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eLife Assessment

This manuscript reports an important study in which the authors apply smFRET imaging
to probe HIV-1 Env conformational dynamics in the presence of antibodies. Previous
implementations of smFRET imaging of HIV-1 Env, which focus on gp120 conformation,
have yielded limited information on antibodies that target gp41. Through the cutting-
edge application of smFRET imaging, the study provides convincing insights into the
mechanisms of action of relevant antibodies.

https://doi.org/10.7554/eLife.110887.1.sa3

Abstract

HIV-1 envelope glycoprotein (Env), a gp120-gp41 trimer, undergoes coordinated conformational
changes that drive membrane fusion and allow immune evasion by transiently concealing
neutralization-sensitive epitopes. Most broadly neutralizing antibodies (bNAbs) target gp120,
whereas a distinct subset recognizes conserved gp41 regions, such as the fusion peptide and the
membrane-proximal external region; however, their impact on Env dynamics and associated
neutralization mechanisms remains unclear. Using bioorthogonal tagging for single-molecule
FRET, we monitored real-time bNAb-induced conformational sampling of Env on intact virions.
Most gp41-directed bNAbs allosterically stabilized the prefusion-closed (PC) state, whereas the
bivalent 10E8.4/iMab favored both PC and CD4-bound open (predominant) states. Antibodies
redistributed the conformational populations of Env with modest kinetic effects, preserving the
sequential transition pathway. These findings reveal two modes of neutralization for gp41-directed
antibodies, fixing the prefusion-closed conformation and opening it up — in both cases, with
neutralization occurring via long-range allosteric control of Env dynamics.
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Introduction

The HIV-1 envelope glycoprotein (Env) mediates the fusion of the viral and host cell membranes,
enabling viral entry.!— As the sole viral protein coated on the virion surface, Env is a central focus
for vaccine design and the development of therapeutic antibodies, small-molecule inhibitors, and
fusion blockers.>* Env assembles as a trimer of noncovalently associated gp120-gp41
heterodimers, with gp120 engaging the receptors CD4 and coreceptor (CCR5 or CXCR4) and gp41
driving membrane fusion.?>>~8 These Env trimers are present at low copy number (roughly 5-15
per virion), and although their exact stoichiometry remains unresolved, productive fusion may
require the coordinated action of multiple trimers.”% Env is highly dynamic, undergoing large
conformational rearrangements.ﬂ.z‘.@. A key early step is the sequential opening of the three gp120
protomers, which swing outward to form a fully open, CD4-bound trimer that exposes the CD4-
and coreceptor-binding sites and primes gp41 for fusion activation.?*2% This is followed by
transient intermediate states and the refolding of gp41 into a post-fusion conformation that leads
to membrane fusion.2>:2/-2! This conformational plasticity, combined with a dense glycan shield
and rapid sequence diversification, enables Env to evade immune pressure by transiently
concealing or exposing neutralization-sensitive epitopes, known as “conformational
masking.”>3222 Despite these defenses, a distinct subset of antibodies, known as broadly
neutralizing antibodies (bNAbs), can neutralize diverse HIV-1 isolates by targeting conserved sites
of vulnerability across Env.%323% These epitopes span multiple structural regions, including the
V1V2 apex, V3 glycan supersite, CD4-binding site, gp120-gp41 interface, fusion peptide (FP), and
the membrane-proximal external region (MPER).%>>% Eliciting potent Env-directed bNAbs
remains a central goal of HIV-1 vaccine development.®>>72% Understanding how Env dynamics,
intrinsically linked to its fusogenic function, shapes bNAb-mediated neutralization is important for
guiding antibody-based therapies and designing next-generation immunogens.

HIV-1 neutralization by bNAbs is multifaceted and likely involves overlapping mechanisms. 222"

By exploiting structural and functional constraints on Env, bNAbs can neutralize Env by
competing with receptor engagement, disrupting the conformational changes required for
membrane fusion, penetrating into Env glycan holes, and/or trapping the trimer into specific
states. Most current insights derive from static cryo-EM and crystal structures of soluble Env
constructs,fl.’?s..’.?.@. which capture discrete conformations with atomic details of molecular
interactions but do not reveal the sequence, timing, or rates of transitions between states. For gp41
epitopes, specifically FP and MPER, which are recognized by some of the most potent bNAbs, it is
unclear whether antibody binding exerts long-range allosteric effects on native Env dynamics, and
the impact on the distribution and kinetics of conformational sampling along the gp120-gp41 axis
remains poorly defined. Among those, the highly potent 10E8.4/iMab,>%>2 which combines an
MPER-directed arm with the CD4-targeting antibody Ibalizumab (iMab) and is currently in clinical
trials, represents a particularly promising therapeutic strategy. However, neither structural nor
dynamic analyses of its complex with Env have yet been performed, leaving unresolved both the
Env conformations targeted by 10E8.4/iMab and its effects on Env dynamics.

Here, we address these knowledge gaps by combining site-specific bioorthogonal tagging?=*2 with

single-molecule Forster Resonance Energy Transfer (smFRET)*>C to visualize the real-time
conformational dynamics of full-length Env on intact virions. While prior work has analyzed
gp120-directed antibodies using smFRET with fluorophores labeled on gp120,./:2” gp41-directed
antibodies have never been systematically investigated by smFRET, in part due to the lack of a
suitable FRET-pair labeling system. By using dual click-labeling at gp120-gp41 positions, here we
characterize the conformational ensemble of native Env and define how bNAbs targeting the
gp120-gp41 interface, FP, and MPER allosterically remodel trimer dynamics. Our results reveal
previously unobserved shifts in Env conformational sampling and two dynamic modes of
neutralization, accompanied by modest changes in transition kinetics that preserve the intrinsic
opening pathway. These findings provide a unique perspective on how gp41-directed bNAbs alter
Env conformational dynamics through long-range allosteric effects, offering mechanistic insight
into HIV-1 neutralization and informing strategies to exploit these vulnerabilities for vaccine and
therapeutics development.
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Results

Dual amber-click labeling and functional validation of Env trimers
for smFRET

To investigate the conformational dynamics of full-length Env on intact HIV-1 virions, we
employed a minimally invasive amber-click labeling strategy that combines amber suppression
with click chemistry (Fig. S1(2) for smFRET studies. Our previously developed amber-free HIV-1
incorporation of unnatural amino acids (ncAAs) into the target HIV-1 protein of interest.-%-". By
using this platform, we introduced TAG codons at $401™4C in gp120 and R542TAG in gp41 of

1923 Envpggses)- These tagging sites were strategically selected along the gp120-gp41 axis based on
available structural details,%24542 allowing them to report on inter-subunit movements during
conformational transitions. Through genetic code expansion with an orthogonal tRNA/tRNA
synthetase pair (tRNAPYYNESPYIRSAT),%1:2% we then incorporated the ncAA trans-cyclooct-2-en-L-
lysine (TCO*A) at these amber-tagged sites for fluorophore attachment.?/:21:22 (Fig. 1) Site-

specific conjugation of LD555-TTZ (donor, LD555: Cy3 derivative; TTZ: tetrazine) and LD655-TTZ
(acceptor, LD655: Cy5 derivative) fluorophores was further achieved by click chemistry via strain-

Throughout this study, $401TAG R542TAG denotes the construct, S401°¢AA R5427¢AA denotes ncAA-
incorporated but unlabeled virions, S401* R542* denotes their fluorescently labeled counterparts,
and we refer to these sites as the gp120-gp41 (S401-R542) probe pair; the gp120 V1V4 (N136-S401)
probe pair is used as a reference perspective.

To ensure that the tagged Env retained its functionality and was suitable for SmFRET studies, we
first validated dual-ncAA-incorporated Env (S4017¢AA R5421¢AA) on intact virions as well as
fluorescently labeled forms (S401* R542*). We obtained approximately 20% dual-amber

1TAG R54ZTAG, as determined by the relative
infectivity of produced virions compared to wild-type (WT) Env (Fig. S2A (2). This dual-amber
efficiency of Env in the viral context, achieved in mammalian cells, is comparable to that reported
in previous studies.*»* Immunoblotting of prepared virions that were harvested from transfected
cell supernatants confirmed that both TAG sites were successfully suppressed, proteolytically
processed, and incorporated into amber-free HIV—1023 virions, with no detectable Env in non-

suppression controls (Fig. 1B(). Viral particle morphology and size distributions were similar to

suppression efficiency for HIV-1g,3 Envpgsgs S40

note, these validations were performed using virions generated entirely from dual-amber-tagged
Env constructs. Together, these results (Fig. 1B-D (@, Fig. S2(2) confirm proper Env expression,
trimer morphology, and preserved antigenicity, demonstrating that ncAA-incorporated Env is
properly presented on intact virions and retains functional competence. After functional
validations and prior to single-molecule studies (Fig. 1E %), we labeled the prepared virions and

performed ensemble-level spectral characterization. Dually labeled virions with donor and
acceptor fluorophores exhibited well-separated excitation and emission profiles, and single-color-
labeled control virions displayed the expected single-emission signatures consistent with those of
free dyes, confirming specific fluorophore conjugation (Fig. 1F2, Fig. S3(2).

Real-time visualization of global CD4-associated opening of native
virus Env from two structural perspectives

We next performed smFRET imaging of fluorescently labeled Env trimers on intact virions using a
lab-customized prism-based TIRF microscope (Fig. 1EC2). To optimize conditions for monitoring

single FRET-labeled protomers, virions were generated by co-transfecting amber-free wild-type
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Figure 1. smFRET imaging of full-length Env on HIV-1 virions from the gp120-gp41 structural perspective.

(A) Domain organization of BG505 Env with click fluorophores conjugated to ncAA sites at S401 on gp120 and R542 on gp41.
“ncAA” refers to unnatural amino acids incorporated at amber (TAG) sites via amber suppression, and “click” dyes are site-
S401"AA R542NAA yirions for smFRET studies. Immunoblottlng (B), tomographic slices (C), and neutralization curves (D)
confirm that the dual-ncAA incorporation does not compromise Env trimer functionality on virions used for smFRET. Viruses
were generated from transfections using 100% of the indicated HIV-1 constructs, and the data shown represent the resulting
particles. (E) HIV-1q,3 virions carrying fluorescently labeled full-length Envggsgs, imaged by prism-based TIRF microscopy.
The Env trimer (PDB 4ZM]) was fitted into the electron density map of the membrane-bound Env trimer (EMD-21412). Two
click fluorophores (donor LD555-TTZ and acceptor LD655-TTZ) were site-specifically introduced at S401"AA and R542"AA of 3
single protomer (gp120 in cyan, gp41 in pink; wild-type protomers in grey). Labeling sites are shown as green and red
spheres, respectively. (F) Fluorescence emission spectra of HIV-1q,3 virions carrying click-labeled Envggsos S401NCAA
R542"AA showing LD555 and LD655 signals from dual-color virions (solid cyan) compared with spectra from single-color-
labeled virions (dashed lines). (G) Representative donor (green) and acceptor (red) fluorescence traces and corresponding
FRET efficiency trajectories (blue) with hidden Markov modeling (HMM) idealization (magenta), from two individual ligand-
free HIV-1q,3 virions carrying Envggsos S401* R542* (left and right panels). The black arrow marks single-step
photobleaching. Three FRET-populated states are indicated by color-coded bands.
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and 540146 R542TAG Env constructs at a ratio based on the suppression efficiency. Under these
conditions, most virions remained wild type and thus unlabeled following fluorophore
conjugation. Post-labeled virions were immobilized on streptavidin-coated quartz slides via
biotin—-streptavidin interactions in a quartz—coverslip flow cell. Among labeled particles, those
carrying a single gp120 bearing LD555/LD655 pairs within an otherwise wild-type Env background
could be identified and analyzed based on their FRET signals. Thus, smFRET imaging selectively
detected virions with a single dual-labeled protomer among mostly wild-type Env trimers, of
which similar experimental designs (see Methods for details) have been successfully applied in

prior SmFRET studies of Env and other viral spike proteins.!/:27:2/722

We analyzed hundreds of single-molecule trajectories that displayed anti-correlated donor and
acceptor fluorescence intensity fluctuations, along with discrete single-step photobleaching events,

conformational changes of individual Env trimers over their observable time period, until

photobleaching occurred. Hidden Markov modeling (HMM) analysis%C.. of these trajectories,

which deconvoluted each into the most probable sequence of discrete FRET states, consistently
resolved three well-separated FRET populations (Fig. 1G(%): a low-FRET state with a mean value of

~0.1, an intermediate-FRET state with a mean of ~0.3, and a high-FRET state with a mean of

~0.55. This three-state model aligns well with our previous work and that of others.!:!%:2447,62,53

We assigned the newly observed FRET populations from the gp120-gp41 (S401-R542) axis,
referencing the well-characterized states from the gp120 V1-V4 (N136-S401) axis (Fig. 2 (2,

shown that native Env on virions predominantly resides in the pre-triggered (PT) state, transitions
through the prefusion closed (PC) state, and fully opens into the CD4-bound open (CO) state
(simplified in Fig. 2A-B (3, see Fig. S4% for details). Because FRET values depend on donor-
acceptor distance and probe geometry, we mapped the probe sites onto closed and open Env
trimers (Fig. 2C-D @) and next compared gp120-gp41 and gp120 V1-V4 profiles under matched

conditions. This enabled confident assignment of FRET populations to PT, PC, and CO.

To quantify those populations observed from the S401-R542 axis, we compiled the overall
conformational landscape and calculated state occupancies under ligand-free and ligand-bound
conditions (Fig. 2E-F (4, Table S1 ). FRET histograms generated from hundreds of trajectories and

fit with three Gaussian distributions revealed three well-separated populations, with high-FRET
predominating in the absence of ligand, consistent with population contour plots revealing the
dynamic sampling of these states over time (Fig. 2E &3 ). Addition of soluble CD4 (sCD4) and the co-

absolute FRET values. These results collectively enabled the confident assignment of the low-FRET
(~0.1), intermediate-FRET (~0.3), and high-FRET (~0.55) populations to the CO, PC, and PT states,
respectively. As FRET values are inversely proportional to donor-acceptor separation, the two dyes
are expected to be further apart in the CO state than in the PC state. This expectation is supported
by atomistic molecular dynamic simulations, which show that Env adopts a larger inter-dye
distance in the CO state than in the PC state (Fig. S7 ). Together, these results suggest the gp120-
gp41 probe pair as a reliable reporter of Env conformational dynamics and CD4-associated
opening. The three-state model consistently provided the simplest and most probable explanation
for both our current data and previous studies.! 2274782 The consistency of these shifts across
probe-pair positions provides compelling evidence that trimer opening is an intrinsic dynamic
property of Env. It undergoes global conformational changes upon engaging with sCD4 and 17b,
independent of the observed smFRET structural perspective.
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Figure 2. smFRET observation of global conformational opening of Env trimer from gp120-gp41 and gp120
V1V4 structural perspectives.

(A, B) Schematic models of Env conformational states. (A) gp120 adopts three major conformations: “PT" (pre-triggered,
structurally unknown), PC (prefusion closed), and CO (CD4-bound open), shown for a single protomer within the trimer, with
the other two protomers remaining in the PT state. (B) Fully open Env trimer schematic showing all three gp120 subunits in
the CD4-bound state. (C, D) Structural visualization of Env conformations from two smFRET probe perspectives. Env trimers in
the prefusion closed (C, PDB #4TVP) and fully open (D, PDB #5VN3) states are shown with probe positions highlighted:
gp120-gp41 (S401* R542*) and gp120 V1V4 (N136* S401%*). (E, F) FRET histograms (left panels) and population contour plots
(right panels) of EnvBG505 S401* R542* (gp120-gp41 perspective) on native virions without ligand (E) or with soluble CD4
(sCD4) plus the co-receptor-mimicking antibody 17b (F). Ligand-free Env samples three primary conformational states (as in
panel A), whereas sCD4 and 17b stabilize the fully open conformation (as in panel B). Here and elsewhere, N,,, indicates the
number of FRET trajectories - molecules that were used to construct the histogram and were fit to the sum of three Gaussian
distributions (see Table S1C2). State occupancies are reported as percentages. Contour plots represent 12-second cumulative
FRET trajectories for all molecules, showing the frequency of sampled conformations over time. (G, H) Validation from the
gp120 V1V4 perspective using Envggsos N136* S401*. FRET histograms confirm a conformational shift toward the open-
dominated population (see Fig. S62 for contour plots).
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Allosteric stabilization of Env in the prefusion closed state by
gp120-gp41 interface and fusion peptide bNAbs

We next investigated how gp120-gp41 interface and FP bNAbs influence Env conformational
dynamics. To this end, we performed smFRET analysis of fluorescently labeled Envpggsp5 S401*-
@

PGT151 make extensive contacts with both gp41 and gp120, whereas VRC34 binds predominantly
to the N-terminal region of the fusion peptide. These distinct binding modes likely result in
differential effects on the conformational landscape of native Env, motivating smFRET studies to
uncover their impact on Env dynamics.

panels), which revealed antibody-specific effects on Env conformational sampling. Histograms and
contour plots were constructed from N, of SmFRET trajectories, as indicated in each plot.
intensity fluctuations and state-to-state transitions, consistent with conformational sampling
between PT, PC, and CO states. In the presence of 8ANC195, Env displayed a modest redistribution
from the high-FRET PT state (occupancy decreased from 59% to 45%) toward the intermediate-
FRET PC (24% to 32%) and low-FRET CO (17% to 23%) states. By contrast, VRC34 and PGT151
induced more pronounced shifts, resulting in PC state dominance (42% and 47%, respectively) and
a marked reduction in PT occupancy (54% to 34%). We further summarized state occupancies
under antibody-incubated conditions, in reference to those for ligand-free and CD4/17b-incubated

inset model plot), with the strongest stabilization observed for PGT151 (47%). These results suggest
that gp120-gp41 interface and FP-targeting bNAbs remodel the Env conformational landscape by
allosterically shifting the distribution toward the prefusion-closed state along the gp120 opening
pathway.

MPER-directed bNADbs allosterically stabilize the prefusion-closed
state, while 10E8.4/iMab exerts a dual effect by also promoting the
CD4-bound open state

10E8.4/iMab influence Env conformational dynamics on native virions. All antibodies potently
neutralized HIV-1qy3 Envpgsgs, with the bispecific engineered 10E8.4/iMab, " which combines a
variant of the 10E8 antibody with the CD4 receptor-targeting antibody iMab, exhibiting exquisite

potency (Fig. 4A2, left). Their distinct binding epitopes, located distal to the gp120 opening apex,

the 4E10 antibody.22 For 10E8.4/iMab, neither the structural details of its complex with Env nor its
impact on Env dynamics has been defined, although the structure of 10E8 itself with MPER peptide
has been determined.’? In light of this, we used smFRET to directly observe, from the gp120-gp41
axis (S401* R542*), how these antibodies allosterically remodel Env conformational distributions
in the native viral context.

Two MPER-directed bNAbs exhibited a preference for the intermediate-FRET state, and thus a
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Figure 3. Stabilization of HIV-1 Env in the prefusion closed state by gp120-gp41 interface or FP bNAbs

(A) Dose-response neutralization curves (left) of HIV-14,3 Envggsgs by the gp120-gp41 interface or FP bNAbs 8ANC195,
VRC34, and PGT151, with binding epitopes mapped onto the membrane-bound Env trimer (EMD-21412, right). (B) FRET
histogram (left) and population contour plot (right) of HIV-14,3 Envggsgs S401* R542% in the presence of 8ANC195, overlaid
with ligand-free Env (dashed gray), showing modest conformational shifts toward downstream states. (C, D) FRET histograms
(left) and contour plots (right) for VRC34 (C) and PGT151 (D), as in B, revealing redistribution of Env populations from pre-
triggered (PT) to prefusion closed (PC) state dominance. (E) Bar graph (left, mean + s.e.m.) and line graph (right) showing
relative state occupancy of Env under different antibody conditions, demonstrating progressive enrichment of the PC state by

8ANC195, VRC34, and PGT151.
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Figure 4. MPER-directed bNAbs enrich Env in the prefusion-closed (PC) state, while 10E8.4/iMab also
enriches Env in the CD4-bound open (CO) state.

(A) HIV-1 neutralization by MPER-directed antibodies DH511.2_K3 and VRC42, and 10E8.4/iMab. Left: neutralization curves;
right: MPER binding epitopes on Env. (B, C) FRET histograms of Envggsos S401* R542* in the presence of DH511.2_K3 (B), or
VRC42 (C). These MPER-directed bNAbs shift Env toward dominance of the PC state. The FRET histogram for Env with sCD4
and 17b (dashed gray) was included in each plot for reference. (D, E) smFRET results for bi-valent 10E8.4/iMab alone (D),
which shifts Env further downstream along the opening pathway with a broad range across PC and CO, and with sCD4 and
17b (E), which further stabilizes Env in the open CO state. (F, G) Bar graph (F, mean  s.e.m.) and line graph (G) showing
relative state occupancy of Env under different antibody-binding conditions, demonstrating shifts from PT to PC with MPER
bNAbs, and progression toward CO with 10E8.4/iMab alone or combined with sCD4 and 17b. (H) Bar graph of changes in
state occupancy of Env exerted by MPER antibodies relative to ligand-free. (I) A derived schematic summarizing smFRET
results of preferential conformations of Env targeted by MPER-directed bNAbs and 10E8.4/iMab.
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restricts the trimer apex from fully opening by stabilizing the base where the binding epitopes
reside. Otherwise, one would expect an increase in the CO state rather than no notable change.
The result is somewhat unexpected. We initially hypothesized that Env would need to adopt a
more open conformation to permit bNAb access to the sterically restricted epitopes near the viral
membrane. The results, nevertheless, are consistent with those obtained from cryo-EM structures
using the Env ectodomain or the isolated MPER domain.®/-%% There are three plausible
mechanisms by which MPER-directed antibodies could access their epitopes: (1) partial or full
gp120 opening to relieve steric constraints on gp41, (2) trimer tilting relative to the viral
membrane, and (3) local membrane bending or curvature. Although our initial hypothesis favored
some degree of gp120 opening, the observed stabilization of the PC state suggests that MPER
accessibility may arise through trimer tilting or membrane deformation, in line with a recent

observation of membrane-coupled Env trimer tilting on virions./’.

The bivalent 10E8.4/iMab, strikingly, induced a distinct conformational response of Env on virions.
It stabilized Env in both PC and CO states, with the latter predominating at the cost of the PT state
(Fig. 4D%). FRET histograms and contour plots revealed a redistribution beyond PC toward the
largest increase in CO-state sampling (Fig. 4D and Fig. S9B(#% ), When combined with sCD4 and
17b, 10E8.4/iMab further amplified this shift, driving Env even further into the CD4-bound open

state with reduced sampling of other conformations (Fig. 4E(%2). Therefore, unlike the other two

states at the expense of the PT state. The order of antibody presentation in quantitative results and
comparisons of state occupancies (Fig. 4F-H (%) was intentionally arranged to illustrate this

continuum of Env opening, highlighting the gradual redistribution of state occupancies from
MPER-bNAb-stabilized closed conformations to 10E8.4/iMab- and sCD4/17b-driven open states.

The distinct conformational responses induced by 10E8.4/iMab are intriguing and unexpected,
given that the 10E8 arm is expected to behave similarly to other MPER-directed antibodies, and the
iMab arm engages CD4 on the host membrane (and thus is not expected to interact with Env
trimer). Notably, this effect of favoring the CO state was observed even in the absence of CD4 or
the host membrane context. The unique neutralization of 10E8.4/iMab is reminiscent of CD4-
induced opening of the spike, and indeed, the binding of MPER-directed antibodies has been
shown to synergize with that of CD4,"..".% as explored further in the Discussion section.

Antibodies shift Env transition frequencies with limited effects on
rates while preserving the opening pathway

To investigate how antibodies influence Env dynamics beyond overall conformational
distributions and steady-state occupancies, we analyzed single-molecule trajectories to extract
state-to-state transitions and quantify their kinetics (Methods). Transition density plots (TDPs)
were generated by plotting the initial versus final FRET values for every detected transition, with
color intensity reflecting the relative frequency of transitions (transitions per second) (Fig,
These plots report which transitions occur and how often, with the total number of transitions (Vy)
and molecules analyzed (Vy,,, the same molecules used for the FRET histograms and occupancy
analysis) indicated on each plot. These TDPs revealed antibody-dependent redistribution of state-
to-state transitions: interface/FP bNAbs (such as PGT151) and MPER bNAbs (such as DH511.2_K3)
enriched transitions into and within the intermediate-FRET PC state, whereas 10E8.4/iMab and
sCD4/17b increased transitions leading toward the low-FRET CO state from both PT and PC. The
expected set of allowable transitions between PT and PC, between PC and CO, and rarely between
PT and CO was preserved under all conditions (Fig. 5A @), suggesting that the overall order and

directionality of Env state-to-state transitions remain unchanged.

To determine whether these occupancy shifts were accompanied by changes in transition kinetics,
we constructed survival probability plots for each FRET-defined state (Fig. S102). Dwell times for
molecules in each state prior to a transition were pooled, and exponential functions were fit to the
resulting distributions to derive weighted-average rates for transitions between allowable

conformations. These rate constants, which fall on the scale of seconds, were summarized as a
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Figure 5. Kinetic analysis of Env transitions exerted by gp41-directed antibody and 10E8.4/iMab, and an
integrative model depicting allosteric control across conformational states.

(A, B) gp41-directed antibody and the bispecific 10E8.4/iMab alter Env transition frequencies with slight effects on kinetic
rates while preserving the opening pathway. (A) Transition density plots (TDPs) showing the order, directionality, and
frequency of Env conformational transitions in the presence of representative bNAbs. Each TDP plots the initial versus final
FRET value for every detected transition, with color intensity indicating the relative frequency of those transitions (transitions
per second). N, = total number of transitions from N, (total number of molecules), indicated on each plot. These plots reveal
antibody-dependent redistribution of state sampling among PT, PC, and CO conformations. (B) Schematic (top) and table
(bottom) summarizing transition rates between allowable Env conformations in the presence of interface/FP, MPER, and
10E8.4/iMab antibodies. (C) Integrative working model of gp41 antibody-mediated allosteric control of Env conformational
states. Native Env on virions transitions through three primary states (PT, PC, and CO) along the opening pathway toward
fusion, depicted as sequential checkpoints along the opening/fusion road targeted by antibodies. Most gp41-directed bNAbs
act preferentially at the PC checkpoint, whereas 10E8.4/iMab can act at both PC and CO. The MPER- and CD4-binding arms of
10E8.4/iMab may function as a mechanical brace, restraining Env from breaking free at PC, CO, and the secondary
checkpoints between them, which could explain its superior potency.
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modest antibody-induced changes in transition rates, suggesting that the primary effect of the
tested antibodies is to allosterically redistribute the frequencies of state sampling rather than
fundamentally rewire the intrinsic kinetics of Env motion. Together with the TDPs, these results
demonstrate that antibodies shift transition frequencies while preserving the overall network of
allowable transitions, leaving the canonical opening pathway intact.

Discussion

Two modes of neutralization via allosteric control of Env dynamics
across distinct conformational checkpoints

In this study, we demonstrate that gp41-directed bNAbs exert long-range allosteric control of Env
dynamics through two different conformational outcomes. Most bNAbs targeting the gp120-gp41
interface, FP, and MPER stabilize the prefusion-closed (PC) state and restricted sampling of the pre-
triggered (PT) conformation. In contrast, the bispecific 10E8.4/iMab, a promising therapeutic
currently in clinical trials, exerts a dual effect by also stabilizing the CD4-bound open (CO) state.
transitions through three primary conformational checkpoints, from PT through PC to CO, along
the opening pathway towards fusion. Multiple secondary checkpoints likely exist between the PC
and CO states. Whereas most gp41-directed bNAbs act primarily at the PC checkpoint, 10E8.4/iMab
can engage both PC and CO checkpoints and may also act at substates in between.

These conformational controls over Env reveal two dynamic modes of neutralization: (1) allosteric
stabilization of the prefusion-closed state, and (2) premature triggering into the open state.
Regarding the second mode, associated with 10E8.4/iMab, we cannot exclude the possibility that
the CD4-targeting arm enhances or stabilizes binding of the 10E8.4 arm to Env, thereby improving
access to its epitope in the CD4-bound conformation. Premature triggering of global
conformational changes and localized epitope binding are not mutually exclusive; rather, they
may coexist. In either case, both modes reflect the intrinsic allosteric regulation of Env, where
perturbations at one site, such as antibody binding or a single amino acid substitution, can
propagate across the trimer to stabilize or destabilize distant domains. Prior studies have shown
that even a single or a few substitutions can reconfigure distal structural elements,’ 22%22:73,/%
underscoring the remarkable sensitivity of Env to allosteric perturbation.

These two modes form a continuum, with different antibodies shifting Env among checkpoints
along the opening pathway (Fig. 5C (). Such dynamic control likely underlies the exceptional
potency of some antibodies, such as the bispecific 10E8.4/iMab, by broadening the range of
neutralized conformations while reducing opportunities for viral escape across multiple

conformational checkpoints.

Striking Env opening by 10E8.4/iMab in the absence of CD4

The finding that MPER-directed bNAbs stabilize the PC state also suggests that MPER accessibility
on gp41 does not necessarily require trimer opening, which was unexpected, as discussed in the
Results section. Even more surprising, however, was the observation that 10E8.4/iMab stabilizes
the CO state in addition to the PC state, despite the absence of soluble or membrane-associated
CD4.

We suspect that the two binding arms of 10E8.4/iMab may act like a molecular (mechanical) brace
on a hinge, limiting Env escape at and between these two primary conformational checkpoints

to neutralization, which could explain its superior neutralizing abilities in both potency and
breadth. Whether 10E8.4/iMab can target multiple unknown substates or secondary checkpoints
integrative studies provide relevant context. Using collective molecular dynamics, one
computational study revealed a previously overlooked neutralization-relevant occluded-
intermediate state between PC and CO that emerged in the presence of one of four specific
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reproducible conformation-related shifts validated through statistical evaluation of multiple
models.2 Another recent cryo-EM study identified several open intermediates with varying
degrees of fusion peptide accessibility, induced by bNAb VRC34 under different open-triggering

conditions.?2 Again, the existence of these new intermediates was supported mechanistically by

SMFRET results using new probes performed under the same conditions.?2 Of note, these newly
identified conformations or states between PC and CO were not previously observed in initial
cryo-EME?zZ?. or smFRET®? of Env-VRC34. These observations are encouraging, as they underscore
the likelihood that 10E8.4/iMab targets a broad range of Env conformations, including PC, CO, and
even currently uncharacterized “hidden” Env conformations. Future structural investigations,
particularly high-resolution studies of 10E8.4/iMab bound to membrane-associated Env and
membrane-embedded CD4, could provide deeper mechanistic insights into how distinct binding
modes mediate allosteric regulation and inhibit fusion through conformational control, trimer
tilting, or membrane deformation.

Underappreciated transition kinetics of Env dynamics

An additional mechanistic insight, often underappreciated, is that antibody-induced
conformational redistribution occurred without major rewiring of the intrinsic opening pathway
(Fig. 5A-B(®). Our kinetic analysis reveals that the overall transition network and directionality
(PT « PC « CO), which describe the progression from pre-triggered to prefusion closed and
onward to CD4-bound open, remain preserved. Antibody effects were primarily reflected in shifts
in transition frequencies and state occupancies, with only modest changes in transition rates. This
suggests that antibodies primarily act by stabilizing or destabilizing specific states within the
preexisting pathway, rather than creating alternative routes. Such long-range allosteric
modulation provides a mechanism for neutralization while maintaining the intrinsic connectivity

of Env dynamics.

Coherent mechanistic landscape linking Env structures and
dynamics to neutralization

The observed conformational redistributions of Env by 8ANC195, VRC34, PGT151, DH511.2_K3,
VRC42, and 10E8.4/iMab are mechanistically consistent with structural studies that mapped Env-
antibody epitopes on predominantly closed conformations.?®2%%27%/% They are also in line with
previous smFRET studies using probes confined to gp120,2547.6%8% as well as molecular virology
studies examining neutralization sensitivity or resistance in tier-level viruses or those with Env
modifications.2/:/1:/2/2/8 Structural analyses have revealed how Env-antibody complexes
neutralize through direct binding, identifying atomic footprints and steric blockades that prevent
CD4 or coreceptor engagement or insert into fusion-critical elements to block entry.232%:22-6%75
These static structural snapshots of bNAb-Env complexes, primarily captured with engineered or
truncated Env in the closed conformation, align with the PC dominance observed in this study.
Previous smFRET analyses of PGT151 and VRC34 with probes restricted to gp1202547.6%58 revealed
their preferential recognition of PC, distinct from the pre-triggered (PT) state. Our updated
smFRET approach, using dual bioorthogonal click labeling across the gp120-gp41 structural axis,
reinforces the finding of PC stabilization and provides additional insight into transition kinetics.
The smFRET characterization of 8ANC195, VRC42, DH511.2_K3, and 10E8.4/iMab presented here is,
to our knowledge, the first of its kind, revealing Env conformational responses and transition
kinetics. Molecular virology studies have also reported correlations between the neutralization
sensitivity of gp120- and gp41-directed bNAbs and the conformational flexibility, and, in some
cases, the degree of opening or closing of Env trimers.2>/"»/2/7./8 Our smFRET data, which capture
Env conformational distributions and bNAb-induced shifts, reveal intrinsic conformational
flexibility consistent with these studies in principle. In particular, one MPER-directed bNAD,
10E8.4/iMab, can open the spike in a manner similar to CD4, consistent with other experiments

showing that MPER binding and CD4 binding synergize.”./2
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Overall, our results introduce dynamic and kinetic dimensions to the neutralization landscape
within the native viral context. Our data reveal the dynamic range of Env responses to antibody
binding, highlighting the complementary aspects of structural stabilization and conformational
plasticity in neutralization. These findings provide new mechanistic insights into neutralization by
identifying how antibodies target Env on virions across multiple conformational checkpoints
through mediating its conformational sampling probabilities, transition frequencies, and the
trajectories it undergoes.

Limitations of this study

Several limitations should be acknowledged. Our smFRET studies were performed on virion-
associated full-length Env, but in the absence of host membranes. This limits interpretation, as
host lipid composition, membrane curvature, and host factors could influence Env dynamics and
potentially contribute to neutralization. We did not capture the full conformational continuum,
particularly downstream states after coreceptor engagement and gp41 refolding, which will
require dual labeling of gp41 and host membranes together with complementary methods such as
time-resolved cryo-EM or cryo-ET. Technically, while SmFRET provides millisecond-scale
resolution of state sampling suitable for Env dynamics, very short-lived conformations remain
underrepresented. Labeling at the gp120-gp41 axis was optimized to minimize perturbation, but
chemical modifications could still influence local structural fluctuations normally below our
detection threshold. The conformational effects of antibodies were examined in a single Env
background (BG505, widely used and representative), although Env sequence diversity may
modulate antibody-dependent effects. Finally, the link between Env dynamics and neutralization
potency will require integration with in-depth structure-function analyses in a native context.
Nevertheless, our findings refine the mechanistic understanding of antibody-mediated
neutralization and reveal gp41 as a promising target for strategies that exploit the intrinsic
allosteric vulnerabilities of Env.

Methods

Cell lines and cell maintenance

HEK293T cells (ATCC # CRL-3216) were used for producing replication-defective HIV-1 viruses.
TZM-bl cells (BEI Resources # HRP-8129), which stably express the receptor CD4 and the co-
receptor CCR5, were used as target cells to quantify the infectivity of the produced HIV-1 viruses
and to assess the neutralizing activity of antibodies. These cell lines were cultured in high glucose
Dulbecco’s Modified Eagle Medium (Gibco # 11965-092) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (Gemini Bio # 100-106), 100 mg/mL penicillin-streptomycin (Gibco #
15140-122), and 6 mM L-glutamine (Gibco # 25030-081), and maintained in a 37°C incubator
supplied with 5% CO,.

Plasmid construction

Tagged Env plasmids used in this study were constructed by site-directed mutagenesis using the
Amber-free HIV-1¢y3 Envpgsos ART (Addgene # 213007)*/. plasmid as a template. The plasmid HIV-
1923 Envpgsos carries the gene encoding the Env protein from the BG505 strain, while all non-Env
HIV-1 genes are derived from the HIV-1 Q23 strain.”>&’ Plasmid HIV-1q;3 Envpgsgs ART was made
by deleting the gene encoding the reverse transcriptase (RT) from the parental construct.” The
amber-free HIV-1g,3 Envpgsos ART (Addgene # 213007) plasmid was created from HIV-1q,3
Envpgso5 ART by substituting all TAG (amber) stop codons in the Pol, Vif, Vpu, and Rev genes with

generated by introducing TAG stop codons at the codons corresponding to Ser401 and Arg542
within the Env sequence. The dual-amber Envpgsos $401TAC R542TAG construct was generated
using a similar mutagenesis approach. All plasmids were amplified in Stbl3 competent cells
(Invitrogen, #C7373-03) and verified by DNA sequencing prior to use.
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Virus production

The preparation of HIV-1(73 Envpgsos viral particles has been previously described.2>4%.%4 Briefly,
healthy, exponentially growing, and mycoplasma-free HEK293T cells were used to produce viral
particles. One day prior to transfection, HEK293T cells were seeded into culture plates to ensure
that cell confluency exceeded 70% at the time of transfection. The growth medium was then
replaced with Opti-MEM, and the transfection complex was prepared by mixing polyethylenimine
(PEL 1 mg/mL) with plasmid DNA (amber-free HIV-1Q23 Envpgsos or its derivatives) at a 3:1 (v:w)
ratio of PEI to total plasmid. The mixture was incubated at room temperature for 15 minutes
before being added to the cells. For packaging HIV-1 viral particles carrying dual-amber mutant

(a gift from the Edward Lemke Lab),*»>% was co-transfected to enable incorporation of the
noncanonical/unnatural amino acid (ncAA). This plasmid encodes an aminoacyl-tRNA synthetase
(aaRS) that incorporates ncAA into its cognate tRNA and was included at a 3:1 ratio relative to the
Env plasmid. The ncAA trans-cyclooct-2-en-L-lysine (TCO*A; SiChem #SC8008) was added to the
culture medium at a final concentration of 250 uM. For the preparation of viral particles used in
subsequent infectivity and neutralization assays, an additional plasmid, HIV-1-inGluc, encoding
the secreted Gaussia luciferase (Gluc) enzyme, was included in the transfection mixture. Four to
six hours after transfection, the transfection medium was replaced with complete growth medium,
and the cells were incubated for 40 hours. The culture supernatant containing viral particles was
collected, filtered through a 0.45 yum membrane filter (PALL #4654), and concentrated by
ultracentrifugation through a 15% (w:v) sucrose cushion in PBS at 25,000 rpm for 2 hours using an
SW28 rotor (Beckman Coulter). The resulting viral pellets were resuspended in PBS for subsequent
use.

Western blotting

Virus particle preparations or cell lysates were mixed with Laemmli SDS sample buffer (Thermo
Scientific, #]61337-AD) and heated at 95 °C for 15 minutes. The denatured protein samples were
separated on a 4-12% Bis-Tris gradient gel by SDS-PAGE and subsequently transferred onto a PVDF
membrane using the Trans-Blot Turbo system (Bio-Rad, #1704150). The membrane was blocked
with 5% (w:v) non-fat milk (RPI, #M17200) in TBST buffer at room temperature for 1 hour,
followed by incubation with the primary antibody against HIV-1 gp120 (BEI Resources, #ARP-288)
diluted in 5% non-fat milk/TBST at 4 °C overnight. After washing the membrane three times with
TBST (10 minutes each), it was incubated with HRP-conjugated anti-sheep IgG secondary antibody
(Proteintech, #SA00001-16) at room temperature for 1 hour. The membrane was washed again
three times with TBST, and protein bands were visualized using a chemiluminescent HRP
substrate (Millipore, #WBKLS0500). Signal detection and quantification were performed with the
ChemiDoc Imaging System (Bio-Rad) using Image Lab software.

Production of soluble CD4 and antibodies

The following monoclonal antibodies and proteins were expressed in Expi293 cells by transient
transfection of heavy-light chain plasmids, followed by protein A affinity column, size exclusion
chromatography, and buffer exchange to 20 mM PBS pH 7.5, 0.002% w/v azide, and then flash-
frozen for use. Overall, antibodies 17b, DH51.2_K3, 8ANC195, VRC34, VRC42, PGT151, and
10E8.4/iMab were produced in the same way. sCD4 was also expressed transiently and purified as
described previously.2®

HIV-1 infectivity and antibody neutralization

Infectivity and neutralization assays were performed as previously described-'". One day before
the assay, TZM-bl cells were seeded into 96-well culture plates. For virus neutralization assays,
antibodies were serially diluted in basic DMEM and transferred to a new 96-well plate at 100 uL
per well, with four replicates for each concentration. Subsequently, 50 pL of virus solution was
added to each well, mixed thoroughly, and incubated at 37 °C for 1 hour. For infectivity assays, no
antibody was added, and the virus solution was applied directly to the cells. After incubation, the
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culture medium from the TZM-bl cells was removed and replaced with 50 uL per well of DMEM
containing 20% FBS. The antibody-virus mixtures (or virus alone for infectivity assays) were then
added to the cells and incubated for 48 hours at 37 °C. Following incubation, the plates were gently
mixed, and 50 pL of the supernatant from each well was transferred to a white microtiter plate.
Luminescence was measured using a BioTek Synergy H1 microplate reader equipped with an
automatic injector, following the manufacturer’s instructions for the Gaussia Luciferase Glow
Assay Kit (Thermo, #16161). Data analysis was performed using GraphPad Prism software.

Diameter measurement of HIV-1 viral particles

The diameter distribution of HIV-1 virions diluted in BBS buffer was measured by nanoparticle
tracking analysis (NTA) using a ZetaView X30 instrument (Particle Metrix). After sample loading,
the instrument automatically recorded videos across three cycles and 11 positions to track particle
motion and calculate their hydrodynamic diameter and concentration based on the Stokes—
Einstein equation. Data acquisition and analysis were performed using ZetaView software
(version 8.05.16 SP3).

Cryo-ET sample preparation and tomogram reconstruction

Virus particles for the Cryo-ET imaging were produced using the plasmid carrying the RT gene.
After the supernatant containing HIV-1 virions was collected and filtered, the aldrithiol-2 (AT-2,
Sigma # 143049) was added at a final concentration of 0.5 M and incubated at 4°C with rotation for
12-18 hours to inactivate the HIV-1 virus. The viral particles are then purified by sucrose density
gradient centrifugation. Viral particles were mixed with a 6 nm gold tracer (Aurion). 4 yL of the
mixture was placed onto freshly glow-discharged 200 mesh Cu Quantifoil R 2/1 grids, blotted for 5
s and plunge frozen in liquid ethane by using Vitrobot Mark IV (FEI Co.). Vitrobot was maintained
at 4°C and 100% humidity during all these experiments. Frozen grids were imaged using a 200 kV
Glacios Selectris X with a Falcon 4i direct electron detector. Tilt-series were collected using a dose-
symmetric tilting scheme from -51° to +51° with a step size of 3°, and Tomography 5 software
(Thermo Fisher Scientific) was employed at approximately 5 pym defocus. Tilt-series were collected
at a magnification of 63000X, corresponding to a pixel size of 2.01 A per pixel. The total dose per
tilt series was ~80e /A2 distributed over 35 stacks. Each stack contains approximately ten images.
We used IMOD to facilitate data processing, which includes drift correction of dose fractionated
data and assembly of corrected sums into tilt series, automatic fiducial seed model generation,
alignment, and contrast transfer function correction of tilt series®!. and weighted back projection
(WBP) reconstruction of tilt series into tomograms using Tomo3.2=

Preparation and fluorescent labeling of virus Env for smFRET

Viral particles used for smFRET analysis were RT-deleted and prepared using a method similar to
that described previously.” $401* R542* virions refer to dual-color, fluorescently labeled particles
generated by incorporating noncanonical amino acids (ncAAs) at amber (TAG) codons
corresponding to S401 on gp120 and R542 on gp41 via amber suppression, followed by
fluorophore conjugation through click chemistry. N136* R542* virions were generated
analogously.

During transfection, plasmids encoding amber-free HIV-153 Envpgsos ART and those carrying
dual-amber Env variants (540126 R542TAG or N136™4G $401TAC) were mixed at a calculated ratio
(4:1) based on their relative amber suppression efficiencies (~20%) of $4017¢AA R5421¢AA o
N136"¢AA §4017¢AA Eny on virions. By assuming random assembly of Env trimers, the use of a
very diluted Env ratio (untagged Env: tagged Env = ~20:1) will ensure that most virions carrying
wild-type Env trimers, and among those virions carrying a single dual-ncAA gp120 within an
otherwise wild-type Env background could be subsequently fluorescently labeled and identified
using single-molecule imaging.

Virus pellets were resuspended in labeling buffer containing 50 mM HEPES, 10 mM MgCl,, and 10
mM CaCL. Fluorescent labeling of Env by click chemistry was performed as previously
described.-%2 Briefly, amber-free virions containing click-reactive TCO*A residues were
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incubated in a reaction mixture containing 0.1 mM tetrazine-conjugated Cy3 derivative (LD555-
TTZ, Lumidyne) and Cy5 derivative (LD655-TTZ, Lumidyne) fluorophores at room temperature for
approximately 6 hours. The reaction was quenched by the addition of 1 mM BCN-OH followed by
incubation for 10 minutes. Subsequently, PEG2000-biotin was added to a final concentration of 0.1
mg/mL, and the mixture was incubated for 30 minutes at room temperature with rotation. Excess
dye and lipids were removed by ultracentrifugation through a 6-18% Optiprep gradient at 40,000
rpm for 1 hour. Of note, clickable dyes can be randomly coupled to two ncAA TCO*A in Env trimer
on the virus. Unlabeled and multi-labeled virions can be easily identified based on the correlation
between synchronized two-channel fluorescence signals (as described below). The fluorescently
labeled virions were then stored at -80 °C until use.

Excitation and emission spectra characterization of virions

Viral particles were produced from the dual-amber Env $401TAG R542TAG construct using the

methods described above. The concentrated viral preparation was divided into three equal
aliquots and subjected to fluorescent labeling with LD555-TTZ (single labeling), LD655-TTZ (single
labeling), or LD555-TTZ/LD655-TTZ (dual labeling), following the established viral labeling
protocol. Excess unreacted dye was removed by sucrose density gradient centrifugation (5%, 10%,
15%, 20%, and 40% layers), and the viral fraction collected from above the 40% sucrose layer was
used for spectral analysis.

Fluorescence excitation and emission spectra were recorded using a Horiba FluoroMax
spectrofluorometer (FluoroMax Plus-C-SP). Excitation spectra were acquired over the visible
wavelength ranges (450-650 nm for LD555-TTZ and 550-700 nm for LD655-TTZ) at fixed emission
wavelengths of 569 nm and 669 nm, respectively. Emission spectra were recorded over the ranges
(550-700 nm for LD555-TTZ and 650-800 nm for LD655-TTZ) for each sample upon excitation at 532
nm or 640 nm. The intensity was normalized to the maximum value in each spectrum for
comparison. The resulting data were analyzed and plotted using GraphPad Prism software. No
spectral shifts were observed between the free LD555 or LD655 dyes and their conjugated forms
on HIV-1 viral particles.

smFRET data acquisition

All smFRET experiments of Env on intact HIV-1 virions were performed using a customized prism-
based total internal reflection fluorescence (prism-TIRF) microscope, as previously
described.2”2%%/ Fluorescently labeled HIV-1 virions were incubated in the absence or presence of
0.1 mg/mL ligands or antibodies in imaging buffer containing 50 mM Tris (pH 7.4), 50 mM Nac(Cl, a
triplet-state quencher cocktail, 2 mM protocatechuic acid (PCA), and 8 nM protocatechuate-3,4-
dioxygenase (PCD) at room temperature for 30 minutes prior to imaging. Ligand and antibody
concentrations were approximately 5-fold above their 95% inhibitory concentration (5x IC95).
Fluorescently labeled HIV-1 virions were immobilized on a PEG-passivated, biotinylated quartz-
coverslip imaging chamber coated with streptavidin. Based on the refractive index difference
between quartz and the aqueous buffer, an evanescent field was generated by total internal
reflection of a 532 nm single-wavelength laser (Ventus, Laser Quantum) directed onto a prism. The
donor fluorophore labeled on Env was excited by this evanescent TIRF field, and the resulting
fluorescence from both donor and acceptor fluorophores was collected through a water-
immersion Nikon objective (60x, NA 1.27). Emission signals were then separated using a MultiCam
LS image splitter (Cairn Research) equipped with a dichroic filter (Chroma) and directed through
ET590/50 and ET690/50 emission filters (Chroma) corresponding to donor and acceptor channels,
respectively. Fluorescence signals were recorded simultaneously using two synchronized sCMOS
cameras (Hamamatsu ORCA-Flash4.0 V3) at a frame rate of 25 Hz for 80 seconds. Where indicated,
virions were pre-incubated with the appropriate ligand or antibody for 30 minutes at room
temperature before imaging.
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smFRET data processing and analysis

Data were viewed, processed, and analyzed by a customized SPARTAN software packagef.‘f‘. and

MATLAB-based scripts, as described previously by us and others 17,23 4727 Image stacks
from smFRET recordings (2,000 frames over 80 s) were extracted as individual fluorescence time
trajectories (fluorescence traces) corresponding to donor and acceptor signals from labeled HIV-1
virions. At the single-molecule level, background fluorescence was estimated and subtracted based
on the signal intensity at single-step photobleaching points. The FRET efficiency (FRET values or
FRET in graphs) was calculated according to: FRET = I,/(Ip+yI,), where I, and I, represent
fluorescence intensities of the donor and acceptor, respectively, and the correlation coefficient y
compensates for crosstalk and differences in detection efficiency between two channels. The
resulting FRET traces, time-resolved donor-to-acceptor energy transfer trajectories, reflect
dynamic distance changes between the fluorophores, corresponding to real-time conformational
dynamics of Env in the context of intact virions. To ensure data quality, stringent filtering criteria
were applied. Fluorescence traces were automatically excluded if signals from either donor or
acceptor were missing, if multiple fluorophores were present, or if signal-to-noise ratios were
insufficient. Remaining traces were manually viewed to confirm anti-correlation between donor
and acceptor intensities, a hallmark of genuine FRET events reflecting conformational transitions
of active Env molecules. Only traces exhibiting this anti-correlation and consistent single-protomer
labeling were retained for further analysis.

Accepted FRET traces were compiled into FRET histograms (conformational ensembles),
representing the distribution of Env conformational states across multiple virions. Each histogram
represents the mean + SEM, determined from three randomly assigned subsets of FRET traces
under identical experimental conditions. The number of FRET states was inferred by combining

initialization was guided by visually identified transitions and optimized through iterative
segmentation and semi-automatic parameter refinement. Statistical evaluation of model fits
indicated that a three-state model provided the simplest and most accurate representation of the
data, yielding lower log-likelihood values than a two-state model and avoiding overfitting.

FRET histograms were further fitted to the sum of three Gaussian distributions using a least-
squares fitting algorithm in MATLAB. Each Gaussian component represented a distinct
conformational state of Env, and the area under each Gaussian estimated the relative occupancy
of that state. Relative state occupancies are reported as mean + SEM, derived from the fitted
histograms. The corresponding fitting parameters are summarized in Table S1(%. The three FRET
states correspond to distinct and reproducible conformational populations under different
experimental conditions, consistent with previous Env smFRET studies employing different probe

positionsj.z’.z.fl.’ﬂ’.ﬁ.z..

Transition rates were derived from the above-mentioned FRET trace idealization, in which each
FRET trajectory was converted into a time-correlated sequence of discrete states using a segmental
K-means algorithm within an HMM framework.2%8]. State-to-state transitions, indicating the
locations and frequencies of conformational changes, were visualized as transition density plots
(TDPs). Dwell time distributions, representing the duration a molecule remains in a specific
conformational state before transitioning to another, were compiled into survival probability plots
and fitted to a bi-exponential decay function (y = A4 exp"k“ +A, exp"th). A and A, are the
amplitudes, and k1 and k2 are the corresponding rate constants. The overall transition rate was

determined as the amplitude-weighted average of the two rate constants.

Molecular dynamics simulation and analysis

Atomic coordinates of HIV-1 Env in the prefusion closed state were obtained by predicting the
structure of the Env trimer using AlphaFold3. The input sequence consisted of three gp120
subunits (residues 30-505) and three gp41 subunits (residues 509-661) derived from HIV-1 BG505
Env (UniProt ID Q2N0S5). To enable site-specific fluorophore labeling, residues $398 in gp120 and
R539 in gp41 of a single protomer were mutated to canonical lysine residues. The top-ranked
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predicted model showed acceptable agreement with the experimentally determined prefusion
closed Env structure (RCSB PDB ID: 4TVP),% with a backbone RMSD of 0.82 A. Atomic coordinates of
Env in the CD4-bound open state were based on the experimentally solved structure (RCSB PDB ID:

(Schrodinger).

Atomic coordinates for the two fluorophores and linkers were generated with MarvinSketch
(Chemaxon) and PyMOL. Force-field parameters for the fluorophores were generated using a
fragment-based parameterization strategy. The fluorophores alone and model compounds
consisting of the fluorophore covalently linked to a lysine side-chain fragment were both
parameterized using GAFF/GAFF2, with AM1-BCC partial charges assigned using Antechamber.
The latter was used to capture the local electronic environment introduced by covalent
conjugation. During construction of the full fluorophore-protein conjugates, atom types and
partial charges associated with the covalent linkage were assigned by transferring consistent
parameter trends from the fluorophore-lysine model compounds, while preserving the original
fluorophore parameters wherever applicable. The fluorophores were assembled with the protein,
and the assembly was visualized in VMD. Final system preparation, including definition of
covalent linkages and generation of topology and coordinate files, was performed using LEaP in
AmberTools.

Each system was neutralized and solvated in explicit TIP3P water with periodic boundary
conditions. Sodium and chloride ions were added to achieve a final salt concentration of 150 mM
NaCl. Protein atoms were described using the Amber ff14SB force field.

Energy minimization was performed in multiple stages, followed by gradual heating from 0 to 300
K under constant volume (NVT) conditions. The systems were subsequently equilibrated under
constant pressure (NPT) conditions at 1 atm to stabilize system density. Following equilibration, a
pre-production simulation was carried out under NPT conditions for 200 ps with weak positional
restraints applied to the protein backbone. Production simulations were then performed in the
NPT ensemble at 300 K and 1 atm with all restraints removed. Atomic coordinates were saved
every 5 ps. For each labeled system, three independent production trajectories of 10 ns were
generated using different initial velocity seeds.

Dye positions sampled throughout the production trajectories were extracted for every simulation
frame. All trajectory frames were structurally aligned to the protein backbone. The protein
structure from a reference frame was retained, while fluorophore coordinates from all frames
were superimposed to generate a composite dye ensemble representation.

Inter-dye distances were calculated on a per-frame basis using the center-of-mass (COM)
coordinates of the fluorophore chromophores. Distance time traces were obtained directly from
the production trajectories and smoothed using a centered moving average with a time window of
0.4 ns.
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PT State PC State CO State

Conformaihr?cr::at:aﬁzgu;t\lxons orab- Syrositing RMSE  p: 0.5+ 0.05 u: 0.28 £ 0.04 p: 0.10£0.02
on native virions R

o:0.15 + 0.01 o: 0.00 +0.02 :0.07 £0.01
ENVacsos 0.9732 8.427e-4  59% £ 15% 24% £ 14% 17% £ 6%
ENVacsos + SCD4 + 17b 0.9878 8.447e-4  28% % 13% 30% £ 13% 42% £ 7%
ENVacsos + BANC195 0.9734 0.605e-4  45% £ 14% 32% £ 15% 23% £ 9%
ENnvacsos + VRC34 0.9893 6.638e-4  34%+ 11% 42% £15% 24% + 9%
Envacsos + PGT151 0.9895 6.858e-4  34%+ 14% 47% £ 14% 19% + 5%
ENVacsps + DH511.2_K3 0.9890 7.149%-4  36% £ 14% 45% £ 14% 19% + 6%
ENVagsos + VRCA2 0.9865 8.237e-4  22% £ 10% 53% £ 11% 25% + 5%
ENVaasos+ 10E8.4/iMab 0.9700 00012 28%%10% 35% £ 12% 37% £ 14%
ENviass + 10E8.4 + SCD4 + 17 0.9910 8.471e-4  23% % 16% 33% £ 14% 44% 6%

N136—S401 structural perspective

PT State PC State CO State
Conformational populations of Ab- ¢\ ,rye fitting
incubated Env 2 RMSE p: 0.10 £ 0.02 u:0.60+0.01 p:0.32+0.03
on native virions R
c:0.08 £ 0.01 c:0.15+£0.01 c:0.11+0.01
Envgesos 0.9879 9.715e-4  42% + 6% 23% + 11% 35% +11%
Envggsos + SCD4 + 17b 0.9841 8.701e-4  29% * 8% 26% * 13% 45% + 15%

Table S1. Model-fitting statistics and parameters for FRET histograms. FRET histograms acquired from two

structural perspectives (top: S401 - R542; bottom: N136 - S401) of Ab-incubated Env on native virions were fitted

independently using constrained three-state models. Each state was described by a Gaussian distribution N (, a?)

corresponding to PT, PC, and CO states. The mean (u) and standard deviation (o) parameters were determined

separately for each perspective based on visual inspection of trajectories exhibiting state-to-state transitions and

idealization of individual trajectories using multi-state Hidden Markov modeling. State probabilities are reported

as mean t s.e.m. Goodness-of-fit was assessed using R? and RMSE (root-mean-square error), with R? values

approaching 1 and RMSE values approaching 0 indicating a high-quality fit.
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Figure S1. Amber suppression and click-labeling strategy for preparing HIV-1q,3 Envggsgg virions for
SmFRET.

(A) Genetic code expansion via amber suppression. Amber suppressor tRNA and tRNA synthetase (tRNAPY//NESPyIRSAF)
incorporate the ncAA trans-cyclooct-2-en-L-lysine (TCO*A) at TAG codons engineered into Env (5401™C in gp120 and R542TAC
in gp41) on intact virions produced in mammalian cells. The supply of TCO*A to transfected cells enables its incorporation at
the designated positions, providing reactive handles for subsequent fluorophore conjugation. (B) Bioorthogonal click labeling
via SPIEDAC. Tetrazine-conjugated Cy3 and Cy5 derivatives (LD555-TTZ and LD655-TTZ) react with the strained alkene of
TCO*A through strain-promoted inverse electron-demand Diels-Alder cycloaddition (SPIEDAC). The conjugated fluorophores
(dyes) are depicted as red spheres. TCO*A Functional groups are shown in the modeled membrane-present Env trimers

(right p

anel).
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Figure S2. Dual-amber suppression efficiency of HIV-1q,3 Envggsos $401TAG R542TAG and particle size

distribution of the resulting virions.

(A) Infectivity of dual-ncAA (dual-amber) virions was measured on TZM-bl cells. Virions were produced by transfecting

HEK293T cells with plasmids amber-free HIV-1q,3 Envggsgs 5401TAG R542TAG, Infectivity (mean + SD, n=3) was normalized to
wild-type Envggsos (WT) under suppression conditions. With amber suppression (tRNAPY//NESPyIRSAT + TCO*A), the dual-
amber construct retained ~20% of WT infectivity, whereas non-suppression controls (no supplement) showed negligible
infectivity. Mock denotes particles produced without Env plasmids. (B) Example negative-staining transmission electron

microscopy images of the resulting HIV-1q,3 Envggsos S401 NCAA R542MAA yirions produced under amber suppression

conditions. (C) Particle size distributions of HIV-1 particles (as in panel B) measured by nanoparticle tracking analysis (NTA,
ZetaView). Dual-ncAA Env virions exhibited size distributions comparable to WT Env virions.

Microbiology and Infectious Disease

Xu et al., 2026 eLife 15:RP110887. https://doi.org/10.7554/eLife.110887.1

22 of 38


https://doi.org/10.7554/eLife.110887.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/structural-biology-molecular-biophysics
https://elifesciences.org/subjects/microbiology-infectious-disease

':,.o‘ eLife Structural Biology and Molecular Biophysics | Microbiology and Infectious Disease
Ol‘o

Figure S3. Biophysical fluorescence properties of functionalized fluorophores and single-color-labeled
Envggsos HIV-1g23 $401"°AA R542MAA yirions,

(A) Excitation and emission spectra of free LD555-tetrazine (LD555-TTZ) and LD655-tetrazine (LD655-TTZ). (B) Excitation and
emission spectra of single-color-labeled $401"°AA R542"AA yirions, in which both ncAA sites (5401 on gp120 and R542 on
gp41) were labeled with the same fluorophore via SPIEDAC click chemistry. LD555-only denotes virions labeled with LD555-
TTZ at both sites, and LD655-only denotes virions labeled with LD655-TTZ at both sites. These single-color-labeled virions
serve as spectral controls.
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Figure S4. Relative protomer movements in symmetric PT, PC, and CO Env trimers.

Cartoon representations of Env trimers in three major conformations: “PT" (pre-triggered, structurally unknown), PC
(prefusion closed), and CO (CD4-bound open). This figure complements Figure 2A by showing the three conformations as
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Figure S5. Representative traces of Env predominantly in the open conformation.

Example fluorescence and FRET traces from an individual Envggsgs S401* R542* virion under opening conditions with soluble
CD4 (sCD4) and the co-receptor-mimicking antibody 17b.
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Figure S6. sSmFRET population contour plots of EnvBG505 N136* S401* on native virions.

(A) Ligand-free condition. (B) With soluble CD4 (sCD4) and the co-receptor-mimicking antibody 17b. Each plot represents 12
seconds of cumulative trajectories, showing the frequency of conformations sampled over time. These data provide the
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Figure S7. Molecular dynamics simulation of dye-conjugated soluble Env trimer in prefusion closed state
and CD4-bound state.

(A) Sampling space of dye conformations during a 10-ns molecular dynamics simulation of dye-conjugated soluble Env
54017CO*A _ | D555 R542TCO*A _ | D655 in prefusion closed state (RCSB PDB ID: 4TVP). Dye positions were extracted from the
equilibrated portion of the trajectory and superimposed after backbone alignment. LD555 is shown in green, LD655 in red,
and the protein backbone in grey. (B) Sampling space of dye conformations during a 10-ns molecular dynamics simulation of
dye-conjugated Env in CD4-bound open state (RCSB PDB ID: 5VN3). Dye positions were extracted and displayed as described
in (A). (C) Inter-dye distance as a function of simulation time (25 ns) for dye-conjugated Env trimer in prefusion closed state
and CD4-bound open state, calculated from the center-of-mass distance between the two dyes at each saved frame. Distance
traces were smoothed using a centred moving average window of 40 ps for visualization. (D) Distribution of inter-dye
distances. Distances were calculated as the center-of-mass separation between the two dyes over the trajectories shown in
(C). Mean inter-dye distances are 48.68 + 1.75 A (prefusion closed state) and 73.75 % 2.94 A (CD4-bound open state),
respectively (mean + SD).
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Figure S8. Representative smFRET traces of HIV-1Q23 EnvBG505 S401* R542* with gp120-gp41 interface or

fusion peptide bNAbs.

(A - €) Example donor and acceptor fluorescence (top) and corresponding FRET efficiency traces (bottom) from an individual

EnvBG505 S401* R542* in the presence of BANC195 (A), VRC34 (B), and PGT151 (C).
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Figure S9. smFRET population contour plots of Env with MPER-directed and bi-valent antibodies.

(A, B) Contour plots of HIV-1 Envggsgs S401* R542% in the presence of MPER-directed antibody DH511.2_K3 or VRC42 (A), and
bi-valent 10E8.4/iMab (B) under the indicated conditions. Each plot represents 12 seconds of cumulative trajectories from all
molecules included in the FRET histograms of Figure 4 2, showing the frequency of conformational populations sampled

over time.
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Figure S10. Survival probability plots used to estimate transition rates among Env conformations.

Survival probability plots showing the probability of occupying a given FRET-defined conformation as a function of dwell time.

Data points represent pooled dwell times from individual molecules, and curves show exponential fits used to extract
transition rate constants (see Methods). These rate estimates correspond to the transitions summarized in Figure 5C3.
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Data availability

Data supporting the findings of this study are available within the paper and its supplementary
information files.
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smFRET imaging of HIV-1 Env, which focus on gp120 conformation, have yielded limited
information on antibodies that target gp41. Altogether, through the cutting-edge application
of smFRET imaging, the study provides novel insights into the mechanisms of action of
interesting and clinically relevant antibodies.

In validating the functionality of the S401TAG/R542TAG Env, the authors performed
infectivity assays and observed 20% infectivity as compared to wild-type (Figure S2A).
However, the text equates this with "20% dual-amber suppression efficiency". This would
benefit from some explanation. Why do the authors interpret infectivity as reporting on
amber suppression efficiency, and not the functional cost of modifying Env, which is
probably unavoidable? Or a combination of both? Is there data to suggest that 100% amber
suppression would leave Env 100% functional? If so, this would be valuable to show. If not,
the text should be clarified.

The authors state that the contour plots in Figure 2E reveal "dynamic sampling" of the
observed FRET states. Strictly speaking, as presented, the contour plots (and FRET
histograms) provide no information on dynamics per se. They indicate only the relative
thermodynamic stabilities of the FRET states; transitions between states are a matter of
interpretation. The TDPs, shown later in Figure 5A, nicely display the dynamics. More
importantly, interpretation of the contour plots is challenging, as some seem to suggest an
evolution toward lower FRET states. This is especially evident in Figures 2F and 3D, which
suggest that the system evolves into a stable 0.1-FRET state (CO) after about 3 sec. Unless the
authors want to conclude something from this, I would suggest that they consider removing
the contour plots, since their interpretations are fully supported by the FRET histograms
alone.

The data indicating that Env conformation is manipulated by 10E8.4/iMab is interesting. If I
understand correctly, 10E8.4/iMab is an engineered antibody with one Fab targeting MPER
and the second Fab targeting CD4. In the absence of CD4, could the difference between
10E8.4/iMab and the other MPER antibodies be due to 10E8.4/iMab being monovalent with
respect to MPER binding?

https://doi.org/10.7554/eLife.110887.1.sa2

Reviewer #2 (Public review):
Summary:

In this paper, Xu and co-workers unveil two distinct modes of neutralisation by gp41-targeted
broadly neutralizing antibodies on HIV-1 Env. So far, it was unclear as to how the mechanism
of neutralisation occurred for this subset of neutralising antibodies (that can target the fusion
peptide or the membrane proximal external region of the gp41 subunit). Thanks to single-
molecule FRET, the authors show that the majority of broadly neutralizing antibodies
stabilize the closed Env conformation (named State 1 since the original work by Munro and
colleagues PMID: 25298114). Interestingly, the bivalent 10E8.4/iMab stabilized in turn a CD4-
bound open state of Env. The two modes of neutralization described for these antibodies
show previously unknown allosteric mechanisms that stabilize closed and open Env
conformation, stressing the importance of Env conformational dynamics and its efficiency
during the process of fusion.

Strengths:

The article is well-written, and the figures fully depict the data in a convincing way. The
authors have used smFRET, which is now established in the field as a good tool to assess Env
dynamics.
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Weaknesses:

(1) The limited controls on how click chemistry affects Env (as labelled Env HIV virions were
not evaluated).

(2) Photobleaching of donor and acceptor molecules occurs right after 10sec exposure.

(3) Other limitations are well described in the corresponding section.
https://doi.org/10.7554/eLife.110887.1.sa1

Author response:
elife Assessment

This manuscript reports an important study in which the authors apply smFRET imaging
to probe HIV-1 Env conformational dynamics in the presence of antibodies. Previous
implementations of SmFRET imaging of HIV-1 Env, which focus on gp120 conformation,
have yielded limited information on antibodies that target gp41. Through the cutting-
edge application of SmFRET imaging, the study provides convincing insights into the
mechanisms of action of relevant antibodies.

We appreciate this positive assessment and thank the reviewers for their time and
constructive comments. We will make the following changes in the revised manuscript.

(1) Clarify the distinction between suppression efficiency and functional cost.

(2) Add controls: smFRET experiments in the presence of monovalent 10E8.4 and iMab
individually and compare results with the bivalent 10E8.4/iMab that we currently have.

(3) Increase the number of repeats in neutralization experiments to reduce variability and,
where feasible, perform infectivity and neutralization assays after click chemistry labeling.

(4) Add discussion on conformational populations probed by smFRET versus structural
analyses, Env conformational heterogeneity, ligand effects, and how these approaches
complement each other.

(5) Further clarify the assignments of multiple conformational states by smFRET, the
heterogeneity of Env spikes and virion morphology by cryoET, and the focus of the current
smFRET-focused storyline.

Please find below our provisional responses to the public reviews. We will provide detailed
point-by-point responses upon submission of the revised manuscript.

Public Reviews:
Reviewer #1 (Public review):

The authors have considered a panel of antibodies that target epitopes at the
gp120/gp41 interface (8ANC195 and PGT151), the fusion peptide in the gp41 domain
(VRC34), and the MPER region of gp41 (DH511.2_K3 and VRC42). They also investigate
10E8.4/iMab, which is an engineered bispecific antibody that targets the MPER and the
CD4 receptor. On a technical note, they have applied a double amber codon-
readthrough strategy to incorporate the non-natural TCO*A amino acid, which gets
labeled through click chemistry. This approach should result in less disruption of the
native Env structure as compared to the peptide insertion previously used for smFRET
imaging of Env. Furthermore, previous implementations of SmFRET imaging of HIV-1 Env,
which focus on gp120 conformation, have yielded limited information on antibodies that

Xu et al., 2026 eLife 15:RP110887. https://doi.org/10.7554/eLife.110887.1 36 of 38


https://doi.org/10.7554/eLife.110887.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.110887.1.sa1
https://doi.org/10.7554/eLife.110887.1.sa1
https://elifesciences.org/subjects/structural-biology-molecular-biophysics
https://elifesciences.org/subjects/microbiology-infectious-disease

.' ° . . . . . . .
X o..‘ ELIfe Structural Biology and Molecular Biophysics | Microbiology and Infectious Disease
oo

target gp41. Altogether, through the cutting-edge application of smFRET imaging, the
study provides novel insights into the mechanisms of action of interesting and clinically
relevant antibodies.

Thank you for the positive comments!

In validating the functionality of the S401TAG/R542TAG Env, the authors performed
infectivity assays and observed 20% infectivity as compared to wild-type (Figure S2A).
However, the text equates this with "20% dual-amber suppression efficiency”. This would
benefit from some explanation. Why do the authors interpret infectivity as reporting on
amber suppression efficiency, and not the functional cost of modifying Env, which is
probably unavoidable? Or a combination of both? Is there data to suggest that 100%
amber suppression would leave Env 100% functional? If so, this would be valuable to
show. If not, the text should be clarified.

We acknowledge this concern and will clarify the distinction between suppression efficiency
and functional cost in the revision. The observed reduction in infectivity does not translate
into the functional loss; instead, it more reflects the efficiency of suppression (one of the
critical limitations of applying genetic code expansion in mammalian cells), as evidenced by
reduced Env expression and incorporation on virions (Fig. 1B). In support of the preservation
of Env functionality, tag-free and dual-ncAA-incorporated Env virions exhibited similar dose-
dependent neutralization sensitivity against trimer-specific neutralizing antibodies (Fig.1D).
We have previously discussed several limitations of amber suppression in mammalian cells
combined with smFRET viral systems (PMID: 38232732; PMID: 40716060). In brief, orthogonal
tRNA/aaRS pair-mediated amber suppression (reassigning/repurposing amber stop codons to
non-canonical amino acids) of the introduced ambers in the target protein (Env in our case)
must compete with the cellular translation system, particularly release factors that recognize
amber codons and terminate translation. Readthrough of endogenous amber codons in virus-
producing cells (in our case, HEK293T) can disrupt normal protein expression and virus
production. Similarly, readthrough of preexisting amber codons in HIV-1 ORFs other than the
targeted ambers in Env can disrupt virus assembly, which we addressed by generating an
amber-free provirus (PMID: 38232732). Introducing two amber codons into Env further
reduces efficiency, as dual suppression requires two sequential successful suppression events
within the same Env molecule.

The authors state that the contour plots in Figure 2E reveal "dynamic sampling” of the
observed FRET states. Strictly speaking, as presented, the contour plots (and FRET
histograms) provide no information on dynamics per se. They indicate only the relative
thermodynamic stabilities of the FRET states; transitions between states are a matter of
interpretation. The TDPs, shown later in Figure 5A, nicely display the dynamics. More
importantly, interpretation of the contour plots is challenging, as some seem to suggest
an evolution toward lower FRET states. This is especially evident in Figures 2F and 3D,
which suggest that the system evolves into a stable 0.1-FRET state (CO) after about 3 sec.
Unless the authors want to conclude something from this, I would suggest that they
consider removing the contour plots, since their interpretations are fully supported by
the FRET histograms alone.

We agree and will remove the contour plots, as they do not add meaningful information
beyond what the histograms show.

The data indicating that Env conformation is manipulated by 10E8.4/iMab is interesting.
If Iunderstand correctly, 10E8.4/iMab is an engineered antibody with one Fab targeting
MPER and the second Fab targeting CD4. In the absence of CD4, could the difference
between 10E8.4/iMab and the other MPER antibodies be due to 10E8.4/iMab being
monovalent with respect to MPER binding?
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We appreciate this question. To answer this, we will perform SmFRET experiments in the
presence of 10E8.4 and iMab individually and compare those with the bivalent 10E8.4/iMab.

Reviewer #2 (Public review):
Summary:

In this paper, Xu and co-workers unveil two distinct modes of neutralisation by gp41-
targeted broadly neutralizing antibodies on HIV-1 Env. So far, it was unclear as to how
the mechanism of neutralisation occurred for this subset of neutralising antibodies (that
can target the fusion peptide or the membrane proximal external region of the gp41
subunit). Thanks to single-molecule FRET, the authors show that the majority of broadly
neutralizing antibodies stabilize the closed Env conformation (named State 1 since the
original work by Munro and colleagues PMID: 25298114). Interestingly, the bivalent
10E8.4/iMab stabilized in turn a CD4-bound open state of Env. The two modes of
neutralization described for these antibodies show previously unknown allosteric
mechanisms that stabilize closed and open Env conformation, stressing the importance
of Env conformational dynamics and its efficiency during the process of fusion.

Strengths:

The article is well-written, and the figures fully depict the data in a convincing way. The
authors have used smFRET, which is now established in the field as a good tool to assess
Env dynamics.

We appreciate these positive comments!
Weaknesses:

(1) The limited controls on how click chemistry affects Env (as labelled Env HIV virions
were not evaluated).

We agree. Our validation focused on ncAA-incorporated Env HIV-1 virions, but not the
fluorescently labeled virions. To address this, we will increase the number of repeats in
neutralization experiments to reduce variability and, where feasible, perform infectivity and
neutralization assays after click chemistry labeling. We will attempt to do it. However, we
expect that the additional handling time required for labeling and the centrifugation steps
needed to remove free dyes, which can deform/disrupt viral membranes and degrade virions,
together with the low dual-amber suppression efficiency, will make these experiments
technically challenging as an additional layer of functional validation in live cells. On a
related note, we have previously performed real-time tracking of single click-labeled Env
virion internalization and trafficking in live cells (PMID: 38232732), supporting the retained
functionality of click-chemistry-labeled Env.

| (2) Photobleaching of donor and acceptor molecules occurs right after 10sec exposure.
We acknowledge this limitation and will include it in the corresponding section.
| (3) Other limitations are well described in the corresponding section.

We appreciate this comment.

https://doi.org/10.7554/eLife.110887.1.sa0
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