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            Abstract
The HIV-1 envelope glycoprotein (Env) trimer mediates cell entry and is conformationally dynamic1,2,3,4,5,6,7,8. Imaging by single-molecule fluorescence resonance energy transfer (smFRET) has revealed that, on the surface of intact virions, mature pre-fusion Env transitions from a pre-triggered conformation (state 1) through a default intermediate conformation (state 2) to a conformation in which it is bound to three CD4 receptor molecules (state 3)8,9,10. It is currently unclear how these states relate to known structures. Breakthroughs in the structural characterization of the HIV-1 Env trimer have previously been achieved by generating soluble and proteolytically cleaved trimers of gp140 Env that are stabilized by a disulfide bond, an isoleucine-to-proline substitution at residue 559 and a truncation at residue 664 (SOSIP.664 trimers)5,11,12,13,14,15,16,17,18. Cryo-electron microscopy studies have been performed with C-terminally truncated Env of the HIV-1JR-FL strain in complex with the antibody PGT15119. Both approaches have revealed similar structures for Env. Although these structures have been presumed to represent the pre-triggered state 1 of HIV-1 Env, this hypothesis has never directly been tested. Here we use smFRET to compare the conformational states of Env trimers used for structural studies with native Env on intact virus. We find that the constructs upon which extant high-resolution structures are based predominantly occupy downstream conformations that represent states 2 and 3. Therefore, the structure of the pre-triggered state-1 conformation of viral Env that has been identified by smFRET and that is preferentially stabilized by many broadly neutralizing antibodies—and thus of interest for the design of immunogens—remains unknown.
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                    Fig. 1: HIV-1 Env on the surface of viruses, or in complexes characterized structurally at high resolution, reside in distinct conformational states.[image: ]


Fig. 2: Stabilizing disulfide bond and I559P mutations stabilize state 2.[image: ]


Fig. 3: Many broadly neutralizing antibodies exhibit a preference for state 1 of HIV-1 Env, whereas cow antibodies exhibit a preference for state 2.[image: ]


Fig. 4: HIV-1 Env conformational states and dynamics monitored during activation from two perspectives.[image: ]
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                Data availability

              
              The data that support the findings of this study are available from the corresponding authors upon reasonable request.
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              The full source code of SPARTAN34, which was used for all analysis of smFRET data, is available at http://www.scottcblanchardlab.com/software.
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Extended data figures and tables

Extended Data Fig. 1 Tagged BG505 sgp140 SOSIP.664 proteins largely retain their known immunogenic features and preferentially sample state-2-like conformations.
a, Schematics for wild-type (WT) BG505 Env and BG505 sgp140 SOSIP.664 with D7324 affinity tag; V1–Q3 peptide in green, V4–A1 peptide in red. b, Validation of tagged BG505 sgp140 SOSIP.664. Top, antigenic profile of 100% untagged (WT), 100% double-tagged V1V4 (V1–Q3 V4–A1), and 20:1 of untagged to double-tagged BG505 sgp140 SOSIP.664. Binding by the indicated VRC01, 17b, PG9, 19b, PGT151 and 902090 antibodies was assessed from two independent ELISA assays in hexaplets and displayed as percentage of 2G12 binding (mean ± s.d.). The epitope for the antibody 902090 was more exposed in the 100%-tagged BG505 sgp140 SOSIP.664 than in the untagged BG505 sgp140 SOSIP.664, although this was not the case for the 1:20 tagged:wild-type trimers used for our smFRET analyses. The insertion of the Q3 tag into all three V1 regions of Env may exert local effects on the V2 β-barrel that contains the 902090 epitope (residues 171–177). Bottom, reference-free negative-staining electron microscopy two-dimensional class averages with representative trimeric density map of the BG505 sgp140 SOSIP.664 (wild type:V1V4-tagged at a 20:1 ratio) used for smFRET imaging. A Fourier shell correlation is also provided. c, Antigenic characteristics of BG505 sgp140 DS-SOSIP.664 (left) and 100% V1V4-tagged BG505 DS-SOSIP.Mut4 (right), determined by MSD. Antibodies are labelled. CD4bs, CD4 binding site; CD4i, CD4-induced; V1V2, V1V2-directed; V3, V3 glycan site-directed; gp120/gp41, interface between gp120 and gp41. Antigenic profiles of BG505 DS-SOSIP.664 (left) and 100% V1V4-tagged DS-SOSIP.Mut4 (right) after V3-negative selection were assessed by a panel of CD4-induced antibodies (17 and 48b, with and without sCD4), CD4 binding site antibodies (VRC01, VRC03, b12 and weakly neutralizing F105), V1V2-directed antibodies (PGT145 and VRC26.25), V3 glycan site-directed antibodies (2G12, PGT121, PGT128) and weakly neutralizing V3-directed antibodies (447-52D, 3074 and 2557, with and without soluble CD4), gp41–gp120 interface antibodies (PGT151, 35O22, 8ANC195 and VRC34.01) and the negative-control antibody CR9114 (an influenza virus antibody that does not recognize HIV-1 Env). ECL, electrochemiluminescence. d, The indicated BG505 sgp140 SOSIP.664 variants exhibit predominantly state-2-like conformations. FRET histograms for V1V4-tagged BG505 sgp140 SOSIP.664 with molecules after V3-negative selection (left), and for the stabilized BG505 sgp140 SOSIP.664 variant DS-SOSIP.Mut420 (right) (see Methods). Histograms represent mean ± s.e.m., determined from three independent populations of smFRET traces.


Extended Data Fig. 2 Binding of PGT151 stabilizes a state-2-like conformational state of HIV-1 Env.
a, Structure of HIV-1JR-FL Env(ΔCT) in complex with PGT15119. Two PGT151 antigen-binding fragments are distant from the positions of the gp120 variable loops (V1 and V4) that carry the fluorophores. b, Population FRET histograms of unliganded HIV-1JR-FL Env(ΔCT), and HIV-1JR-FL Env(ΔCT) in the presence of 10 μg ml−1 sCD4D1D2–Igαtp. c–f, Addition of PGT151 at neutralizing concentrations (10 μg ml−1) shifts the conformational landscapes for enzymatically labelled HIV-1JR-FL (c, e) and HIV-1BG505 (d, f) from the unliganded preference towards state 1 (red solid lines) to a preference for state 2 (blue solid lines). g, The addition of PGT151 to BG505 sgp140 SOSIP.664 did not alter the dominance of the state-2-like conformation exhibited in the absence of PGT151. h, Schematic of use of amber-suppressor tRNAs to introduce unnatural amino acids that can be clicked with fluorophores (h, top; see Methods), and schematic comparison between the Q3 and A1 double tag used for enzymatically labelling and click-labelling of V1 and V4 of HIV-1JR-FL (h, middle) and HIV-1BG505 Env (h, bottom). To introduce the unnatural amino acid TCO*, Asn136 in the V1 loop of HIV-1JR-FL or Ser401 in the V4 loop of HIV-1BG505 was genetically altered to an amber (TAG) stop codon. i–l, Experiment as in c–f, characterizing the conformational landscape upon binding of PGT151 to click-labelled HIV-1JR-FL V1–Asn136TAG V4–A1 (i, k), and HIV-1BG505 V1–Q3 V4–Ser401TAG (j, l). Neutralization data (mean ± s.d.) are averaged from three independent experiments in triplicates (c, d, i, j). FRET population histograms represent mean ± s.e.m., determined from three independent populations of smFRET traces.


Extended Data Fig. 3 SOS and I559P effects on infectivity and conformational plasticity of sgp140 SOSIP.664.
a, SOS and/or I559P (IP) changes introduced into native HIV-1BG505 Q23 Env do not influence Env processing or virus incorporation. Env expression, processing and virus incorporation for HIV-1BG505 Q23 carrying SOS, I559P and SOS and I559P (SOS&IP) changes were tested by centrifugation of viruses from cell culture supernatants, followed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis in the presence of dithiothreitol, and western blotting using the antiserum to HIV-1 gp120 (NIH AIDS reagent no. 288) and HIV-1 p24 monoclonal antibody (NIH AIDS reagent no. 3537). Experiments were repeated twice. b, The structure-stabilizing modifications A501C and T605C (SOS) and I559P used in the design of BG505 sgp140 SOSIP.664 abort HIV-1 infectivity. Infectivity of HIV-1BG505 Q23 SOS and I559P was measured by a Gaussia Luciferase assay, and normalized to that of wild-type HIV-1BG505 Q23. c, FRET histogram of HIV-1JR-FL Env carrying SOS, confirming similar data for HIV-1BG505 Env that the SOS change is largely responsible for the state 2 stabilization of Env on virus. d, e, FRET histograms of HIV-1BG505 Env in the absence (unliganded, d) or the presence of sCD4D1D2–Igαtp (e). f, g, Experiments as in d, e for BG505 sgp140 SOSIP.664. h–k, FRET histograms of HIV-1BG505 Env and BG505 sgp140 SOSIP.664 in the presence of the entry inhibitors BMS-378806 (h, i) and BMS-626529 (j, k). l–m, Neutralization of HIV-1BG505 by sCD4D1D2–Igαtp (l), BMS-378806 (m) and BMS-626529 (n). Red arrows indicate concentrations used in smFRET experiments. Histograms correspond to those in the main figures: in d (Fig. 1e), e (Fig. 2b, top), f (Fig. 1f), g (Fig. 2c, top), j (Fig. 2b, bottom) and k (Fig. 2c, bottom). Infectivity and neutralization curves represent mean ± s.d. from three replicates in triplicates. FRET population histograms represent mean ± s.e.m., determined from three independent populations of smFRET traces.


Extended Data Fig. 4 Conformational remodelling of HIV-1BG505 and BG505 sgp140 SOSIP.664 by sCD4D1D2–Igαtp and BMS-626529.
a, b, Examples of fluorescence traces of BG505 sgp140 SOSIP.664 in the presence of 10 μg ml−1 sCD4D1D2–Igαtp (a), and 100 μM BMS-626529 (b). Arrows indicate single-step photobleaching events that define the background of our smFRET assay. c–e, Transition density plots of HIV-1BG505 in the absence (c) or presence (d) of sCD4D1D2–Igαtp, or in the presence of BMS-626529 (e). Transition density plots that indicate the relative frequency of state-to-state transitions were generated from individual traces (180 traces in Fig. 1e, 147 traces in Fig. 2b (top), and 116 traces in Fig. 2b (bottom)). n, number of total transitions observed. f–h, Transition density plots of BG505 sgp140 SOSIP.664 under the same experimental conditions as those shown in c–e.


Extended Data Fig. 5 Many bNAbs neutralize and exhibit preference for the state 1 conformation of HIV-1.
a–c, Neutralization of native HIV-1BG505 by bNAbs that recognize different Env epitopes: V3 glycan site-directed bNAbs 10-1074, PGT121 and PGT122 (a); CD4 binding site bNAbs 3BNC117, VRC01 and VRC03 (b); and V1V2 glycan bNAbs PG9, PG16 and PGT145 (c). Only bNAbs that potently neutralize HIV-1BG505 or HIV-1JR-FL and allowed smFRET imaging at an antibody concentration 5 times above the 95% inhibitory concentration were analysed further (Fig. 3b, d). Neutralization data (mean ± s.d.) were averaged from three independent experiments in triplicate. d, FRET histogram that shows that HIV-1BG505 Env remains in state 1 in the presence of PG9 (50 μg ml−1). FRET population histograms represent mean ± s.e.m., determined from three independent populations of smFRET traces.


Extended Data Fig. 6 Conformational preferences of non-neutralizing antibodies for HIV-1 Env on virus.
a, b, FRET histograms and overlaid landscapes of HIV-1NL4-3 in the presence of 100 μg ml−1 17b (a) and 100 μg ml−1 F105 (b) acquired after 0 min, 30 min and 60 min of incubation. c, d, FRET histograms and overlaid landscapes of HIV-1BG505 in the presence of 17b (c) and F105 (d), acquired after 0 min, 30 min and 60 min of incubation. Non-neutralizing antibodies have preference for the state 3 conformation of Env. Note that in contrast to the tier 1 HIV-1 isolate NL4-3, the tier 2 isolate BG505 does not respond to 17b. FRET population histograms represent mean ± s.e.m., determined from three independent groups of smFRET traces.


Extended Data Fig. 7 Antibodies isolated from cows immunized using BG505 sgp140 SOSIP.664 immunogens exhibit a preference for state 2.
a, FRET histogram of HIV-1BG505(T332N). b, Neutralization curves of HIV-1BG505 by NC-Cow1, NC-Cow8, NC-Cow9 and NC-Cow10 antibodies. Data are presented as mean ± s.d. determined from three independent experiments in triplicate. c–e, FRET histograms of native HIV-1BG505 in the presence of 10 μg ml−1 NC-Cow1 (c), NC-Cow8 (d) and NC-Cow10 (e). f, The FRET histogram of HIV-1BG505 that carries the T332N substitution in Env is overlaid with that of wild-type HIV-1BG505. The T332N substitution in HIV-1BG505 Env does not detectably change the conformation of the Env. g, h, Cow antibodies (NC-Cow1, NC-Cow8, NC-Cow9 and NC-Cow10) shift the conformational landscape of native Env on the virus from state 1 towards that of BG505 sgp140 SOSIP.664 (state 2). FRET population histograms (a, c–e) represent mean ± s.e.m., from three independent populations of smFRET traces. i, j, Ligand preferences for states 1 and 2 probed by antibody staining of cell-expressed HIV-1JR-FL Env(ΔCT). Increasing amounts of the first ligand were pre-bound to cells for 1 h. The cells were washed, incubated with the second dye-labelled probe for 30 min, and the binding was quantified by flow cytometry. The ratio of measured mean fluorescence intensity (MFI) was normalized to that seen in the absence of pre-bound ligand (Methods). Matched combinations (state 1 and state 1 or state 2 and state 2) and non-matched combinations (state 1 and state 2 or state 2 and state 1) at the highest concentration of pre-bound first ligand were compared, and statistical significance was evaluated using a paired Student’s two-sided t-test. *P < 0.05. Note that the strong interference between 3BNC117 and PGT151 is due to a steric clash between the two antibodies, and was included as a control.


Extended Data Fig. 8 Validating the behaviour of dyes used for smFRET.
a, The 50-ns molecular dynamics simulations of fluorophore tumbling on the BG505 sgp140 SOSIP.664 trimer (4ZMJ) shows that dyes in V1 and V4 are far from the viral membrane. Molecular dynamics simulation was performed to account for movements of loops, enzymatic labelling tags, linkers and dyes to describe the possible dye tumbling space within 50 ns. The sampled space was docked into the approximately 20 Å structure of the HIV-1 virus Env spike determined by cryo-electron tomography4. A 50-ns molecular dynamics simulation is not temporally comparable to the time resolution of single-molecule imaging at 40 ms, or the timescale of observed conformational changes of Env (milliseconds to seconds). b–d, Conformational properties of the HIV-1BG505 Env remain highly similar when the dyes are flipped. b, Reference FRET histograms of HIV-1BG505 that carries Cy3B in V1 and Cy5 in V4, in unliganded form (from Fig. 1e), in the presence of PGT151 (from Fig. 1h) or in the presence of sCD4D1D2–Igαtp (from Fig. 2b). c, FRET histograms of HIV-1BG505 Env that carries Cy5 in V1 and Cy3B in V4 (see Methods), in the absence and in the presence of 10 μg ml−1 PGT151 or 10 μg ml−1 sCD4D1D2–Igαtp, respectively. d, Overlaid conformational landscapes of HIV-1BG505 Env labelled as in c with flipped dyes (green), compared to HIV-1BG505 Env labelled as in b (red). FRET population histograms represent mean ± s.e.m., determined from three independent populations of smFRET traces.


Extended Data Fig. 9 Suppressed HIV-1JR-FL that carries amber positions in gp120 and gp41 enables smFRET imaging of Env from two distinct perspectives.
a, Schematic of tagged sites in HIV-1JR-FL Env that were used for enzymatic labelling and amber stop codon (TAG)-suppressed incorporation of unnatural amino acids for click labelling. HIV-1JR-FL V1–Q3 V4–A1 carries the Q3 peptide in the V1 loop and the A1 peptide in the V4 loop. HIV-1 JR-FL V1–Asn136TAG V4–A1 carries a TAG at position Asn136 in V1 and the A1 peptide in V4. HIV-1JR-FL V4–A1 α6–Arg542TAG carries the A1 tag in gp120 V4 and a TAG at Arg542 in the α6 helix of gp41. b, c, Neutralization of HIV-1JR-FL wild type, 100%-peptide-tagged V1–Q3 V4–A1, 100%-amber-suppressed V1–Asn136TAG V4–A1 and V4–A1 α6–Arg542TAG by sCD4D1D2–Igαtp (b), and eCD4-Ig(Q40A, mim2) (c). Neutralization curves (b, c) represent mean ± s.d. from three replicates in triplicates.


Extended Data Table 1 Relative occupancies and determining parameters in each of three observed FRET statesFull size table
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