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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.

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. By using bioorthogonal tagging for single-molecule
FRET, we monitored real-time bNAb-induced conformational sampling of Env on intact virions. Most
gp41-directed bNADbs 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 a sequential transition
pathway. These findings reveal two modes of neutralization for gp41-directed antibodies, fixing the
PC conformation and opening it up — in both cases, with neutralization occurring via long-range
allosteric control of Env dynamics.

Xu et al. eLife 2026;15:RP110887. DOI: https://doi.org/10.7554/eLife.110887

1 of 28


https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.110887
mailto:maolin.lu@uthct.edu
https://doi.org/10.64898/2026.01.27.702099
https://doi.org/10.7554/eLife.110887.1
https://doi.org/10.7554/eLife.110887.2
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/

e Llfe Research article

Microbiology and Infectious Disease | Structural Biology and Molecular Biophysics

Introduction

The HIV-1 envelope glycoprotein (Env) mediates the fusion of the viral and host cell membranes,
enabling viral entry (Wyatt and Sodroski, 1998, Chen, 2019; Wang et al., 2020). 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 (Wang et al., 2020; Klasse
et al., 2025). Env assembles as a trimer of noncovalently associated gp120-gp41 heterodimers, with
gp120 engaging the receptors CD4 and co-receptor (CCR5 or CXCR4) and gp41 driving membrane
fusion (Chen, 2019; Wang et al., 2020; Kwong et al., 1998, Pancera et al., 2014; Lyumkis et al.,
2013; Shaik et al., 2019). 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 coor-
dinated action of multiple trimers (Yang et al., 2005; Yang et al., 2006; Sougrat et al., 2007, Liu
et al., 2008; Klasse, 2007, Brandenberg et al., 2015a; Brandenberg et al., 2015b; Katte et al.,
2025). Env is highly dynamic, undergoing large conformational rearrangements (Munro et al., 2014;
Munro and Mothes, 2015; Herschhorn et al., 2016, Herschhorn et al., 2017, Ozorowski et al.,
2017, Henderson et al., 2020; Alsahafi et al., 2019). 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 co-receptor-binding sites and primes gp41 for fusion activation (Ma et al., 2018, Dam
et al., 2023; Li et al., 2023). This is followed by transient intermediate states and the refolding of
gp41 into a post-fusion conformation that leads to membrane fusion (Chen, 2019; Wang et al., 2020;
Lee et al., 2024; Thakur et al., 2025; Ladinsky et al., 2020; Buzon et al., 2010; Zhao et al., 2022).
This conformational plasticity, combined with a dense glycan shield and rapid sequence diversifica-
tion, enables Env to evade immune pressure by transiently concealing or exposing neutralization-
sensitive epitopes, known as ‘conformational masking’ (Wang et al., 2020; Kwong et al., 2002,
Haynes et al., 2019). 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 (Klasse et al., 2025, Haynes et al., 2019; Sok and Burton, 2018). 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)
(Klasse et al., 2025; Haynes et al., 2019, Sok and Burton, 2018). Eliciting potent Env-directed
bNAbs remains a central goal of HIV-1 vaccine development (Klasse et al., 2025; Haynes et al.,
2019; Sok and Burton, 2018; Haynes et al., 2023, Kwong and Mascola, 2018). 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 (Klasse
et al., 2025; Haynes et al., 2019, Ivan et al., 2019). By exploiting structural and functional constraints
on Env, bNAbs can neutralize Env by competing with receptor engagement, disrupting the confor-
mational 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 (Klasse et al., 2025; Haynes et al., 2023; Kwong and Mascola, 2018),
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 (Huang et al., 2016; Padte et al., 2018), which combines
an MPER-directed arm with the CD4-targeting antibody Ibalizumab (iMab) and is currently in clin-
ical 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 (Niki¢
et al.,, 2015; Sakin et al., 2017; Xu et al., 2025) with single-molecule Forster Resonance Energy
Transfer (smFRET) (Roy et al., 2008; Juette et al., 2016, Lerner et al., 2018; Lu et al., 2019b) 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 (Munro
et al., 2014; Lee et al., 2024), gp41-directed antibodies have never been systematically investigated
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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.

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
for smFRET studies (Figure 1—figure supplement 1, Figure 1—figure supplement 2). Our previ-
ously developed amber-free HIV-1 system eliminates background amber (TAG) stop codons, allowing
efficient site-specific incorporation of unnatural amino acids (ncAAs) into the target HIV-1 protein
of interest (Xu et al., 2025; Ao et al., 2024). By using this platform, we introduced TAG codons at
S401™C in gp120 and R542™€ in gp41 of Envgases (@ transmitted/founder primary isolate, Figure 1A) on
the HIV-1q,;3 viral backbone (HIV-14,5 Envgases). These tagging sites (Figure 1—figure supplement 1)
were strategically selected along the gp120-gp41 axis based on available structural details (Pancera
et al., 2014; Ozorowski et al., 2017, Kwon et al., 2015; Li et al., 2020), allowing them to report on
inter-subunit movements during conformational transitions. Through genetic code expansion with an
orthogonal tRNA/tRNA synthetase pair (tRNA™/NESPyIRS*") (Sakin et al., 2017; Niki¢ et al., 2016),
we then incorporated the ncAA trans-cyclooct-2-en-L-lysine (TCO*A) at these amber-tagged sites for
fluorophore attachment (Figure 1—figure supplement 2, Ao et al., 2024; Plass et al., 2011, Plass
et al., 2012). 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-promoted inverse electron-demand Diels-Alder cycloaddition (SPIEDAC, Figure 1—figure
supplement 2; Blackman et al., 2008, Niki¢ and Lemke, 2015).

Throughout this study, S401™¢ R542™¢ denotes the construct, S401"** R542"** 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 (N136-5401)
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 (S401"** R542"*4) on intact virions as well as fluores-
cently labeled forms (S401* R542*). We obtained approximately 20% dual-amber suppression effi-
ciency for HIV-1q,;5 Envggses S401™¢ R542™€, as determined by the relative infectivity of produced
virions compared to wild-type (WT) Env (Figure 1-figure supplement 3a). Importantly, click-chemistry
labeling did not further reduce infectivity, with labeled and unlabeled virions exhibiting comparable
infectivity (Figure 1—figure supplement 3b), indicating that fluorescent labeling did not appreciably
impair Env function.

The reduced infectivity relative to WT primarily reflects the inherent limitations of amber suppres-
sion in mammalian cells rather than loss of Env function, as discussed previously (Xu et al., 2025; Ao
et al., 2024; Gonepudi et al., 2026; Xu et al., 2026). Amber suppression must compete with endog-
enous translation termination, and unintended readthrough of endogenous or viral amber codons can
interfere with protein expression and virus production. We minimized the latter by using an amber-
free provirus (Ao et al., 2024). Dual-ncAA incorporation requires two successful suppression events
within the same Env molecule, further reducing overall efficiency. Given these constraints, the ~20%
dual-amber suppression efficiency achieved here is within the expected range and comparable to
previous studies (Sakin et al., 2017, Ao et al., 2024).

Immunoblotting of prepared virions that were harvested from transfected cell supernatants
confirmed that both TAG sites were successfully suppressed, proteolytically processed, and
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Figure 1. Single-molecule Férster Resonance Energy Transfer (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-specifically conjugated through click
chemistry. (B-D) Functional validation of HIV-1q,3 Envggses S401744 R542"** virions for smFRET studies. Immunoblotting (B), tomographic slices (C), and

Figure 1 continued on next page
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Figure 1 continued

neutralization curves (D, n = 4) confirm that the dual-ncAA incorporation does not compromise Env trimer functionality on virions used for smFRET.
Viruses were generated by transfection with 100% of the indicated HIV-1 constructs, and the data shown represent the resulting particles. (E) HIV-

1a23 virions carrying fluorescently labeled full-length Envggses, imaged by prism-based TIRF microscopy. The Env trimer (PDB 4ZMJ) 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"** and R542"** of a single protomer (gp120 in cyan, gp41 in pink; wild-type protomers in gray). Labeling sites are shown
as green and red spheres, respectively. (F) Fluorescence emission spectra of HIV-1q,; virions carrying click-labeled Envgasos S401"4* R542"**, showing
D555 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 Envggses S401* R542* (left and right panels). The black arrow marks single-
step photobleaching. Three FRET-populated states are indicated by color-coded bands.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. PDF file containing uncropped western blot gel images for Figure 1B, indicating the relevant bands clearly labeled.
Source data 2. Original files for western blot analysis in Figure 1B.

Source data 3. Excel file containing the raw data used for the analysis in Figure 1D, F, G.

Figure supplement 1. Primary structures of Env with a pair of dye-attached positions indicated on BG505 for single-molecule Férster Resonance Energy
Transfer (smFRET) studies in Figure 1TA.

Figure supplement 2. Amber suppression and click-labeling strategy for preparing HIV-14,3 Envegses virions for single-molecule Férster Resonance
Energy Transfer (smFRET).

Figure supplement 3. Dual-amber suppression efficiency of HIV-1q,; Envgases S401™C R542™6, infectivity before and after labeling, and particle size
distribution of the resulting virions.

Figure supplement 3—source data 1. Excel file containing the raw data used for the analysis in Figure 1—figure supplement 3.

Figure supplement 4. Biophysical fluorescence properties of functionalized fluorophores and single-color-labeled Envgasgs HIV-10,3 S401744 R542744
virions.

Figure supplement 4—source data 1. Excel file containing the raw data used for the analysis in Figure 1—figure supplement 4.

incorporated into amber-free HIV-14,; virions, with no detectable Env in non-suppression controls
(Figure 1B). Viral particle shape and size distributions were similar to wild-type, as revealed by cryo-
ET, negative staining, and nanoparticle tracking analysis (Figure 1C, Figure 1—figure supplement
3C, D). A quantitative analysis of capsid morphology, Env spike incorporation, and the proportion of
immature particles would be more informative. However, we reason that such analyses would require
a substantially larger cryoET dataset, which is beyond the scope of the present smFRET-focused study
of Env conformational dynamics.

The ncAA-incorporated virions also exhibited neutralization sensitivities comparable to WT when
tested against trimer-specific bNAbs, including PG16 (apex-directed; Walker et al., 2009) and
PGT151 (gp120-gp41 interface-directed; Blattner et al., 2014; Figure 1D). Of note, these validations
were performed using virions generated entirely from dual-amber-tagged Env constructs. Together,
these results (Figure 1B-D, Figure 1—figure supplement 3) confirm proper Env expression, particle
size, and preserved antigenicity, demonstrating that ncAA-incorporated Env is properly presented
on intact virions and retains functional competence, and that click labeling does not affect virion
infectivity. After functional validations and prior to single-molecule studies (Figure 1E), we 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 (Figure 1F, Figure 1—figure supplement 4).

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 (Figure 1E). To optimize conditions for monitoring
single FRET-labeled protomers, virions were generated by co-transfecting amber-free wild-type and
S401™¢S R542™€ 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
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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
(Munro et al., 2014; Lee et al., 2024; Das et al., 2018, Das et al., 2020, Lu et al., 2020).

We analyzed hundreds of single-molecule trajectories that displayed anti-correlated donor and
acceptor fluorescence intensity fluctuations, along with discrete single-step photobleaching events,
as exemplified in Figure 1G (fluorescence, top panels) for ligand-free S401* R542*. These features
confirmed that individual traces correspond to single Env trimers in motion. The resulting FRET effi-
ciency trajectories (Figure 1G, bottom panels; FRET = FRET efficiency) report real-time conformational
changes of individual Env trimers over their observable time period, until photobleaching occurred.
Hidden Markov modeling (HMM) analysis (McKinney et al., 2006; Qin, 2004) of these trajectories,
which deconvoluted each into the most probable sequence of discrete FRET states, consistently
resolved three well-separated FRET populations (Figure 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 (Munro et al., 2014;
Herschhorn et al., 2016; Ma et al., 2018; Ao et al., 2024; Lu, 2021; Leonhardt et al., 2023).

We assigned the newly observed FRET populations from the gp120-gp41 (S401-R542) axis, refer-
encing the well-characterized states from the gp120 V1-V4 (N136-S401) axis (Figure 2, Figure 2—
figure supplement 1, Figure 2—figure supplement 2, Supplementary file 1). Previous smFRET
studies (Munro et al., 2014; Herschhorn et al., 2016, Ma et al., 2018; Ao et al., 2024; Lu, 2021,
Leonhardt et al., 2023) using the referenced axis have shown that native Env on virions predomi-
nantly resides in the PT state, transitions through the prefusion-closed (PC) state, and fully opens into
the CD4-bound open (CO) state (simplified in Figure 2A, B, see Figure 2—figure supplement 1 for
details). Because FRET values depend on donor-acceptor distance and probe geometry, we mapped
the probe sites onto closed and open Env trimers (Figure 2C, D) and next compared gp120-gp41
and gp120 V1-V4 profiles under matched conditions. This enabled confident assignment of FRET
populations to pre-triggered (PT), PC, and CO.

To quantify those populations observed from the S401-R542 axis, we compiled the overall confor-
mational landscape and calculated state occupancies under ligand-free and ligand-bound conditions
(Figure 2E, F, Supplementary file 1). FRET histograms generated from hundreds of trajectories and fit
with three Gaussian distributions revealed three well-separated populations, with high-FRET predom-
inating in the absence of ligand. Addition of soluble CD4 (sCD4) and the co-receptor-mimicking
antibody 17b shifted the distribution toward the low-FRET population (Figure 2F, Figure 2—figure
supplement 2). Parallel smFRET measurements using the gp120 V1-V4 (N136*-S401*) probe pair
(Figure 2G, H) yielded similar ligand-free and ligand-induced shifts despite differences in 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, respec-
tively. 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 dynamics simulations, which show that Env adopts a larger inter-dye distance in
the CO state than in the PC state (Figure 2—figure supplement 3). 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 (Munro et al., 2014; Ma et al., 2018; Lee et al., 2024,
Ao et al., 2024; Lu et al., 2019a). 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.

To align our nomenclature with that of previous studies (Munro et al., 2014; Herschhorn et al.,
2016; Ma et al., 2018), the PT state corresponds to previously designated State 1, the PC state
corresponds to the symmetric State 2 (which the SOSIP-based soluble Env primarily adopts; Lu et al.,
2019a), and the CO state corresponds to the fully open State 3. Additional conformational substates,
including partially open or asymmetric Env trimers, or other low-abundance substates, may exist and
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Figure 2. Single-molecule Férster Resonance Energy Transfer (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

Figure 2 continued on next page
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Figure 2 continued

visualization of Env conformations from two smFRET probe perspectives. Env trimers in the PC (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*). FRET histograms of Envggses S401* R542*
(9p120-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 Supplementary file 1). State occupancies are reported as percentages. (G, H) Validation from the gp120 V1V4 perspective
using Enviases N136* S401*. FRET histograms confirm a conformational shift toward the open-dominated population.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Excel file containing the raw data used for the analysis in Figure 2E-H.

Figure supplement 1. Relative protomer movements in symmetric PT, PC, and CO Env trimers.

Figure supplement 2. Representative traces of Env predominantly in the open conformation.

Figure supplement 2—source data 1. Excel file containing the raw data used for the analysis in Figure 2—figure supplement 2.

Figure supplement 3. Molecular dynamics simulation of dye-conjugated soluble Env trimer in prefusion-closed state and CD4-bound state.

Figure supplement 3—source data 1. Excel file containing the raw data used for the analysis in Figure 2—figure supplement 3.

may be resolved under different experimental or triggering conditions. For example, previous work
showed that asymmetric intermediate conformations can be resolved using a heterotrimer design
containing mixtures of wild-type and CD4-binding-deficient D368R protomers, where the State 2
FRET signal can originate from an unliganded protomer while the remaining one or two protomers
are CD4-bound and open (Ma et al., 2018). In the present study, we did not use such a heterotri-
meric design. Therefore, although our labeling strategy reports the major conformational popula-
tions of Eny, it cannot unambiguously distinguish protomer asymmetric states, such as trimers with
only one or two gp120 molecules open. Evidence from current and previous studies (Munro et al.,
2014; Herschhorn et al., 2016; Ma et al., 2018; Ao et al., 2024; Lu et al., 2019a) strongly supports
the presence of three primary states of virus-associated Env, with additional substates that can be
resolved under specific triggering conditions (Alsahafi et al., 2019, Lee et al., 2024; Richard et al.,
2025). Accordingly, the three Gaussian models used here represent the three predominant conforma-
tional populations under our experimental conditions.

Allosteric stabilization of Env in the PC state by gp120-gp41 interface
and FP 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 Envggses S401*-R542*
trimers on intact virions in the presence of 8BANC195 (Scharf et al., 2014), VRC34 (Thakur et al., 2025,
Kong et al., 2016), or PGT151 (Blattner et al., 2014; Figure 3, Figure 3—figure supplement 1).
Sequences of heavy and light chains of antibodies used in this study are provided in Supplementary
file 2. Dose-response neutralization curves confirmed potent yet distinct activity of all three bNAbs
against HIV-1q23 Envggses virions (Figure 3A, left). The three antibodies engage distinct epitopes at the
gp120-gp41 subunit interface (Figure 3A, right; Thakur et al., 2025; Blattner et al., 2014; Scharf
et al., 2014; Kong et al., 2016): 8ANC195 and PGT151 make extensive contacts with both gp41 and
gp120, whereas VRC34 binds predominantly to the N-terminal region of the FP. 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.

We compiled FRET histograms (Figure 3B-D), which revealed antibody-specific effects on Env
conformational sampling. Histograms were constructed from N,, of smFRET trajectories, as indicated
in each plot. Representative examples (Figure 3—figure supplement 1) displayed characteristic anti-
correlated donor-acceptor intensity fluctuations and state-to-state transitions, consistent with confor-
mational 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%, respec-
tively) and a marked reduction in PT occupancy (54-34%). We further summarized state occupancies
under antibody-incubated conditions, in reference to those for ligand-free and CD4/17b-incubated
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Figure 3. Stabilization of HIV-1 Env in the prefusion-closed (PC) state by gp120-gp41 interface or fusion peptide (FP) bNAbs. (A) Dose-response
neutralization curves (left, n = 4) of HIV-1az3 Envaeses 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 of HIV-1qz3 Envgases S401* R542* in the presence of BANC195,
overlaid with ligand-free Env (dashed gray), showing modest conformational shifts toward downstream states. FRET histograms for VRC34 (C) and
PGT151 (D), as in (B), revealing redistribution of Env populations from pre-triggered (PT) to PC state dominance. (E) Line graph showing relative state
occupancy of Env under different antibody conditions, demonstrating progressive enrichment of the PC state by 8ANC195, VRC34, and PGT151.
The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Excel file containing the raw data used for the analysis in Figure 3.

Figure supplement 1. Representative single-molecule Forster Resonance Energy Transfer (smFRET) traces of HIV-14,; EnvBG505 S401* R542* with
gp120-gp41 interface or fusion peptide bNAbs.

Figure supplement 1—source data 1. Excel file containing the raw data used for the analysis in Figure 3—figure supplement 1.
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conditions, using line graph (Figure 3E) derived from quantitative model fitting of FRET histograms
with constrained three-state Gaussian models (Supplementary file 1). These analyses revealed
allosteric enrichment of the PC state across the antibody panel (Figure 3E, inset model plot), with
the strongest stabilization observed for PGT151 (47%). Ligand-induced stabilization, as revealed by
smFRET here, reflects a redistribution of the conformational ensemble while preserving the intrinsic
dynamic nature of Env. These results suggest that gp120-gp41 interface and FP-targeting bNAbs
remodel the Env conformational landscape by allosterically shifting the distribution toward the PC
state along the gp120 opening pathway.

MPER-directed bNADbs allosterically stabilize the PC state, while
10E8.4/iMab exerts a dual effect by also promoting the CO state

We next examined how MPER-directed bNAbs DH511.2_K3 (Williams et al., 2017), VRC42, (Krebs
et al., 2019), and the bispecific antibody 10E8.4/iMab influence Env conformational dynamics on
native virions. Sequences are listed in Supplementary file 2. All antibodies potently neutralized HIV-
123 Enveases, with the bispecific engineered 10E8.4/iMab, (Huang et al., 2016; Padte et al., 2018)
which combines a variant of the 10E8 antibody with the CD4 receptor-targeting antibody iMab, exhib-
iting exquisite potency (Figure 4A, left). Their distinct binding epitopes, located distal to the gp120
opening apex, were defined from Env—bNAb complex structures solved with truncated gp41 peptide
constructs and mapped to the MPER region of Env (Figure 4A, right), which lies adjacent to the viral
membrane. DH511.2_K3 is a 10E8-like antibody, (Williams et al., 2017) and VRC42 shares similar
binding epitopes with the 4E10 antibody (Krebs et al., 2019). For 10E8.4/iMab, neither the struc-
tural 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 (Huang et al., 2012). In light of this,
we used smFRET to directly observe, from the gp120-gp41 axis (5401* 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
prevalent residence in the PC state observed from FRET histograms (Figure 4B, C). The conformational
redistribution from PT to PC dominance for DH511.2_K3 (Figure 4B) and VRC42 (Figure 4C) suggests
that MPER engagement allosterically 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 (Williams et al., 2017,
Krebs et al., 2019). 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 (Croft et al., 2026).

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
(Figure 4D). FRET histograms revealed a redistribution beyond PC toward the largest increase in
CO-state sampling (Figure 4D). When combined with sCD4 and 17b, 10E8.4/iMab further amplified
this shift, driving Env even further into the CO state with reduced sampling of other conformations
(Figure 4E). Therefore, unlike the other two monovalent MPER antibodies that primarily stabilize
the PC state, the results indicate that 10E8.4/iMab exerts a dual effect (Figure 4F-I), favoring both
the PC and, more profoundly, the CO states at the expense of the PT state. The order of antibody
presentation in quantitative results and comparisons of state occupancies (Figure 4F-H) was inten-
tionally 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.

We next performed smFRET of Env in the presence of 10E8.4 and iMab individually to examine
their separate conformational effect on the virus-associated Env (Figure 4—figure supplement 1).
We found that 10E8.4 behaves similarly to other MPER-directed antibodies in enriching the PC state,
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Figure 4. Membrane-proximal external region (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. n = 4. FRET histograms of Envggsps 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

Figure 4 continued on next page
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Figure 4 continued

included in each plot for reference. Single-molecule Férster Resonance Energy Transfer (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. Bar graph (F), mean + SEM, and line graph (G) showing relative state occupancy of Env under different antibody-binding conditions,
demonstrating shifts from pre-triggered (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.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Excel file containing the raw data used for the analysis in Figure 4.

Figure supplement 1. 10E8.4 enriches Env in the PC state, while iMab itself has no effect on Env conformations.

Figure supplement 1—source data 1. Excel file containing the raw data used for the analysis in Figure 4—figure supplement 1.

whereas iMab alone does not appear to have a notable effect on the conformational propensity of Env
(Figure 4—figure supplement 1).

The distinct conformational responses induced by 10E8.4/iMab are intriguing and unexpected,
given that the 10E8 arm behaves 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 (Ruprecht et al., 2011; Foulkes et al., 2025), 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 tran-
sitions and quantify their kinetics (Methods). Transition density plots (TDPs) were generated by plot-
ting the initial versus final FRET values for every detected transition, with color intensity reflecting
the relative frequency of transitions (transitions per second) (Figure 5A). These plots report which
transitions occur and how often, with the total number of transitions (N,) and molecules analyzed
(N, 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 transi-
tions between PT and PC, between PC and CO, and rarely between PT and CO was preserved under
all conditions (Figure 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 (Figure 5—figure supplement
1). Dwell times for molecules in each state prior to a transition were pooled, and exponential func-
tions 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 directional connectivity schematic and a numerical table (Figure 5B). This analysis revealed only
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.
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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

Figure 5 continued on next page

Xu et al. eLife 2026;15:RP110887. DOI: https://doi.org/10.7554/eLife.110887 13 of 28


https://doi.org/10.7554/eLife.110887

ELlfe Research article Microbiology and Infectious Disease | Structural Biology and Molecular Biophysics

Figure 5 continued

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 pre-triggered (PT), prefusion-closed (PC), and
CD4-bound open (CO) conformations. (B) Schematic (top) and table (bottom) summarizing transition rates between allowable Env conformations in

the presence of interface/fusion peptide (FP), membrane-proximal external region (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.

The online version of this article includes the following source data and figure supplement(s) for figure 5:
Figure supplement 1. Survival probability plots used to estimate transition rates among Env conformations.

Figure supplement 1—source data 1. Excel file containing the raw data used for the analysis in Figure 5—figure supplement 1.

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 PC state and restricted sampling of the PT conformation. In
contrast, the bispecific 10E8.4/iMab, a promising therapeutic currently in clinical trials, exerts a dual
effect by also stabilizing the CO state. These findings lead to our current working model (Figure 5C).
The native Env on virions transitions through three primary conformational checkpoints, from PT
through PC to CO, along the opening pathway toward 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 PC 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 (Herschhorn et al., 2016, Herschhorn et al., 2017, Henderson et al., 2020,
Chatterjee et al., 2025, Bennett and Henderson, 2021), 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 (Figure 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 confor-
mations 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 CDA4.

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
(Figure 5C). This effect likely broadens the range of conformational states and substates accessible
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 (Figure 5C)
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of Env along the opening trajectory remains to be clarified; however, two recent 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 bNAbs (Lee et al., 2024). This newly identified state
was further supported by smFRET analyses, which showed reproducible conformation-related shifts
validated through statistical evaluation of multiple models (Lee et al., 2024). Another recent cryo-EM
study identified several open intermediates with varying degrees of FP accessibility, induced by bNAb
VRC34 under different open-triggering conditions (Thakur et al., 2025). Again, the existence of these
new intermediates was supported mechanistically by smFRET results using new probes performed
under the same conditions (Thakur et al., 2025). Of note, these newly identified conformations or
states between PC and CO were not previously observed in initial cryo-EM (Kong et al., 2016; Banach
et al., 2023) or smFRET (Kong et al., 2016) 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 (Figure 5A, B). Our
kinetic analysis reveals that the overall transition network and directionality (PT < PC < CO), which
describe the progression from PT to PC and onward to CO, 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 connec-
tivity 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 (Thakur et al., 2025 Blattner et al.,
2014 Scharf et al., 2014; Kong et al., 2016; Williams et al., 2017, Krebs et al., 2019, Huang et al.,
2012 Kwon et al., 2016). They are also in line with previous smFRET studies using probes confined to
gp120 (Thakur et al., 2025; Ao et al., 2024; Lu et al., 2019a; Kong et al., 2016), as well as molec-
ular virology studies examining neutralization sensitivity or resistance in tier-level viruses or those
with Env modifications (Ivan et al., 2019 Ruprecht et al., 2011-Foulkes et al., 2025 Parthasarathy
et al., 2024 Flemming et al., 2018). Structural analyses have revealed how Env-antibody complexes
neutralize through direct binding, identifying atomic footprints and steric blockades that prevent
CD4 or co-receptor engagement or insert into fusion-critical elements to block entry (Thakur et al.,
2025 Blattner et al., 2014 Scharf et al., 2014; Kong et al., 2016, Williams et al., 2017; Krebs
et al., 2019; Huang et al., 2012 Kwon et al., 2016). 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 gp120 (Thakur et al., 2025; Ao et al., 2024; Lu et al., 2019a; Kong et al.,
2016) revealed their preferential recognition of PC, distinct from the 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 BANC195, VRC42, DH511.2_K3, and 10E8.4/iMab presented here is, to our knowl-
edge, 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
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or closing of Env trimers (lvan et al., 2019 Ruprecht et al., 2011 Foulkes et al., 2025 Parthasarathy
et al., 2024 Flemming et al., 2018). Our smFRET data, which capture Env conformational distribu-
tions and bNAb-induced shifts, reveal intrinsic conformational flexibility consistent with these studies
in principle. In particular, one MPER-directed bNAb, 10E8.4/iMab, can open the spike in a manner
similar to CD4, consistent with other experiments showing that MPER and CD4 binding synergize
(Ruprecht et al., 2011; Foulkes et al., 2025).

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.

Complementary views from smFRET and structural studies in general
The smFRET analyses reveal that bNAb binding generally shifts the conformational equilibrium of Env
rather than driving all trimers into a single structural state. Even in the presence of saturating ligands,
substantial fractions of Env remain in alternative conformations, highlighting the intrinsic conforma-
tional heterogeneity of the native viral spike. This heterogeneity likely reflects both differences in ligand
binding and the dynamic energy landscape of Env. In this regard, smFRET and structural methods
provide complementary information. While cryo-EM and cryo-ET define the molecular architecture of
individual conformational states, smFRET quantifies their relative populations and dynamic intercon-
version. The conformational ensembles observed by cryo-EM may also be influenced by factors such
as conformation-dependent radiation sensitivity and the requirements of image classification, making
low-abundance or highly dynamic states more difficult to recover. Together, these complementary
approaches provide a more complete view of Env conformational dynamics than either method alone.
The TDPs further illustrate how different ligands reshape the conformational landscape by altering
both state occupancies and the transitions between them, rather than simply stabilizing a single static
structure.

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 compo-
sition, 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 co-receptor 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.
Photobleaching of the donor and acceptor fluorophores within approximately 10 s of excitation limits
the observation window for individual molecules. 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 detec-
tion 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 inte-
gration 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.

Materials and methods

or resource Designation Source or reference Identifiers Additional information
Strain, strain background
(Escherichia coli) Stbl3 Invitrogen Cat# C7373-03

Continued on next page
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Source or reference

Identifiers Additional information

Cat# CRL-3216

Cell line (Homo sapiens)  HEK293T ATCC RRID:CVCL_0063
Cat# ARP-8129
Cell line (Homo sapiens)  TZM-bl BEI resources RRID:CVCL_B478

HIV-1 gp120B (Sheep antiserum

Antibody polyclonal) BEI resources Cat# ARP-288 WB (1:1000)

Antibody PG16 (Human monoclonal) BEI resources Cat# ARP-12150  Virus neutralization assay (10 ug /ml)

Antibody PGT151 (Human monoclonal) Peter D Kwong Lab, NIH smFRET (100 pg/ml)

Antibody 8ANC195 (Human monoclonal) Peter D Kwong Lab, NIH smFRET (100 pg/ml)

Antibody VRC34 (Human monoclonal) Peter D Kwong Lab, NIH smFRET (100 pg/ml)

Antibody VRC42 (Human monoclonal) Peter D Kwong Lab, NIH smFRET (100 pg/ml)
Priyamvada Acharya Lab,

Antibody DH511.2_K3 (Human monoclonal)  Duke University smFRET (100 pg/ml)

Antibody 10E8.4 (Human monoclonal) Peter D Kwong Lab, NIH smFRET (100 pg/ml)
David D Ho Lab, Columbia

Antibody iMab (Human monoclonal) University smFRET (100 pg/ml)
David D Ho Lab, Columbia

Antibody 10E8.4/iMab (Human monoclonal)  University smFRET (100 pg/ml)
Priyamvada Acharya Lab,

Antibody 17b (Human monoclonal) Duke University smFRET (100 pg/ml)

Recombinant DNA Amber-free HIV-1q,35 Envggses ART Addgene,

reagent WT Maolin Lu Lab, UT Tyler Cat# 213007

This construct is available

Recombinant DNA Amber-free HIV-1q,3 Envegsos ART — This paper, upon request made to the

reagent S401™6 R542™¢ Maolin Lu Lab, UT Tyler corresponding author

Recombinant DNA Edward Lemke Lab, Johannes

reagent tRNAY/NESPyIRSA® Gutenberg University Mainz

Recombinant DNA

reagent HIV-1-InGluc Maolin Lu Lab, UT Tyler

Peptide, recombinant Priyamvada Acharya Lab,

protein Soluble CD4 Duke University smFRET (100 pg/ml)

Chemical compound, Cat#

drug Polyethylenimine (PEI) Polyscience NC1014320

Chemical compound, Trans-cyclooct-2-en-L-lysine

drug (TCO*A) Sichem Cat# SC8008

Chemical compound,

drug LD555-TTZ Lumidyne Technologies Cat# 99 Custom synthesis

Chemical compound,

drug LD655-TTZ Lumidyne Technologies Cat# 99 Custom synthesis

Chemical compound,

drug Opti-prep Sigma Cat# D1556

Chemical compound,

drug BCN-OH quencher Sigma Cati# 742678

Chemical compound,

drug Protocatechuic acid (PCA) Sigma Cat# PHL89766

Chemical compound, Protocatechuate 3,4-dioxygenase

drug (PCD) Sigma Cat# P8279

Chemical compound,

drug Aldrithiol-2 Sigma Cat# 143049
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or resource Designation Source or reference Identifiers Additional information
Chemical compound,

drug DSPE-PEG (2000) Biotin Avanti Research Cat# A88129

Chemical compound, Cat# MP0050-

drug Mycoplasma PCR detection kit Millipore Sigma 100TST

Software, algorithm MATLAB MathWorks RRID:SCR_001622

Software, algorithm GraphPad Prism 10 GraphPad RRID:SCR_002798

Software, algorithm PyMOL PyMOL RRID:SCR_000305

Cell lines and cell maintenance

We obtained all cell lines used in this study from ATCC or BEI resources. 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% (vol/vol) 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,. In our laboratory, cell lines
were verified by microscopic examination of cellular morphology and growth-curve analysis, and were
routinely tested by PCR (Millipore Sigma # MP0O050-100TST) to confirm that they were Mycoplasma-
negative. Cells used for experiments were maintained between passages 3 and 10.

Plasmid construction

Tagged Env plasmids used in this study were constructed by site-directed mutagenesis using the
Amber-free HIV-1q4,3 Envgesos ART (Addgene # 213007; Ao et al., 2024) plasmid as a template. The
plasmid HIV-1a,3 Envgeses 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 (Poss and Overbaugh, 1999, Haddox
et al., 2018). Plasmid HIV-1q,3 Envgesos ART was made by deleting the gene encoding the reverse
transcriptase (RT) from the parental construct (Ma et al., 2018). The amber-free HIV-1q,3 Envggses ART
(Addgene # 213007) plasmid was created from HIV-1q23 Envgeses ART by substituting all TAG (amber)
stop codons in the Pol, Vif, Vpu, and Rev genes with TAA (ochre) stop codons (Ao et al., 2024). The
plasmid amber-free HIV-14,; Envggses S401™¢ R542™C was generated by introducing TAG stop codons
at the codons corresponding to Ser401 and Arg542 within the Env sequence. The dual-amber Envggsgs
S401™G R542™C 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.

Virus production

The preparation of HIV-14,3 Envggss viral particles has been previously described (Ma et al., 2018,
Ao et al.,, 2024; Lu et al., 2019a). 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 trans-
fection. The growth medium was then replaced with Opti-MEM, and the transfection complex was
prepared by mixing polyethylenimine (PEI; 1 mg/ml) with plasmid DNA (amber-free HIV-1423 Envgases
or its derivatives) at a 3:1 (vol:wt) ratio of PEI to total plasmid. The mixture was incubated at room
temperature for 15 min before being added to the cells. For packaging HIV-1 viral particles carrying
dual-amber mutant Env (such as N136™¢ S401™S or S401™C R542™9) (Ao et al., 2024), an additional
plasmid, tRNAP'/NESPyIRS* (a gift from the Edward Lemke Lab) (Sakin et al., 2017, Niki¢ et al.,
2016), 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 pM. For the preparation of viral particles used in subsequent infectivity and neutralization assays,
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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 hr. The culture
supernatant containing viral particles was collected, filtered through a 0.45-um membrane filter
(PALL #4654), and concentrated by ultracentrifugation through a 15% (w:v) sucrose cushion in PBS
at 25,000 rpm for 2 hr using an SW28 rotor (Beckman Coulter). The resulting viral pellets were resus-
pended in PBS for subsequent use.

Western blotting

Virus particle preparations or cell lysates were mixed with Laemmli SDS sample buffer (Thermo Scien-
tific, #J61337-AD) and heated at 95°C for 15 min. 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% (wt:vol)
non-fat milk (RPI, #M17200) in TBST buffer at room temperature for 1 hr, 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 min each), it was incu-
bated with HRP-conjugated anti-sheep IgG secondary antibody (Proteintech, #SA00001-16) at room
temperature for 1 hr. 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 trans-
fection of heavy-light chain plasmids, followed by protein A affinity column, size exclusion chromatog-
raphy, and buffer exchange to 20 mM PBS pH 7.5, 0.002% wt/vol azide, and then flash-frozen for use.
Overall, antibodies 17b, DH51.2_K3, 8ANC195, VRC34, VRC42, PGT151, 10E8.4, iMab, and 10E8.4/
iMab were produced in the same way. sCD4 was also expressed transiently and purified as described
previously (Thakur et al., 2025).

HIV-1 infectivity and antibody neutralization

Infectivity and neutralization assays were performed as previously described (Ao et al., 2024). 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 pl
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 hr. For infectivity assays, no antibody was
added, and the virus solution was applied directly to the cells. After incubation, the culture medium
from the TZM-bl cells was removed and replaced with 50 pl 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 hr 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 using a ZetaView X30 instrument (Particle Metrix). After sample loading, the instrument auto-
matically 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 acquisi-
tion and analysis were performed using ZetaView software (version 8.05.16 SP3).
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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 hr
to inactivate the HIV-1 virus. The viral particles are then purified by sucrose density gradient centrif-
ugation. Viral particles were mixed with a 6 nm gold tracer (Aurion). 4 pl 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 pm defocus. Tilt-series were collected at a magnification of x63,000,
corresponding to a pixel size of 2.01 A per pixel. The total dose per tilt series was ~80e~/A? distrib-
uted 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 (Kremer et al., 1996) and weighted back projection reconstruction of tilt series
into tomograms using Tomo3 (Agulleiro and Fernandez, 2015).

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 (Ao et al., 2024). S401* R542* virions refer to dual-color, fluorescently labeled
particles generated by incorporating noncanonical amino acids (ncAAs) at amber (TAG) codons corre-
sponding to S401 on gp120 and R542 on gp41 via amber suppression, followed by fluorophore conju-
gation through click chemistry. N136* R542* virions were generated analogously.

During transfection, plasmids encoding amber-free HIV-14,5 Envgases ART and those carrying dual-
amber Env variants (5401™¢ R542™6 or N136™¢ S401™€) were mixed at a calculated ratio (4:1) based
on their relative amber suppression efficiencies (~20%) of S401"** R542"** or N136"* S401"** Env
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 CacCl,. Fluorescent labeling of Env by click chemistry was performed as previously described
(Xu et al., 2025; Ao et al., 2024). Briefly, amber-free virions containing click-reactive TCO*A resi-
dues were 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 hr. The reaction was quenched by the addition of 1 mM BCN-OH followed by
incubation for 10 min. Subsequently, PEG2000-biotin was added to a final concentration of 0.1 mg/
ml, and the mixture was incubated for 30 min 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 hr. 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 S401™¢ R542™¢ 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 unre-
acted 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 spectro-
fluorometer (FluoroMax Plus-C-SP). Excitation spectra were acquired over the visible wavelength
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ranges (450-650 nm for LD555-TTZ and 550-700 nm for LD655-TTZ) at fixed emission wavelengths
of 569 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 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 (Lee
et al., 2024; Thakur et al., 2025; Ao et al., 2024). Fluorescently labeled HIV-1 virions were incu-
bated 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 NaCl, a triplet-state quencher cocktail, 2 mM protocatechuic acid, and
8 nM protocatechuate 3,4-dioxygenase at room temperature for 30 min prior to imaging. Ligand
and antibody concentrations were approximately fivefold above their 95% inhibitory concentration
(5% 1C95). 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 reflec-
tion 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 objec-
tive (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 s. Where indicated, virions were pre-incubated with the
appropriate ligand or antibody for 30 min at room temperature before imaging.

smFRET data processing and analysis

Data were viewed, processed, and analyzed by a customized SPARTAN software package (Juette
et al., 2016) and MATLAB-based scripts, as described previously by us and others (Munro et al.,
2014; Alsahafi et al., 2019; Ma et al., 2018; Lee et al., 2024; Thakur et al., 2025; Ao et al., 2024;
Das et al., 2018). Image stacks from smFRET recordings (2000 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 esti-
mated 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,/(l + y1,), where Iy and
I represent fluorescence intensities of the donor and acceptor, respectively, and the correlation coef-
ficient 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 automat-
ically 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), repre-
senting 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 visual inspection
of FRET trajectories with iterative HMM (McKinney et al., 2006; Qin, 2004). Model 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
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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 Supplementary file 1. The three FRET states correspond to
distinct and reproducible conformational populations under different experimental conditions, consis-
tent with previous Env smFRET studies employing different probe positions (Munro et al., 2014, Ma
et al., 2018, Ao et al., 2024; Lu, 2021).

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 (McKinney et al., 2006; Qin, 2004). State-to-state
transitions, indicating the locations and frequencies of conformational changes, were visualized as
TDPs. Dwell time distributions, representing the duration a molecule remains in a specific conforma-
tional state before transitioning to another, were compiled into survival probability plots and fitted to
a bi-exponential decay function (y = A, exp™"t + A, exp™). 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 PC 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 Q2NOS5). To enable
site-specific fluorophore labeling, residues S398 in gp120 and R539 in gp41 of a single protomer were
mutated to canonical lysine residues. The top-ranked predicted model showed acceptable agreement
with the experimentally determined PC Env structure (RCSB PDB ID: 4TVP), (Pancera et al., 2014)
with a backbone RMSD of 0.82 A. Atomic coordinates of Env in the CO state were based on the
experimentally solved structure (RCSB PDB ID: 5VN3) (Ozorowski et al., 2017). Residues R542 (chain
A) and T401 (chain J) were mutated to lysine residues using PyMOL (Schrédinger).

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 cova-
lent 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 condi-
tions. 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
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from a reference frame was retained, while fluorophore coordinates from all frames were superim-
posed to generate a composite dye ensemble representation.

Inter-dye distances were calculated on a per-frame basis using the center-of-mass 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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