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Abstract 25 

Autographa californica multiple nucleopolyhedrovirus (AcMNPV) GP64 is a 26 

class III viral fusion protein that mediates low-pH triggered membrane fusion 27 

during virus entry. Although the structure of GP64 in a postfusion conformation 28 

has been solved, its prefusion structure and the mechanism of how the protein 29 

refolds to execute fusion are unknown. In postfusion structure, GP64 is 30 

composed of five domains (domain I-V). Domain IV (374-407 aa) contains two 31 

loops (loop 1 and loop 2) that form a hydrophobic pocket at the 32 

membrane-distal end of the molecule. To determine the roles of domain IV, we 33 

used alanine-scanning mutagenesis to substitute each of the residues and the 34 

contacts within domain IV and evaluate their contributions to GP64-mediated 35 

membrane fusion and virus infection. In many cases, substitution of a single 36 

amino acid has no significant impact on GP64. However, substitution of R392 37 

or disrupting the contact N381-N385, N384-Y388, N385-W393, or K389-W393 38 

resulted in poor cell surface expression and fusion loss of the modified GP64, 39 

whereas substitution of E390 or G391, or disrupting the contact N381-K389, 40 

N381-Q401, or N381-I403 reduced the cell surface level of the constructs and 41 

the ability of GP64 to mediate fusion pore expansion. In contrast, substitution 42 

of N407 or disrupting the contact D404-S406 appears to restrict fusion pore 43 

expansion without affecting expression. Combined with the identification of 44 

these constructs remaining stable prefusion conformation or dramatically less 45 

efficient transition from a prefusion to postfusion state under acidic conditions, 46 

we proposed that domain IV is necessary for refolding of GP64 during 47 

membrane fusion.  48 

Importance 49 

 on July 25, 2020 at U
niversity of B

irm
ingham

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


3 

 

Baculoviruses GP64 is grouped with rhabdoviruses G, herpesviruses gB, 50 

and thogotoviruses glycoproteins as class III viral fusion proteins. In their 51 

postfusion structures, these proteins contain five domains (domain I-V). 52 

Distinguished from domain IV of rhabdoviruses G and herpesviruses gB that 53 

composed of β-sheets, domain IV of GP64 is a loop region and the same 54 

domain in thogotovirues glycorproteins has not been solved. In addition, 55 

domain IV is proximal to domain I (fusion domain) in prefusion structures of 56 

vesicular stomatitis virus (VSV) G and human cytomegalovirus (HCMV) gB but 57 

resides at the domain I-distal end of the molecule in a postfusion conformation. 58 

In this study, we identified that the highly conserved residues and the contacts 59 

within domain IV of AcMNPV GP64 are necessary for low-pH triggered 60 

conformational change and fusion pore expansion. Our results highlight the 61 

roles of domain IV of class III viral fusion proteins in refolding during 62 

membrane fusion.  63 
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1. Introduction 64 

During infection, enveloped viruses enter into host cells via fusion of the 65 

virus envelope and cellular membranes (1). The virus-cell fusion reaction is 66 

catalyzed by one or more viral fusion proteins that are associated with the 67 

envelope of virus particles. Based on the characters of three-dimensional 68 

structures, viral fusion proteins have been classified into three distinct 69 

categories (class I-III) (2-4). Class I fusion proteins, such as hemagglutin (HA) 70 

of influenza virus, the coronaviruses spike (S) glycoprotein, and human 71 

immunodeficiency virus type 1 (HIV-1) GP41, are homotrimers and they are 72 

mainly consists of α-helix with a central coiled-coil. Class II fusion proteins, 73 

which include the E glycoprotein of flaviviruses and the E1 protein of 74 

alphaviruses, form an elongated homo- or heterotrimer mainly comprising of 75 

β-sheets with the internal fusion loops. Class III fusion proteins that include 76 

baculoviruses GP64, herpesviruses glycoprotein B (gB), the thogotoviruses 77 

glycoprotein (Gp), and the rhabdoviruses glycoprotein (G), share the structural 78 

features of both class I and class II proteins, such as the α-helical coiled-coil in 79 

the heart of homotrimers like class I and β-sheets holding the internal fusion 80 

loops like class II. Although viral fusion proteins from different classes show a 81 

great diversity in structural features, they appear to mediate fusion via a 82 

common mechanism (3). In a well-established stalk-hemifusion-pore model for 83 

biological membrane fusion, the fusion process mediated by viral fusion 84 

proteins undergoes several distinct stages. Initially, upon triggering by specific 85 

mechanisms (binding to cellular receptors and/or low-pH, etc.), the viral fusion 86 

proteins transit from the prefusion to postfusion structures and expose the 87 

fusion peptide or fusion loops, which insert into the target cellular membrane. 88 
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Then, refolding of the trimeric viral fusion proteins onto themselves brings the 89 

host membrane into close proximity to the viral envelope. Following the two 90 

separate membranes contact, merger of the outer membrane leaflets of the 91 

membranes forms a hemifusion stage. Further refolding of the fusion proteins 92 

into a stable postfusion structure drives the merger of inner leaflets of both 93 

membranes to form fusion pore and subsequent fusion pore expansion to 94 

release viral capsids into cells (3, 4).   95 

Baculoviruses are enveloped, arthropod-specific viruses that are isolated 96 

from the infected insects of the orders of Lepidoptera, Diptera, and 97 

Hymenoptera. These viruses are composed of one or more rod-shaped 98 

nucleocapsids that contain the circular double-stranded DNA genome 99 

(approximately 80-180 kb) (5, 6). Baculoviruses are widely used as biological 100 

pesticides in insect pest control and as vectors in protein expression and 101 

mammalian cells transduction (5, 7, 8). Autographa californica multiple 102 

nucleopolyhedrovirus (AcMNPV) is the archetype species of Alphabaculovirus 103 

genus of the Baculoviridae family. In an infection cycle, AcMNPV replicates in 104 

the nucleus and produces two kinds of virions with distinct phenotypes: the 105 

occlusion-derived virions (ODVs) and budded virions (BVs). ODVs infect 106 

midgut epithileal cells and may fuse with the plasma membrane of midgut cells 107 

with the aid of the viral PIFs (per os infectivity factors) complex. BVs infect the 108 

cells from other tissues and cells cultured in vitro (5, 9, 10). During entry, the 109 

major envelope glycoprotein GP64 of AcMNPV BVs has receptor binding 110 

activity and facilitates the attachment of BVs to the cell surface (11-13). Then, 111 

BVs penetrate into cells via clathrin-mediated endocytosis (9, 10, 14, 15). In 112 

the cellular endosomal system, low-pH triggers the conformational change of 113 
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GP64 mediated fusion of the envelope of BVs with endosomal membranes 114 

that leads to the release of nucleocapsids into the cytosol (16-18). In addition 115 

to its necessary roles in virus entry (receptor-binding and membrane fusion), 116 

GP64 is also required for nucleocapsids budding and release at the plasma 117 

membrane (19).  118 

GP64 is a type I membrane protein that forms a disulfide-linked homotrimer 119 

and anchors at the apical and basal regions of AcMNPV BVs (18, 20, 21). 120 

Disruption of the intermolecular disulfide bond (C24-C372) of AcMNPV GP64 121 

has a modest effect on the fusion activity (21). In determined structure of a 122 

low-pH (postfusion) form of AcMNPV GP64, the protein exhibits an extended 123 

conformation that is similar with those of other class III viral fusion proteins 124 

from herpesviruses, rhabdoviruses, and throgotoviruses (18, 22, 23). Currently, 125 

vesicular stomatitis virus (VSV) G is the only class III fusion protein which 126 

prefusion and postfusion structures have been solved in high resolutions (24, 127 

25). In low-pH triggered conformational change, the prefusion to postfusion 128 

states transition of VSV G may adopt monomeric stages with the individual 129 

domains may retain their structures (25-27). However, the detailed molecular 130 

mechanisms of the conformation change of class III viral fusion proteins are 131 

not clear.  132 

In its postfusion structure, GP64 is composed of five domains (domains I-V)  133 

(18). Domain I resides at the base of the molecule closing to the membrane or 134 

viral envelope (18). This domain contains two fusion loops (loop 1 and 2) in 135 

which the hydrophobic residues are essential for membrane interaction and 136 

the progression of distinct stages of membrane fusion (17, 28). At the opposite 137 

end of the molecule (top end), domain IV (residues 374-407) connects the 138 
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central α-helical domain III and the C-terminal domain V (18) (Fig. 1A). 139 

Different from domain IV of herpesviruses gB and VSV G that are made 140 

entirely of β-sheets, domain IV of GP64 is a loop region in which few residues 141 

(394-398 aa) have not been solved in the structure (18, 24, 29, 30). Similarly, 142 

in thogotoviruses (Thogoto virus, Dhori virus, and Bourbon virus) glycoproteins 143 

(Gps), domain IV has not been solved in their postfusion structures (23, 31). In 144 

the prefusion structure of VSV G and a recently determined low resolution 145 

prefusion structure of human cytomegalovirus (HCMV) gB, domain IV is close 146 

to domain I (the fusion domain that contains fusion loops) (25, 32). The 147 

conformational changes of VSV G and HCMV gB from prefusion to postfusion 148 

structures may rearrange domain IV to the top end of the trimer distant from 149 

domain I and the membrane (26, 32). The biological functions of domain IV of 150 

class III viral fusion proteins are not clear. In this study, to investigate the roles 151 

of domain IV in membrane fusion, we made substitutions of the individual 152 

residue and residues that form contacts within domain IV of AcMNPV GP64 153 

with alanine and analyzed the effect of these mutations on the ability of GP64 154 

to mediate membrane fusion. The modified gp64 genes were also introduced 155 

into a gp64 knockout AcMNPV bacmid and their effects on virus infection were 156 

assessed in transfected and infected cells. 157 

Results 158 

Domain IV of GP64 shields the top end of domain III to form a 159 

hydrophobic pocket 160 

To determine the roles of domain IV of GP64, we first performed an analysis 161 

of the postfusion structure of GP64 (PDB, ID: 3DUZ) (18) by using WHAT IF 162 

molecular modeling package (http://swift.cmbi.ru.nl/whatif/) and I-TASSER 163 
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(Iterative Threading ASSEmbly Refinement) approach (33) to identify the 164 

potential amino acid side-chain contacts among residues within domain IV or 165 

the contacts between residues within domain IV and residues from other 166 

domains. In the postfusion structure of GP64, domain IV is located at the 167 

membrane-distal end of the molecule and close to the top end of domain III 168 

(Fig. 1A, B). This domain is composed of two adjacent loops that connected by 169 

a conserved disulfide bond (C382-C402) (21) (Fig, 1C, D). At the top of the 170 

structure, two loops of domain IV fold back as a lid structure toward the center 171 

of the molecule and shield the top end of the α-helix of domain III to form a 172 

hydrophobic pocket (Fig. 1C). Within the pocket, the conserved YxEGRW motif 173 

(Y388-x-E390-G391-R392-W393) is located at the tip of the lid structure, 174 

whereas the conserved hydrophilic, hydrophobic, and charged residues T379, 175 

N381, N384, N385, Y388, K389, W393, I401, Q403, and F405 within domain 176 

IV form complex network contacts within loop 1 or between two loops, 177 

including T379-F405, N381-N385, N381-K389, N381-I401, N381-Q403, 178 

N384-Y388, N385-K389, N385-W393, and K389-W393. In addition, at the 179 

lateral side of loop 2, D398 forms contacts with S400 and Q401, and D404 180 

forms a contact with S406 (Fig. 1C, D). All these contacts occur in the same 181 

monomer of GP64. Sequence alignment indicated that the residues involved in 182 

the interactions are highly conserved in GP64 proteins from different 183 

baculoviruses and in the GP64-family homologs from thogotoviruses (Fig. 1E). 184 

Based on structural analysis of AcMNPV GP64 and sequence conservation 185 

among the GP64 family proteins, we used site-directed mutagenesis to 186 

individually mutate the conserved residues to alanine or mutate the interacting 187 

residues in pair to alanines and assessed the contribution of each residue or 188 
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interaction to GP64 function (Table 1). Note that, in predicted structures of 189 

domain IV, individual alanine-substitution of T379, N381, N384, N385, K389, 190 

Q401, or I403 did not disrupt the original paired interactions mediated by these 191 

residues (Table 1).  192 

Substitution of the YxEGRW motif or disrupting the contacts in domain 193 

IV affects cell surface expression and localization of GP64 194 

To examine the effect of alanine-substitution on GP64 expression and cell 195 

surface localization, Sf9 cells were transfected with the plasmid transiently 196 

expressing wild-type (WT) or modified GP64 proteins under the control of the 197 

promoter of the AcMNPV ie1 gene. At 36 h post-transfection (p.t.), GP64 198 

proteins in cell lysates were separated by reducing or non-reducing 199 

SDS-PAGE and then detected by Western blotting. Under non-reducing 200 

conditions, GP64 monomers are covalently linked by intermolecular disulfide 201 

bonds to form trimers. As shown in Figure 2A, the similar trimer forms (trimer I 202 

and trimer II) that are typically observed for WT GP64, were detected from all 203 

GP64 proteins containing substitutions. For most of the substituted GP64 204 

constructs, the size and intensities of bands corresponding to the WT and 205 

modified GP64 proteins were similar, suggesting that the substitution did not 206 

substantially alter the expression or oligomerization of those GP64s. Similar 207 

with that observed previously (34), single substitution of the N-glycosylation 208 

site N385 (N385A) or mutation of the paired residues containing N385 209 

(N381/N385A, N385/K389A, and N385/W393A) resulted in a slight reduction 210 

of the molecular weight (MW) of the modified GP64s. In addition, disrupting the 211 

interaction of T379-F405 (F405A and T379/F405A) resulted in a slight 212 

increasing of the MW of the modified proteins on either reducing or 213 
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non-reducing gels (Fig. 2 A). A possible interpretation is that substitution of 214 

F405 or T379 and F405 for alanine may alter the local hydrophobicity of the 215 

modified proteins and reduce the amount of SDS binding to the proteins on 216 

SDS-polyacrylamide gels.  217 

Cell surface expression of the GP64 constructs was assessed by using a 218 

cell surface enzyme-linked immunosorbent assay (cELISA) and compared to 219 

that detected from WT GP64 (Fig. 2B). Of the 29 single-alanine substitution 220 

mutations examined, cell surface level for 20 of them was nearly similar with 221 

that of WT GP64, and that for the other 4 constructs (N381A, Y383A, N384A, 222 

and N385A) was reduced 23.7-46.7%. In contrast, severe reduction of the cell 223 

surface level was detected for constructs with substitutions in 5 highly 224 

conserved amino acid positions (Y388A, E390A, G391A, R392A, and W393A). 225 

Similarly, poor cell surface expressions were also observed for 5 of the 12 226 

double-alanine substitution constructs (N381/N385A, N381/K389A, 227 

N384/Y388A, N385/W393A, and K389/W393A) (Fig. 2B, C, Table 1).  228 

To confirm the cell surface localization of the GP64 constructs with poor cell 229 

surface expression (below 20% of that from WT GP64), the transfected Sf9 230 

cells expressing the WT or modified GP64 were examined using indirect 231 

immunofluorescence with the monoclonal antibody (MAb) AcV1 that 232 

recognizes the native neutral-pH conformation (prefusion form) of GP64 (35). 233 

The results indicated that the GP64 proteins were present at the surface and 234 

AcV1 binding indicated that they were in the native prefusion conformation 235 

(data not shown). Together, these results suggest that the YxEGRW motif and 236 

the intramolecular contacts network mediated by N381, N384, N385, Y388, 237 

K389 or W393 are critical for cell surface localization of GP64 (Fig. 2C).  238 
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Substitution of the YxEGRW motif or disrupting the contacts in domain 239 

IV restricts membrane fusion  240 

To determine whether mutations in domain IV affect membrane fusion, we 241 

first evaluated the fusion activities of WT and the modified GP64s in a cell-cell 242 

fusion assay. Because the cell surface level of GP64 is correlated with its 243 

fusion activity and cell surface levels varied among different modified GP64 244 

constructs, we initially established a standard curve for cell surface level and 245 

fusion activity of WT GP64 by transfecting Sf9 cells with decreasing quantities 246 

(0.005-2 μg) of the plasmid expressing WT GP64 (Fig. 2B, left side of the panel, 247 

data not shown). The fusion (syncytium formation) activity of each modified 248 

GP64 construct was determined and then normalized with that from WT GP64 249 

that was localized to the cell surface at an equivalent level. Most of the 250 

substitution constructs including four of them with a significant reduction of cell 251 

surface expression (N381A, Y383A, N384A, and N385A) mediated WT levels 252 

or a minor reduction level of fusion (Figs. 2B, 3A, B). In contrast, single 253 

substitution of the YxEGRW motif, D404 or N407, or the paired substitutions 254 

(N381/N385A, N381/K389A, N381/Q401A, N381/I403A, N384/Y388A, 255 

N385/K389A, N385A/W393A, K389/W393A, and D404/S406A) that disrupting 256 

the contacts formed by N381, N384, N385, Y388, K389, W393, Q401, I403, 257 

D404, and S406 resulted in loss or dramatic reduction of fusion activity of 258 

modified GP64 proteins (Fig. 3). Those constructs that impaired fusion activity 259 

of GP64 can be further classified as three groups: i) The constructs D404A, 260 

N407A, and D404/S406A were expressed at the cell surface with nearly WT 261 

levels, but only induced few and small syncytia and maintained substantially 262 

low fusion activity (Figs. 2B, 3). ii) Two constructs N381/Q401A and 263 
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N381/I403A were localized at the cell surface with a significantly low level, and 264 

their normalized fusion efficiencies were reduced to 7.6-11.0% (Fig. 3, Table 1). 265 

iii) The constructs Y388A, E390A, G391A, R392A, W393A, N381/N385A, 266 

N381/K389A, N384/Y388A, N385/W393A, and K389/W393A have poor cell 267 

surface localization and no detectable fusion activity (Figs. 2B, 3, Table 1).  268 

To further determine in which step the membrane fusion was restricted for 269 

the GP64 constructs with impaired fusion activity, we used a dye-transfer 270 

assay to detect hemifusion (outer membrane leaflet merger) and pore 271 

formation (inner leaflet merger) by observing the transfer of a 272 

membrane-specific dye (lipophilic octadecyl rhodamine B chloride, R18) and a 273 

cytosolic dye (calcein-AM) between red blood cells (RBCs) and Sf9 cells as 274 

described in prior studies (17, 36). In this assay, RBCs were dual-labeled with 275 

R18 and calcein-AM, then attached to Sf9 cells that expressing WT or the 276 

modified GP64. After triggering under low-pH conditions, the transfer of each 277 

dye between RBCs and Sf9 cells was observed and dye transfer efficiencies 278 

were calculated. Based on the dye-transfer efficiencies, the membrane fusion 279 

defect for constructs of GP64 can be classified as either: a) inhibiting outer 280 

membrane leaflet merger (hemifusion) or b) reducing the efficiency of pore 281 

formation or expansion (Fig. 4A). As shown in Figure 4B, no dye transfer 282 

(neither R18 nor calcein-AM) was observed for the constructs Y388A, E390A, 283 

G391A, R392A, W393A, N381/N385A, N381/K389A, N384/Y388A, 284 

N385/W393A, and K389/W393A. This suggests that either substitution of the 285 

residues at the YxEGRW motif or substitutions that disrupting the contacts 286 

formed by N381, N384, N385, Y388, K389, and W393 impaired the ability of 287 

GP64 to catalyze the initial merger of the outer membrane leaflets. For 288 
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constructs D404A, N407A, N381/Q401A, N381/I403A, and D404/S406A that 289 

showed a substantial reduction of fusion activity (Fig. 3), they appear to impair 290 

membrane fusion at a distinct step. For these constructs, we observed the 291 

transfer of both R18 and calcein-AM dyes between RBCs and Sf9 cells (Fig. 292 

4B), and dye transfer efficiencies were relatively high, ranging from 64.2% to 293 

83.8% (Fig. 4C). Thus, constructs D404A, N407A, N381/Q401A, N381/I403A, 294 

and D404/S406A induced complete fusion pores formation, but the fusion pore 295 

may not be efficiently expanded. Combined, these results suggest that, while 296 

most of the residues in domain IV were not necessary for membrane fusion 297 

activity of GP64, the YxEGRW motif (Y388-x-E390-G391-R392-W393), N407, 298 

and the contacts formed by N381, N384, N385, Y388, K389, W393, Q401, 299 

I403, D404, and S406 were critical for initial membrane merger or fusion pore 300 

expansion.  301 

Substitution of the YxEGRW motif or disrupting the contacts in domain 302 

IV alters the conformational change of GP64    303 

To determine whether the membrane fusion defect for those constructs that 304 

could not induce hemifusion and fusion pore expansion was resulted from a 305 

detectable effect on the low-pH triggered conformational change in GP64, the 306 

binding of a conformation-specific MAb AcV1 on the cell surface was examined 307 

by cELISA under various pH conditions (Fig. 5). As known, the AcV1 antibody 308 

recognizes only the neutral-pH (or prefusion) conformation of GP64, and that 309 

the AcV1 epitope is lost upon the low-pH triggered conformational change (35). 310 

To monitor the potential change of the cell surface level for each GP64 311 

construct corresponding to low-pH treatment, the transfected cells expressing 312 

WT or modified GP64 proteins were also analyzed by cELISA with the MAb 313 
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AcV5, which binds to the denatured GP64 (37). As expected, treatment of the 314 

transfected cells with successively decreasing the pH of PBS from 7.0 to 4.5 315 

did not significantly change the cell surface level of WT or each modified GP64 316 

(data not shown). Low-pH treatments resulted in a dramatic lose of AcV1 317 

binding to WT GP64 (Fig. 5, WT). For the modified GP64, the binding activity 318 

of AcV1 under various pH conditions could be subdivided into three categories: 319 

i) The constructs (Y388A, E390A, G391A, R392A, W393A, N381/N385A, 320 

N381/K389A, N384/Y388A, N385/W393A, and K389/W393A) that were 321 

detected with significantly low level at the cell surface using the MAb AcV5 (Fig. 322 

2B, data not shown) showed significantly low binding to AcV1 at neutral-pH or 323 

higher low-pH conditions. However, the binding activities of AcV1 for these 324 

constructs appear to increase substantially after treatment with PBS at pH 4.5 325 

(Fig. 5A, B). ii) Two constructs N381/Q401A and N381/I403A that were present 326 

at the cell surface with a dramatically low level (Fig. 2B, data not shown) 327 

showed relatively high AcV1-binding activities at neutral-pH conditions and 328 

loss of AcV1 binding at various low-pH values (Fig. 5C). iii) Three modified 329 

GP64 constructs D404A, D404/S406A, and N407A that were expressed at the 330 

cell surface at a similar level as WT GP64 (Fig. 2B, data not shown) also 331 

showed WT or a minor low levels of AcV1-binding activities at neutral-pH 332 

conditions (Fig. 5D). Upon low-pH trigger, these constructs showed a very 333 

modest pattern of loss of AcV1-binding as pH values were lowered from 7.0 to 334 

5.0. Even after treatment with PBS at pH 4.5, the AcV1-binding activities of 335 

these constructs were significantly higher than that of WT GP64 (Fig. 5D). 336 

These results suggest that even though membrane fusion is affected at two 337 

distinct stages for different sets of constructs (Fig. 4), the low-pH triggered 338 
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conformational change appears to be dramatically affected in both cases. Thus, 339 

these mutations (except that of N381/Q401A and N381/I403A) may alter the 340 

neutral-pH conformation of GP64 and generate the structural or energy 341 

obstacle (Note: The refolding of the modified proteins from a prefusion to a 342 

postfusion conformation may require higher energy) to prevent the low-pH 343 

triggered prefusion to postfusion conformational change of the modified GP64.  344 

Substitution of the YxEGRW motif or disrupting the contacts in domain 345 

IV affects infectious virus production 346 

   To determine whether introduction of alanine in domain IV to substitute a 347 

specific amino acid or paired residues affect infectious AcMNPV production, 348 

we constructed recombinant AcMNPV bacmid expressing WT or each 349 

modified GP64 under the control of the native promoter of AcMNPV gp64 gene. 350 

At 96 h p.t., the cell culture supernatants were used to infect Sf9 cells. At 96 h 351 

post-infection (p.i.), the infectious virus titers were determined and the 352 

infectious BVs production for the recombinant viruses that expressing modified 353 

GP64 proteins with no significant or a minor reduction of fusion activities was 354 

similar with that of the virus expressing WT GP64 (Table 1). For constructs 355 

(D404A, N407A, N381/Q401A, N381/I403A, and D404/S406A) with dramatic 356 

reduction of fusion activities (Figs. 3, 4), we also observed a WT level of 357 

infectious virus production (Table 1). In contrast, no measurable infectious BVs 358 

were detected for each of the constructs expressing Y388A, R392A, W393A, 359 

N381/385A, N384/Y388A, N385/W393A, or K389/W393A (Table 1). It is 360 

expected that those modified GP64 proteins could not induce membrane 361 

fusion (Figs. 3, 4). However, infectious BVs with about 30-180 fold reduction of 362 

production were detected for the construct expressing E390A, G391A, or 363 
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N381/K389A that inhibit membrane fusion in a cell-cell fusion assay (Figs. 3, 4, 364 

Table 1).  365 

To further assess the potential effect of the modified GP64 proteins with 366 

impaired fusion activities on infectious BVs generation, we performed one-step 367 

and multistep virus growth curve analyses to evaluate virus replication kinetics. 368 

As shown in Figure 6A, no significant difference of infectious BVs production 369 

was observed for viruses expressing the modified GP64 protein D404A, 370 

N407A, N381/Q401A, N381/I403A, or D404/S406A or WT GP64 at any time 371 

points p.i.. In contrast, the infectious virus production for VN381/K389A at each 372 

time point p.i. in both growth curves were significantly lower than that for the 373 

virus expressing WT GP64 (Fig. 6B). Similar but with a more dramatic 374 

reduction of virus production were observed for VE390A and VG391A (Fig. 6B). 375 

Thus, substitution of D404 or N407, or mutations disrupting the contacts 376 

N381-Q401, N381-I403, or D404-S406 had no apparent effect on infectious 377 

BVs production. Rescue the gp64 knockout virus infectivity by E390A, G391A, 378 

or N381/K389A, even though with a substantial low rate, suggests that these 379 

constructs may properly fold to perform conformational change and restore the 380 

fusion activity in virus-infected cells.  381 

Constructs E390A, G391A, and N381/K389A restore membrane fusion in 382 

virus-infected cells 383 

Because constructs E390A, G391A, and N381/K389A that inhibited 384 

hemifusion in transiently expressing cells rescue the infectivity of gp64 385 

knockout AcMNPV, we asked whether these proteins could induce membrane 386 

fusion in virus-infected cells. To examine this question, Sf9 cells were infected 387 

with the virus expressing E390A, G391A, N381/K389A, or WT GP64 and then 388 
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the expression and fusion activity of these proteins were examined. As shown 389 

in Figure 7, these constructs were expressed and oligomerized into trimers as 390 

WT GP64 (Fig. 7A). The cell surface levels for these modified GP64s were 391 

ranged from 25.2-34.4%, dramatically lower than that of WT GP64 (Fig. 7B). 392 

Membrane fusion analysis showed that E390A, G391A, and N381/K389A 393 

could only induce a few syncytia in virus-infected cells and the percentage of 394 

cells in syncytia for these constructs were about only 5.5-12.8% (Fig. 7C, D).  395 

To dissect in which step the membrane fusion activity for the modified 396 

GP64s were impaired, we used the dye-transfer assay as mentioned above to 397 

detect hemifusion and pore formation induced by these constructs in 398 

virus-infected cells. As shown in Figure 7E, we observed both of the 399 

membrane and cytosolic dyes (R18 and calcein-AM) transfer between RBCs 400 

and infected Sf9 cells induced by E390A, G391A, and N381/K389A under 401 

low-pH conditions (pH 5.0), even though the dye transfer efficiencies for these 402 

proteins were significantly low in comparison with that of WT GP64 (Fig. 7F). 403 

Using the MAb AcV1, we also analyzed the antibody-binding activity for each 404 

of the constructs under various pH conditions (pH 7.0-4.5). The results showed 405 

that, in comparison with the loss of AcV1-binding activity for WT GP64 406 

response to low-pH treatments, the AcV1-binding activity of E390A, G391A, or 407 

N381/K389A substantially low at neutral-pH conditions, and the binding 408 

activities for these constructs were not affected upon low-pH treatment at pH 409 

5.7 but decreased slightly corresponding to more acidic treatments (pH 410 

5.5-4.5). It is worth noting that the AcV1-binding activities for E390A, G391A, 411 

and N381/K389A at pH 4.5 were significantly higher than that for WT GP64 412 

(Fig. 7G). cELISA analysis with the MAb AcV5 indicated that the cell surface 413 
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level for these proteins were not significantly changed upon various pH 414 

treatments (pH 7.0-4.5) (data not shown). Together, these results indicate that, 415 

upon low-pH trigger, E390A, G391A, and N381/K389A may partially refold 416 

from the prefusion to postfusion states and induce membrane fusion in a low 417 

efficiency in virus-infected cells. 418 

Constructs E390A, G391A, and N381/K389A affect virus entry but not 419 

egress 420 

Since the constructs E390A, G391A, and N381/K389A could induce 421 

membrane fusion in virus-infected cells (Fig. 7), we next asked whether the 422 

impaired fusion activity for these proteins has a negative effect on either virus 423 

binding to or penetration into cells, or progeny virus egress, and that in turn 424 

may result in slow virus growth kinetics (Fig. 6). First, Sf9 cells were incubated 425 

with the purified virus expressing WT or modified GP64 proteins at 426 

low-temperature and then the cell-binding efficiency of each virus was 427 

determined by measuring of the virus genomic DNA using quantitative 428 

real-time PCR (qPCR) (Fig. 8A, panel  a). As shown in Figure 8A, in 429 

comparison with the control (VWT-GFP), the binding efficiency of each of the 430 

virus VE390A-GFP, VG391A-GFP, and VN381/K389A-GFP was similar with that of 431 

VWT-GFP, suggesting that mutation of  E390, G391, or N381-K389 has no 432 

apparent effect on virus binding (Fig. 8A, panel b). To further determine virus 433 

entry, Sf9 cells were incubated with the purified virus at 4°C for binding. Then, 434 

the culture temperature was raised to 27 °C to allow the virus to internalize into 435 

cells. At 1 h post-internalization, any virions remaining at the cell surface were 436 

inactivated and removed by treatment with citrate buffer (pH 3.1) as described 437 

in prior studies (15). The cells were used to extract total DNA and viral genomic 438 
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DNA was quantified by qPCR. As shown in Figure 8A, the amount of 439 

internalized viruses of VE390A-GFP, VG391A-GFP, or VN381/K389A-GFP were 440 

significantly lower than that of VWT-GFP (Fig. 8A, panel c). Together, these 441 

results suggest that single substitution of E390 or G391, or disrupting the 442 

contact N381-K389 affect the efficient entry of BVs. 443 

Since GP64 is necessary for efficient budding and release of progeny 444 

nucleocapsids (19), we next examined whether E390A, G391A, and 445 

N381/K389A affect virus egress. To circumvent the negative effect of these 446 

constructs on virions entry, we transfected Sf9 cells with recombinant AcMNPV 447 

bacmids encoding WT or the modified GP64 and two reporters (GFP and 448 

β-glucuronidase (β-Gluc)). The cell surface level of GP64s and infectious virus 449 

production were determined at a narrow time period after transfection (24 h p.t.) 450 

(Fig. 8B, panel a). Also, the GFP fluorescence and β-Gluc activity were 451 

measured (at 24 h p.t.) to ensure that transfection efficiencies and initiation of 452 

infection by the different bacmids were equivalent. At 24 h p.t., the percentage 453 

of GFP-positive cells in transfections with the same amount of DNA (4 μg/well) 454 

for the different bacmids (VWT-GFP, VE390A-GFP, VG391A-GFP, and 455 

VN381/K389A-GFP) was ranging from 30.1-32.5%, and the activities of β-Gluc in 456 

cell lysates from the different bacmids transfected cells were similar (data not 457 

shown), suggesting that transfection efficiencies were equivalent for all 458 

bacmids and that in each case the bacmid initiated an infection that 459 

progressed into the late phase of the infection cycle. Since the cell surface 460 

level of E390A, G391, and N381/K389A were significantly lower than that of 461 

WT GP64 in plasmids-transfected cells or in virus-infected cells (Figs. 2, 7), we 462 

generated a range of decreasing GP64 cell surface levels by transfecting Sf9 463 
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cells with decreasing quantities of the bacmid that expresses WT GP64 (Fig. 464 

8B, panel b). In bacmid-transfected cells, the cell surface levels for E390A, 465 

G391A, and N381/K389A were reduced by approximately 62.3-78.4% and a 466 

similar reduction was observed from transfection with 0.5 μg or 1.0 μg of the 467 

bacmid expressing WT GP64 (Fig. 8B, panel b). Infectious BVs production was 468 

then measured from the same transfected cells (Fig. 8B, panel c). 469 

Comparisons of virus production in cells expressing the modified GP64s with 470 

that from WT GP64-expressing cells (in which the cell surface levels of GP64 471 

were similar; see dashed lines in Fig. 8B, panels b and c), showed that there 472 

was no significant reduction of infectious BVs production in cells expressing 473 

either E390A, G391A, or N381/K389A when compared with BVs produced 474 

from cells expressing a similar level of WT GP64 (Fig. 8B, panel c). Together, 475 

these results suggest that the constructs E390A, G391A, and N381/K389A 476 

affect efficient virus entry but not egress of progeny BVs.    477 

Discussion 478 

During the entry of enveloped viruses, fusion of the viral envelope and 479 

cellular membrane that mediated by viral fusion proteins is required for delivery 480 

of viral genome into host cells (1, 3, 4). Based on the determined postfusion 481 

structure, GP64 is grouped with herpesviruses gB, rhabdoviruses G, and 482 

throgotoviruses Gps as class III viral fusion proteins (18, 22, 23, 26). In its 483 

postfusion structure, GP64 is composed of five domains (18). Domain IV is 484 

located at the membrane-distal end of the molecule and coordinated with the 485 

top end of domain III to form a hydrophobic pocket (Fig. 1). Prior studies 486 

showed that the disulfide bond C382-C402 in domain IV of GP64 is essential 487 

for the protein stability (21). In the current study, we extended the observation 488 
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by using site-directed mutagenesis to demonstrate that the intramolecular 489 

contacts (N381-N385, N381-K389, N381-Q401, N381-I403, N384-Y388, 490 

N385-W393, K389-W393, and D404-S406), a cluster of 491 

Y388-x-E390-G391-R392-W393 motif and the C-terminal N407 in domain IV of 492 

AcMNPV GP64 are critical for low-pH triggered conformational change and 493 

fusion pore expansion during membrane fusion.  494 

In alanine-scanning mutagenesis, single substitution of N407 or disrupting 495 

the contact D404-S406 has no significant effect on the cell surface expression 496 

of the modified GP64s, but resulted in a dramatic reduction of fusion activities. 497 

Dye-transfer assays indicated that these substitutions could efficiently induce 498 

fusion pore formation but appear to defect in fusion pore expansion (Fig. 4). 499 

D404, S406, and N407 reside at the C-terminus of domain IV and connect with 500 

the loop region of domain V (Fig. 1). Prior studies indicated that the interaction 501 

of the loop region of domain V with the central coiled-coil in domain III of 502 

herpes simplex virus 1 (HSV-1) gB promotes the gB structure transition to a 503 

postfusion conformation (38). In response to low-pH trigger, the constructs 504 

D404A, D404/S406A, and N407A showed a dramatically less efficient 505 

transition from prefusion to postfusion states (as detected by AcV1 binding) 506 

(Fig. 5), suggesting that the contact D404-S406 and N407 may play a role in 507 

low-pH triggered conformational change of GP64.  508 

Similarly, the contact network formed by N381, N385, K389, Q401, and 509 

I403 (N381-N385 and N381-K389 in loop 1, N381-Q401 and N381-I403 510 

between loop 1 and loop 2) at the middle region of domain IV was also 511 

identified as playing roles in refolding or stability of GP64. Double-alanine 512 

substitution of N381 and Q401 or N381 and I403 has a dramatic effect on 513 

 on July 25, 2020 at U
niversity of B

irm
ingham

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


22 

 

fusion activities of the modified GP64s. Both constructs (N381/Q401A and 514 

N381/I403A) underwent low-pH triggered conformation change and induced 515 

pore formation, but seems to be defective in fusion pore expansion (Fig. 4). In 516 

domain IV, the contacts N381-Q401 and N381-I403 surround the 517 

intramolecular disulfide bond C382-C402 (Fig. 1D), which is essential for GP64 518 

folding and stability (21). In the well-established hemifusion-pore membrane 519 

fusion model, low-pH or other mechanisms triggered conformational change 520 

promotes the fusion peptide or fusion loops of viral fusion proteins insert into a 521 

target membrane. Then, the fusion proteins fold back toward themselves and 522 

form energy-stable postfusion structures to drive fusion pore expansion (3, 4). 523 

The negative effect of disrupting one of the two contacts (N381-Q401 and 524 

N381-I403) on GP64-mediated fusion may be interpreted as the substitution 525 

attenuating or destabilizing the disulfide bond C382-C402, and which in turn 526 

affect the modified proteins refolding or stability. For another two constructs 527 

N381/N385A and N381/K389A, the mutations resulted in the membrane fusion 528 

defect at the initial stage (hemifusion). Low-pH treatments appear to alter the 529 

prefusion structure of these modified GP64s (Fig. 5A), suggesting that the 530 

contact N381-N385 and N381-K389 play a role in transition of prefusion to 531 

postfusion states. Surprisingly, the virus expressing N381/K389A was able to 532 

replicate, although very inefficiently in producing infectious BVs. In infected 533 

cells, N381/K389A induced few syncytia formation. It seems that, in infected 534 

cells, N381/K389A may undergo partially proper folding, induce fusion pore 535 

formation but affect pore expansion. The impact of N381/K389A on virus entry 536 

but not on virus egress further suggests the roles of N381-K389 in membrane 537 

fusion.  538 
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In addition to form the necessary contacts N381-N385 and N381-K389 in 539 

loop 1, the residues N385 and K389 also form contacts with W393, which 540 

resides at the bottom of loop 2 in domain IV (Fig. 1D). Disruption of these 541 

contacts (W393A, N385/W393A, or K389/W393A) resulted in low expression 542 

of the modified GP64 at cell surface and the defect of membrane fusion. 543 

Modeling structure analyses indicated that disrupting the contact N385-W393 544 

or K389-W393 resulted in the top region of loop 2 shifted to the center of the 545 

molecule about 2.5 Å and a shift of the backbone and side chains of 546 

E390-G391-R392 which reside at the base of loop 1 towards outside of the 547 

molecule about 2 Å (data not shown), suggesting that the contacts N385-W393 548 

and K389-W393 are critical for maintaining the conformation of domain IV. 549 

Similar with the negative effect observed for these constructs, disruption of the 550 

contact N384-Y388 at the top region of loop 1 (Y388A or N384/Y388A) or 551 

single substitution of E390, G391, or R392 also caused a dramatic reduction of 552 

cell surface level of the modified GP64 and the defect of membrane fusion at 553 

the initial stage (hemifusion) (Figs. 2-4). For all these constructs, low-pH 554 

trigger seems to alter the prefusion conformation (Fig. 5A), suggesting that the 555 

contacts N384-Y388, N385-W393, and K389-W393, and E390, G391, and 556 

R391 also play a role in conformational change of GP64.  557 

Similar with that observed for N381/K389A, viruses expressing E390A or 558 

G391A also replicated inefficiently. The defect of virus replication seems to 559 

result from the reduced efficiency of virus entry (Fig. 8A). Although these two 560 

constructs also underwent low-pH triggered conformational change in 561 

virus-infected cells, the significantly slow decreasing of AcV1-binding activities 562 

under low-pH conditions suggests they have a role in conformational change 563 
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of GP64. In addition, in postfusion structure of GP64, E390-G391-R392 is 564 

located at the tip of the lid structure of the hydrophobic pocket and form the 565 

turn between loop 1 and loop 2 (Fig. 1C, D). Previous studies have 566 

demonstrated that Arginine-Glycine-Aspartic acid (RGD) motif in some vial 567 

proteins binds integrin to promote virus entry or activate the integrin signal 568 

pathway to facilitate the intracellular trafficking of viral proteins (39). Intriguingly, 569 

substitution of E390 with aspartic acid (E390D) has no effect on the expression 570 

and fusion activity of the modified GP64 and virus infection, whereas 571 

substitution of R392 with histidine or lysine (R392H or R392K) abolished the 572 

cell surface expression and fusion activity of GP64 (data not shown). The 573 

receptor-binding domain of GP64 has been mapped within the N-terminal 160 574 

aa (12). Therefore, the conserved EGR motif of GP64 (in thogotoviruses Gps 575 

as DGR) may be unrelated with the plasma membrane binding of GP64, but 576 

may mediate the interaction of GP64 with some cellular factors (such as 577 

integrin) to promote the trafficking of GP64 to the cell surface or proper folding.  578 

In class III viral fusion proteins, VSV G is the only protein for which the high 579 

resolution structures of prefusion and postfusion states have been solved (24, 580 

25). In low-pH triggered conformational change of VSV G, the prefusion to 581 

postfusion structures transition proceeds through monomeric stages of G with 582 

the domains mostly retain their structures (26, 27). A similar conformational 583 

change may be adopted by herpesviruses gB according to a recently 584 

determined low resolution prefusion structure of HCMV gB (32). In the 585 

prefusion structures of VSV G and HCMV gB, domain IV are located at the 586 

lateral side of the molecules and proximal to the middle or upper regions of 587 

domain I, which contains fusion loops. However, in postfusion structures, 588 
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domain IV in both proteins is rearranged to the top end of the molecule and 589 

distal from domain I that resides at the bottom of the molecule (24, 25, 32, 40). 590 

Structural comparison and phylogenetic analyses suggest that the class III 591 

viral fusion proteins have evolved from a common ancestor (23). In addition, 592 

although class III viral fusion proteins from different viral families exhibit distinct 593 

characters in activation and interaction with the target membrane, they share 594 

the similar molecular architecture in the postfusion state (23, 26). Intriguingly, 595 

the negative effect of mutations in domain IV on membrane fusion (i.e. defect 596 

in hemifusion and fusion pore expansion) in the current study is similar with 597 

that observed in prior studies for mutations in fusion loops of AcMNPV GP64 598 

(17, 28). Based on the prefusion structure of VSV G (25), we generated a 599 

predicted prefusion structure of GP64 using I-TASSER approach (Fig. 9A) (33) 600 

and proposed a model of roles of domain IV in the prefusion to postfusion 601 

conformational change of GP64 (Fig. 9B). In this model, we hypothesize that in 602 

neutral-pH conditions, the cell surface or viral envelope localized GP64 may 603 

adopt a compact prefusion conformation, in which domain IV may be proximal 604 

to domain I. Upon low-pH trigger, domain I extends outside and exposes fusion 605 

loops that interact with the target membrane. Followed with the long central 606 

coiled-coil formation in domain III (and may be the interaction of domain III, IV, 607 

and V) and the extension of domain V, domain IV is pushed to the top end of 608 

the molecule. These structure rearrangements bring two membranes close to 609 

fusion (Fig. 9B).  610 

In conclusion, we examined the functional roles of domain IV in baculovirus 611 

GP64-mediated membrane fusion. Each of the intramolecular contacts and 612 

residues within domain IV was analyzed for their effects on GP64-mediated 613 
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membrane fusion and virus infection. The intramolecular contacts formed by 614 

the conserved residues N381, N384, N385, Y388, W393, Q401, I403, D404, 615 

and S406, a cluster of residues Y388-x-E390-G391-R392-W393 that made the 616 

turn between loop 1 and loop 2, and N407 at the C-terminus of domain IV were 617 

identified as important for low-pH triggered conformational change and/or 618 

fusion pore expansion of GP64. These data will be more definitively fit into the 619 

structure transition when the prefusion conformation of GP64 becomes 620 

available and highlight the refolding mechanism of class III viral fusion proteins 621 

during membrane fusion.  622 

Materials and methods 623 

Cells and transfections 624 

Spodoptera frugiperda Sf9 cells were grown in TNMFH medium 625 

(Sigma-Aldrich) supplemented with 10% fetal bovine serum (Gibco) and 626 

maintained at 27 °C. Cells in 6-well plates (1×106 cells per well) or 12-well 627 

plates (2×105 cells per well) were transfected with plasmids or bacmids DNA 628 

using a CaPO4-precipitation method (16).  629 

Mutagenesis and construction of plasmids and bacmids 630 

Site-directed mutagenesis was performed with overlap PCR. The 631 

C-terminal 882 bp fragments of AcMNPV gp64 encoding substitution mutations 632 

were amplified using pBiepA (36) as the template. PCR products were 633 

digested with NotI and EcoRI, and then inserted into pBiepA to generate the 634 

plasmid Pie1-XpBlue (X represents a specific mutation of GP64). To generate 635 

AcMNPV bacmids encoding the substitution construct of GP64, the promoter 636 

of AcMNPV gp64 was amplified by PCR using the bacmid DNA and then 637 

digested with SacI and XbaI and inserted into GFPpFB (41) to generate the 638 
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plasmid Pgp64-GFPpFB. Then, the fragment encoding WT or the modified 639 

GP64 that isolated from pBiepA or Pie1-XpBlue with XbaI and EcoRI were 640 

separately inserted into Pgp64-GFPpFB to generate the pFastbac plasmid 641 

Pgp64-XpFB. To generate AcMNPV bacmids expressing certain construct of 642 

GP64 (WT, E390A, G391A, or N381/K389A) and GFP, a cassette containing 643 

the AcMNPV ie1 promoter, gfp, and the poly(A) sequence of AcMNPV gp64 644 

were isolated from GFPpBlue (42) with KpnI and HindIII and inserted into 645 

Pgp64-XpFB to generate the pFastbac plasmid Pgp64-X-Pie1-GFPpFB. The 646 

resulting pFastbac constructs were each cloned into the polyhedrin locus of an 647 

AcMNPV gp64-null bacmid (19) by Tn7-mediated transposition (43). All 648 

constructs were verified by DNA sequencing. The plasmid and bacmid DNAs 649 

used for transfection were isolated with the Hipure Midiprep kit (Invitrogen). 650 

cELISA 651 

The cell surface-localized GP64 proteins were detected using cELISA as 652 

previously described (36). Briefly, Sf9 cells in 12-well plates were transfected 653 

with the plasmid expressing WT GP64 or the modified GP64 or infected with 654 

the virus expressing WT or modified GP64 proteins. At 36 h p.t. or 48 h p.i., the 655 

cells were fixed with 0.5% glutaraldehyde and relative levels of cell 656 

surface-localized GP64 were detected by using anti-GP64 MAb AcV5 (Santa 657 

Cruz Biotechnology), the goat anti-mouse IgG conjugated with β-galactosidase 658 

(SouthernBiotech), and the substrate chlorophenolred-β-D-galactopyranoside 659 

(CPRG, Roche Life Science). To determine the low-pH-triggered 660 

conformational change of the cell surface-localized GP64 proteins, cELISA 661 

was performed with anti-GP64 MAb AcV1 (Santa Cruz Biotechnology). For this 662 

assay, transfected or infected Sf9 cells (at 36 h p.t. or 48 h p.i.) were incubated 663 
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in PBS adjusted to different pH values (4.5 to 7.0) for 20 min, and then fixed 664 

with 2% paraformaldehyde for 30 min. The following steps in cELISA were 665 

similar to those used for the MAb AcV5.  666 

Immunofluorescence analysis 667 

 Sf9 cells in 12-well plates were transfected with 2 μg of the plasmid 668 

expressing WT or the modified GP64. At 36 h p.t., the cells were fixed with 2% 669 

paraformaldehyde for 30 min. The cell-surfaced localized GP64 proteins were 670 

visualized by indirect immunofluorescence using the MAb AcV1 and Alexa 671 

Fluor 488-conjugated goat anti-mouse IgG (Thermo Fisher Scientific) as 672 

described previously (36).   673 

Fusion assay 674 

The fusion activity for modified GP64 proteins was measured as previously 675 

described (36). Briefly, Sf9 cells in 12-well plates were transfected with 676 

plasmids (2 μg DNA for each plasmid expressing the modified GP64 or 677 

0.005-2 μg DNA for the plasmid expressing WT GP64) or infected with the 678 

virus encoding WT or the modified GP64 (MOI=5). At 36 h p.t. or 48 h p.i., the 679 

cells were incubated in PBS at pH 5.0 for 3 min. After washing once with PBS 680 

at pH 7.4, the cells were maintained in TNMFH medium at 27 °C for 4 h. Then, 681 

the transfected or infected cells were fixed with methanol and stained with 0.1% 682 

Eosin Y and 0.1% methylene blue. The number of nuclei found in syncytia that 683 

containing at least five nuclei was scored. The ratio of nuclei in syncytial 684 

masses to those in a field were calculated and then normalized to those from 685 

WT GP64 that was localized to the cell surface at equivalent levels.  686 

Hemifusion and pore formation assay 687 

The hemifusion and pore formation assay was performed as previously 688 
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described with minor modifications (36). Briefly, rabbit red blood cells (RBCs) 689 

were collected by centrifugation of the fresh blood at 500 g, 4°C for 5 min. After 690 

washing twice with PBS (pH 7.4), the cells were dual-labeled with R18 and 691 

calcein-AM (Invitrogen). At 36 h p.t. or 48 h p.i., the transfected or infected Sf9 692 

cells were washed twice with PBS (pH 7.4) and then incubated with the labeled 693 

RBCs for 20 min. After removing the unbound RBCs, the cells were washed 694 

three times with PBS (pH 7.4). Then, the cells were incubated in PBS at pH 5.0 695 

for 3 min. After washing twice with PBS (pH 7.4), the cells were maintained in 696 

TNMFH medium at 27 °C for 20 min. Then, the transfer of fluorescence 697 

between RBCs and Sf9 cells was photographed using epifluorescence 698 

microscopy (Nikon Eclipse Ti). Five fields were randomly selected to score for 699 

dye transfer. The efficiency of hemifusion or pore formation was estimated by 700 

the ratio of R18-transferred Sf9 cells or calcein-AM-transferred Sf9 cells to 701 

RBC-bound Sf9 cells.  702 

Transfection-infection assay  703 

Sf9 cells in 6-well plates were transfected with 4 μg of each of the 704 

recombinant AcMNPV bacmids encoding WT or the modified GP64. At 96 h p.t. 705 

the supernatants were collected and clarified by centrifugation (3,000 g, 10 706 

min), and then used to infect a new monolayer of Sf9 cells. At 96 h p.i. the 707 

supernatants were harvested and the infectious virus titers were determined by 708 

a 50% tissue culture infection dose (TCID50) assay. 709 

Virus growth curve analysis 710 

Sf9 cells in 12-well plates were infected with the virus expressing WT or the 711 

modified GP64 at an MOI of 5 or 0.1 for 1 h. After removing the viral inoculum, 712 

the cells were washed once with TNMFH medium and then incubated at 27 °C. 713 
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At different time points (24-120 h) p.i., the cell culture supernatant was 714 

collected and infectious virus titers were determined by TCID50 assays. 715 

BVs purification 716 

BVs were purified as previously described with minor modifications (41). 717 

Briefly, Sf9 cells were infected with the virus expressing WT or the modified 718 

GP64 (E390A, G391A, or N381/K389A) with an MOI of 1. At 96 h p.i., 719 

infected-cell supernatants were centrifuged at 28000 rpm, 4°C for 90 min 720 

through a 25% (wt/vol) sucrose cushion. Pellets were resuspended and 721 

overlaid onto a 30-55% (wt/vol) continuous sucrose gradient and centrifuged at 722 

28000 rpm, 4°C for 90 min. Then, the virus fraction was diluted with TNMFH 723 

medium, and centrifuged again under the same condition. Virus pellets were 724 

resuspended in TNMFH medium and the potential contamination was removed 725 

by filtration. Virus titers were determined by TCID50 assays. 726 

BVs binding and internalization assay 727 

Sf9 cells in 12-well plates were pre-chilled at 4 °C for 30 min and then 728 

incubated with the purified virus expressing WT or the modified GP64 (E390A, 729 

G391A, or N381/K389A) (MOI=5) at 4°C for 1 h. After removing the virus 730 

inoculum, cells were washed twice with cold TNMFH medium. Then, one set of 731 

the cells were collected and total DNA was extracted at 4 °C by using DNeasy 732 

Blood & Tissue kit (QIAGEN). Another set of the cells was incubated at 27 °C 733 

for 1 h to allow virus internalization. Then, the cells were treated with citrate 734 

buffer (40 mM sodium citrate, 135 mM NaCl, and 10 mM KCl, pH 3.1) for 1 min 735 

to inactivate and remove non-internalized viruses as described previously (15) 736 

and then total DNA was extracted. Viral genomic DNA in total DNA extracts 737 

that isolated from two sets of the infected cells was measured by qPCR 738 
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(CFX96 TouchTM real-time PCR system, Bio-Rad). Each PCR mixture 739 

contained 10 µl SYBR® Premix ExTaq II (TaKaRa), 2.5 µM each primer 740 

(ODV-e56F: 5’-GATCTTCCTGCGGGCCAAACACT-3’ and ODV-e56R: 741 

5’-AACAAGACCGCGCCTATCAACAAA-3’), and 1 ng of the DNA. A standard 742 

curve was generated by using the plasmid ODV-e56pGEM as previously 743 

described (42).  744 

Virus egress assay 745 

Sf9 cells in 6-well plates were transfected with 4 μg of each of the 746 

recombinant AcMNPV bacmids which express the modified GP64 (E390A, 747 

G391A, or N381/K389A) or 0.5-4 μg of the bacmid expressing WT GP64. At 24 748 

h p.t., one set of the cells were used to score GFP fluorescence-positive cells 749 

under an epifluorescence microscope and evaluate the transfection efficiency. 750 

Another set of the cells were solubilized with 0.5% NP-40 in PBS (pH 7.4) and 751 

the β-Gluc activity was measured using the substrate 4-Nitrophenyl 752 

β-D-glucuronide (PNPG, Sigma-Aldrich). The cell supernatants in third set of 753 

the transfected cells were collected and infectious virus titers were determined 754 

by TCID50 assays, the cells were fixed with 0.5% glutaradehyde and cell 755 

surface levels of GP64s were assessed by cELISA with the MAb AcV5. 756 

Western blotting  757 

Transfected or infected Sf9 cells were lysed with Triton X-100 buffer (150 758 

mM sodium chloride, 0.1% Triton X-100, 50 mM Tris, pH 8.0) containing the  759 

protease inhibitor cocktail (Roche Life Science). The extracted proteins were 760 

separated by 6% or 10% SDS-polyacrylamide gels under reducing and 761 

non-reducing conditions. After transferring to a PVDF membrane (Millipore), 762 

the blots were blocked in a 4% milk TBST (10 mM Tris pH 8.0, 150 mM sodium 763 
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chloride, 0.05% Tween-20) solution. GP64 proteins were detected with the 764 

MAb AcV5 and the alkaline phosphatase-conjugated goat anti-mouse IgG 765 

(Promega). Immunoblots were visualized using Nitro-Blue-Tetrazolium (NBT) 766 

and 5-Bromo-4-Chloro-3-Indolyl Phosphate (BCIP) (Promega). 767 
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Figure legends 876 

Figure 1 877 

The conformation and amino acid contacts of domain IV of AcMNPV 878 

GP64. (A, B) Postfusion structure of GP64 monomer and trimer (PDB, ID: 879 

3DUZ) (18). Domains I-V (DI-DV) in the monomer are colored as green, red, 880 

blue, cyan, and magenta, respectively. The conformation of residues 881 

V394-D398 in domain IV that has not been solved in the structure is predicted 882 

and showed in gray. L1, loop1; L2, loop2; FL1, fusion loop1; FL2, fusion loop2. 883 

(C) Domain IV and a portion of domain III are shown both in ribbon and surface 884 

representation. The conserved amino acids in domain IV among baculovirus 885 

GP64s and thogotovirus glycoproteins are displayed in sticks. The cluster of 886 

E390-G391-R392 and the disulfide bond C382-C402 are shown as spheres. 887 

(D) The contacts in domain IV of GP64. (E) Amino acid sequence alignments 888 

of domain IV of baculovirus GP64s and thogotoviruses glycoproteins. A 889 

schematic diagram of AcMNPV GP64 is shown at the top of the alignment. SP, 890 

signal peptide; PTM, pre-transmembrane domain; TM, transmembrane 891 

domain. The color code for each domain (DI-IV) is the same as in (A). Two 892 

epitopes in domain III and domain V that separately recognized by the MAb 893 

AcV1 and AcV5 are shown. Virus name abbreviations are listed as that on the 894 

ICTV website (https://talk.ictvonline.org/). 895 

Figure 2 896 

Expression and cell surface localization of the modified GP64. (A) 897 

Western blotting analysis of expression and trimerization of WT and modified 898 

GP64 proteins on non-reducing (NR) and reducing (R) gels. Sf9 cells were 899 

transfected with the plasmid expressing each of the WT or modified GP64s. At 900 
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36 h p.t., the expression of GP64 was detected. (B) Relative cell surface levels 901 

of GP64 were determined by cELISA. A standard curve generated by 902 

transfecting Sf9 cells with decreasing quantities of the plasmid expressing WT 903 

GP64 is shown on the left side of the panel. Cells were transfected with 2 μg of 904 

the plasmid expressing each modified GP64. Error bars represent standard 905 

deviations (SD) from the mean of three replicates. (C) A diagram of domain IV 906 

shows the contacts and residues identified as critical for cell surface 907 

localization of GP64. L1, loop1; L2, loop2. 908 

Figure 3 909 

Cell-cell fusion mediated by WT and the modified GP64. (A) Cell-cell 910 

syncytium formation assay. Sf9 cells were transfected with the plasmid 911 

expressing WT or the modified GP64. At 36 h p.t., the syncytium formation was 912 

induced by the low-pH treatment and photographed using phase-contrast 913 

microscopy. Arrows indicate syncytial masses. (B) Analysis of relative fusion 914 

activity for each construct. Error bars represent SD from the mean of three 915 

replicates. (C) A diagram of domain IV shows the contacts and residues 916 

identified as critical for membrane fusion. L1, loop1; L2, loop2.  917 

Figure 4 918 

Hemifusion and pore formation mediated by fusion-deficient GP64 919 

proteins. (A) A schematic of hemifusion and pore formation assay. Sf9 cells 920 

were transfected with the plasmid expressing WT or the modified GP64. At 36 921 

h p.t., the cells were incubated with dual dye (R18 and calcein-AM)-labeled 922 

RBCs. After removing the unattached RBCs, the cells were treated with PBS 923 

(pH 5.0) for 3 min to induce fusion. Transfer of R18 between RBCs and Sf9 924 

cells indicates the merger of outer membrane leaflets of two kinds of cells 925 
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(hemifusion), whereas the transfer of calcein-AM between RBCs and Sf9 926 

suggests the inner membrane leaflets merger of the cells (pore formation). (B) 927 

Hemifusion and pore formation assay. Sf9 cells were transfected with 2 μg or 928 

0.005 μg plasmid expressing WT GP64 (WT2 or WT0.005) or with 2 μg of the 929 

plasmid expressing each mutated GP64. At 36 h p.t., Sf9 cells were incubated 930 

with dual dye-labeled RBCs and the dye transfer between RBCs and Sf9 cells 931 

were observed and photographed. The dye transfer efficiency was estimated 932 

by the ratio of the number of R18-transferred or calcein-AM-transferred Sf9 933 

cells to the number of Sf9 cells with RBCs bound (C). Error bars represent SD 934 

from the mean of three replicates. 935 

Figure 5 936 

Analysis of low-pH triggered conformational change of the 937 

fusion-deficient GP64 constructs. The conformational change of 938 

cell-surface localized GP64 proteins upon low-pH trigger was measured by 939 

cELISA using the MAb AcV1. Sf9 cells were transfected with 2 μg of the 940 

plasmid for WT or each modified GP64. Each value represents the mean from 941 

triplicate transfections and is normalized to that of Sf9 cells transfected with the 942 

plasmid expressing WT GP64 at pH 7.0.   943 

Figure 6 944 

Growth kinetics of viruses expressing fusion-deficient GP64 constructs. 945 

Sf9 cells were infected with the virus expressing WT or each modified GP64 at 946 

an MOI of 5 (A, B, left panels) or at an MOI of 0.1 (A, B, right panels). At the 947 

indicated time points p.i., virus titers were determined by TCID50 assays. Error 948 

bars represent SD from the mean of three replicates.  949 

Figure 7 950 
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Effects of E390A, G391A, and N381/K389A on membrane fusion and 951 

conformational change of the modified GP64 in virus-infected cells. Sf9 952 

cells were infected with the virus expressing either WT GP64 or E390A, 953 

G391A, or N381/K389A (MOI=5). At 48 h p.i., the cells were subjected to 954 

analysis. (A) Western blot analysis of the expression of GP64 proteins under 955 

non-reducing (NR) and reducing (R) conditions. (B) Relative cell surface levels 956 

of GP64 proteins were determined by cELISA. (C, D) Cell-cell fusion assay. 957 

The infected cells were incubated with PBS (pH 5.0) for 3 min and then 958 

cultured at 27 °C for 4 h. Then, the syncytium formation was observed and 959 

photographed (C) and the percentage of cells in syncytial masses (≥5 nuclei) 960 

was calculated (D). (E, F) Hemifusion and pore formation assay. The infected 961 

cells were incubated with dual dye-labeled RBCs. After attachment, the cells 962 

were incubated with PBS (pH 5.0) and then the dye transfer between RBCs 963 

and Sf9 cells were observed and photographed (E) and the dye transfer 964 

efficiency was estimated as described above (F). (G) Low-pH triggered 965 

conformational change of WT and the modified GP64. The infected cells were 966 

incubated in PBS with varying pH values (pH 4.5-7.0) and then fixed and 967 

analyzed by cELISA using the MAb AcV1. Error bars represent SD from the 968 

mean of three replicates.  969 

Figure 8 970 

Effects of E390A, G391A, and N381/K389A on BVs binding and 971 

internalization (A) and infectious BVs egress (B). (A) (a) Schematic 972 

representation of BVs binding and internalization assays. Sf9 cells were 973 

incubated with each of the virus expressing WT GP64 or E390A, G391A, or 974 

N381/K389A (MOI=5) at 4°C. After removing the virus inoculum and washing 975 
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the cells, one set of the cells was lysed and virus binding efficiency was 976 

determined by measuring viral genomic DNA using qPCR (b). The other set of 977 

cells was cultured at 27 °C for 1 h and then the virus internalization was 978 

examined by qPCR of viral genomic DNA (c). (B) (a) Schematic representation 979 

of BVs egress assay. Sf9 cells were transfected with 0.5-4 μg bacmid DNA 980 

expressing WT GP64 or with 4 μg bacmid DNA expressing either E390A, 981 

G391A, or N381/K389A. At 24 h p.t., the relative cell surface levels of GP64 982 

proteins were determined by cELISA (b) and infectious virus production was 983 

measured by TCID50 assays (c). Error bars represent SD from the mean of 984 

three replicates. ***, P<0.0005 (by paired two-tailed t test). 985 

Figure 9 986 

Proposed roles of domain IV in membrane fusion and low-pH triggered 987 

conformational change of AcMNPV GP64. (A) The predicted prefusion 988 

structure of AcMNPV GP64 (domain I-IV) that was generated by I-TASSER 989 

approach using the prefusion structure of VSV G (PDB, ID: 5i2s) (25) as the 990 

template (left panel), the postfusion structure of GP64 (middle panel), and the 991 

critical residues and contacts within domain IV that are involved in GP64 992 

conformation change and membrane fusion (right panel). Domains I-V (DI-DV), 993 

PTM (pre-transmembrane domain), and TM (transmembrane domain) are 994 

colored in green, red, blue, cyan, magenta, orange, and olive, respectively. 995 

FL1, fusion loop1; FL2, fusion loop2. Residues and the contacts are indicated 996 

as magenta spheres and sticks, respectively. (B) Roles of domain IV in 997 

prefusion to postfusion conformation change of GP64. In prefusion state 998 

(neutral-pH conditions), GP64 is anchored on the viral envelope (or the cell 999 

surface) in a compact form. Upon low-pH trigger, the structure of GP64 opens 1000 
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to expose fusion loops that reside at the tip of domain I (step 1). Following the 1001 

extension of domain V and the formation of long α-helix in domain III, fusion 1002 

loops target the cellular membrane and interact with it (step 2). Refolding of 1003 

GP64 that may drive by the formation of long coiled-coils in the center of 1004 

domain III and the interaction of domain III, IV, and V promotes the close of two 1005 

membranes in proximal and yields the outer membrane leaflets merger 1006 

(hemifusion, step 3a) and the inner membrane leaflets merger (fusion pore 1007 

formation and expansion, step 3b). The potential negative effects of mutations 1008 

in domain IV on membrane fusion and conformational change of GP64 are 1009 

indicated.  1010 
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Table 1. Phenotypes of wild-type and alanine-substitutions in domain IV of AcMNPV GP64  

Construct Contactsa Trimer Surface (%) Fusion (%) 

Dye transfer (%) Virus infectivity b 

R18 Calcein-AM Rescue Virus titer (TCID50/ml) 

WT √ + 100.0±2.9 97.9±1.3 99.5±0.3 99.2±0.3 + (2.4±0.3)×108 

N374A - + 97.3±2.7 81.0±2.0 ND ND + (1.8±0.0)×108 

P375A - + 127.4±1.3 81.8±1.6 ND ND + (1.5±0.0)×108 

P376A - + 118.4±1.1 87.9±1.5 ND ND + (2.2±0.6)×108 

T379A √ + 96.8±3.0 81.1±3.5 ND ND + (1.1±0.1)×108 

S380A - + 135.4±1.8 95.0±0.7 ND ND + (1.9±0.5)×108 

N381A √ + 62.0±2.9 97.7±1.3 ND ND + (2.2±0.1)×108 

Y383A - + 53.3±1.6 147.2±2.3 ND ND + (1.0±0.2)×108 

N384A √ + 60.8±5.7 141.6±1.6 ND ND + (2.0±0.3)×108 

N385A √ + 76.3±2.2 117.1±0.2 ND ND + (2.4±0.3)×108 

S386A - + 85.1±1.3 108.8±0.8 ND ND + (1.7±0.2)×108 

I387A - + 116.8±2.0 81.7±1.6 ND ND + (1.7±0.2)×108 

Y388A × + 6.5±0.2 0 0 0 - NA 

K389A √ + 166.6±6.8 97.1±0.4 ND ND + (1.5±0.4)×108 

E390A - + 6.1±0.5 0 0 0 + (1.4±0.2)×106 

G391A - + 6.7±0.3 0 0 0 + (2.2±0.0)×106 

R392A - + 6.0±0.3 0 0 0 - NA 

W393A × + 7.3±0.2 0 0 0 - NA 

V394A - + 107.5±0.8 96.9±1.4 ND ND + (1.1±0.1)×108 

N396A - + 94.0±3.1 93.4±2.5 ND ND + (1.4±0.2)×108 

T397A - + 128.9±2.4 96.2±1.3 ND ND + (5.1±0.7)×108 

D398A × + 106.4±2.8 96.8±1.1 ND ND + (4.2±0.6)×108 

S399A - + 101.4±5.0 101.6±1.6 ND ND + (5.1±0.7)×108 

S400A √ + 93.1±2.3 98.3±1.8 ND ND + (2.2±0.0)×108 

Q401A √ + 99.6±7.0 104.5±1.0 ND ND + (6.2±0.8)×108 

I403A √ + 100.1±3.7 92.4±1.1 ND ND + (2.4±0.3)×108 

D404A × + 88.3±0.9 13.1±0.5 81.2±2.2 80.3±2.2 + (1.7±0.2)×108 

F405A × + 96.7±5.0 91.4±8.8 ND ND + (1.7±0.2)×108 

S406A √ + 96.8±0.3 96.6±2.6 ND ND + (2.7±0.7)×108 

N407A - + 103.1±4.9 13.7±0.2 82.8±0.9 81.95±1.1 + (1.1±0.1)×108 

T379/F405A × + 99.4±3.3 96.8±1.0 ND ND + (2.4±0.3)×108 

N381/N385A × + 16.4±1.3 0 0 0 - NA 

N381/K389A × + 8.9±0.3 0 0 0 + (8.4±0.2)×106 

N381/Q401A × + 53.0±2.3 7.6±3.5 70.9±2.4 69.7±2.3 + (1.3±0.4)×108 

N381/I403A × + 51.8±0.4 11.0±0.3 65.7±1.3 64.2±1.1 + (1.4±0.2)×108 

N384/Y388A × + 7.0±1.3 0 0 0 - NA 

N385/K389A × + 152.8±0.7 94.1±0.6 ND ND + (3.9±1.0)×108 

N385/W393A × + 6.1±0.4 0 0 0 - NA 

K389/W393A × + 6.3±0.4 0 0 0 - NA 

D398/S400A × + 106.7±1.5 99.7±2.2 ND ND + (2.0±0.3)×108 

D398/Q401A × + 76.6±2.5 105.1±4.0 ND ND + (2.7±0.7)×108 

D404/S406A × + 82.5±1.9 11.2±2.4 83.8±1.3 82.6±1.1 + (3.5±0.4)×108 

a Residues contacts were analyzed in predicted postfusion structures of WT and the modified GP64s; bVirus infectivity was determined by a 

transfection-infection assay; ND, not done; NA, not available.  

 on July 25, 2020 at U
niversity of B

irm
ingham

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/

