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Abstract 15 

Fusion of HIV-1 with the membrane of its target cell, an obligate first step in virus infectivity, is 16 

mediated by binding of the viral envelope (Env) spike protein to its receptors, CD4 and 17 

CCR5/CXCR4, on the cell surface. The process of viral fusion appears to be fast compared with 18 

viral egress and has not been visualized by EM. To capture fusion events, the process must be 19 

curtailed by trapping Env-receptor binding at an intermediate stage. We have used fusion 20 

inhibitors to trap HIV-1 virions attached to target cells by Envs in an extended pre-hairpin 21 

intermediate state. Electron tomography revealed HIV-1 virions bound to TZM-bl cells by 2-4 22 

narrow spokes, with slightly more spokes present when evaluated with mutant virions that 23 

lacked the Env cytoplasmic tail. These results represent the first direct visualization of the 24 

hypothesized pre-hairpin intermediate of HIV-1 Env and improve our understanding of Env-25 

mediated HIV-1 fusion and infection of host cells. 26 

 27 

Introduction 28 

The first step of HIV-1 entry into a host target cell, fusion between the viral and target cell 29 

membranes, is mediated by the viral envelope spike protein (Env). HIV-1 Env is a trimeric 30 

glycoprotein comprising three gp120 subunits that contain host receptor binding sites and three 31 

gp41 subunits that include the fusion peptide and membrane-spanning regions. Binding of the 32 

primary receptor CD4 to gp120 triggers conformational changes that expose a binding site for 33 

co-receptor (CCR5 or CXCR4). Coreceptor binding results in further conformational changes 34 

within gp41 that promote release of the hydrophobic fusion peptide, its insertion into the host 35 

cell membrane, and subsequent fusion of the host cell and viral membrane bilayers [1].  36 

 37 

Structural studies relevant to understanding Env-mediated membrane fusion include X-ray and 38 

single-particle cryo-EM structures of soluble native-like Env trimers in the closed (pre-fusion) 39 

conformation [2], CD4-bound open trimers in which the co-receptor binding site on the third 40 

hypervariable loop (V3) of gp120 is exposed by V1V2 loop rearrangement [3-6], a gp120 41 

monomeric core-CD4-CCR5 complex [7], and a post-fusion gp41 six-helical bundle formed by 42 

an -helical trimeric coiled coil from the gp41 N-trimer region surrounded by three helices from 43 

the C-peptide region [8, 9] (Figure 1a). Prior to membrane fusion and formation of the post-44 

fusion gp41 helical bundle, the viral and host cell membranes are hypothesized to be linked by 45 

an extended pre-hairpin intermediate in which insertion of the gp41 fusion peptide into the host 46 

cell membrane exposes the N-trimer (HR1) region of gp41 [10]. Formation of the six-helical 47 

bundle and subsequent fusion can be inhibited by targeting the N-trimer region with C-peptide-48 
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based inhibitors; e.g., the fusion inhibitor T20 (enfuvirtide [Fuzeon]) [11], T1249, a more potent 49 

derivative of T20 [12], and a highly potent trimeric D-peptide (CPT31) [13], or with anti-gp41 50 

antibodies such as D5 [14] (Figure 1a).  51 

 52 

Visualizing the pre-hairpin intermediate that joins the host and viral membranes has not been 53 

straightforward. Despite 3-D imaging by electron tomography (ET) of HIV-1 infection of cultured 54 

cells [15-18] and tissues [19-22], viruses caught in the act of fusion have not been 55 

unambiguously found. In our ET imaging of HIV-1–infected humanized mouse tissues, we have 56 

identified hundreds of budding virions at various stages of egress and thousands of free mature 57 

and immature virions [19-22], but not a single example of a virus attached to a host cell via a 58 

pre-hairpin intermediate or in the process of fusing its membrane with the target cell membrane. 59 

The absence of observed viral fusion events might be explained if fusion is a fast process 60 

compared with viral budding; thus when cells or tissues are immobilized for EM or ET, the 61 

relatively slow process of viral budding would be more easily captured compared with the faster 62 

process of fusion. We assume that fusion could theoretically be observed if a virus were caught 63 

at exactly the right time, but this might require examining thousands or millions of images.  64 

 65 

Here we report visualizing the pre-hairpin intermediate by ET after treatment of HIV-1–exposed 66 

target cells with inhibitors of six-helix bundle formation that bind the N-trimer region of gp41 that 67 

is exposed during the fusion process. Using optimally preserved samples for ET with a nominal 68 

resolution ~7 nm, we found >100 examples of HIV-1 virions linked to TZM-bl target cells by 2-4 69 

narrow rods of density (spokes) in inhibitor-treated samples, but none in untreated or control-70 

treated samples. The approximate dimensions of the majority of the spoke[23]s matched 71 

models of gp41-only pre-hairpin intermediates in which the Env gp120 subunit had been shed. 72 

The average number of observed spokes connecting a virion to a target cell increased slightly 73 

when using a virus containing an Env with a cytoplasmic tail deletion, suggesting that the 74 

increased lateral mobility of cytoplasmic tail-deleted Envs in the viral membrane [24-26] allowed 75 

more Envs to join the interaction with the target cell. We discuss the implications of these 76 

studies for understanding HIV-1 Env-mediated membrane fusion and how these results differ 77 

from a previous ET study of the “entry claw” that is formed upon HIV-1 or SIV interactions with 78 

target cells [27]. 79 

 80 

 81 

Results 82 
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Experimental design. A previous study used ET to visualize HIV-1 and SIV virions in contact 83 

with target cells after promoting a temperature-arrested state [28] in which viruses can remain 84 

attached to cells prior to fusion [27]. For that study, target cells were incubated with virus at 4˚C 85 

to allow binding but not fusion, warmed to 37˚C, and then fixed after incubations ranging from 86 

15 min to 3 h [27]. At all time points after warming, viruses were found attached to target cells 87 

by a cluster of 5-7 “rods,” each ~100 Å long and ~100 Å wide. The fact that the attachment 88 

structure was not found when the viruses and target cells were incubated in the presence of 89 

C34, a gp41 N-trimer–targeting C-peptide inhibitor related to T20 [27], suggests that the rod 90 

structure that was trapped during the temperature-arrested state did not involve the pre-hairpin 91 

intermediate.  92 

 93 

We hypothesized that addition of an HIV-1 fusion inhibitor that binds to the exposed gp41 N-94 

trimer after host cell receptor and coreceptor binding would slow or stop virus-host cell 95 

membrane fusion such that we could visualize pre-hairpin intermediate structures by ET (Figure 96 

1b). We characterized three fusion inhibitors of different sizes and potencies that target the 97 

exposed gp41 N-trimer region of the pre-hairpin intermediate for attempts to visualize the pre-98 

hairpin intermediate: T1249-Fc, a C-peptide–based inhibitor that we linked to human Fc (MW = 99 

65 kDa), D5 IgG (MW = 150 kDa) [14], and CPT31, a high-affinity D-peptide inhibitor linked to 100 

cholesterol (MW = 9 kDa) [13, 45] (Figure 1a; Figure 1 - Supplementary Figure 1a). We 101 

measured their neutralization potencies using in vitro HIV-1 pseudovirus neutralization assays 102 

[46] against the SC4226618 and 6535 viral strains. We found potencies ranging from 50% 103 

inhibitory concentration (IC50) values of ~0.13 ng/mL for CPT31 to ≥40 µg/mL for D5 IgG (Figure 104 

1 – Supplementary Figure 1a). T1249-Fc exhibited intermediate potencies (IC50s = 0.99 µg/mL; 105 

17 µg/mL) (Figure 1 – Supplementary Figure 1a), higher than IC50s measured for T1249 peptide 106 

alone, consistent with limited steric accessibility resulting in decreased potencies for larger 107 

fusion inhibitors [47].  108 

 109 

Incubating with a fusion inhibitor at 37˚C obviated the need for a 4˚C incubation of virus and 110 

target cells, which we reasoned was desirable since low temperatures alter membrane fluidity 111 

[29-31], which could affect one or more steps in membrane fusion. Since target cells for HIV-1 112 

are several microns in height, much thicker than the 0.5-1 µm limit for cryo-ET [32], we used 113 

stained, plastic-embedded samples that could be cut into 300-400 nm sections using a 114 

microtome, and then examined the samples in 3-D using ET. Although ET of stained, plastic-115 

embedded sections results in lower resolution than cryo-ET, the minimal effects of radiation 116 
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damage in plastic sections [33] was an advantage for locating rare attached virions. Thus more 117 

cells could be assayed in plastic sections than in samples prepared by cryo-ET methods (e.g., 118 

by examining thin leading edges of cells or using focused-ion-beam milling [34] to prepare a 119 

sufficiently thin sample), therefore allowing for statistically-significant observations of virion 120 

attachment events. We prepared samples by light fixation followed by high-pressure 121 

freezing/freeze substitution fixation (HPF-FSF) instead of the traditional chemical fixation 122 

protocol used previously [27] because HPF vitrifies cells at ~10,000°/sec, stopping all cellular 123 

movement within msec and allowing optimal preservation of ultrastructural features [35-38]. By 124 

contrast, chemical fixation immobilizes elements in the cell at different rates, and movement and 125 

rearrangement of transmembrane proteins may continue even in the presence of aldehyde 126 

fixatives [39-41]. Following HPF-FSF, samples were plastic embedded and stained with uranyl 127 

acetate and lead citrate as described in our previous ET studies of HIV-1 in infected tissues [20-128 

22]. Since biosafety requirements for the current study necessitated the use of HIV-1 129 

pseudoviruses instead of infectious HIV-1, we verified that the ultrastructure of HIV-1 130 

pseudoviruses, including approximate numbers and dimensions of Env trimer spikes and the 131 

presence of collapsed (in mature virions) versus C-shaped (in immature virions) cores [15, 42-132 

44], was preserved during the fixation, embedding, and staining procedures (Figure 2 – 133 

Supplementary figure 1a) consistent with our previous publications involving ET of infectious 134 

HIV-1 in tissue samples [20-22]. These results are also consistent with previous direct 135 

comparisons of tomograms of stained and plastic-embedded versus unstained and 136 

cryopreserved SIV virions [27]. 137 

 138 

We conducted ET experiments by first incubating TZM-bl cells, a HeLa cell line that stably 139 

expresses high levels of human CD4 and coreceptors CCR5 and CXCR4 [48], with 130 µg/mL 140 

of inhibitor (either T1249-Fc, D5, or CPT31) and ~5000 TCID50/mL of HIV-1 pseudovirus at 37˚C 141 

for 2, 4, or 48 hours, followed by HPF, FSF, plastic embedding, sectioning, and visualization by 142 

ET. In order to verify that results were not dependent upon a particular viral strain, we used 143 

pseudoviruses derived from two primary isolate HIV-1 strains: SC4226618 (Tier 2) and 6535 144 

(Tier 1B) [49], chosen for their sensitivity to the fusion inhibitors and because we had both wild-145 

type and Env cytoplasmic tail-deleted forms of the 6535 pseudovirus (Figure 1 - Supplementary 146 

Figure 1a). TZM-bl cells are contaminated with ecotropic murine leukemia virus [50], which does 147 

not affect their use for HIV-1 in vitro neutralization assays [51]. In our surveys of TZM-bl cells 148 

incubated in the presence or absence of fusion inhibitors, we occasionally observed budding 149 

MLV virions (Figure 2 - Supplementary figure 1b). As MLV serves as a control for non-specific 150 
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inhibition in TZM-bl–based HIV-1 in vitro neutralization assays [52], the fusion inhibitors used in 151 

our experiments are known to have no effect on MLV fusion, thus contaminating MLV virions 152 

were not captured during fusion in our experiments. 153 

 154 

To identify attached virions by EM (Figure 2; Figure 2 - Supplementary figure 1), the peripheries 155 

of TZM-bl cells were scanned to locate roughly spherical objects with diameters ~100 nm that 156 

were near a cell surface. Regions of interest were then examined at higher magnification and at 157 

tilts of 0˚, 35˚ and -35° to verify that the objects were spherical, as expected for an HIV-1 virion 158 

(Figure 2 – Supplementary figure 1c). Potential virions were then observed through a defocus 159 

series to detect core structures found inside authentic virions: i.e., a bullet-shaped core in 160 

mature HIV-1 and a C-shaped core in immature HIV-1 [42, 44]. Once verified as a virion, tilt 161 

series for 3-D reconstructions were collected. Control experiments in which pseudovirus and 162 

TZM-bl cells were incubated without inhibitor, with an irrelevant IgG, or with a low concentration 163 

of inhibitor, were prepared and analyzed in the same way  (Figure 2 – Supplementary figure 1d). 164 

 165 

Entry inhibitor-treated virions are attached to target cells by 2-3 narrow spokes. In 166 

surveys of TZM-bl cells treated with either SC4226618 or 6535 pseudovirus and 130 µg/mL of 167 

any of the three fusion inhibitors, we found virions that were attached to the surface of a TZM-bl 168 

cell by several (usually 2 or 3) narrow densities (Figures 2, 3d; Figure 3 - Supplementary figure 169 

1; Figure 3 – Supplementary Source Data). To verify that the attached virions resulted from 170 

treatment with a fusion inhibitor, we analyzed control experiments in which we incubated TZM-bl 171 

cells and pseudovirus with either no inhibitor, with an irrelevant Fc-containing protein (Z004, an 172 

anti-Zika virus IgG [53]), or with the T1249-Fc inhibitor at a concentration equivalent to 0.01x of 173 

its neutralization potency (i.e., its IC50 value) (Figure 1 - Supplementary Figure 1a). In 174 

examinations of >100 cells, we found no attached virions and also very few virions that were 175 

within a distance that could accommodate attachment. We used ET to examine the few cases 176 

(<20) in which we found virions adjacent to cells, which confirmed that none of the virions were 177 

attached to a host cell membrane (Figure 2 - Supplementary figure 1d).  178 

 179 

The approximate dimensions of the densities found for virions attached to TZM-bl cells in the 180 

presence of a fusion inhibitor were on average 15.6 ± 2.8 nm in length and 3.9 nm ± 0.8 nm in 181 

thickness (n = 20) (Figure 3a-c), thus we refer to the densities as “spokes” to distinguish them 182 

from the wider densities described as “rods” in the previous ET study of virions attached to cells 183 

[27]. Interestingly, the spokes in our experiments, although imaged at relatively low resolution, 184 
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resembled fusion intermediates observed in cryo-ET studies of hemagglutinin-mediated fusion 185 

of influenza virions with receptor-containing liposomes [54] and also low pH-induced structural 186 

intermediates of hemagglutinin deduced from single-particle cryo-EM reconstructions [55]. In 187 

some of our samples incubated with the largest inhibitor (D5 IgG), we occasionally found 188 

densities adjacent to one or more spokes that could represent the bound IgG (Figure 2d). We 189 

found virions attached with spokes to 10-30% of TZM-bl cells that were examined, usually 190 

located on the thin leading edges of cells. Most cells showed only one attached virion per 400 191 

nm section, but occasional cells exhibited 3-5 attached virions. The attachment sites were 192 

generally flat, as opposed to the target cell exhibiting a concave surface corresponding to the 193 

circumference of the virion as previously described [27], with distances of ~7 nm to ~15 nm 194 

between spokes. The majority of attached virions were mature, as identified by their bullet-195 

shaped cores (Figures 2-4), but a minor subset of attached virions (~5%) were immature. Figure 196 

2 shows overview images and 2-D tomographic slices from 3-D reconstructions of fusion 197 

inhibitor-treated virions attached to target cells; see also a gallery of examples in Figure 3 - 198 

Supplementary figure 1. Attachment densities were sometimes located in different planes so 199 

they are not always visible in any given 2-D tomographic slice, thus we identified spokes in 3-D 200 

as shown in Video 1. 201 

 202 

Despite using inhibitors of different sizes and at concentrations varying from 3.2- to 106-fold 203 

above their IC50 values for neutralization of the SC4226618 pseudovirus (Figure 1 - 204 

Supplementary Figure 1a), we found no systematic differences in the numbers of attached 205 

virions per cell, their locations on TZM-bl cells, or the numbers and dimensions of spokes per 206 

attached virion. In addition, no systematic differences were observed as a function of which 207 

fusion inhibitor or pseudovirus was included in the incubation or the length of the 37˚C 208 

incubation (Figure 3d; Figure 3 – Supplementary Source Data). Although a 48-hour incubation 209 

at 37˚C should result in a substantial loss of virus infectivity, the T1249-Fc incubation for 48 210 

hours condition yielded an equivalent number of attached virions (Figure 3d) and similar spoke 211 

structures as the 2- and 4-hour incubations (Figure 3 – Supplementary figure 1). This finding is 212 

rationalized by calculations and infectivity measurements showing that the 48-hour incubation 213 

conditions contained several million infectious virions (Figure 2 - Supplementary figure 1b), 214 

enough to account for the observed attached virions. 215 

 216 

A cytoplasmic tail deletion virus forms attachment structures with more spokes. The 217 

finding of only 2-3 spokes per attached virion implies that not all of the ~14 Envs per HIV-1 218 
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virion [56-60] are involved in the fusion process. Indeed, Env trimers that did not participate in 219 

attachment were sometimes observed in tomographic slices (Figure 4). We hypothesized that 220 

more Envs might join in the attachment site if we used a virus in which Envs could exhibit 221 

increased lateral mobility in the viral membrane to allow Env diffusion to the attachment site. 222 

Increased Env mobility in the viral membrane has been described in viruses with an Env 223 

cytoplasmic tail deletion that eliminates interactions with the viral matrix protein [24-26]. To 224 

evaluate potential effects of increased lateral mobility, we used a pseudovirus containing an Env 225 

with a cytoplasmic tail deletion (6535-CT) and compared its attachment sites with target cells 226 

when incubated with the T1249-Fc fusion inhibitor to those of wild-type 6535 and SC4226618 227 

pseudoviruses when incubated under the same conditions (Figure 5).  228 

 229 

We first confirmed that attachment sites formed by wild-type 6535 and SC4226618 230 

pseudoviruses were indistinguishable in terms of their locations and numbers of observed 231 

spokes (Figure 3; Figure 3 – Supplementary figure 1; Figure 3 – Supplementary Source Data). 232 

We then gathered data for 6535-CT attachment sites, finding a small, but statistically 233 

significant (p = 3 x 10-4) increase in the mean number of spokes: 3.9 +/- 1.2 (n = 15) spokes for 234 

6535-CT as compared to 2.4 +/- 0.6 (n = 116) spokes for wild-type pseudoviruses (Figures 3d, 235 

5; Figure 3 – Supplementary Source Data). 236 

 237 

Discussion 238 

Despite a wealth of information about the pre- and post-fusion structures of HIV-1 Env and 239 

Env’s interactions with host receptors [2-9, 58], the architecture of the virus-host cell contact and 240 

the structure of Env during the act of fusion have remained elusive. Because HIV-1 virions have 241 

not been visualized during the act of fusion, we assumed that viral fusion is a fast process that 242 

has yet to be captured by electron microscopy imaging of either cultured cells or tissues. In 243 

order to visualize the hypothesized pre-hairpin intermediate structure in which the gp41 244 

transmembrane region and the fusion peptide link the viral and target cell membranes [10], we 245 

incubated HIV-1 fusion inhibitors that bind to the N-trimer region of gp41 that is exposed upon 246 

Env binding to the host receptor and coreceptor on target cells. We chose to use diverse fusion 247 

inhibitors to trap the hypothesized pre-hairpin intermediate structure linking the viral and host 248 

cell membranes (Figure 1a) and to avoid a temperature jump protocol [27] that  249 

could result in unanticipated effects on membranes; for example, membrane trafficking events 250 

can be altered or stopped at decreased, non-physiological temperatures, and structures 251 
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associated with them, such as Golgi cisternae, are perturbed and noticeably altered relative to 252 

physiological conditions [61]. 253 

 254 

We chose three fusion inhibitors with strong, medium, and weak neutralization potencies 255 

(CPT31, T1249-Fc, D5 IgG, respectively), incubated them at 37˚C with virus and target cells for 256 

variable times, and examined them in 3-D by ET. For all experimental conditions, we found 257 

virions linked to the surface of target cells by several (mean = 2.4 +/- 0.5; n = 116) narrow 258 

spokes (Figure 3d), thus all conditions contained sufficient numbers of virions and inhibitors to 259 

form stable attachments to target cells. By contrast, in control experiments with either no 260 

inhibitor, an irrelevant protein, or inhibitor added at a concentration equal to 1% of its 261 

neutralization IC50 value, we did not observe virions attached to target cells. Based on current 262 

understanding of how fusion inhibitors prevent fusion [10, 62] (Figure 1a,b), we conclude that 263 

the attachment densities represent Env trimers in the pre-hairpin intermediate conformation that 264 

link viral and target cell membranes (Figure 1a). 265 

 266 

Having trapped virions in the act of fusion, we can use information gathered from tomograms to 267 

address mechanistic and structural details of fusion between viral and target cell membranes. 268 

First, the results suggest that only 2 to 3 (and occasionally 4) Envs participate in the reaction 269 

with target cells that is inhibited by a fusion inhibitor. This number, which could be somewhat 270 

inflated due to trapping of Envs using a fusion inhibitor, is consistent with studies suggesting 271 

that only a few HIV-1 Envs are required for fusion with a target cell membrane [63, 64]. The 272 

number also represents a minority of the Env trimers on HIV-1, even considering that HIV-1 273 

includes a unusually low number of spikes per virion (an average of ~14, with a range from 4 – 274 

35 [56-60], compared with ~450 spikes on similarly-sized influenza A virions [65]). STED 275 

microscopy studies suggested that HIV-1 spikes rearrange from a random distribution on 276 

immature virions to a cluster on mature virions [66-68]. However, interspike distance 277 

distributions on mature virions derived from independent cryo-ET reconstructions revealed 278 

relatively random spike distributions rather than a single cluster of spikes [57, 58]. Our finding of 279 

only 2-3 spokes per virion-target cell attachment site (Figure 3d; Figure 3 – Supplementary 280 

Source Data) is also consistent with random spike distributions on mature virions since more 281 

attachment spokes would be expected if Envs are clustered. In addition, although free Env 282 

trimers on HIV-1 virions are difficult to identify conclusively by ET using stained, plastic-283 

embedded samples, we sometimes found Env spikes on the opposite surface of attached 284 

mature virions as the attachment structures (Figure 4c,d), consistent with the assumption that 285 
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only two or three Envs are usually close enough to each other to participate in binding to host 286 

cell receptors and that slow lateral diffusion of HIV-1 Envs within the virion bilayer prohibits 287 

recruitment of additional Envs into the attachment structure. Interestingly, membrane fusion in 288 

other systems, e.g., mediated by influenza hemagglutinin or SNARE complexes, also requires 289 

only ~three fusion proteins [69, 70], suggesting mechanistic similarities that would be interesting 290 

to explore. 291 

 292 

The ectodomains of Env trimers on immature virions are not expected to exhibit conformational 293 

changes that would prevent binding to CD4 and coreceptor. Indeed, immature virions can fuse 294 

with targets, although less efficiently than mature virions [71, 72]. Consistent with Env trimers on 295 

immature virions binding to receptors on target cells and forming pre-hairpin intermediate 296 

structures, we occasionally found immature virions attached to target cells that were incubated 297 

with a fusion inhibitor. Immature virions comprised <5% of the datasets recorded. Attached 298 

immature virions exhibited comparable numbers and locations of spokes as we found for 299 

attached mature virions (Figure 4d), consistent with a similar distribution of Envs on mature and 300 

immature virions. Although measurements of Env mobility within the membranes of mature and 301 

immature virions differ, the HIV-1 viral membrane on both mature and immature virions is a low 302 

mobility environment, likely due to high lipid order [67]. Our results suggest that the intrinsically 303 

low mobilities of HIV-1 Envs on both mature and immature virions limit the number of Env 304 

trimers that can participate in pre-hairpin intermediate structures with target cells. 305 

 306 

The cytoplasmic tail of HIV-1 Env interacts directly with the viral matrix protein [73], and tail 307 

deletion has been suggested to increase the lateral mobility of Envs in the viral membrane [24-308 

26]. In order to determine the effects of cytoplasmic tail deletion on virion attachment to a target 309 

cell in the presence of a fusion inhibitor, we used ET to compare attachment sites for virions 310 

with wild-type and cytoplasmic tail-deleted Envs. We found a slight, but statistically significant, 311 

increase for the number of spokes in attachment sites formed between fusion inhibitor-treated 312 

target cells and the 6535-CT versus wild-type pseudoviruses (3.9 +/- 1.2 for 6535-CT to 2.4 313 

+/- 0.5 for wild-type) (Figure 3d; Figure 3 – Supplementary Source Data). These results are 314 

consistent with intrinsically low mobilities of HIV-1 Envs in the viral membrane that are 315 

increased only slightly for Envs that lack a cytoplasmic tail. Taken together, analyses of the 316 

numbers of apparent pre-hairpin intermediate structures trapped by fusion inhibitors on wild-317 

type mature, wild-type immature, and cytoplasmic tail-deleted virions is consistent with the 318 
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assumption that a minority of the relatively few HIV-1 Env trimers are involved in attachment via 319 

a pre-hairpin intermediate to target cells. 320 

 321 

We also used the tomographic data to measure the dimensions at the virion-target cell 322 

attachment sites, finding that the approximate dimensions of the majority of the spokes (15.6 nm 323 

± 2.8 nm in length x 3.9 ± 0.8 nm in width; n=20) are consistent with a pre-hairpin intermediate 324 

structure formed by gp41 alone after gp120 has dissociated (step iv, Figure 1a), which we 325 

measured from an approximate model to be ~100 Å x ~22 Å (Figure 1b). By contrast, a 326 

hypothetical pre-hairpin intermediate containing gp120 (step iii, Figure 1a) would be wider, with 327 

dimensions ~100 Å by ~120 Å (Figure 1b). This wider structure is roughly consistent with the 328 

~100 Å x ~100 Å dimensions of each of the 5-7 rods of density that comprised the “entry claw” 329 

in a previous ET study [27]. We suggest that the entry claw rods visualized after incubating 330 

virus-target cell samples at 4˚C and then warming to 37˚C represent a structure formed after the 331 

HIV-1 Env trimer has bound to CD4 (and possibly also to a coreceptor) but prior to gp120 332 

dissociation. Given that entry claws were not visualized in the temperature jump protocol when 333 

the viruses and target cells were incubated in the presence of a fusion inhibitor [27], the thick 334 

rod structures are unlikely to represent a pre-hairpin intermediate. We therefore suggest that the 335 

thick rods seen following temperature jump likely correspond to a structure resembling step ii in 336 

Figure 1a.  337 

 338 

A potential explanation for why we observe 2-3 densities at virion-target cell attachment sites 339 

versus the 5-7 reported previously [27] could relate to the observation that the attachment 340 

surfaces in our imaging experiments were generally flat, as opposed to including a concave 341 

surface on the target cell that followed the convex surface of the virion [27]. This difference 342 

could result from use of different sample preparation protocols and/or target cells (T cells in [27] 343 

versus TZM-bl cells in our study). In any case, if HIV-1 virions contain a random assortment of a 344 

small number of Env trimers that diffuse slowly or not at all in the membrane, then only a small 345 

number of Envs would be available on the small contact surface formed by a roughly spherical 346 

virion and a flat cell membrane, whereas more Envs would be available for contacts with a 347 

larger contact surface formed by a virion interacting with a concave cell membrane (Figure 1c). 348 

Indeed, a recent ET study of murine leukemia virus (MLV) attached to target cells revealed a 349 

concave surface on the target cell with ~28 spokes per attached virion [74], a number that would 350 

be predicted to be higher than observed for HIV-1 even if HIV-1 were interacting with a concave 351 
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portion of its target cell because MLV includes more spikes (at least 100 per virion) [75] 352 

compared with HIV-1 (7-14 per virion) [56-60]. 353 

 354 

In summary, we have used fusion inhibitors and ET of optimally preserved samples to visualize 355 

HIV-1 virions caught in the act of fusion with target cell membranes. These experiments 356 

revealed details of attachment sites with spokes representing pre-hairpin intermediate structures 357 

of HIV-1 Env. The spokes likely correspond to extended Env trimers after gp120 dissociation 358 

and prior to collapse into the post-fusion six-helical bundle structure (step iv in Figure 1a). Our 359 

observation of relatively few (2-3) spokes per attached virion implies that HIV-1 Env-mediated 360 

membrane fusion may require only a fraction of the ~14 Envs on each virion [56-60] and 361 

provides further details of an intermediate step on the pathway to viral entry. 362 

 363 

Methods 364 

 365 

Preparation of fusion inhibitors. A gene encoding T1249-Fc was constructed to encode the 366 

39-residue T1249 peptide sequence [12] fused at its C-terminus to a (Gly4Ser)7 linker followed 367 

by human IgG1 Fc. T1249-Fc were expressed by transient transfection in 293-6E (CNRC) or 368 

Expi293 (ThermoFisher Scientific) cells and purified from transfected cell supernatants using a 369 

HiTrap MabSelect SuRe column (GE Healthcare) followed by size exclusion chromatography 370 

(SEC) using a Superdex 200 column (GE Healthcare), and its concentration was determined by 371 

A280 nm measurements using an extinction coefficient of 129,550 M-1 cm-1. D5 IgG was obtained 372 

from the NIH AIDS Reagents program at a stock concentration of 8.5 mg/mL. CPT31 was 373 

synthesized as described with its concentration measured by A280 (extinction coefficient of 374 

37,980 M-1 cm-1) [13]. Z004 IgG, an anti-Zika virus antibody used as a control for non-specific 375 

entry inhibition, was expressed and purified as described [53]. 376 

 377 

In vitro neutralization assays. SC4226618, 6535, and 6535-CT (Env gene truncated after 378 

stop codon corresponding to gp41 residue Phe752) pseudoviruses were produced by 379 

cotransfection of HEK 293T cells with an Env expression plasmid and a replication-defective 380 

backbone plasmid [52]. In vitro neutralization assays were performed by measuring the 381 

reduction of HIV-1 Tat-induced luciferase reporter gene expression in the presence of a single 382 

round of pseudovirus infection in TZM-bl cells [52]. Inhibitors were evaluated using a 4-fold 383 

inhibitor dilution series (each concentration run in duplicate). Nonlinear regression analysis was 384 



 13 

used to derive IC50 and IC90 values, the concentrations at which half-maximal and 90% inhibition, 385 

respectively, were observed. 386 

 387 

Incubations for fusion inhibitor ET experiments. TZM-bl cells were plated and cultured as 388 

described [52] on carbon-coated, glow-discharged synthetic sapphire disks (3 mm diameter, 389 

0.05 mm thickness; Technotrade International). Briefly, ~50,000 to 70,000 cells in 1 mL were 390 

seeded in each well and then replaced after a day with fresh media containing DEAE-Dextran 391 

(12 µg/mL). T1249-Fc, CPT31, or D5 IgG fusion inhibitor, each at a concentration of 130 ug/mL, 392 

was combined with pseudovirus (either SC4226618, 6535, or 6535-CT, each at ~5000 393 

TCID50/mL), and then immediately added to the cells and incubated for 2, 4, or 48 hours at 37˚C. 394 

For control experiments, incubations were done with either no fusion inhibitor or with or with 130 395 

µg/mL control IgG (Z004). In another control with SC4226618 pseudovirus, we added 0.01 396 

µg/mL T1249-Fc fusion inhibitor (a concentration corresponding to 100-fold lower than the IC50 397 

value for T1249-Fc against SC4226618). For all incubations, supernatant was then removed 398 

from each well, and cells were lightly fixed with 3% glutaraldehyde, 1% paraformaldehyde, 5% 399 

sucrose in 0.1 M sodium cacodylate trihydrate to render the samples safe for use outside of 400 

BSL-2 containment. 401 

 402 

EM Preparation and Electron Tomography. Sapphire disks were rinsed briefly with 1-403 

Hexadecene (Sigma), placed individually into brass planchettes (Type A/B; Ted Pella, Inc.), and 404 

rapidly frozen with a HPM-010 High Pressure Freezing machine (BalTec/ABRA). Disks were 405 

transferred under liquid nitrogen to cryo-vials (Nunc) containing 2.5% OsO4, 0.05% uranyl 406 

acetate in acetone and then placed in a AFS-2 freeze substitution machine (Leica Microsystems, 407 

Vienna). Samples were freeze substituted at -90°C for 72 h, warmed to -20°C over 12 h, held at 408 

that temperature for 24 h, and then warmed to room temperature and infiltrated with Epon-409 

Araldite resin (Electron Microscopy Sciences, Port Washington, PA). Sapphire disks were flat-410 

embedded on teflon-coated glass slides with Secure-Seal adhesive spacers (Sigma) and 411 

Thermanox plastic coverslips (Electron Microscopy Sciences). Resin was polymerized at 60°C 412 

for 24 h.  413 

 414 

Once embedded, the sapphire disks were removed, leaving the cells as a monolayer within the 415 

resin wafer. The cells were observed with an inverted phase-contrast microscope to ascertain 416 

preservation quality and to select regions of interest (i.e., regions with >10 cells in close 417 

proximity). These regions were extracted from the resin wafer with a microsurgical scalpel and 418 
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glued to plastic sectioning stubs. Semi-thick (300-400 nm) serial sections were cut with a UC-6 419 

ultramicrotome (Leica Microsystems, Vienna) using a diamond knife (Diatome, Ltd., 420 

Switzerland). Sections were collected onto formvar-coated copper-rhodium 1 mm slot EM grids 421 

(Electron Microscopy Sciences) and stained with uranyl acetate and lead citrate. Colloidal gold 422 

particles (10 nm) were placed on both surfaces of the grid to serve as fiducial markers for 423 

subsequent tomographic image alignment. 424 

 425 

Grids were placed in a dual-axis tomography holder (Model 2040; E.A. Fischione Instruments, 426 

Export, PA) and imaged with a Tecnai TF-30ST transmission electron microscope (Thermo-427 

Fisher Scientific) operating at 300 keV. Images were recorded with a XP1000 CCD camera 428 

(Gatan, Inc.). For dual-axis tomography, grids were tilted +/- 64° and images taken at 1° 429 

intervals. The grid was then rotated 90° and a similar tilt-series was taken about the orthogonal 430 

axis. Tilt-series datasets were acquired automatically using the SerialEM software package [76]. 431 

Tomograms were calculated, analyzed and modeled (including isosurface renderings) using the 432 

IMOD software package [77-79] on Mac Pro and iMac Pro computers (Apple, Inc.). Briefly, 433 

individual tomograms were prepared from the aligned tilt series based on models of the 434 

positions of ~50 fiducial markers in each tilted image, and then re-projected using an R-435 

weighted back-projection algorithm [80]. Individual tomograms were joined to form a single 436 

reconstruction with less information loss than a single-axis tomogram due to the smaller missing 437 

wedge.  438 

 439 

Identification and imaging of HIV-1 virions. Prior to collecting tomographic data, HIV-1 virions 440 

were identified as follows (Figure 2; Figure 2 - Supplementary figure 1): Thick sections were 441 

observed in the electron microscope and peripheries of cells were surveyed at medium 442 

magnification (3900x – 6500x). Objects that appeared to be spherical, were estimated to have a 443 

diameter of ~100 nm, and were proximal to a cell surface were examined at higher 444 

magnification (12,000x – 15,000x). These objects were observed at 0° tilt (perpendicular to the 445 

beam) and at +35° and -35° tilts to confirm that they were indeed spherical. Nonspherical 446 

objects, such as thin cellular projections or microspikes, would appear oblong or tubular at one 447 

or both high-tilt views (Figure 2 - Supplementary figure 1c). Objects that remained spherical 448 

were further evaluated by observing through a defocus series to detect core structures that 449 

would be indicative of a HIV-1 virion (i.e., a bullet-shaped mature core or a C-shaped immature 450 

core [42, 44]). Detection of core structures allowed the object to be classified as a HIV-1 451 
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particle, and it was subsequently imaged for dual-axis tomography (Figure 2 - Supplementary 452 

figure 1c). In most sample preparations, attached virions were found at an incidence of ~1 per 453 

every 5 cells in a given 400 nm section. On rare occasions, several (2-3) virions were found 454 

attached to a single cell, and each virion was recorded as a separate dataset. Spoke counts 455 

were determined from 3-D tomographic reconstructions (Figure 3d; Figure 3 – Supplementary 456 

Source Data). Significance evaluations of spoke count differences between 6535-CT and wild-457 

type pseudoviruses was performed using a two-sample t-test assuming unequal variances. 458 

 459 
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Figure legends 471 
 472 
Figure 1. HIV-1 Env-mediated fusion between viral and host cell membranes. a, Top: Schematics of 473 
host receptors, HIV-1 Env trimer, pre-hairpin intermediate, and fusion inhibitors. Bottom: steps in fusion: (i) 474 
Closed, prefusion structure of HIV-1 Env trimer in which the V1V2 loops (orange) occlude the coreceptor 475 
binding site on V3 (blue) (e.g., PDB code 5CEZ). The Env trimer is embedded in the viral membrane, 476 
while the host receptor (CD4) and coreceptor (CCR5) are embedded in the target cell membrane. (ii) 477 
CD4-bound open HIV-1 Env trimer in which V1V2 loops have been displaced to expose the coreceptor 478 
binding site on V3 (e.g., PDB 6U0L). (iii) Hypothetical CD4- and CCR5-bound open Env trimer with 479 
rearrangements of gp41 N-trimer/HR1 to form a pre-hairpin intermediate structure that is linked to the 480 
target cell membrane by the gp41 fusion peptide (red). (iv) Hypothetical pre-hairpin intermediate formed 481 
by gp41 trimer after shedding of gp120s. (v-vi) Formation of the post-fusion gp41 six-helical bundle (e.g., 482 
PDB 1GZL) that juxtaposes the host cell and viral membranes (step v) for subsequent membrane fusion 483 
(step vi). b, Approximate binding sites (red circles) for fusion inhibitors shown on schematics of steps iii 484 
and iv (panel a). Entry inhibitor binding sites might be partially sterically occluded for binding to the 485 
T1249-Fc or D5 fusion inhibitors. Schematics shown above as models are from PDB codes 6U0L and 486 
1AIK with approximate dimensions indicated. c, Schematic illustrating why fewer HIV-1 Envs might be 487 
involved in attaching to a target cell when the attachment site is flat versus a concave surface. Top: 488 
attachment site (described here) formed during a 37˚C incubation of virions, target cells, and a fusion 489 
inhibitor. Bottom: attachment site (described in [27]) formed in the absence of a fusion inhibitor when 490 
virions and target cells were incubated in a temperature jump protocol (4˚C incubation followed by 491 
warming to 37˚C). 492 
 493 
Figure 1 - Supplementary Figure 1. Characterization of fusion inhibitors and viral 494 
infectivity.  495 
a, Entry inhibitors are listed with their molecular weights, IC50 and IC90 values for neutralization 496 
potencies against SC4226618 and 6535 (and for T1249-Fc, also against 6535-CT), and the 497 
fold above these values that they were used for fusion inhibitor imaging experiments in which 498 
the inhibitors were incubated at 130 µg/mL. N.N. = non-neutralizing. N/A = not applicable. b, 499 
Infectivity of SC4226618 pseudovirus after incubation with TZM-bl target cells for the indicated 500 
times at 37˚C. Luciferase activity (measured in relative luminescence units, RLUs) of 501 
supernatants transferred to fresh TZM-bl cells after the following incubation times is presented 502 
as the mean and standard deviation for eight replicate measurements. ~20% of the input 503 
pseudovirus remained infectious after 48 hours at 37˚C. To address whether infectious 504 
pseudovirus was still present after a 48-hour incubation at 37˚C with T1249-Fc inhibitor and 505 
TZM-bl cells, we calculated how many molecules of T1249-Fc were added (1015 molecules) in 506 
the inhibition experiments, how many TZM-bl cells were cultured (~50,000 cells in each well, 507 
which contained 1 or 2 sapphire disks (3 mm each)), and how many SC4226618 pseudoviruses 508 
were added at the start of the incubation (2500 TCID50 = ~107 particles). Thus there were ~2 x 509 
106 infectious viruses, ~1015 molecules of T1249-Fc, and ~50,000 TZM-bl cells that were 510 
available for formation of spoke structures that could be captured by HPF and visualized by ET 511 
after the 48-hour incubation at 37˚C. 512 
 513 
Figure 2. Identification of attached HIV-1 virions. a, Montaged projection overview of a field 514 
of cultured TZM-bl cells from a 400 nm section. Note extensive blebbing and surface projections 515 
that are typical of the cell type. Inset: Projection detail of a HIV-1 virion adjacent to TZM-bl cell 516 
surface. b, Slice (5.6 nm) from a tomographic reconstruction of the virion shown in the inset of 517 
panel a (from a dataset collected with the T1249-Fc inhibitor). The bullet-shaped core identifies 518 
the particle as mature HIV-1 (see also Figure 3 Supplementary Figure 1). Two pre-hairpin 519 
intermediate “spokes” (red arrowheads) attach the virion to the cell surface. c, 3-D isosurface 520 
rendering of the spokes shown in panel b. d, Examples of extra densities observed in some 521 
data sets collected using the D5 IgG inhibitor. These appear as “hook-like” structures projecting 522 
from the sides of spokes, adjacent to the virion surface, which are visible in two sequential 523 
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tomographic slices (small and large black arrows). Extra densities may represent portions of D5 524 
IgGs attached to the prehairpin intermediate. Similar densities were not seen in experiments 525 
with the T1249-Fc or CPT31 inhibitors. 526 
 527 
Figure 2 – Supplementary figure 1. a, Identification of free pseudovirions in tomographic 528 
reconstructions. Virions were identified by visualizing a cone-shaped core structure in mature 529 
virions (upper left) and a C-shaped core structure in immature virions (lower left) and Env spikes 530 
on virion surfaces. Modeled contours highlight the core (blue) and Envs (black) in the mature 531 
virion (upper right) and in the immature virion (lower right). b, TZM-bl cells are contaminated 532 
with ecotropic murine leukemia virus. Two examples of nascent MLV particles emerging from 533 
the cell surface (top) and a cellular projection (bottom). Left panels show overviews of the cell 534 
with the locations of MLV budding events indicated by black rectangles. Right panels show 535 
tomographic details of the MLV budding profiles. c, Locating and identifying attached virions 536 
prior to electron tomography. Left: Overview of a TZM-bl cell in a 400 nm section. To find virions, 537 
the peripheries of cells are scanned at low magnification (2,600x – 5,600x) to identify structures 538 
that appear spherical, ~100 nm in diameter and proximal to the cell’s plasma membrane. Two 539 
candidate objects are indicated by the square. Upper middle and upper right: Tilted projection 540 
views of candidate objects. Once candidates are located, they are observed at high 541 
magnification (12,000x – 15,000x) first at 0° (view perpendicular to the electron beam) and then 542 
at +/-35°. Virions maintain a spherical appearance at both tilted views, while non-viral objects 543 
(e.g., blebs and other cellular extensions) appear tubular or oblong in the high tilted view. Lower 544 
middle: Projection image of a candidate virion at -5 µm defocus. Candidate objects are further 545 
examined at high magnification through a defocus series in order to distinguish core structures 546 
(a cone-shaped core in mature virions or a C-shaped core in immature virions). Objects with a 547 
distinguishable core (arrowhead) were classified as virions and imaged by dual-axis tomography. 548 
Lower right: 5.5 nm slice from a tomographic reconstruction of the virion in the lower middle 549 
panel. d, Control experiments showed no attached virions. No virions were found attached to 550 
cell surfaces when TZM-bl cells and pseudoviruses were incubated at 37˚C with either no 551 
inhibitor, with an irrelevant Fc-containing protein (Z004, an anti-Zika virus IgG [53]), or with the 552 
T1249-Fc inhibitor at a concentration equivalent to 0.01x of its neutralization potency (i.e., its 553 
IC50 value). Very few free virions were present in the samples with fewer still in proximity to cells 554 
(<1 particle per ~10 cells per section). In the typical example shown from a control experiment, 555 
a single free virion was found near a TZM-bl cell in a 400 nm section. Tomography (inset) 556 
revealed the virion to be too distant from the cell for attachment to occur and no structures 557 
resembling spokes on either the virion or the cell surface. 558 
 559 
 560 
Figure 3. Characteristics of virions attached to target cells in the presence of a fusion 561 
inhibitor. a, 2-D projection image of TZM-bl cell incubated with SC4226618 pseudovirions in 562 
the presence of the T1249-Fc fusion inhibitor for 2 hours at 37˚C. Inset shows a tomographic 563 
slice of the attached virion indicated by a box with attachment spokes indicated by magenta 564 
arrowheads. b, 3-D model from tomogram of attachment site shown in panel a inset. c, 565 
Tomographic slice of attached virion from panel b with approximate measurements of spoke 566 
length, width, and inter-spoke distances. d, Summary of mean, standard deviation, and number 567 
of observations for spokes at attachment sites under different experimental conditions. See also 568 
Figure 3 – Supplementary Source Data.xlsx. 569 
 570 
Figure 3 - Supplementary figure 1. Gallery of attachment sites formed using different 571 
fusion inhibitors and different incubation times. In examples shown here, attachments 572 
consisted of either two or three spokes (red arrowheads) linking virions to cell surfaces. All scale 573 
bars = 0.05 m. See also Figure 3 – Supplementary Source Data.xlsx. 574 
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 575 
Figure 4. Free Env trimers can be visualized on attached virions. a, Example of densities 576 
observed for free HIV-1 Env trimers in a tomographic slice. b, 3-D isosurface rendering of an 577 
individual free Env trimer. c-d, Examples of attached mature (panel c) and immature (panel d) 578 
virions with free Env spikes distant from the attachment site indicated by arrows. Note that free 579 
Env trimer densities and spokes at an attachment site were only rarely optimally visualized in a 580 
single tomographic slice, thus Env trimers and spokes were identified from 3-D tomograms 581 
rather than 2-D tomographic slices.  582 
 583 
Figure 5. 6535CT pseudoviruses are often attached to target cells with more than 2-3 584 
spokes. (A) An example of a 6535CT virion attached to the plasma membrane of a TZM-bl 585 
cell (cell and virus were treated with the T1249-Fc fusion inhibitor for 2 hours) by four distinct 586 
spokes (arrowheads).  (B) An example shows a 6535CT virion attached to the plasma 587 
membrane of a TZM-bl cell (cell and virus were treated with the T1249-Fc fusion inhibitor for 2 588 
hours). Viewing the tomogram in a series of slices through the reconstruction (left panels) 589 
reveals 5 distinct spokes (magenta arrowheads) at different positions on the virus’ surface. 3-D 590 
model of the reconstruction (right) displays the 5 spokes (magenta) attaching the virion (green) 591 
to the TZM-bl plasma membrane (PM) (blue). 592 
 593 
Video 1. Tomographic reconstruction of a mature HIV-1 pseudovirus attached to a TZM-bl 594 
cell surface by two narrow spokes. In this experiment, the T1249-Fc inhibitor was incubated 595 
with cells and SC4226618 virus at 37˚C for 2 hours. The movie presents the full volume of a 3-D 596 
reconstruction, advances at 1-pixel (0.5 nm) increments, and then pauses briefly to indicate the 597 
spokes (red arrowheads). The cone-shaped viral core is distinguished within the virion, as are 598 
Env trimers on the virion surface. Scale bar = 0.05 m. 599 

  600 
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