and σ2 (6), and we do not have access to an antibody that specifically 399 

detects λ3. We observed recruitment of σNS, λ2, and the core proteins to VFs and 400 

recruitment of VFs to microtubules in both recombinant viruses, with rTC-μNS(C-term-401 

T1L) displaying a qualitatively more similar phenotype to wildtype virus compared to 402 

rTC-μNS(#7-T1L) (Fig. 4), which consistently possessed somewhat smaller VFs than 403 

T1L. This data suggests that rTC-μNS(C-term-T1L) may better depict natural VFs in live 404 

cell imaging. 405 

Recombinant virus growth deficiency occurs after viral entry, transcription and 406 

translation. As each recombinant virus was capable of forming VFs and recruiting 407 

known μNS associating proteins to VFs similar to wildtype, we further investigated their 408 

growth deficiency to identify at which stage of growth the defect occurs. We began by 409 

performing plaque assays to determine PFUs of specific stocks of wildtype and rTC-μNS 410 
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viruses.  We then immediately used these PFU calculations and the same viral stocks to 411 

perform: 1) immunoblot analysis on μNS and σNS expression throughout infection to 412 

determine if the recombinant viruses had measurable differences to wildtype in virus 413 

lifecycle steps leading to protein translation, 2) immunblot analysis of these stocks to 414 

measure virion proteins present in identical PFUs of wildtype versus rTC-μNS virus, 3) 415 

electropherograms on the virus stocks to determine the amount and ratio of genomic 416 

RNA present in the same PFU of wildtype versus recombinant virus, and 4) repeat plaque 417 

assays with identical PFUs of virus to confirm our original PFU calculation. L929 cells 418 

were infected with wildtype T1L, rTC-μNS(C-term-T1L)/P5, or rTC-μNS(#7-T1L)/P5 419 

and samples were collected at 0, 12, 24, and 48 h p.i. and subjected to immunoblot 420 

analysis with antibodies against μNS, to examine specific impacts of the TC-tag insertion 421 

on μNS expression, and against σNS, to examine expression of a viral protein other than 422 

μNS. Antibodies against α-tubulin were also used as a protein loading control (Fig. 5A). 423 

We observed that both recombinant viruses expressed substantially higher amounts of 424 

μNS and σNS compared to wildtype T1L at each timepoint, suggesting that the TC-tag 425 

within μNS does not disrupt μNS protein expression, and that the recombinant viruses 426 

were not defective at early stages of infection including virus entry, RNA transcription, 427 

and protein translation. Importantly, this data also suggested that substantially more 428 

recombinant virions may be required to achieve the same PFU relative to wildtype virus.  429 

To explore this hypothesis, we examined the virus preparations directly by 430 

subjecting identical PFUs of the same wildtype and recombinant virus stocks to 431 

immunoblot analysis with antibodies against the virion, which detected substantially 432 

more virions/PFU in the recombinant viruses compared to wildtype (Fig. 5B). We 433 
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additionally examined genomic RNA associated with the same PFUs of wildtype and 434 

recombinant virus, and again found that there were substantially higher levels of genome 435 

associated with the same PFU of recombinant viruses relative to wildtype (Fig. 5C). 436 

Finally, a repeated plaque assay of the same stocks showed that the PFUs between the 437 

viruses remained essentially the same (Fig. 5D). Together these findings suggest that the 438 

growth defect in the recombinant viruses is downstream of early events such as entry, 439 

transcription, and translation, likely at the level of assortment, replication, or assembly. 440 

These findings further suggest that the recombinant viruses are capable of producing high 441 

levels of infectious virions, and the diminished titers relative to wildtype virus over time 442 

(Fig. 3) is likely not a result of a catastrophic replication deficiency, but is instead a result 443 

of diminished efficiency in one or more of the later steps in the replication cycle.  444 

A single recombinant virus retains the TC-tag over ten passages. We next focused 445 

our attention on the stability of the TC-tag within the recombinant viruses. Viral RNA 446 

was extracted from the second and fifth passage of each recombinant virus using TRIzol 447 

LS followed by RT-PCR of the M3 genome segment and sequencing. At passage two, the 448 

rTC-μNS(#7-T1L) M3 genome segment showed a mixture of viruses in which the 449 

dominant phenotype had a 1649G>A mutation that resulted in a C550Y mutation 450 

producing a CCPGCY instead of CCPGCC TC-tag while a smaller portion of the 451 

recombinant virus population contained the CCPGCC (Fig. 6A). By passage five the 452 

virus had stabilized and exclusively contained the C550Y mutation.  This data showed 453 

that our earlier FlAsH-EDTA labeling experiments using rTC-μNS(#7-T1L)/P2 454 

contained a mixed population of virus (Fig. 2). As this labeling was diminished relative to 455 

rTC-μNS(C-term-T1L), we were curious whether the labeling defect was a result of the 456 
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C550Y mutation or whether this mutation would lead to a complete loss of labeling. 457 

Therefore, we infected CV-1 cells with rTC-μNS(#7-T1L)/P5 which contained the 458 

CCPGCY mutation exclusively to determine if μNS would label with FlAsH-EDT2. We 459 

found that VF labeling was similarly diminished using this passage, suggesting that the 460 

FlAsH-EDT2 reagent was able to maintain binding, albeit to a lesser extent, to the 461 

CCPGCY sequence (Fig. 6B).  462 

Sequencing the M3 gene of passage two of the rTC-μNS(C-term-T1L) virus also 463 

showed a mixed population of viruses in which the CCPGCC TC-tag itself remained 464 

stable but the virus had acquired a second-site mutation at 2153C>T, that resulted in a 465 

T718I mutation within the protein upstream of the TC-tag (Fig. 6C). This mutation 466 

became dominant by passage five. To determine if this was a stable mutation we 467 

passaged the rTC-μNS(C-term-T1L) virus five further passages and again sequenced the 468 

M3 genome segment at passage seven and ten. We found that the seventh passage virus 469 

exclusively contained the T718I mutation and this mutation remained stable at passage 470 

ten (Fig. 6C) while both passages retained the original CCPGCC TC-tag. We performed 471 

replication assays on wildtype T1L, rTC-μNS(C-term-T1L)/P2, and rTC-μNS(C-term-472 

T1L)/P7 followed by plaque assays to determine if the T718I mutation restored the virus 473 

to wildtype T1L replication kinetics or impacted replication in any way, but we observed 474 

no significant difference between the two passages (data not shown). Because the rTC-475 

μNS(C-term-T1L) TC-tag remained stable over ten passages and labeled with FlAsH-476 

EDT2 to higher levels than rTC-μNS(#7-T1L), we proceeded forward using the rTC-477 

μNS(C-term-T1L) virus for live cell imaging. 478 
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VF dynamics during MRV infection. To provide a proof of principle that rTC-μNS(C-479 

term-T1L) will be a useful tool to study VF dynamics in infected cells, we performed a 480 

short time-lapse live cell experiment where we examined VF movement and interaction 481 

at a single time in MRV infection. BHK-T7 cells were infected with rTC-μNS(C-term-482 

T1L)/P2, and at 18 h p.i., FlAsH-EDT2 was added to the cells and incubated for 45 mins. 483 

Still images of the infected cells were then captured every 20 seconds for 2 h. Mock 484 

infected cells without FlAsH-EDT2, as well as FlAsH-EDT2 labeled cells infected with 485 

wildtype T1L at an MOI of 100 were included as controls to demonstrate specificity of 486 

the FlAsH-EDT2 reagent (Fig. 7A). At this time point in infection, rTC-μNS(C-term-487 

T1L) was found to form small VFs in the periphery of infected cells that move in short 488 

stochastic motions in the cell while larger, more stationary VFs were found at the nuclear 489 

periphery (Fig. 7B, Supplementary Mov. 1). Small VFs were highly mobile and could be 490 

seen fusing with larger VFs (Fig. 7B: red arrows). In addition, small VFs could be seen 491 

moving towards one another or towards larger VFs, touching briefly, and then moving 492 

away in a kissing motion (Fig. 7B: yellow arrow) which may be a result of incomplete 493 

VF fusion. These data suggest that rTC-μNS(C-term-T1L) will be an extremely useful 494 

tool for future in depth studies examining VF dynamics and function during MRV 495 

infection. 496 

VF dynamics in the presence of nocodazole. In addition to facilitating our 497 

understanding of VF formation and movement throughout infection, we postulated that 498 

rTC-μNS(C-term-T1L) will also be indispensable for understanding the role of VF 499 

interactions with cellular proteins throughout infection. One such interaction that has 500 

been previously defined is that of μNS and the μNS-interacting protein, μ2, with cellular 501 
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microtubules (MTs). Destabilization of MTs leads to the formation of small VFs/VFLs 502 

concentrated at the periphery of the cell in infected cells or cells transfected with a 503 

plasmid expressing μNS, suggesting MTs play a critical role in VF/VFL movement or 504 

fusion (9, 33). In addition, the μ2 protein of most MRV strains induces hyperacetylation 505 

and stabilization of MTs and also influences the morphology of VFs to a more 506 

filamentous, rather than globular VFL phenotype seen when μNS is expressed alone (9, 507 

33).  Until recently, most evidence suggested that tight association of VFs with MTs (14) 508 

or MT stability (37) in MRV infected cells does not significantly alter viral replication. 509 

However, a recent paper has suggested that MT disruption significantly decreases MRV 510 

replication by 50%, and further, substantially decreases the crystalline-like array of 511 

genome containing virus particles seen in VFs in MRV infected cells with intact MTs, 512 

suggesting MTs play a critical role in genome packaging (38). We utilized our rTC-513 

μNS(C-term-T1L) virus to further explore the role of MTs in VF movement and/or fusion 514 

within the cell. Vero cells were mock infected or infected with T1L or rTC-μNS(C-term-515 

T1L)/P5 at an MOI of 100 with and without 10 μM nocodazole treatment at 6 h p.i., 516 

which destabilizes MTs (Fig. 8A). At 10 h p.i. cells were labeled with FlAsH-EDT2 and 517 

at 12 h p.i. FlAsH-EDT2 was removed and still images were taken of VFs every 2 mins 518 

for 2 h. In cells not treated with nocodazole we observed stable filamentous VFs that 519 

were presumably MT-associated as well as globular VFs which exhibited fluid movement 520 

around the cell resulting in some VF fusion events (Fig. 8B, red arrows, Supplementary 521 

Mov. 2) similar to those observed in BHK-T7 cells. We also identified a new fusion 522 

event in which a small VF moves from the microtubule toward a large VF, fuses, and 523 

then pulls the large VF toward the microtubule at which point the large VF fuses with VF 524 
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material already on the microtubules (Fig. 8B, blue arrows, Supplementary Mov. 2). 525 

While this interaction has not previously been identified it might suggest that smaller, 526 

more dynamic VFs may be instrumental in assisting and/or facilitating VF fusion. We 527 

also recorded disruption of two VFs in close proximity by movement of other VFs 528 

directly between them (Supplementary Mov. 2, green arrow).  529 

 In cells treated with nocodazole, there was no obvious association of VFs with 530 

MTs, and all VFs were globular and not filamentous in nature, as expected. Somewhat 531 

surprisingly, the VFs appeared to be very dynamic exhibiting short stochastic movements 532 

throughout the cell (Fig. 8C, green arrows, Supplementary Mov. 3). While we observed 533 

VF movement we did not see accumulation of VFs at the nuclear periphery that we 534 

observed in cells without nocodazole treatment. We were also unable to detect any VF 535 

fusion events throughout multiple experiments, and instead repeatedly imaged multiple 536 

clusters of small VFs that appeared unable to fuse (Fig. 8C, yellow arrow, Supplementary 537 

Mov. 3). Together this suggests that the small VF phenotype previously observed 538 

following nocodazole treatment in fixed cells (9, 33) is likely a result of an inhibition or 539 

inability of VFs to fuse with one another and not a result of total inhibition of VF 540 

movement within the cell. In addition to defining a role for MTs in VF fusion and 541 

migration, this result further suggests that VFs are able to utilize cellular components 542 

apart from microtubules to move within cells. 543 

Discussion 544 

In this paper we have demonstrated recovery of T1L recombinant MRV with a 545 

TC-tag introduced into the non-structural VF matrix protein, μNS. This is the first time a 546 

replicating recombinant MRV has been created in which VFs encoded from the genome 547 
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can be fluorescent labeled during infection. Adding the TC-tag to μNS in a recombinant 548 

virus allows for several improvements to existing technologies. Foremost in these 549 

improvements is the ability to visualize VFs as they form from a modestly modified μNS 550 

protein expressed from virus transcripts. As our rTC-μNS virus undergoes the full MRV 551 

replication cycle, findings from future studies using our virus should accurately reflect 552 

VF dynamics and interactions throughout MRV infection. In this study, we limited our 553 

observation of VFs over short time-lapses, however, there is obvious potential to increase 554 

the observation period to a full replication cycle to observe initial formation of VFs and 555 

the interactions between VFs throughout the MRV lifecycle. The detection limit of 556 

FlAsH-EDT2 labeling of TC-μNS is currently under investigation, however, as we could 557 

observe quite small VFs and VFLs in our studies, we expect this approach to be quite 558 

useful in delineating early versus late events in VF formation and maturation.  559 

There are several other questions that can be explored using this virus. Because 560 

the FlAsH-EDT2 reagent can be removed from cells at any time, pulse chase studies can 561 

be performed to examine TC-μNS stability within VFs over time. Moreover, a second 562 

reagent, ReAsH-EDT2 (25), which fluoresces in the red spectrum (608 nm) can be used 563 

subsequent to FlAsH-EDT2 labeling to determine differences in behavior of existing TC-564 

μNS versus newly translated TC-μNS. In addition, as we demonstrate with MTs and 565 

nocodazole, FlAsH-EDT2 labeling can also be used in combination with inhibitory drugs 566 

and other fluorescent labeling techniques to examine VF interactions with cellular 567 

proteins that may modulate or be modulated by VFs, μNS, or other VF-localized virus 568 

proteins. Finally, although it will likely be dependent on location of the TC-tag within 569 

individual virus proteins, demonstration of recovery of recombinant viruses containing 570 
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the small TC-tag in μNS suggests that other MRV proteins may be amenable to TC-571 

tagging, allowing their visualization during infection. 572 

Apart from VF dynamics the study of the TC-μNS mutants and recombinant 573 

viruses presented in this study also produced some new insight into requirements for VFL 574 

and VF formation and μNS binding with other MRV proteins. One result we found 575 

particularly interesting was that we were unable to recover the TC-μNS(#4) mutant 576 

which contains the TC-tag within a region of μNS known only to be the site of Hsc70 577 

binding, which is not required for normal VF formation (35), but were able to recover 578 

two mutants containing the TC-tag within the C-terminal third which is known to be 579 

important for VF formation. Our inability to rescue TC-μNS(#4) as well as the other 580 

mutants may be due to protein misfolding, but it is also possible that misfolding of the 581 

M3 RNA resulted in improper assortment or packaging thus prohibiting viral recovery. 582 

We also found it interesting that the TC-μNS(#7) VFLs had a significantly diminished 583 

localization with μ2, λ1, and λ3 compared to wildtype μNS, but visually the rTC-584 

μNS(#7-T1L) VFs localized to associating proteins similar to wildtype. This may suggest 585 

that μNS associating protein localization to VFs during infection are facilitated by 586 

interactions between multiple proteins and RNA; therefore, a defect in association 587 

between μNS and each individual protein is magnified in the absence of the full 588 

complement of VF-localized interactions in transfected cells.  589 

During characterization of the recombinant viruses we concluded that both 590 

recombinant viruses were likely attenuated downstream of viral entry, transcription, and 591 

translation. Further investigation into recombinant VF formation and localization with 592 

μNS associating proteins compared to wildtype VFs demonstrated that factory formation 593 
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also was not considerably altered, suggesting that the recombinant VFs closely mimic 594 

natural VFs at least to the stage of infection where prominent VFs are constructed. This 595 

points to assortment, assembly, or replication as responsible for the recombinant virus 596 

growth attenuation. This could simply be a result of the TC-tag inhibiting a function of 597 

the μNS protein downstream of VF formation, or alternatively could be a consequence of 598 

the nucleotides encoding the TC-tag disrupting proper M3 mRNA folding, resulting in 599 

inhibition of assortment, packaging, or replication of the viral genome. Presumably as a 600 

result of this attenuation, the rTC-μNS(#7-T1L) lost the inserted TC-tag sequence within 601 

two passages. The rTC-μNS(C-term-T1L) virus maintained the TC-tag over ten passages 602 

but instead developed a T718I mutation upstream of the TC-tag, which has not been 603 

previously documented in the M3 gene of MRV strains. We initially believed this may be 604 

a compensatory mutation, however, when rTC-μNS(C-term-T1L)/P7 was directly tested 605 

against rTC-μNS(C-term-T1L)/P2 and wildtype T1L, viral replication remained similar 606 

to the earlier passage relative to wildtype (data not shown). Nonetheless, since rTC-607 

μNS(C-term-T1L) maintains the TC-tag, produces VFs that appear identical to wildtype 608 

VFs, and has not acquired additional second-site mutations over five subsequent 609 

passages, we believe rTC-μNS(C-term-T1L) has already in this study, and will continue 610 

to enhance our ability to understand VF formation and function during MRV infection.  611 

While it has already been shown that MRV required MT stability to form large, 612 

perinuclear VFs (9, 33), whether MTs are necessary for VFs to move into close proximity 613 

in order to fuse or strictly for fusion of VFs was unknown. Our data suggests that even in 614 

the presence of the MT destabilizing drug, nocodazole, VFs demonstrate movement 615 

within the cell (Fig. 8C, Supplementary Mov. 3). However, without stable MTs, VF 616 
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fusion is a rare or non-existent event, suggesting that while MT stability is dispensible for 617 

VF movement, it is necessary for VF fusion. This also suggests that VFs may utilize 618 

other cellular components to move throughout the cell. It has previously been shown that 619 

nocodazole treatment results in many small VFs in the periphery of cells, as opposed to 620 

the perinuclear space (9, 33). Although our studies suggest that VFs are able to move in 621 

the absence of MT stabilization, this movement did not appear to result in a directed 622 

migration of the non-fused VF clusters toward the nucleus. Instead VF movement was 623 

limited to small changes in location independent of direction, indicating that while VFs 624 

can move and appear to associate with each other in cells without MTs, directed overall 625 

migration of VFs to the perinuclear space appears to require MT stabilization. Finally, 626 

our data also shows that once globular VFs associate with MTs to form filamentous VFs, 627 

they appear to remain associated with them and become relatively static and stable 628 

compared to globular VFs. Taken together with published data, our findings suggest that 629 

the path to mature VF formation includes steps where, 1) μNS first self-associates and/or 630 

associates with other viral and cellular proteins to form small globular VFs, 2) these 631 

small globular VFs move independent of MTs in the cell and encounter each other, 3) 632 

following this encounter, smaller VFs fuse into larger VFs in a MT-dependent manner or 633 

fuse to filamentous VFs already associated with MTs, and 4) the MT-associated VFs then 634 

either migrate towards, or accumulate in the perinuclear space within the cell where they 635 

remain relatively stable over time. 636 
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 755 

FIGURE LEGENDS 756 

Figure 1. FlAsH-EDT2 labeling and VFL formation in μNS CCPGCC mutants. (A) 757 

A diagram of μNS depicting the location and sequence of TC-μNS mutations and 758 

previously described functional regions of μNS necessary for protein localization. (B) 759 

BHK-T7 cells were transfected with indicated plasmids, and at 18 h p.t., cells were 760 

labeled with FlAsH-EDT2 (middle column) for 90 min, then fixed and immunostained 761 

with α-μNS antibody (left column), followed by Alexa 594-conjugated donkey anti-762 

rabbit IgG. A merged image is also shown with DAPI staining (right column). Images are 763 

representative of the observed phenotype. Bars = 10 μm. 764 

Figure 2. VFs from recombinant viruses label with FlAsH-EDT2. CV-1 cells were 765 

infected with T1L, rTC-μNS(C-term-T1L)/P2, or rTC-μNS(#7-T1L)/P2, and at 18 h p.i., 766 

cells were labeled with FlAsH-EDT2 (middle column) for 45 min, then fixed and 767 

immunostained with α-μNS antibody (left column), followed by Alexa 594-conjugated 768 

donkey anti-rabbit IgG. A merged image is also shown with DAPI staining (right 769 

column). Images are representative of the observed phenotype. Bars = 10 μm. 770 

Figure 3. Recombinant TC-μNS virus replication. L929 cells were infected with T1L, 771 

rTC-μNS(C-term-T1L)/P2, or rTC-μNS(#7-T1L)/P2 and at 0, 12, 24, 36, and 48 h p.i. 772 

cells were harvested. Harvested cells were subjected to standard MRV plaque assay. (A) 773 

Plaques from each time point were counted and the relative viral titer increase from time 774 

zero is plotted. The means and standard deviations were calculated from two 775 
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experimental replicates within two different biological replicates. A two-tailed student’s 776 

t-test was used to calculate a p-value for the significant difference between recombinant 777 

virus and wildtype virus in Microsoft Excel, p < 0.05 is denoted by an asterisks (*) and p 778 

< 0.01 is denoted by two asterisks (**). (B) Cells were fixed and stained with crystal 779 

violet and imaged to visualize plaque size relative to wildtype T1L. Five plaques were 780 

measured using ImageJ in each panel to determine average plaque diameter (bottom left). 781 

Figure 4. Colocalization of MRV proteins with recombinant virus-expressed μNS. 782 

CV-1 cells were infected with (A) T1L, (B) rTC-μNS(C-term-T1L)/P2, or (C) rTC-783 

μNS(#7-T1L)/P2, and at 18 h p.i., immunostained with mouse (second and third rows) or 784 

rabbit (first and fourth rows) antibodies against μNS and mouse σNS antibodies (first 785 

row), rabbit μ2 antibodies (second row), MRV core rabbit antibodies (third row), λ2 786 

mouse antibodies (fourth row), followed by Alexa 594-conjugated donkey anti-rabbit or 787 

anti-mouse IgG (first column) and Alexa 488-conjugated donkey anti-mouse or anti-788 

rabbit IgG (second column). Merged images with DAPI-stained nuclei are also shown 789 

(third column). Bars = 10 μm. 790 

Figure 5. Recombinant virus replication characterization. (A) L929 cells were 791 

infected with 5.0x105 PFUs of T1L, rTC-μNS(C-term-T1L)/P5, or rTC-μNS(#7-T1L)/P5 792 

and samples were collected at 0, 12, 24, and 48 h p.i. and were run on SDS-PAGE, 793 

transferred to nitrocellulose and immunoblotted with α-μNS (first row), α-σNS (second 794 

row), and α-α-tubulin antibodies (third row). (B) 5.0x105 PFUs of T1L, rTC-μNS(C-795 

term-T1L)/P5, and rTC-μNS(#7-T1L)/P5 and 5.0x107 PFUs of T1L (T1L 100X) were 796 

run on SDS-PAGE, transferred to nitrocellulose and immunoblotted with T1L α-virion 797 

antibody (μ1). (C) RNA extracted from 1x108 PFUs of T1L, rTC-μNS(C-term-T1L)/P5, 798 
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and rTC-μNS(#7-T1L)/P5 or 1x109 PFUs of T1L (T1L 10X) was run on 10% SDS-799 

PAGE for 12 h to visualize dsRNA genomic segments. (D) 5.0x105 PFUs T1L, rTC-800 

μNS(C-term-T1L)/P5, and rTC-μNS(#7-T1L)/P5 were subject to a plaque assay on L929 801 

cells.  802 

Figure 6. Sequencing of recombinant virus passages. rTC-μNS(C-term-T1L) and rTC-803 

μNS(#7-T1L) viruses were passaged ten times and sequenced to determine the stability 804 

of the TC-tag. (A) The pTC-μNS(#7) and rTC-μNS(#7-T1L) passages 2 and 5 were 805 

sequenced and the TC-tag and acquired second-site mutation, portrayed with an asterisk 806 

(*), are shown. All other regions of M3 were the same as wildtype. (B) CV-1 cells were 807 

infected with the rTC-μNS(#7-T1L)/P5 at an MOI of 1, and at 18 h p.i., cells were 808 

labeled with FlAsH-EDT2 (middle column) for 45 min, then fixed and immunostained 809 

with rabbit α-μNS antibody (left column), followed by Alexa 594-conjugated donkey 810 

anti-rabbit IgG. A merged image is also shown with DAPI staining (right column). 811 

Images are representative of the observed phenotype. Bar = 10 μm. (C) The pTC-μNS(C-812 

term) and rTC-μNS(C-term-T1L) passages 2, 5, 7, and 10 were sequenced and the TC-813 

tag and acquired second-site mutation, portrayed with an asterisk, are shown. All other 814 

regions of M3 were the same as wildtype. 815 

Figure 7. TC-μNS labeled VF dynamics in infected cells. BHK-T7 cells were mock 816 

infected or infected with T1L or rTC-μNS(C-term-T1L)/P2, and at 18 h p.i., cells were 817 

imaged using live cell microscopy. (A) Mock infected (top left) or T1L infected cells 818 

with FlAsH-EDT2 labeling (top right) controls are shown. Bar = 40 μm. (B) rTC-μNS(C-819 

term-T1L)/P2 infected BHK-T7 cell images shown 0-60 mins post FlAsH-EDT2 820 
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incubation. Red arrows indicate VF fusion, and yellow arrow indicates kissing motion of 821 

VFs (at 4X magnification). Bar = 10 μm. 822 

Figure 8. TC-μNS labeled VF dynamics in infected cells with and without 823 

nocodazole. Vero cells were infected or mock infected with T1L or rTC-μNS(C-term-824 

T1L)/P5 and at 6 h p.i. cells were treated or untreated with 10 μM nocodazole. (A) At 12 825 

h post treatment, mock infected cells were immunostained with rabbit α-α-tubulin 826 

antibody (left and middle columns), followed by Alexa 594-conjugated donkey anti-827 

rabbit IgG. A merged image is also shown with DAPI staining (right column). (B) At 10 828 

h p.i. T1L and rTC-μNS(C-term-T1L)/P5 infected Vero cells without 10 μM nocodazole 829 

were labeled with FlAsH-EDT2 for 2 h at which point rTC-μNS(C-term-T1L)/P5 830 

infected cells were imaged using live cell microscopy. Red and blue arrows indicate VF 831 

fusion (at 3X magnification). (C) At 10 h p.i. T1L and rTC-μNS(C-term-T1L)/P5 832 

infected Vero cells with 10 μM nocodazole were labeled with FlAsH-EDT2 for 2 h at 833 

which point rTC-μNS(C-term-T1L)/P5 infected cells were imaged using live cell 834 

microscopy. The yellow arrow indicates a VF cluster unable to fuse, and green arrows 835 

indicate VF movement (at 2X magnification).  Bars = 10 μm. 836 

Table 1. Summary of TC-μNS mutant properties. Each TC-μNS mutant, location of 837 

each CCPGCC tag, VFL formation, FlAsH-EDT2 labeling, virus recovery, and MRV 838 

protein colocalization compared to wildtype μNS used in this study is summarized within 839 

this table. A negative symbol (-) denotes there was no VFL formation and no FlAsH-840 

EDT2 labeling, or that there was a significantly diminished (p < 0.05) colocalization of 841 

TC-μNS and interacting proteins compared to wildtype μNS. A positive symbol (+) 842 

denotes there was VFL formation and FlAsH-EDT2 labeling, or that there was no 843 
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significant decrease in colocalization of μNS and interacting proteins compared to 844 

wildtype μNS. ND=not determined. 845 
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Table 1 

 

TC-μNS 
Location 

of 
CCPGCC 

VFL 
formation 

FlAsH
-EDT2 
labeled 

Virus 
recovery 

Protein colocalization 
compared to wildtype μNS 

σNS μ2 λ1 λ2 σ2 λ3 

#1 AA 28 + + No - + + - + + 
#2 AA 132 - - No ND ND ND ND ND ND 
#4 AA 334 + + No + + - - + - 
#5 AA 491 - - No ND ND ND ND ND ND 
#6 AA 614 + + No + + - + + - 
#7 AA 545 + + Yes + - - + + - 

N-term N-terminus + + No - + + + + + 
C-term C-terminus + + Yes + + + + + + 
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