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Abstract 13 

Interaction between the Ebola virus envelope glycoprotein (GP) and the endosomal membrane is an 14 

essential step during virus entry into the cell. Acidic pH, Ca2+, and removal of the glycan cap from GP 15 

have been implicated in mediating the GP-membrane interaction. However, the molecular mechanism 16 

by which these factors regulate the conformational changes that enable engagement of GP with the 17 

target membrane is unknown. Here, we apply fluorescence correlation spectroscopy (FCS) and single-18 

molecule Förster resonance energy transfer (smFRET) to elucidate how the chemical environment of 19 

the late endosome promotes GP-membrane interaction, thereby facilitating virus entry. We first 20 

investigate the role of anionic phospholipids, phosphatidylserine (PS) and 21 

bis(monoacylglycero)phosphate (BMP), which are found in the membrane of the late endosome. We 22 

find that these lipids enable robust binding of GP to membranes in a pH- and Ca2+-dependent manner. 23 

We then identify residues in GP that sense pH and trigger conformational changes that make the 24 

fusion loop available for insertion into the membrane. Molecular dynamics (MD) simulations suggest 25 

the structural basis for pH-trigger conformational changes. We similarly confirm residues in the fusion 26 

loop that mediate GP’s interaction with Ca2+, which likely promotes local conformational changes in 27 

the fusion loop and mediates electrostatic interactions with the anionic phospholipids. Collectively, 28 

our results provide a mechanistic understanding of how the environment of the late endosome 29 

regulates the timing and efficiency of virus entry. 30 

  31 
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Introduction 32 

Ebola (EBOV) is an enveloped, negative-stranded RNA virus, which causes disease in humans with an 33 

average case fatality rate of 50% (Salata et al., 2019). Since its discovery, there have been several 34 

outbreaks of EBOV disease in sub-Saharan Africa with the most recent being in September 2022 35 

(“Ebola returns: back to square one”, 2022). Incidences of repetitive outbreaks, changes in virulence, 36 

or emergence of resistance could reduce the effectiveness of currently approved vaccination and 37 

treatment regimes. Therefore, a better understanding of the EBOV entry mechanism, an under-38 

utilized drug target, would aid in the development of effective prophylactic and treatment 39 

interventions.  40 

The EBOV fusion and entry process is not fully decoded. It is well known that the EBOV envelope 41 

glycoprotein (GP), present on surface of the virion, mediates virus entry in host cells. GP is a timer of 42 

heterodimers with each protomer consisting of two subunits, GP1 and GP2, which are linked by 43 

disulfide bonds (J. E. Lee et al., 2008). The virions attach to the host cell surface via GP1 interaction 44 

with C-type lectins and phosphatidylserine receptors, and are internalized by macropinocytosis 45 

(Mulherkar et al., 2011; Nanbo et al., 2010). Once inside the endosomes, cathepsins B and L 46 

proteolytically remove the mucin-like domain and glycan cap from GP1, enabling its binding to the 47 

endosomal receptor, the Niemann-Pick C1 (NPC1) cholesterol transporter (Carette et al., 2011; 48 

Chandran et al., 2005; Côté et al., 2011; Miller et al., 2012). Additional factors yet to be identified are 49 

likely required to trigger the conformational changes in GP that are necessary to promote fusion of 50 

the viral and endosomal membranes (Fénéant et al., 2019).  51 

While in the endocytic pathway, acidification of the endosomal lumen and Ca2+ play critical, but poorly 52 

defined roles in promoting EBOV entry (Brecher et al., 2012; Das et al., 2020; Nathan et al., 2020; 53 

Saeed et al., 2010; Sakurai et al., 2015). In a study conducted on the isolated GP fusion loop (residues 54 

507-560), conserved residues were mutated to identify pH sensors that trigger membrane binding (J. 55 

Lee et al., 2016). Mutation of H516 reduced lipid mixing promoted by the fusion loop by 80% in an in 56 

vitro assay. However, no difference in virus-like particle entry into mammalian cells could be seen with 57 

respect to wild type. This study suggested that instead of a single amino acid residue acting as a pH 58 

sensor, the effect of changes in pH is spread over multiple residues that collectively influence the 59 

conformational changes of GP. Another study investigated the interaction of Ca2+ ions with anionic 60 

residues flanking the fusion loop (Nathan et al., 2020). Residues D522 and E540 were especially crucial 61 

for interaction of the isolated fusion loop with Ca2+, which enhances membrane binding. Our previous 62 

single-molecule Förster resonance energy transfer (smFRET) experiments on trimeric GP on the 63 

surface of pseudoviral particles demonstrated that low pH and Ca2+ play a critical role in promoting 64 
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conformational changes in GP that correlate with lipid mixing (Das et al., 2020). While prior studies 65 

had suggested residues in the fusion loop that are involved in sensing pH and Ca2+, the role of these 66 

residues in mediating conformational changes of trimeric GP was not evaluated. Nor has it been 67 

determined how additional residues outside of the fusion loop might allosterically regulate 68 

conformational dynamics of GP and fusion loop-mediated membrane binding. 69 

Lipids in host cell membranes can facilitate virus attachment and regulate fusion. Lipid content of 70 

endosomes is important in sorting of enveloped viruses into specific compartments and avoiding 71 

premature fusion (Mazzon & Mercer, 2014). The late endosomal membrane is rich in anionic lipids, 72 

phosphatidylserine (PS) and bis(monoacylglycero)phosphate (BMP) (Hullin-Matsuda et al., 2014; 73 

Urade et al., 1988). BMP is essential for fusion of viruses such as Dengue, Lassa, Uukuniemei and 74 

vesicular stomatitis virus that enter cells through the endocytic route (Bitto et al., 2016; Markosyan et 75 

al., 2021; Matos et al., 2013; Nour et al., 2013; Zaitseva et al., 2010). However, a role for BMP in EBOV 76 

GP entry could not be verified using a cell-cell fusion assay (Fénéant et al., 2019). This may indicate 77 

that the plasma membrane lacks other lipid or protein components, which are specific to the 78 

endosome and essential for EBOV GP-mediated fusion. Therefore, whether endosomal lipids play a 79 

role in EBOV entry remains an open question.  80 

In the present study, we sought to elucidate the mechanistic basis for how the chemical features of 81 

the late endosome enable GP to engage the target membrane prior to fusion. To probe the ability of 82 

trimeric GP to bind membranes of distinct composition, we developed a fluorescence correlation 83 

spectroscopy (FCS) assay. FCS provides quantitative information on the diffusion of molecules in 84 

solution. In comparison to conventional pull-down or membrane flotation methods, FCS has high 85 

spatio-temporal resolution, requires low sample quantity, and provides rapid experimental 86 

throughput (Betaneli et al., 2019). Our results indicate that anionic lipids PS and BMP, enhanced the 87 

extent of membrane binding of GP at acidic pH and in presence of Ca2+. smFRET imaging indicated that 88 

acidic pH and Ca2+ destabilized the pre-fusion conformation, allowing the fusion loop to move away 89 

from its hydrophobic cleft to a position where it can engage the membrane. The presence of the target 90 

membrane captured the fusion loop in a position distal to the base of the GP trimer. The results of 91 

mutagenesis support a model in which pH- and Ca2+-sensing residues tune the responsiveness of GP 92 

to the chemical environment of the late endosome, ensuring proper timing of conformational changes 93 

necessary for fusion.  94 

Results 95 

Anionic lipids and Ca2+ mediate GP-membrane binding at acidic pH 96 
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We first sought to test the hypothesis that coordination of Ca2+ in the fusion loop of GP might aid in 97 

engagement of GP with anionic phospholipids found in the late endosome. To this end, we developed 98 

an FCS assay to monitor GP-membrane interactions. We prepared liposomes to mimic the endosomal 99 

membrane using phosphatidylcholine (PC), PS, BMP, and cholesterol (Ch). The trimeric ectodomain of 100 

GP (GPΔTM) from the Mayinga strain of EBOV, lacking the transmembrane domain and the mucin-like 101 

domain was expressed and purified in Expi293 cells. A foldon trimerization domain was introduced at 102 

the C-terminus to preserve the trimeric form of GPΔTM. GP1 and GP2 in GPΔTM were site-specifically 103 

labelled with Cy5 using an enzymatic labelling approach (Materials and Methods) (Durham et al., 104 

2020). We noted that thermolysin, which is commonly used to remove the glycan cap from GP1 in 105 

place of the endosomal cathepsin proteases, led to removal of the fluorophore. To alleviate this off-106 

target effect of thermolysin, the thermolysin cleavage site was replaced with the HRV3C protease 107 

recognition sequence. This enabled equivalent removal of the glycan cap from GP1 (forming GPCL) and 108 

left the Cy5 labelling intact (Figure S1A). In a pseudovirion infectivity assay, introduction of the HRV3C 109 

sequence left GP 85% functional as compared to wild-type GP (Figure S1B). 110 

As measured by FCS, the labelled GPCL diffused as a single homogeneous species with a diffusion time 111 

of 0.308 ± 0.007 ms (Figure 1A, B). In contrast, 100-nm diameter liposomes diffused more slowly with 112 

a diffusion time of 2.6 ± 0.2 ms, reflecting their larger size (Figure 1C). To allow labelled GPCL to bind 113 

liposomes under conditions that approximate the late endosome, GPCL was incubated with liposomes 114 

at 37°C for 20 mins at pH 5.5 across a range of Ca2+ concentrations. Evaluation with FCS indicated a 115 

mixture of two species with diffusion times consistent with unbound GPCL, and GPCL bound to 116 

liposomes. When liposomes were composed only of PC and cholesterol (PC:Ch 95:5) only 4.8 ± 0.1% 117 

of GPCL bound to liposomes in the absence of Ca2+ (Figure 2). With the addition of 1 µM Ca2+, GPCL 118 

binding increased to 7.9 ± 0.2%. Increasing Ca2+ concentration as high as 1 mM did not further promote 119 

GPCL binding to the liposomes. 120 

In contrast, when we introduced negatively charged PS into the liposomes (PC:PS:Ch 55:40:5), GPCL 121 

binding increased to 10.9 ± 0.2% in the absence of Ca2+. Addition of Ca2+ at concentrations 1 µM and 122 

10 µM further increased GPCL binding to 17.9 ± 0.3% and 27.5 ± 0.2%, respectively. However, further 123 

increases in Ca2+ concentration to 0.1 mM and 1 mM, reduced GPCL binding by more than 1.3 and 4-124 

fold, respectively. Next, we evaluated the effect of BMP, a negatively charged lipid unique to late 125 

endosomal membranes, on binding of GPCL to liposomes (Bissig & Gruenberg, 2013; Hullin-Matsuda 126 

et al., 2014). Liposomes designed to mimic the late endosome (PC:PS:BMP:Ch 40:40:15:5) (Bissig & 127 

Gruenberg, 2013) bound 26.7 ± 0.2% of GPCL in the absence of Ca2+. Gradually increasing Ca2+ 128 

promoted GPCL binding to the liposomes, reaching a peak of 52.0 ± 0.3 % bound GPCL at 1 mM Ca2+. 129 
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These data demonstrate that anionic lipids, especially BMP, promote GPCL-membrane interaction in a 130 

Ca2+-dependent manner. 131 

Previous reports have shown that removal of the glycan cap and acidic pH are critical for trimeric GP 132 

to bind target membranes and promote lipid mixing in the absence of BMP (Brecher et al., 2012; Das 133 

et al., 2020). We therefore tested whether the presence of BMP affected the importance of glycan 134 

cap removal or pH during membrane binding. At neutral pH, 8 ± 1.7% GPΔTM bound to BMP-135 

containing liposomes, with minimal increase in the presence of 1 mM Ca2+ (Figure 3A). At pH 5.5, 136 

binding increased slightly to 18.3 ± 2%, with 1 mM Ca2+ promoting binding further. GPCL bound 137 

liposomes at neutral pH to a similarly modest extent as GPΔTM, irrespective of Ca2+. Binding was 138 

increased by acidic pH and Ca2+ to a greater extent than that seen for GPΔmuc, reasserting the 139 

significance of glycan cap cleavage in membrane binding of GP (Figure 3B). Taken together, these 140 

results demonstrate that neither anionic lipids nor Ca2+ are sufficient to promote GP-membrane 141 

interactions at neutral pH. At acidic pH the combination of anionic lipids and Ca2+ facilitates robust 142 

GPCL engagement with the membrane.  143 

Mutation of histidine residues in GPCL have differential effects on membrane binding 144 

We next tested the pH sensing potential of histidine residues in GP1 and GP2. Residues H139, H154, 145 

H197, H516 and H549 were selected. Residue H139 was selected since it is present in the NPC1-binding 146 

site of GP1. Similarly, H154 is proximal to the NPC1-binding site and interacts with hydrophobic 147 

residues in the fusion loop, potentially stabilizing the pre-fusion conformation (J. E. Lee et al., 2008). 148 

H197 resides adjacent to the glycan cap cleavage site near the C-terminus of GP1. Finally, H516 and 149 

H549 flank the fusion loop and have a functional role during lipid mixing in vitro (J. Lee et al., 2016). 150 

H39 was not included in our analysis as its location near the N terminus of GP1 and the lack of 151 

intramolecular interactions outside of its immediate proximity make it less likely to contribute to 152 

mediating the global conformation of GP. The following pKa values for the selected histidine residues 153 

were predicted by PropKa: 5.2 (H139), 5.2 (H154), 6.9 (H516) and 7.2 (H549), suggesting that the 154 

protonation state of these residues may change under physiological conditions, which encouraged us 155 

to experimentally test these residues as putative pH sensors (Olsson et al., 2011; Søndergaard et al., 156 

2011). The predicted pKa for H39 was 8.3, further deemphasizing this residue as a potential sensor of 157 

physiological pH change. H197 is not present in the available GP structures and thus a predicted pKa 158 

was not calculated. We next introduced alanine substitutions at positions 139, 154, 197, 516, and 549 159 

in GP1 and GP2. The expression and structure of the mutant proteins was verified by western blot and 160 

ELISA using KZ52, an antibody specific to the native tertiary structure of GP (Figure S2) (J. E. Lee et al., 161 

2008; Maruyama et al., 1999). GP-membrane interaction was evaluated using our FCS assay with 162 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 20, 2023. ; https://doi.org/10.1101/2023.01.18.524651doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.18.524651


   
 

 
 

6 

PC:PS:BMP:Ch liposomes since they yielded maximal binding of GP under the conditions tested. Of the 163 

five His mutants evaluated, H139A, H154A and H516A bound liposomes at approximately 10% at 164 

neutral pH, similarly to wild-type GPCL (Figure 3C-G). However, these mutants did not show increased 165 

membrane binding at acidic pH or in the presence of Ca2+. These data suggest that H139, H154, and 166 

H516 are critical to the pH-induced enhancement of GP-membrane interaction. In contrast, the H197A 167 

mutant bound liposomes similarly to wild-type across all conditions tested, indicating that H197 does 168 

not contribute to pH-induced membrane binding. H549A binding to liposomes remained similar to 169 

wild-type at neutral pH, and at acidic pH in the absence of Ca2+. However, the addition of Ca2+ induced 170 

no additional membrane binding. This indicates that either Ca2+ does not bind to the H549A mutant, 171 

or Ca2+ binding does not induce the effect on GP structure that promotes interaction with the 172 

membrane. Furthermore, these data show that protonation of residues H197 and H549 is not 173 

necessary for pH-enhanced membrane binding.  174 

The putative Ca2+-binding site is essential for interaction with the target membrane 175 

A previous study demonstrated that Ca2+ ions interact with conserved acidic residues (D522, E523, 176 

E540 and E545) flanking the fusion loop, suggesting an important role for these residues in EBOV 177 

fusion (Nathan et al., 2020). Here, we investigated whether these residues are similarly critical to 178 

membrane binding in the context of trimeric GPCL. Alanine substitutions were introduced at the 179 

putative site of Ca2+ binding in the fusion loop. Protein expression and native conformation were 180 

evaluated as above. The D522A and E540A mutants were well expressed and maintained native 181 

antigenicity (Figure S2); E523A and E545A aggregated in solution and hence were not considered 182 

further. The D522A mutant bound to PC:PS:BMP:Ch liposomes to a comparable extent as wild-type 183 

GPCL at neutral pH with or without Ca2+ (Figure 3H). Under acidic conditions binding was reduced (15 184 

± 2%) and addition of Ca2+ had no effect. In contrast, the membrane binding activity of E540A was 185 

similar to wild-type at acidic pH in the absence of Ca2+ (30 ± 3%, Figure 3I). However, a reduction in 186 

membrane binding (13 ± 3%) was observed in the presence of Ca2+. These findings lend further support 187 

for the idea that acidic residues flanking the fusion loop play a critical role in Ca2+-mediated binding of 188 

GP to the target membrane. 189 

Conformational dynamics of wild-type GPCL during membrane binding 190 

We first sought to better characterize the conformational equilibrium of GPCL through smFRET imaging 191 

at neutral pH in the absence of Ca2+. We modified a previously established smFRET imaging assay that 192 

reports on conformational changes in GP2 (Figure 4A, B). We used pseudoparticles with GP containing 193 

the HRV3C cleavage site and a non-natural amino acid, trans-cyclooct-2-ene-L-lysine (TCO*) at 194 

positions 501 and 610, which enabled labelling with Cy3- and Cy5-tetrazine. Advancements in single-195 
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molecule detection allowed us to resolve additional FRET states beyond what had previously been 196 

reported (Materials and Methods). Hidden Markov modelling (HMM) of the individual smFRET traces 197 

indicated the existence of 4 states (0.24 ± 0.08, 0.49 ± 0.08, 0.72 ± 0.08, and 0.92 ± 0.08) (Figure 4C, 198 

S4A).  The 0.92-FRET state (high FRET), which is consistent with the pre-fusion conformation reflected 199 

in structures of GP (J. E. Lee et al., 2008; Zhao et al., 2016), predominated with 41 ± 1% occupancy at 200 

pH 7.5 in the absence of Ca2+ (Figure 4D). HMM analysis indicated spontaneous transitions among the 201 

other three FRET states and enabled construction of transition density plots (TDPs), which display the 202 

relative frequency of transitions between each FRET state (Figure 4E). The TDP indicates that most 203 

transitions occur in and out of the 0.92-FRET state, and between the 0.72- and 0.42-FRET states. 204 

Transitions to and from the 0.24-FRET state were comparatively rare. Acidification to pH 5.5 reduced 205 

the occupancy of the pre-fusion conformation to 21 ± 2% and resulted in more frequent transitions in 206 

and out of the 0.24-FRET state (Figure 4F). Addition of 1 mM Ca2+ led to a further 2-fold reduction in 207 

pre-fusion occupancy to 13±2%, and further increase in transitions to and from the 0.24-FRET state 208 

(Figure 4G). Structures of GP in the pre-fusion conformation depict the fusion loop in a hydrophobic 209 

cleft in the neighbouring protomer within the trimer (J. E. Lee et al., 2008; Zhao et al., 2016). Given 210 

the sites of fluorophore attachment, we hypothesized that the low-FRET states (0.24 and 0.49 FRET) 211 

might reflect conformations in which the fusion loop was released from the hydrophobic cleft to 212 

positions where it can engage the target membrane. We therefore incubated the labelled 213 

pseudovirions with PC:PS:BMP:Ch liposomes at pH 5.5 in the presence of 1 mM Ca2+, exactly as in our 214 

FCS experiments that indicated robust membrane binding. Interaction with liposomes further 215 

decreased occupancy in the pre-fusion conformation to 5 ± 2% and increased the 0.24-FRET state 216 

occupancy to 62 ± 1%. Overall dynamics decreased drastically with remaining transitions occurring in 217 

and out of the 0.24-FRET state (Figure 4H). Taken together, these data identify 0.24 FRET as indicating 218 

a GPCL conformation that is enriched at pH 5.5 and Ca2+, and further stabilized by interaction with a 219 

target membrane.  220 

Conserved histidines mediate GPCL conformation at acidic pH 221 

Having identified histidine residues that are critical to GP-membrane interaction, we next sought to 222 

determine the role of these residues in mediating GP conformational changes using smFRET. Similar 223 

to wild-type GPCL, the pre-fusion conformation (0.92 FRET) was predominant for H139A at pH 7.5 with 224 

an occupancy of 37 ± 1%. However, unlike wild-type GPCL the pre-fusion conformation occupancy of 225 

H139A was reduced only by about 30% at acidic pH (compared to 50% for wild-type) indicating a 226 

reduced sensitivity to pH (Figure 5A). Nonetheless, transitions to intermediate- and low-FRET states 227 

increased at acidic pH to a greater extent than wild-type, which correlates with the higher infectivity 228 

(Figure S1C). This indicates a maintained ability of H139A to undergo conformational changes (Figure 229 
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4F, 5B) but perhaps a greater dependence on NPC1 binding, which follows exposure to acidic pH in 230 

the endosome, for stabilization of functional conformations. The H154A mutant showed a more 231 

pronounced phenotype where its conformational equilibrium was insensitive to acidification, with a 232 

modest increase in transitions to low FRET (Figure 5A, C). While occupancy of the pre-fusion 233 

conformation remained at approximately 25% at both pH values tested, predominant occupancy was 234 

seen in the 0.49-FRET state (Figure S4C). Thus, while the H154A mutation destabilizes the pre-fusion 235 

conformation, the lack of sensitivity to acidic pH prevented access to a conformation competent for 236 

membrane binding. Taken together with the loss of infectivity of the H154A mutant (Figure S1C) 237 

(Manicassamy et al., 2005), these data support the identification of H154 as a critical sensor of acidic 238 

pH and mediator of GP conformation. Finally, consistent with H197 residing in an unstructured loop, 239 

not clearly engaged in intramolecular interactions, the H197A mutation had minimal impact on GP 240 

conformation or function as compared to wild-type at the pH tested (Figure 5D, S1C, S4D). 241 

Two histidine residues in GP2, H516 and H549, had distinct effects on GP conformation. The H516A 242 

mutation induced a loss of sensitivity to changes in pH (Figure 5A, E), consistent with the observed 243 

dysfunction in membrane binding and lack of infectivity (Figure S1C). Similar to the H154A mutant, a 244 

slight increase in dynamics was seen and increased occupancy in the 0.49-FRET state (Figure S4E), 245 

further indicating that this conformation is not competent for membrane binding. These data support 246 

H516 also being a critical pH sensor and mediator of GP conformation. In contrast, the H549A mutant 247 

underwent significant destabilisation of the pre-fusion conformation upon exposure to acidic pH, as 248 

well as an increase in dynamics (Figure 5A, F, S4F). This observation correlates with the maintenance 249 

of membrane binding under acidic conditions (in the absence of Ca2+) and the modest decrease in 250 

infectivity (Figure S1C). Thus, these data suggest that, while H549 may sense changes in pH, it is not a 251 

determinant of global GP conformation. 252 

Modulation of GP conformation by Ca2+-coordinating residues 253 

We next asked whether the coordination of Ca2+ impacts GP conformation as part of its role in enabling 254 

membrane binding. The D522A mutant, which is defective in Ca2+ coordination, membrane binding, 255 

and infectivity, demonstrated a conformational equilibrium similar to wild-type GP at neutral pH in 256 

the absence of Ca2+ (Figure 6A) (Nathan et al., 2020). A slight increase in dynamics was observed as 257 

compared to wild-type GP, suggestive of the mutation increasing mobility of the N terminus and fusion 258 

loop (Figure 6B). Acidification destabilized the pre-fusion conformation, consistent with the D522A 259 

mutation not affecting sensitivity to pH (Figure S4G). As expected, the addition of Ca2+ had no effect 260 

on the stability of the pre-fusion conformation (Figure 6A). In contrast, the E540A mutation, which 261 

maintains functionality in membrane binding in the absence of Ca2+, showed a destabilized pre-fusion 262 
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conformation as compared to wild-type even at neutral pH, again suggestive of increased N terminus 263 

and fusion loop mobility. Acidification had minimal effect on the conformational equilibrium, although 264 

dynamics increased slightly. In particular, transitions in and out of the low-FRET state increased as 265 

seen for wild-type GP (Figure 6C). The addition of Ca2+ led to stabilization of the 0.72-FRET state, 266 

suggesting that adopting this conformation is not sufficient for membrane binding (Figure S4H). Taken 267 

together, these data on the D522A and E540A mutants clarify that coordination of Ca2+ is not critical 268 

for destabilizing the pre-fusion conformation. Rather, the importance of Ca2+ coordination likely 269 

comes at a later stage during interaction with the target membrane. 270 

Structural basis for pH-induced conformational changes 271 

Finally, we investigated the structural basis for pH-induced conformational changes in GPCL using 272 

molecular dynamics (MD) simulation. We focused our attention on H154 and H516 as our 273 

experimental data implicated these residues in sensing changes in pH. We developed atomistic models 274 

of GPCL using available coordinates (Materials and Methods) (Bornholdt et al., 2016). In one model, 275 

histidine side chains were deprotonated to probe electrostatic interactions that would predominate 276 

at neutral pH. In an alternative model, histidine side chains were fully protonated to approximate the 277 

conditions of the acidic late endosome (pH 5-5.5). In both cases, the models were solvated in explicit 278 

water and charge-neutralized with ions. Following energy minimization and equilibration, we analysed 279 

the local dynamics in the proximity of H154 and H516 in a 225-ns simulation. The H154 side chain is 280 

engaged in electrostatic interactions with the side chain of E178, which contacts the receptor-binding 281 

site via interaction with R85. At the same time, the backbone carbonyl of H154 interacts 282 

electrostatically with the backbone amide N of Y534 in the fusion loop of the neighbouring protomer 283 

(Figure 7A). H154 thus provides a linkage between the receptor-binding site and the fusion loop, 284 

potentially stabilizing both regions in the pre-fusion conformation. According to our simulation, 285 

protonation of H154 strengthens the interaction with E178, which pulls H154 away from Y534. This 286 

movement destabilizes the H154-Y534 interaction, leading to greater relative movement of these 287 

residues (Figure 7B). The simulation, therefore, suggests that protonation of H154 contributes to 288 

release of the fusion loop from the hydrophobic cleft, facilitating its interaction with the target 289 

membrane. Mutation of H154 would break the linkage with E178, enabling stable contact with Y534 290 

across a range of pHs. The simulation thus provides a rationale for our experimental observation that 291 

the GP2 conformation of the H154A mutant showed decreased sensitivity to acidic pH. 292 

H516 flanks the fusion loop and is engaged in Pi-Pi stacking interaction with the side chain of W104 in 293 

GP1. Here again, this interaction likely mediates the stability of the fusion loop in the pre-fusion 294 

conformation. Our MD simulation suggests that this interaction is labile when H516 is deprotonated, 295 
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with H516 sampling multiple conformations (Figure 7C, D). These dynamics can be parameterized by 296 

the distance between H516 and W104, and the c2 dihedral angle of the H516 side chain. Protonation 297 

of H516 stabilized the stacking interaction with W104, reducing the dynamics of H516 and selecting a 298 

single pre-existing conformation (Figure 7E). These data imply that GP1-GP2 interaction may be critical 299 

to GP2 conformational changes that remove the fusion loop from the hydrophobic cleft. The H516-300 

W104 interaction may aid in ensuring proper positioning of the fusion loop for initial interaction with 301 

the membrane. This would likely require that GP1 is repositioned in response to acidic pH. Mutation 302 

of H516 may serve to decouple fusion loop release from putative GP1 movement.  303 

Discussion 304 

Previous studies indicate critical roles for acidic pH, Ca2+, removal of the glycan cap, and NPC1 binding 305 

during EBOV entry and GP-induced membrane fusion (Brecher et al., 2012; Carette et al., 2011; Côté 306 

et al., 2011; Das et al., 2020; Gregory et al., 2011; Miller et al., 2012; Nathan et al., 2020; Sakurai et 307 

al., 2015). However, live-cell imaging and cell-cell fusion experiments have demonstrated that 308 

additional factors are necessary for completion of membrane fusion (Fénéant et al., 2019; Simmons 309 

et al., 2016; Spence et al., 2016). In the present study, using a new developed FCS assay to quantify 310 

the interactions between GP and liposomes, we show that endosomal anionic lipids, including PS and 311 

BMP, promote Ca2+-dependent membrane binding of GPCL at acidic pH. Under the conditions tested, 312 

membrane binding was optimal in the presence of both PS and BMP. It has been shown that Ca2+ binds 313 

to PS in phospholipid bilayers and reduces its overall surface charge, which could explain the reduction 314 

in binding of GPCL with PC:PS:Ch liposomes at Ca2+ concentration higher than 10 µM in our 315 

experimental setup (Martín-Molina et al., 2012; Melcrová et al., 2016). The additional presence of 316 

BMP in liposomes drastically increased GPCL-membrane binding. Additionally, unlike PC:PS:Ch 317 

liposomes, increasing Ca2+ concentration did not limit interaction of GPCL with PC:PS:BMP:Ch 318 

liposomes. Rather, an increase in GPCL binding was observed with increasing Ca2+ concentration with 319 

maximal binding at 1 mM Ca2+. Previous observations indicate that the unique structure of BMP alters 320 

the negative spontaneous curvature of membranes (Matsuo et al., 2004).  Additionally, BMP increases 321 

the net surface charge of liposomes, enhancing their interaction with Ca2+ (Kobayashi et al., 2002). 322 

Both features of BMP may promote efficient interaction between GPCL and the target membrane. In 323 

the latter case, GPCL could preferentially interact with BMP via Ca2+ coordination within the fusion 324 

loop. Since BMP is exclusively present in the late endosome (Kobayashi et al., 2002), it could also 325 

regulate the timing of fusion of EBOV by avoiding pre-mature engagement of the fusion loop with a 326 

membrane prior to arrival in the late endosome. A similar dependence on BMP has been reported for 327 

other enveloped viruses such as Dengue virus, Lassa virus, vesicular stomatitis virus, and influenza 328 

virus (Mannsverk et al., 2022; Markosyan et al., 2021; Matos et al., 2013; Zaitseva et al., 2010). 329 
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Whether downstream events during EBOV fusion are also accelerated by BMP, as reported for Lassa 330 

virus, will be the topic of future studies (Markosyan et al., 2021). 331 

The conformational changes in GPCL under conditions favourable for membrane binding were 332 

elucidated by a previously validated smFRET imaging assay developed in our lab, which reports on the 333 

movement of the N-terminus of GP2 (Das et al., 2020). In the present work, we show that acidification 334 

of pH followed by addition of Ca2+ leads to a sequential destabilization of the pre-fusion conformation 335 

of GPCL. An increase in low FRET under the same conditions suggests movement of the N terminus. 336 

This change in FRET efficiency (ΔFRET = 0.68) equates to an increase in the distance between the 337 

fluorophores of more than 30 Å. A movement of this magnitude likely also incorporates displacement 338 

of the fusion loop away from the hydrophobic cleft to a position that is competent for membrane 339 

binding. This interpretation is supported by our smFRET data acquired following incubation of GPCL 340 

with liposomes at acidic pH in the presence of Ca2+, which led to further destabilization of the high-341 

FRET pre-fusion conformation, stabilization of the low-FRET conformation, and reduction of overall 342 

kinetics (Figure 4B, C). A structural description of the low-FRET conformation will require additional 343 

FRET pairs, which report more explicitly and with more sensitivity on the position of the fusion loop. 344 

The hypothesized extended pre-hairpin intermediate in which the heptad repeat helix 1 (HR1) has 345 

linearized may require repositioning or dissociation of GP1. Here again, additional FRET pairs that 346 

report on inter-domain dynamics will be beneficial. Whatever the precise structural description of the 347 

low-FRET state, our FCS and smFRET imaging results indicate that the extent of GP-membrane binding 348 

is inversely correlated (Spearmen correlation rS = -0.6813, p = 0.0127) with the occupancy of GP in the 349 

pre-fusion conformation (Figure 8).  350 

Protonation of amino acid side chains is the driving force for inducing conformational changes in viral 351 

fusion proteins in response to acidification of pH. In particular, the role of histidine residues is well 352 

established in triggering membrane binding and fusion of influenza virus, Semiliki Forest virus, and 353 

human metapneumoviruses (Caffrey & Lavie, 2021; Harrison et al., 2013). Here, we report that 354 

residues H139, H154, H516 and H549 tune the responsiveness of EBOV GP to acidic pH through both 355 

stabilizing and destabilizing mechanisms. The membrane binding ability of H139A was reduced at 356 

acidic pH accompanied by poor destabilization of the pre-fusion conformation relative to wild type, 357 

indicating reduced ability to undergo pH-induced conformational changes in the absence of NPC1 in 358 

vitro. Nonetheless, H139A maintained greater infectivity than wild-type. This may be due to greater 359 

stability in the acidic endosome and given the proximity of H139 to the receptor-binding site, perhaps 360 

higher affinity for NPC1 inside cells. Mutants H154A and H516A emerged as the most important pH 361 

sensors. The membrane binding ability of both mutants was diminished at acidic pH and no difference 362 

in their FRET occupancies at neutral or acidic pH was observed. This indicates that the mutants are 363 
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insensitive to changes in pH and thus, functionally inactive (Figure 5C, E). Histidine residues can 364 

interact electrostatically with cationic amino acids such as lysine or arginine, forming His-Cat pairs, 365 

which are known to stabilize the pre-fusion conformations of several viral envelope glycoproteins 366 

(Harrison et al., 2013). These interactions are destabilized by protonation of histidines upon 367 

acidification, leading to repulsion between histidines and cationic amino acid, which contribute to 368 

triggering conformational changes necessary for viral fusion. In contrast, our MD simulation suggests 369 

that H154 and H516 are engaged in interactions not described by the His-Cat paradigm. These data 370 

indicate that protonation of H154 contributes to release of the fusion loop from its hydrophobic cleft 371 

through a stabilized interaction with E178. According to our analysis, the strengthened H154-E178 372 

interaction destabilizes backbone electrostatics between H154 and Y534 in the fusion loop of the 373 

neighbouring protomer. Similarly, protonation of H516 stabilizes Pi-Pi stacking interaction with W104 374 

in GP1. Thus, an inter-subunit interaction is strengthened under conditions that promote membrane 375 

binding. This interaction may mediate positioning and stability of the fusion loop and may indicate 376 

that GP1 remains associated with GP2 until after engagement with the target membrane. NPC1 377 

binding to GP1 may partially serve to localize EBOV on the endosomal membrane to increase the 378 

efficiency with which the fusion loop inserts into the membrane. At this point, an additional 379 

endosomal factor may be required to enable transition to the post-fusion conformation, which 380 

putatively requires dissociation of GP1. 381 

Mutagenesis of H549 did not affect membrane binding or the extent of destabilization of the pre-382 

fusion conformation of GP at acidic pH, indicating that it is less critical for mediating changes in the 383 

global conformation of GP. Additionally, membrane binding of H549A was insensitive to the presence 384 

of Ca2+. This could be due to H549A attaining a local conformation that is unresponsive to Ca2+. These 385 

results suggest that H549 more likely regulates the local conformation of the fusion loop, rather than 386 

the release from the hydrophobic cleft. Taken together, our data indicate that acidic pH destabilizes 387 

the interactions within GP1, and between GP1 and GP2 by direct side-chain protonation of key 388 

histidine residues, similar to influenza HA1 and HA2 (Caffrey & Lavie, 2021; Harrison et al., 2013). 389 

Ca2+ has been implicated in the fusion processes of Rubella virus, MERS-CoV, SARS-CoV-1 and -2, and 390 

EBOV (Dubé et al., 2014; Lai et al., 2017; Nathan et al., 2020; Singh et al., 2022; Straus et al., 2020). 391 

Ca2+ can assist in membrane fusion through coordination by anionic residues in the fusion loop, as first 392 

seen for the Rubella virus E1 glycoprotein. This may stabilize a fusion loop conformation that is optimal 393 

for insertion into the membrane. In addition, Ca2+ coordination in the fusion loop can affect the 394 

physical properties of the target membrane in a manner that promotes fusion (Lai et al., 2017). 395 

Previous studies have shown that compounds that lead to accumulation of Ca2+ in endosomes inhibit 396 

EBOV entry, which indicates that EBOV fusion is highly sensitive to endosomal Ca2+ concentration (Das 397 
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et al., 2020; Johansen et al., 2013). In vitro studies have demonstrated that Ca2+ concentrations greater 398 

than 500 µM are antagonistic to lipid mixing and fusion activity of Rubella virus, SARS-CoV-2, and EBOV 399 

(Das et al., 2020; Dubé et al., 2014; Singh et al., 2022). A previous study of the isolated fusion loop of 400 

EBOV GP highlighted the role of anionic residues, D522 and E540, in interaction with Ca2+ during 401 

membrane binding and lipid mixing (Nathan et al., 2020). Our findings support these conclusions and 402 

demonstrate that sensitivity of the native GP trimer to Ca2+, and its ability to engage the target 403 

membrane in the presence of Ca2+, is mediated by residues D522 and E540. The mutant D522A 404 

displayed destabilization of the pre-fusion conformation comparable to wild-type at acidic pH. Given 405 

the loss of membrane binding by the D522A mutant, these data indicate that acidification of pH is the 406 

major driver of global GP conformation, whereas Ca2+ binding may influence the local conformation 407 

of the fusion loop, enabling optimal insertion into the membrane. On the contrary, there was no 408 

significant change in the global conformation of E540A after acidification of pH. However, efficient 409 

membrane binding of E540A at acidic pH, coupled with an increase in the frequency of transitions, 410 

points toward a role for the target membrane in selecting conformations in E540A. Addition of Ca2+ 411 

enriched the 0.72 FRET state, reduced both conformational transitions and membrane binding of 412 

E540A. These data suggest that Ca2+ still binds the fusion loop of the E540A trimer in such a manner 413 

that restricts the movement necessary for membrane binding. The NMR structure of the fusion loop 414 

in DPC micelles at acidic pH shows a 90° bend, which reduces the distance between residues D522 and 415 

H549, and between E540 and E545, bringing them within ~5 Å (Gregory et al., 2011). This could reflect 416 

a conformation that becomes accessible to the fusion loop after transitioning out of the hydrophobic 417 

cleft. The insensitivity of H549A to Ca2+ and its proximity to D522 at acidic pH in the NMR-derived 418 

structure might suggest that this conformation is stabilized by Ca2+, perhaps through coordination by 419 

these pairs of residues. Structural studies of the intact trimer, performed under conditions that 420 

promote membrane fusion, are needed to elucidate the global GP conformation and the local fusion 421 

loop configuration that enables engagement with the target membrane. Biophysical interrogations 422 

such as those presented here should guide these future studies by identifying conditions that promote 423 

functional conformations and the residues that mediate their stability. 424 

Material and Methods 425 

Cell lines 426 

Expi293F cells (Gibco, ThermoFisher Scientific, Waltham, MA) were cultured in Expi293 expression 427 

medium in an orbital shaking incubator at 37°C, 8% CO2, 125rpm. HEK293T FirB cells, which have high 428 

furin expression, were a kind gift from Dr. Theodore C. Pierson (Emerging Respiratory Virus section, 429 

Laboratory of Infectious Diseases, NIH, Bethesda, MD) (Mukherjee et al., 2014). These cells were 430 

cultured in DMEM (Gibco, ThermoFisher Scientific, Waltham, MA) with 10% cosmic calf serum 431 
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(Hyclone, Cytiva Life Sciences, Marlborough, MA) and 1% penicillin-streptomycin (Gibco, 432 

ThermoFisher Scientific, Waltham, MA) at 37°C, 5% CO2. 433 

Plasmids 434 

pHLsec-GPΔTM and pMAM51-GPΔmuc plasmids were obtained from Dr. Kartik Chandran’s lab 435 

(Einstein College of Medicine, NY). pHLsec-GPΔTM encodes EBOV (Mayinga) GP sequence (UniProt 436 

Q05320) with deleted mucin-like and transmembrane domains. A T4 fibritin foldon trimerization 437 

domain and 6X-histidine tag for Ni-NTA purification has been inserted into the C terminus. The A1 438 

(GDSLDMLEWSLM) and A4 (DSLSMLEW) peptides were introduced at positions 32 and 501 in GP1 and 439 

GP2, respectively, for site-specific labelling of GPΔTM, as previously described (Durham et al., 2020). 440 

pMAM51-GPΔmuc encodes full-length GP with the mucin-like domain deleted and was used for all 441 

pseudovirion experiments. In both GPΔTM and GPΔmuc the thermolysin cleavage site, VNAT at 442 

position 203, was replaced with an HRV3C protease recognition site (LEVLFQGP) by site directed 443 

mutagenesis (Q5 site directed mutagenesis kit, New England Biolabs, Ipswich, MA). All amino acid 444 

substitutions were also introduced in GPΔTM and GPΔmuc via site-directed mutagenesis. 445 

pNL4.3.Luc.R-E- used in infectivity assays was obtained through the NIH AIDS Reagent program 446 

(contributed by Dr. Nathaniel Landau, New York University School of Medicine) (He et al., 1995). An 447 

amber stop codon (TAG) in the tat gene was modified by site-directed mutagenesis to --TAA to prevent 448 

readthrough during incorporation of TCO* for labelling of GPΔmuc. Plasmids PyIRSAF and eRF1 were 449 

provided by Dr. Edward Lemke (Johannes Gutenberg-University of Mainz, Germany).  450 

Protein expression and purification 451 

For production of GPΔTM proteins (wild-type and mutants), Expi293F cells were transfected with 452 

pHLsec-GPΔTM using polyethyleneimine (PEI MAX, Polysciences, Warrington, PA) at a mass ratio of 453 

1:3 DNA:PEI MAX. As previously described, a 2:1 ratio of pHLsec-GPΔTM to tagged pHLsec-GPΔTM was 454 

transfected to ensure that GPΔTM trimers contained on average a single tagged protomer. The 455 

supernatants containing soluble GPΔTM proteins were harvested 5 days post-transfection. The 456 

proteins were purified using Ni-NTA agarose beads (Pierce, ThermoFisher Scientific, Waltham, MA). 457 

The protein was bound to the column in phosphate-buffered saline (PBS) containing 10mM imidazole, 458 

followed by washing with 20mM imidazole in PBS and elution in 200 mM imidazole containing PBS. 459 

Following purification, proteins were exchanged to labelling buffer (20 mM HEPES, 50 mM NaCl, pH 460 

7.5) using VivaSpin 6 concentrator (Sartorius AG, Gottingen, Germany). 461 

Labelling of GPΔTM 462 

Wild-type and mutant GPΔTM proteins were labelled with 5 µM LD650 conjugated to coenzyme A 463 

(LD650-CoA; Lumidyne Technologies, New York, NY). The fluorophore was attached to the A1 and A4 464 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 20, 2023. ; https://doi.org/10.1101/2023.01.18.524651doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.18.524651


   
 

 
 

15 

peptides in the tagged GPΔTM through incubation with 5 µM acyl carrier protein synthase (AcpS) in 465 

the labelling buffer with 10 mM Mg(CH3COO)2 overnight at room temperature (Durham et al., 2020). 466 

The labelled proteins were subjected to overnight cleavage by exogenous furin (New England Biolabs, 467 

Ipswich, MA) at 37°C to fully convert GP0 to GP1 and GP2. The processed proteins were purified by 468 

size-exclusion chromatography on a Superdex 200 Increase 10/300 GL column (GE Healthcare, 469 

Chicago, IL). Purified, labelled proteins were concentrated using Amicon Ultra 30K filters 470 

(MilliporeSigma, Burlington, MA), aliquoted and stored at -80°C until further use. The concentration 471 

of proteins was determined using Bradford reagent. 472 

Indirect ELISA 473 

Labelled proteins were diluted to a final concentration of 5 µg/ml in PBS and coated onto the wells of 474 

a 96-well polystyrene plate (PierceTM, ThermoFisher Scientific, Waltham, MA) by incubating overnight 475 

at 4°C. The plate was washed three times with PBST (PBS with 0.1% Tween-20) followed by blocking 476 

with 5% skim milk in PBST for 3h at room temperature. The blocking solution was removed, and the 477 

plate was again washed twice with PBST. Proteins were probed with KZ52 antibody (Durham et al., 478 

2020; Maruyama et al., 1999) at a dilution of 1:1000 overnight at 4°C. The plate was then washed and 479 

incubated with horseradish peroxidase-conjugated anti-human IgG (InvitrogenTM, ThermoFisher 480 

Scientific, Waltham, MA) at a dilution of 1:2000 for 2h at room temperature. After washing the plate 481 

four times with PBST, TMB solution (3,3’,5,5’-tetramethylbenzidine; ThermoFisher Scientific, 482 

Waltham, MA) was added to each well, incubated for 15 min, followed by addition of an equal volume 483 

of 2M sulphuric acid. The optical density was immediately read at 450 nm in a Synergy H1 microplate 484 

reader (BioTek, Winooski, VT).  485 

Liposome preparation 486 

The following lipids were used for liposome preparation: POPC (1-palmitoyl-2-oleoyl-glycero-3-487 

phosphocholine), POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt)), BMP 488 

(bis(monooleoylglycero)phosphate (S,R Isomer)) and cholesterol (all from Avanti Polar lipids, 489 

Alabaster, AL). Stock solution of lipids (10 mg/ml) were diluted at desired ratios in chloroform to obtain 490 

a final total lipid concentration of 1 mM. A lipid film was formed in a glass vial by evaporating the 491 

chloroform under a steady stream of Argon gas. Residual chloroform was removed by incubating the 492 

lipid film overnight under vacuum. Lipids were rehydrated with 5 mM HEPES, 10 mM MES and 150 493 

mM NaCl, pH 7.5, for 1 hour at room temperature. The lipid suspension was vortexed 5-7 times in 10 494 

sec pulses followed by 10 freeze-thaw cycles with liquid nitrogen. Liposomes were formed by 495 

extruding the lipid solution 37 times through a 100 nm polycarbonate membrane (Whatman® 496 

NucleoporeTM track-etched membrane) in a mini-extruder (Avanti Polar Lipids, Alabaster, AL). The size 497 
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of liposomes was verified using dynamic light scattering (Zetasizer Nano, Malvern Panalytical, 498 

Malvern, UK). The liposomes were stored at 4°C and used within a week.  499 

HRV3C cleavage 500 

The glycan cap was removed from GPΔTM and pseudovirions with GPΔmuc through incubation with 501 

HRV3C protease (PierceTM, ThermoFisher Scientific, Waltham, MA) at 10°C for 16 hr. Cleavage of 502 

LD650-labelled GPΔTM was verified by in-gel fluorescence imaging of uncleaved and cleaved protein 503 

on a 4-20% polyacrylamide using a ChemiDocTM MP imaging system (Bio-Rad, Hercules, CA) followed 504 

by Coomassie staining. 505 

Fluorescence correlation spectroscopy 506 

For membrane binding studies, liposomes (500 µM total lipid) were incubated with 5 nM labelled 507 

GPΔTM in 5 mM HEPES, 10 mM MES, 150 mM NaCl (pH 7.5 or 5.5). For experiments performed in the 508 

absence of Ca2+, 1mM EDTA was included to chelate any Ca2+ already bound to GPΔTM. Otherwise, 509 

the indicated concentration of CaCl2 (0-1mM) was included in the incubation. The liposome-GPΔTM 510 

mixture was incubated at 37°C for 20 min to allow binding. For experiments performed at pH 5.5, the 511 

liposome mixture was acidified with 1 M HCl prior to addition of GPΔTM. FCS experiments were 512 

performed by dropping 50 µL of the liposome-GPΔTM mixture onto a coverslip (No. 1.5 Thorlabs, 513 

Newton, NJ). To prevent sticking of the protein-membrane complex to the glass surface, coverslips 514 

were plasma-cleaned followed by coating with 10% polyethylene glycol (PEG-8000, Promega, 515 

Madison, WI). 100 autocorrelation curves, 5 sec each in length, were recorded at room temperature 516 

using a 638 nm laser in a CorTector SX100 (LightEdge Technologies Ltd., Zhongshan City, China). The 517 

curves were fitted to the following model for two species diffusing in three dimensions with triplet 518 

blinking (Betaneli et al., 2019; Ducas & Rhoades, 2012; Rhoades et al., 2006): 519 

𝐺(𝜏) = 𝐺!"#$%&!(𝜏). 𝐺'()$%&*(𝜏), where 520 

𝐺!"#$%&!(𝜏) = 1 − 𝑇 + 𝑇 ∙ 𝑒
!

!"#$%&'" , and 521 
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 524 

where,	N is the number of molecules in the confocal volume, 𝑓 is the fraction of free protein, 𝛼 is the 525 

average brightness of the protein-liposome complex, 𝜏$"(!&#+ is the diffusion time of free protein, 526 

𝜏%#$(0()& 	is the diffusion time of the liposome, and s	is the structural parameter, which reflects the 527 
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dimensions of the confocal volume. The diffusion times, 𝜏$"(!&#+	and 𝜏%#$(0()& 	were calculated by 528 

fitting the autocorrelation curves of GPΔTM and liposomes (labelled with DiD) separately to single 529 

species diffusion models. The values of s and 𝜏$"(!&#+ were kept constant to calculate the fraction of 530 

free and bound protein for all samples. Due to polydispersity of liposomes and fast photophysical 531 

dynamics of triplet blinking, 𝜏%#$(0()& 	and 𝜏!"#$%&! were allowed to vary during fitting. The analysis was 532 

carried out in MATLAB (MathWorks, Natick, MA) using a non-linear least-square curve fitting 533 

algorithm. All values were averaged over three independent experiments. 534 

Western blotting 535 

All proteins and pseudovirions were run on 4-20% denaturing polyacrylamide gels (Bio-Rad, Hercules, 536 

CA) and transferred to nitrocellulose membrane using Trans-blot Turbo (Bio-Rad, Hercules, CA). 537 

Membranes were rinsed with PBST, blocked with 5% skim milk in PBST for 1 h followed by probing of 538 

GP and p24 with monoclonal antibody (mAb) H3C8 at a dilution of 1:1000, (Ou et al., 2010) and mouse 539 

mAB B1217M at a dilution of 1:2000 (Genetex, Irvine, CA), respectively. The mAb H3C8 was humanized 540 

by cloning its variable heavy and light chain fragments in human IgG expression vectors obtained from 541 

Dr. Michel Nussenzwieg (The Rockefeller University). Membranes were washed three times with PBST, 542 

incubated with horseradish peroxidase-conjugated anti-human IgG (InvitrogenTM, ThermoFisher, 543 

Waltham, MA) and anti-mouse IgG (ThermoFisher, Waltham, MA) for 1 h at room temperature and 544 

developed with SuperSignalTM West Pico PLUS chemiluminescent substrate (ThermoFisher Scientific, 545 

Waltham, MA).  546 

Infectivity assay 547 

Infectivity of VSV pseudovirions containing wild-type GPΔmuc was compared to pseudovirions 548 

containing GPΔmucHRV3C via flow cytometry (Whitt, 2010). HEK293T cells were transfected with 549 

GPΔmuc and GPΔmucHRV3C plasmid using polyethyleneimine (PEI MAX, Polysciences, Warrington, PA) 550 

at a mass ratio of 1:3 PEI MAX:DNA. Cells were transduced with VSVΔG-GFP-VSVG pseudovirions 24 h 551 

after transfection. Supernatants containing VSVΔG-GFP-GPΔmuc and VSVΔG-GFP-GPΔmucHRV3C were 552 

collected 24 h post-transduction and filtered through 0.45 µm filter. As a negative control, bald 553 

particles were generated by transducing cells not expressing GPΔmuc. Vero cells were infected with 554 

VSV pseudovirions through incubation at 37°C for 1 h with gentle agitation every 15min to allow even 555 

spread of pseudovirions. Fresh media was added, and infection was allowed to proceed for five more 556 

hours. Cells were trypsinized and assayed for expression of GFP using a flow cytometer (MACSQuant 557 

Analyzer 1.0). The results were averaged across technical replicates and standard error was calculated 558 

from biological replicates. 559 
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To assess infectivity of GPΔmucHRV3C mutants, pseudovirions with luciferase-expressing HIV-1 core 560 

were produced. Plasmids pMAM51-GPΔmucHRV3C and pNL4.3.Luc.R-E- were co-transfected at a ratio 561 

of 1:5 in HEK 293T FirB cells. Pseudovirions were harvested 24 h post-transfection by collecting the 562 

supernatant, passing through a 0.45 µm filter, and layering on 10% sucrose in PBS solution followed 563 

by ultracentrifugation at 25000 rpm for 2 h at 4°C. After resuspension of the pellet in PBS, particles 564 

were analyzed by western blot. The virions were cleaved with HRV3C to remove the glycan cap as 565 

above, incubated with Vero cells for 5 h at 37°C, followed by replacement of growth media. After 48 566 

h, cells were lysed with Glo Lysis Buffer (Promega, Madison, WI) for 5 min at room temperature. 567 

Luciferase activity was recorded by mixing equal volumes of cell lysate and Steady Glo Reagent 568 

(Promega, Madison, WI) and reading in a Synergy H1 plate reader (Biotek, Winooski, VT). The 569 

luminescence was normalized to expression of GP for each sample. Bald pseudovirions containing only 570 

pNL4.3.Luc.R-E- were used as a negative control.  571 

Pseudovirion production and labelling for smFRET imaging 572 

To facilitate attachment of fluorophores to GP on the surface of pseudovirions for smFRET imaging, 573 

the non-natural amino acid TCO* (SiChem GmbH, Bremen, Germany) was introduced at positions 501 574 

and 610 through amber stop codon suppression (GP*) (Figure 4B) (Nikić et al., 2016). Pseudovirions 575 

were produced by transfecting HEK293T FirB cells with pMAM51-GPΔmucHRV3C plasmids with and 576 

without amber stop codons at a 1:1 ratio, which equated to an excess of GP protein over GP*. This 577 

ratio was optimized to ensure that the pseudovirions rarely contained more than a single GP* 578 

protomer per particle. A plasmid encoding HIV-1 GagPol was also transfected to provide the 579 

pseudovirion core. To increase the efficiency of amber codon readthrough, plasmids eRF1 and PyIRSAF 580 

were also included in transfection (Das et al., 2020; Nikić et al., 2016). The supernatant containing 581 

pseudovirions was harvested 48 h post-transfection, filtered through a 0.45 µm mixed cellulose ester 582 

membrane and layered onto 10% sucrose (in PBS) solution. The pseudovirions were pelleted by 583 

ultracentrifugation at 25000 rpm for 2 h at 4°C. Pseudovirions were resuspended in 500 µL PBS and 584 

incubated with 500 nM Cy3- and Cy5-tetrazine (Jena Biosciences, Jena, Germany) for 30 min at room 585 

temperature. 60 µM DSPE-PEG2000 biotin (Avanti Polar Lipids, Alabaster, AL) was added to the 586 

labelling reaction and incubated for another 30 min at room temperature with gentle mixing. The 587 

labelling reaction was layered on a 6-30% OptiPrep (Sigma-Aldrich, MilliporeSigma, Burlington, MA) 588 

density gradient and ultracentrifuged at 35000 rpm for 1 h at 4°C. Labelled pseudovirions were 589 

collected, aliquoted, and analyzed by western blot. 590 

smFRET imaging assay and data analysis 591 
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All smFRET experiments were performed following removal of the glycan cap from GP. Labelled and 592 

glycan cap-cleaved pseudovirions were immobilized on streptavidin-coated quartz slides and imaged 593 

on a wide-field prism-based TIRF microscope (Blakemore et al., 2021). Imaging was performed in the 594 

same buffer used for the membrane binding assay (5 mM HEPES, 10 mM MES, 150 mM NaCl [pH 7.5 595 

or 5.5]). To study the effect of Ca2+, the buffer was supplemented with 1 mM CaCl2. smFRET data was 596 

acquired at room temperature at 25 frames/sec using the MicroManager microscope control software 597 

(micromanager.org). Analysis of smFRET data was performed using the SPARTAN software package 598 

(https://www.scottcblanchardlab.com/software) (Juette et al., 2016) in MATLAB (MathWorks, Natick, 599 

MA). smFRET trajectories were selected according to the following criteria: acceptor fluorescence 600 

intensity greater than 35; FRET was detectable for at least 15 frames prior to photobleaching; 601 

correlation coefficient between donor and acceptor fluorescence traces was less than -0.4; signal-to-602 

noise ratio was greater than 10; and background fluorescence was less than 50. Trajectories that met 603 

these criteria were further verified manually and fitted to a 5-state linear hidden Markov model 604 

(including a zero-FRET state) using maximum point likelihood (MPL) algorithm implemented in 605 

SPARTAN (Qin et al., 2000). The 5-state linear model was chosen based on the Akaike Information 606 

Criterium (AIC) and the Bayesian Inference Criterium (BIC) (Figure S3) (Akaike, 1974; Schwarz, 1978). 607 

Several models were initially considered with varying numbers of model parameters and topology. 608 

The 5-state linear model minimized both the AIC and BIC criteria relative to the models considered 609 

and was thus chosen for analysis. The idealizations from total number of traces for each sample were 610 

used to calculate the occupancies in different FRET states and construct the FRET histograms and 611 

transition density plots (TDPs). 612 

MD simulation 613 

A model of trimeric GPCL was generated from atomic coordinates determined through x-ray 614 

crystallography (PDB accession: 5JQ3) (Zhao et al., 2016). Models included residues 32-188 of GP1 and 615 

502-598 of GP2. Missing atoms, including hydrogens were added using pdb4amber. The protein 616 

components of the models were parameterized with the Amber forcefield (ff14SB). The systems were 617 

charge neutralized and solvated with the TIP3P explicit solvent model in LEaP. The solvated proteins 618 

were energy minimized for 0.1 ns, followed by equilibration using a stepwise protocol (Shi et al., 2008). 619 

Briefly, the protein backbone was harmonically constrained, with the constraints being released 620 

stepwise over 4 0.3-ns intervals. The simulations were then run for 225 ns in the NPT ensemble. 621 

Temperature and pressure were maintained using the Langevin thermostat and the Nose-Hoover 622 

Langevin barostat, respectively. Electrostatics were calculated using the Particle Mesh Ewald 623 

algorithm. All simulation steps were run using NAMD version 2.14 on the c3ddb cluster at the 624 

Massachusetts Green High Performance Computing Center. 625 
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Figures 832 

 833 

Figure 1: FCS reports on GP-membrane interaction. (A) Experimental setup of FCS assay for 834 

quantifying GP-membrane interactions. A confocal spot is positioned in a dilute solution of Cy5-835 

labelled GPCL with or without liposomes. Fluorescent particles are detected upon diffusion through 836 

the confocal volume. (B) Autocorrelation data obtained from unbound Cy5-labelled GPCL. The 837 

autocorrelation of individual 5-sec fluorescence intensity traces was calculated (grey curves). The 838 

average of 100 autocorrelation curves was calculated (blue) and fitted to a model for a single species 839 

diffusing in 3 dimensions with a photophysical dynamics component (red). Accordingly, GPCL has a 840 

diffusion time of tD = 0.308 ± 0.007 ms. Photophysical dynamics were observed below 10-2 ms. (C) 841 

Autocorrelation curves comparing diffusion times of GPCL (blue) and liposomes (yellow). The diffusion 842 

time of liposomes is 2.6 ± 0.2 ms, which is 8-fold longer than GPCL, allowing for identification of 843 

membrane-bound and unbound GPCL in solution.  844 
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 846 

Figure 2: Anionic phospholipids and Ca2+ promote GPCL-membrane interaction. The percentage of 847 

GPCL bound to liposomes was determined using the FCS assay depicted in Figure 1A. Autocorrelation 848 

data were obtained from a solution of Cy5-labelled GPCL and unlabelled liposomes and fit to a 3-849 

dimensional diffusion for two species, membrane-bound and unbound GPCL with diffusion times of 0.3 850 

ms and 2.6 ms, respectively (Materials and Methods).  Membrane binding to liposomes of varying lipid 851 

compositions was measured at pH 5.5 as a function of Ca2+ concentration: PC:Ch (black circles), 852 

PC:PS:Ch (grey circles) and PC:PS:BMP:Ch (orange circles). Data points reflect the mean ± standard 853 

error determined from three sets of measurements. 854 
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 856 

Figure 3: Conserved histidines and acidic residues mediate GP-membrane interaction. Membrane 857 

binding of (A) GPΔmuc, (B) GPCL to PC:PS:BMP:Ch liposomes at neutral and acidic pH in the presence 858 

or absence of 1 mM Ca2+ is compared with the following mutants: (C) H139A, (D) H154A, (E) H197A, 859 

(F) H516A, (G) H549A, and (H) D522A, and (I) E540A, respectively. To ensure sensitivity to changes in 860 

the percentage of membrane binding of mutant GPCL, a total lipid concentration of 500 µM was used 861 

such that a maximum of 50% wild-type GPCL bound to liposomes at low pH in the presence of Ca2+. The 862 

mean and standard error were calculated from three independent experiments. 863 
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 865 

Figure 4: Acidic pH, Ca2+ and target membrane regulate GP conformational dynamics. (A) 866 

Experimental setup for smFRET imaging of pseudovirions labelled with the Cy3 and Cy5 FRET pair. 867 

Labelled pseudovirions were immobilized on a PEG-coated quartz microscope slide via a biotin-868 

streptavidin covalent linkage and imaged using prism-based TIRF microscopy. (B) Fluorophore 869 

attachment positions (red and green circles; residues 501 and 610 in GP2) indicated on a GP protomer 870 

(PDB: 5JQ3). The indicated distance of 30 Å was previously determined through MD simulation of the 871 

fluorophore-labelled trimer (Das et al., 2020). (C) Representative FRET trajectories (blue) of GPCL 872 

overlaid with idealization (red) determined through HMM analysis. The trajectory acquired at pH 7.5 873 

(top) shows transitions between the pre-fusion conformation (0.92 FRET), two intermediate-FRET 874 

states (0.72 and 0.49), and a low-FRET state (0.24 FRET). In contrast, the FRET trajectory acquired in 875 

the presence of liposomes at pH 5.5 and 1 mM Ca2+ shows predominantly low FRET indicating a 876 

conformation stabilized by the presence of a target membrane. (D) Pre-fusion high-FRET state (0.92 877 

FRET) occupancy of GPCL determined under the indicated conditions through HMM analysis. The mean 878 

and standard error were calculated from three independent experiments. TDPs displaying the relative 879 

frequency of transitions of GPCL at (E) pH 7.5, (F) pH 5.5, (G) pH 5.5 with 1 mM Ca2+, and (H) after 880 

incubation with PC:PS:BMP:Ch liposomes for 20 min at 37°C, at pH 5.5 and 1 mM Ca2+. Transitions into 881 

and out of high- and low-FRET states are depicted in (E) and (F), respectively. 882 

  883 

HIV-1
core

biotin-streptavidin

laser
prism

quartz
PEG

unlabeled
GP

labeled GP

~30Å

α1
FL

B CA

D E F GpH 7.5 pH 5.5 pH 5.5, Ca2+ pH 5.5, Ca2+

liposome
H

into high FRET

out of
high
FRET

into low FRET

out of
low
FRET

High FRET/pre-fusion

Low FRET

} Intermediate FRET

Low FRET

pH 7.5

pH 5.5, Ca2+ + liposome

Figure 4

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 20, 2023. ; https://doi.org/10.1101/2023.01.18.524651doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.18.524651


   
 

 
 

30 

 884 

Figure 5: Conformational dynamics of GP histidine mutants. (A) Pre-fusion high-FRET state occupancy 885 

of GP mutants, determined at pH 7.5 (grey bars) and pH 5.5 (orange bars). The mean and standard 886 

error were calculated from three independent experiments. TDPs indicating the relative frequency of 887 

conformational transitions at pH 7.5 and pH 5.5, as indicated, for (B) H139A, (C) H154A, (D) H197A, (E) 888 

H516A, and (F) H549A.  889 
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 891 

Figure 6: Conformational dynamics of GP with mutations in putative Ca2+-coordinating residues. (A) 892 

Pre-fusion high-FRET state occupancy of GP mutants, determined at pH 7.5 (grey bars), pH 5.5 (orange 893 

bars), and pH 5.5 with 1 mM Ca2+ (orange striped bars). The mean and standard error were calculated 894 

from three independent experiments. TDPs indicating the relative frequency of conformational 895 

transitions determined under the indicated conditions for (B) D522A and (C) E540A.  896 
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 898 

Figure 7: MD simulation provides molecular insights into pH-induced destabilisation of pre-fusion 899 

GP. (A) The simulation predicted electrostatic interactions between the side chains of H154 and E178, 900 

as well as between the backbones of H154 and Y534 in the fusion loop of the neighbouring protomer 901 

(red dotted lines). (B) The distances between the backbone N of H154 and the backbone carbonyl O 902 

of Y534 for each of the three protomers in the GP trimer (three shades of blue) determined from the 903 

simulation with (top) deprotonated histidines and (bottom) protonated histidines. Protonation of 904 

H154 increases the relative motion of H154 and Y534 as a result of stabilized H154-E178 interaction. 905 

(C) The simulation also predicts Pi-Pi stacking interaction between H516 in GP2 and W104 in GP1 with 906 

both (blue residues) deprotonated and (grey residues) protonated H516. (D) Distance trajectories 907 

indicating reduced H516-W104 distance under (top) deprotonated and (bottom) protonated 908 

conditions for the three protomers in the trimer (three shades of blue). Protonation of H516 (grey 909 

residues in (C)) stabilizes the interaction, drawing the two side chains into closer proximity. (E) 910 

Bivariate histogram of H516-W104 distances and H516 side-chain dihedral angles under (left) 911 

deprotonated and (right) protonated conditions. Fewer H516 conformations are available following 912 

protonation. 913 
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 915 

Figure 8: GP occupancy in the pre-fusion high-FRET conformation is inversely correlated with the 916 

extent of membrane binding. High-FRET state occupancy was determined through HMM analysis of 917 

smFRET trajectories. Membrane binding was determined by FCS. The non-parametric Spearman’s 918 

correlation coefficient (rS) and associated p-value are indicated. Data for D522A and E540A (grey 919 

points) does not correlate with membrane binding and were excluded from the analysis. 920 
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