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Figure 1. Crystal structure of gp41FP-TM in complex with 2H10. (A) Schematic drawing of gp41 and expression constructs of gp41 chains N and C.

Sequence numbering is based on the HIV-1-HBX2 envelope gp160 sequence. Color coding is as follows: FP, fusion peptide, red; FPPR, fusion peptide

proximal region, orange; HR1, heptad repeat region 1, yellow; HR2, heptad repeat region 2, blue; MPER, membrane proximal external region, violet;

TM, transmembrane region, beige; CC, cys loop region, light blue and cyt, cytoplasmic domain brown. Expression tags used are TrxA, thioredoxin

fusion protein, His, His-tag, TEV, TEV protease cleavage sequence, Tag, chain N contains a Flag-tag (DYKDDDDK sequence) and chain C an N-terminal

enterokinase cleavage site (DDDDK). (B) Ribbon presentation of gp41TM-FP in complex with 2H10. Color-coding of the different segments is as

indicated in the gp41 scheme (A), the 2H10 nanobody is colored in green. (C) Ribbon presentation of gp41TM-FP including the core six-helical bundle

trimer axis (black line) revealing the different orientations of FP and TM. (D) Close-up of the interaction of gp41FP-TM with 2H10. Residues in close

enough contact to make polar interactions are shown as sticks. (E, F, G) Ribbon diagram of the individual protomers named chain A, B, and C.

Residues within the FPPR and MPER hinge regions are indicated.
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Figure 1—figure supplement 1. Characterization of gp41 containing FP and TM. (A) Size exclusion

chromatography of the gp41FP-TM complex composed of chains N and C and SDS-PAGE showing the two bands

corresponding to gp41 chains N and C. (B) SEC of gp41FP-TM in complex with the llama nanobody 2H10 and

corresponding SDS PAGE showing the three bands corresponding to gp41 chains N and C and 2H10.
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Figure 1—figure supplement 2. Biophysical characterization of gp41FP-TM and MPER Ab interaction. (A) Circular

dichroism of gp41FP-TM shows that FP and TM increase the melting temperature of gp41. Temperature-

dependent unfolding of gp41FP-TM monitored by circular dichroism spectroscopy recorded at 222 nm in a buffer

containing 1% b-OG. Gp41FP-TM has an estimated Tm of ~93˚C. (B) Gp41FP-TM complex formation with 2H10.

ITC data were recorded on successive injections of 2H10 at a concentration of 267 mM into the cell containing

gp41FP-TM at a concentration of 19,5 mM. Three experiments were performed, with an average stoichiometry

N = 1.1 +/- 0.2, which suggests that on average only one 2H10 binds to trimeric gp41FP-TM under these

conditions. The calculated KD is 2.1 mM ± 0.9. (C) Gp41FP-TM complex formation with 2H10. Bio-layer

interferometry (BLI) binding of gp41FP-TM to 2H10. GP41FP-TM concentrations analyzed are dilutions between

156 and 2500 nM. The estimated KD based on the steady state binding model is 170 ± 17 nM. Note that the

calculated Kds of the ITC and BLI experiments are only estimates since 2H10 needs to optimally stabilize the

gp41FP-TM-binding conformation. Therefore only a fraction of gp41FP-TM may adopt the required conformation

during the injection time used to record binding.
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Figure 1—figure supplement 3. Close-ups of the model and its corresponding electron density. 2Fo-Fc

composite omit maps contoured at 1 s of a central 6HB core region (A and B) of the kinked MPER conformation

of protomer C.
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Figure 1—figure supplement 4. Comparison of the gp41FP-TM structure with gp41 core structures. Ribbon

presentation of gp41-MPER (pdb 3k9a), gp41FPPR-MPER (pdb 2x7r) and gp41FP-TM (numbering is shown for

chain B). Ca super positioning of all three structures onto chains N-B (residues 546–574) and C-B (residues 628–

662) of gp41FP-TM, revealing an r.m.s.d of 0.55 Å between pdb 3k9a and gp41FP-TM and an r.m.s.d. of 0.29 Å

between pdb 2x7r and gp41FP-TM for the straight helices of chain B.
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Figure 1—figure supplement 5. Positioning of gp41FP-TM-2H10 in a bilayer by MD simulation. (A) Model of

gp41FP-TM-2H10 before simulation and (B) after 1 ms simulation, which repositions the 2H10 CDR3 in the

membrane and reveals movement of FP of chain C. The orange spheres represent the phosphate atoms of the

phospholipids and mark the membrane boundaries. Residues 512–517 and 701–707 have been modeled in a

helical conformation to provide complete models of FP and TM. (C) Close-up of the proposed membrane

interaction of the 2H10 interface. CDR3 W100 and S100d mutated to F could as well insert into the membrane.

Furthermore, basic residues at positions S30K, S27R, and S74R (shown as sticks) are positioned to make polar

interactions with lipid head groups.
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Figure 1—figure supplement 6. Crystal lattice packing. Crystal packing of protein 2-D layers arranged in the c

direction of the crystal unit cell do not show defined crystal contacts. The inset shows the distances between the

protein layers indicating that the defined C-terminus of chain C is close (14 Å) to the N-terminus of an HR1 helix

(yellow). Thus crystal lattice stabilization is likely unregular and poorly defined at the resolution of the crystal

diffraction data. We hypothesize that weak crystal contacts are formed by the C-terminal extensions of TM, which

may be able to adopt different orientations and are therefore not present in the structure.
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Figure 1—figure supplement 7. Membrane interaction of 2H10. Membrane interaction of nanobodies 2H10, 2H10-RKRF, and bnAb 10E8 was tested

using liposomes containing the lipid composition of the HIV-1 envelope. Nanobodies 2H10 and 2H10-RKRF as well as bnAb10E8 were incubated alone

and with lipos omes and subsequently separated in a sucrose gradient flotation assay. Samples of each fraction of the gradient were analyzed by SDS-

PAGE, which demonstrates that 2H10 and 2H10-RKRF do not float with liposomes in this assay indicating no or very low non-specific membrane

interaction as reported previously for 2H10 (Lutje Hulsik et al., 2013) and some weak interaction (*) for 10E8 as reported previously (Chen et al.,

2014). The figure supplement is also related to data presented in Table 2.
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Figure 2. Vesicle-vesicle fusion inhibition by 2H10-RKRF, bi-2H10, 2F5, and 10E8. (A) Time course of the lipid-mixing assay using fusion-committed

vesicles. At time 30 s (‘+N-MPER’), peptide (4 mM) was added to a stirring solution of unlabeled vesicles (90 mM lipid), and, after 120 s (indicated by the

arrow), the mixture was supplemented with N-NBD-PE/N-Rh-PE-labeled vesicles (10 mM lipid). The increase in NBD fluorescence over time follows the

dilution of the probes upon mixing of lipids of target and primed vesicles (+N MPER trace). NBD increase was substantially diminished in samples

incubated with bi-2H10 (2 mg/ml) prior to the addition of the target vesicles (+bi-2H10, dotted trace), and totally absent if unlabeled vesicles were

devoid of peptide (‘no peptide’ trace). (B) Kinetic traces of N-MPER-induced lipid-mixing comparing the blocking effects of 2H10-RKRF, bi-2H10, Fab

2F5 and Fab 10E8. (C) Absence of effects on lipid-mixing of 2H10-RKRF, bi-2H10 and Fab 2F5 when vesicles were primed for fusion with the C-MPER

peptide, devoid of 2H10 and 2F5 epitope sequences. The positive control Fab 10E8 efficiently blocked the process. Antibody concentrations were 20

mg/ml in these assays. (D) Dose-response plots comparing the inhibitory capacities of 2H10-RKRF and bi-2H10 (purple and green traces, respectively).

Levels of lipid-mixing 20 or 300 s after target vesicle injection were measured (initial rates D and final extents, E) and percentages of inhibition

calculated as a function of the Ab concentration. The dotted line and empty symbols correspond to the effect of bi-2H10 when the concentration of the

component 2H10 was plotted. The slashed vertical lines mark the 2H10-to-peptide ratios of 1:6 and 1:3. Plotted values are means ± SD of three

independent experiments.
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Figure 2—figure supplement 1. Vesicle-vesicle fusion inhibition by 10E8 Fabs. (A) Time course of the lipid-mixing

assay using fusion-committed vesicles. At time 30 s (‘+C-MPER’), peptide (4 mM) was added to a stirring solution of

unlabeled vesicles (90 mM lipid), and, after 120 s (indicated by the arrow), the mixture was supplemented with N-

NBD-PE/N-Rh-PE-labeled vesicles (10 mM lipid). The increase in NBD fluorescence over time follows the dilution of

the probes upon mixing of lipids of target and primed vesicles (+N MPER trace). NBD increase was substantially

reduced by 10E8 Fabs in a concentration-dependent manner. (B) Close-up of models of 10E8 Fab membrane

interaction. Left panel, the 10E8 light chain S65W mutation increases membrane binding; middle panel, wild-type

10E8 showing the hCDR3 W100b and right panel, reduced membrane binding by the hCDR3 W100bD mutant. (C)

Lipid mixing inhibition by the membrane interacting 10E8 Fab mutants demonstrates that lipid mixing inhibition

correlates with membrane binding.
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Figure 3. Gp41FP-TM interaction with bnAbs LN01 and 10E8. (A) Ca superposition of the MPER peptide structure in complex with LN01 (pdb 6snd)

onto chain C-C of the gp41FP-TM-2H10 structure. The lower panel shows a close-up of the interaction oriented with respect to gp41 F673. (B) Ca

superposition of the MPER peptide structure in complex with 10E8 (pdb 5iq7) onto the corresponding chain C-C of gp41FP-TM. The lower panel shows

a close-up of the interaction in the same orientation as in A. (C) Bio-layer interferometry (BLI) binding of gp41FP-TM to 10E8 and (D) to LN01. 10E8

binding was fit to 1:1 model and for LN01 a steady state model was employed for fitting the data. For 10E8 binding, gp41FP-TM was used at

concentrations from 0.2 to 25.6 nM and for LN01 binding gp41FP-TM concentrations ranged from 39 to 625 nM.
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Figure 3—figure supplement 1. Pull down of gp41FP-TM by bnAb 10E8 and LN01. Immunoprecipitation of

gp41FP-TM by bNAbs 10E8 and LN01. Input and eluted fractions were analyzed on SDS-gel and stained with

Coomassie brilliant blue. Input fractions correspond to gp41FP-TM alone (lane 1), with 10E8 (lane 2) and with LN01

(lane 3) before incubation with protein A sepharose resin. In absence of antibody, gp41FP-TM is not retained by

protein A sepharose (lane 4) but complexes of gp41FP-TM-10E8 and gp41FP-TM-LN01 are eluted from protein A

sepharose (lanes 5 and 6, respectively). Bands corresponding to the heavy (hc) and light (lc) chains of 10E8 chains

are indicated by ~ and those of LN01 by *. The N- and C-terminal chains of gp41FP-TM are indicated. Molecular

weight markers are in kDa.
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Figure 4. Interactions within the final post fusion conformation of gp41FP-TM modeled by MD. (A) Model of gp41FP-TM (Figure 1—figure

supplement 7C) after 1ms MD simulation in a bilayer. Phosphate groups of the phospholipids are shown as orange spheres to delineate the membrane

boundaries. (B) Close-up on the MPER and FPPR flexible regions. (C) Close-up of the interaction of FP (residues 514–524) and TM (residues 681–692)

viewed along the three-fold axis from the N-terminus indicating an intricate network of hydrophobic interactions (left panel) and from the side (right

panel). Interacting side chains are labeled and shown as sticks.
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Figure 4—figure supplement 1. Modeling a post fusion conformation by MD simulation. (A) Ribbon of the

crystal structure of gp41FP-TM. Numbering of chain B is as shown in Figure 1F. (B) Ribbon of the symmetric trimer

model built from chains N-B and C-B of the gp41FP-TM structure. Residues 512–517 and 701–707 have been

modeled in a helical conformation to provide complete models of FP and TM. (C) 1 ms MD simulation of the

model shown in B, which refolds FPPR-FP and MPER-TM. The kinks in the TM at conserved Gly positions have

been observed before (Pinto et al., 2019).
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Figure 4—figure supplement 2. Positions of the conserved tryptophan residues of MPER in the post fusion

model. Tryptophan residues W666, W670, W672, W678, and W680 and their close-by potential contacts are shown

as spheres.
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Figure 5. Conformational transitions of gp41 that lead to membrane apposition and membrane fusion. (A) Representation of the different domains of

gp41 with the residue numbers delimiting each domain as indicated. The same color code has been used in all the figures. (B) Ribbon presentation of

the Env prefusion conformation (pdb 5fuu), gp41 is constrained by gp120 in its native conformation. The structure of native gp41 lacks the MPER and

TM regions. MPER is spanning a distance of 1.5 nm (Li et al., 2020). (C) Ribbon of native gp41, one chain is colored according to the sheme in A and

the other two chains are shown in gray. (D) Binding to cellular receptors CD4 and subsequently to CXCR4/CCR5 induces a series of conformational

changes that eventually leads to the dissociation of gp120. During this process, HR1, FPPR and FP will form a long triple stranded coiled coil extending

Figure 5 continued on next page
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Figure 5 continued

11 nm toward the target cell membrane. In a first step, HR2 may keep its prefusion conformation in analogy to a similar intermediate, activated

influenza virus HA structure (Benton et al., 2020). Alternatively, HR2 may dissociate and form a more extended conformation in agreement with locked

gp41 structures bridging viral and cellular membranes that bridge distances of 11–15 nm (Ladinsky et al., 2020). (E) Bending of HR1 and HR2 will result

in the six-helical bundle core structure bringing cellular and viral membranes into close apposition with the three FPs anchored in the cellular

membrane and the three TMs anchored in the viral membrane, the gp41 conformation represented by the gp41FP-TM structure. This intermedaite

gp41 conformation may have brought both membranes into close apposition or may have already induced hemifuison as indicated in F. (G) Further

reolding of FPPR-FP and MPER-TM results in the final extremely stable post-fusion conformation. This suggests that rearrangment of the membrane

anchors plays crucial roles in lipid mixing, breaking the hemifusion diaphragm to allow fusion pore opening. Boundaries of the lipid layers are shown

with orange spheres representing the phosphate atomes of the lipids present in the MD simulation (snapshop taken after 1ms MD simuation).
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