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SUMMARY

Soluble envelope (Env) trimers, stabilized in a prefusion-closed conformation, can elicit 

neutralizing responses against HIV-1 strains closely related to the immunizing trimer. However, to 

date such stabilization has succeeded with only a limited number of HIV-1 strains. To address this 

issue, here we develop ADROITrimer, an automated procedure involving structure-based 

stabilization and consensus repair, and generate “RnS-DS-SOSIP”-stabilized Envs from 180 

diverse Env sequences. The vast majority of these RnS-DS-SOSIP Envs fold into prefusion-closed 

conformations as judged by antigenic analysis and size exclusion chromatography. Additionally, 

representative strains from clades AE, B, and C are stabilized in prefusion-closed conformations as 

shown by negative-stain electron microscopy, and the crystal structure of a clade A strain 

MI369.A5 Env trimer provides 3.5 Å resolution detail into stabilization and repair mutations. The 

automated procedure reported herein that yields well-behaved, soluble, prefusion-closed Env 

trimers from a majority of HIV-1 strains could have substantial impact on the development of an 

HIV-1 vaccine.
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Graphical Abstract

In Brief

A general method to stabilize HIV-1 envelope (Env) trimers in its prefusion-closed conformation 

may have substantial vaccine utility. Rawi et al. report an automated pipeline based on DS-SOSIP 

and repair-and-stabilization (RnS) strategies, which successfully stabilizes more than 70% of a 

diverse cross-clade panel of 180 strains in the prefusion-closed conformation.

INTRODUCTION

The mature HIV-1 envelope (Env) spike is a metastable trimer of gp120 and gp41 

heterodimeric subunits, which are derived from a gp160 precursor (reviewed in Harrison, 

2015; Wyatt and Sodroski, 1998). Trimer instability and Env sequence variability have been 

substantial barriers to the development of an HIV vaccine that aims to induce broadly 

neutralizing antibodies (reviewed in de Taeye et al., 2016; Pancera et al., 2017; Ward and 

Wilson, 2017), and stabilization of Env into a near native or prefusion-closed state has been 

deemed highly important to induce such antibodies. Moreover, low expression levels can 

decrease prospects for successful protein subunit vaccine development or the application of 

vector-based approaches. Therefore, stable and well-behaved Env trimers that fold 

efficiently and that arrest conformational changes in a prefusion-closed state are desired.
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Several stabilization strategies have been described that yield prefusion-closed HIV Env 

trimers, including SOSIP mutations (Binley et al., 2000; Sanders and Moore, 2017; Sanders 

et al., 2002), which comprise an engineered disulfide (SOS) between gp120 and gp41 

(Binley et al., 2000) and an Ile-to-Pro substitution (IP) in a critical region of gp41 (Sanders 

et al., 2002). When incorporated into BG505, a clade A transmitted/founder virus 

transmitted from a mother to an infant six weeks after birth (Wu et al., 2006) that exhibited 

broad antigenicity and neutralization sensitivity (Hoffenberg et al., 2013), the BG505 

SOSIP.664 Env trimer yields soluble, fully cleaved Env trimers in a prefusion-closed 

conformation (Ringe et al., 2013; Sanders et al., 2013). Although screening of additional 

strains could identify others of appropriate antigenicity (de Taeye et al., 2015), the BG505 

strain appeared especially suited to presentation of near-native trimers, and SOSIP.664 

stabilized Env trimers have been widely used by the field to elicit neutralizing titers against 

sequence-matched neutralization-resistant HIV isolates in standard vaccine-test species 

(Cheng et al., 2015; Chuang et al., 2017; de Taeye et al., 2015; Feng et al., 2016; Klasse et 

al., 2016; Martinez-Murillo et al., 2017; Pauthner et al., 2017; Saunders et al., 2017).

Despite promising results with SOSIP Env variants, the fraction of prefusion-closed trimer is 

less than optimal (Julien et al., 2015), and the resultant trimers open in the presence of CD4. 

Structural analysis of the BG505 SOSIP.664 trimer (Julien et al., 2013; Lyumkis et al., 2013; 

Pancera et al., 2014), however, has provided atomic-level coordinates as templates for 

structure-based stabilization (Chuang et al., 2017; de Taeye et al., 2015; Guenaga et al., 

2017; Kulp et al., 2017; Kwon et al., 2015; Steichen et al., 2016; Sullivan et al., 2017; 

Torrents de la Peña et al., 2017) and chimeric strategies (He et al., 2018; Joyce et al., 2017). 

Furthermore, the addition of a disulfide between residues 201 and 433 (DS-SOSIP) has been 

found to prevent CD4-induced conformational changes (Kwon et al., 2015), and more 

recently, a general paradigm to improve the quality and yield of prefusion-closed Env 

trimers has been proposed using a “repair-and-stabilization” (RnS) approach (Rutten et al., 

2018). In addition to identification of new stabilization mutations, Rutten et al. (2018) 

proposed the use of the repair strategy to substitute rare amino acid mutations of Env with 

consensus amino acid types, to make the Env more “transmitted/founder”-like, which have 

better folding characteristics.

Here we combined DS-SOSIP with RnS in an automated fashion to create a pipeline that 

starts with an Env sequence and results in an RnS-DS-SOSIP-stabilized sequence. We used 

both antigenic analysis and size exclusion chromatography of expressed Env trimers to 

determine whether they were in prefusion-closed conformations and further expressed and 

characterized a subset of the Envs by negative-stain electron microscopy (EM), as well as a 

clade A strain by X-ray crystallography. Overall, we observed the vast majority of the tested 

Env sequences to form well-behaved soluble prefusion-closed trimers.

RESULTS

Automated Pipeline for Designing Repaired and Stabilized DS-SOSIP

We developed an automated computational pipeline, automated design of prefusion-closed 

HIV trimers (ADROITrimer), which designs prefusion-closed HIV-1 Env trimers of any 

given HIV-1 strain (Figure 1; STAR Methods). The first step involved aligning wild-type 
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Env sequences with the corresponding clade reference alignment to identify positions of rare 

mutations (defined by sequence variants that occurred in <2% of HIV sequences). In the 

second step, these rare mutations were replaced by consensus amino acids for those 

positions in the clade-specific reference alignment or group M reference alignment. The 

average number of repair mutations introduced for each sequence was 9.7 (~1.5% of total 

residues) (Figure S1A). On average, clades D/CD sequences had the most repair mutations, 

while clades A/AC/ACD/AD had the fewest repair mutations (Figure S1B). In the third step, 

seven residues were substituted with amino acid variants—535N, 556P, 588E, 589V, 651F, 

655I, and 658V (HXB2 numbering)—which we found to increase trimeric yields for diverse 

Envs (e.g., for strains Du422, ZM233M, and ZM246F) (Rutten et al., 2018). In the final 

step, DS-SOSIP mutations (DS: 201C, 433C; SOSIP: 501C, 605C, and 559P) (Kwon et al., 

2015) along with cleavage-enhancing six Arg (replacing residues 508–511) and truncation of 

the protein after residue 664 (Sanders et al., 2013) were incorporated to yield RnS-DS-

SOSIP-stabilized Env sequences. ADROITrimer requires only two inputs: the wild-type Env 

sequence in FASTA format and its clade classification, and outputs the RnS-DS-SOSIP 

repaired and stabilized sequence.

Antibodies Specific for the Prefusion-Closed Conformations of Env Trimer Recognize 134 
of the 180 RnS-DS-SOSIP Env Trimers

To test ADROITrimer, we created 180 RnS-DS-SOSIP Env trimers (Data S1), on the basis 

of the published panel of diverse Env sequences that we previously used to assess DS-SOSIP 

(Kwon et al., 2015) and BG505-chimeric (Joyce et al., 2017) approaches to stabilize soluble 

Env trimer. 293T cells were transfected with plasmids encoding the ADROITrimer-defined 

Env sequences, and the supernatants were assessed for the presence of Env trimer as well as 

reactivity to a panel of broadly neutralizing antibodies by using ELISA (see STAR 

Methods). Two of these antibodies, PGT145 (Walker et al., 2011) and CAP256-VRC26.25 

(the latter named for donor-lineage.clone and herein referred to as VRC26.25) (Doria-Rose 

et al., 2015), specifically bind Env in prefusion-closed conformations. Notably, 134 of the 

RnS-DS-SOSIP HIV-1 Env constructs showed ELISA responses that were at least 75% of 

the response relative to the BG505 DS-SOSIP control (Figure 2A; Data S2) for either 

PGT145 or VRC26.25 binding. As PGT145 and VRC26.25 neutralize only 144 of the 180 

strains, the success rate for RnS-DS-SOSIP stabilization on strains neutralization sensitive to 

either of these two antibodies was 119 of 144 strains (82.6%) (Table S1A). Interestingly, 15 

strains that were neutralization resistant to both PGT145 and VRC26.25 satisfied this 

antigenic criterion, indicating these strains were stabilized in the prefusion-closed 

conformation with RnS-DS-SOSIP. (Table S1A). For the 15 strains in question, critical 

binding residues for antibodies PGT145 and CAP256-VRC26.25 were introduced by the 

repair process for 9 of the strains (glycan 160 for strains 0815.V3.C3, 3637.V5.C3, 

BR07.DG, and QH0692.42; 166R for strains 3817.v2.c59, CNE30, DU172.17, ZM135.10a; 

169K for strain NKU3006.ec1), and with 4 of the strains (6471.V1.C16, MN.3, 

NKU3006.ec1, and BR07.DG), the ELISA signal was less than that of BG505 DS-SOSIP 

for either antibody, although it did satisfy the antigenic criteria. To assess phylogenetic 

clustering of the successful prefusion-closed-stabilized strains, we analyzed the phylogenetic 

distribution of the 180 tested strains, and observed that the prefusion-closed-stabilized 

strains were distributed over all clades (Figure 2B), with clade-specific success rates ranging 
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from 53% (clade AG) to 90% (recombinant clade C/BC) (Figure S2A). Notably, the average 

sequence identity between a non-prefusion-closed construct and the “closest” prefusion-

closed construct was 0.87, similar to the average pairwise sequence similarity within a clade 

(Figures S2C and S2D).

We also used AlphaLISA to assess the recognition by broadly neutralizing antibodies 

PGT145, PGDM1400 (Sok et al., 2014), and PGT128 (Walker et al., 2011) for 177 of 180 

strains, when expressed with DS-SOSIP-only stabilization or the RnS-DS-SOSIP 

stabilization. Overall, a significantly higher level of recognition by the RnS-DS-SOSIP 

stabilization was observed (Figure 2C), with the binding ratio increasing 4- to 7-fold for 

RnS-DS-SOSIP versus DS-SOSIP-only stabilized constructs, with the higher ratios seen 

with antibodies PGT145 and PGDM1400, which preferentially recognize prefusion-closed 

forms of the HIV Env (Figure S3).

Analytical SEC Confirmed RnS-DS-SOSIP-Stabilized Constructs to Yield Significantly 
Higher Amounts of Trimer

As many strains in our 180-strain panel, especially from clade B (Bricault et al., 2019), were 

not neutralized by antibodies PGT145 and VRC26.25, which we used as the criterion to 

determine prefusion-closed antigenicity (Figure 2B), this might be underestimating the 

improvement indicated by 96-well ELISA and AlphaLISA experiments. To evaluate the 

improvement in folding of soluble trimers, as judged by size exclusion chromatographic 

behavior, we used high-throughput ultra-high performance liquid chromatography 

(UHPLC)-based analytical size exclusion chromatography to compare the trimer content of 

the transiently transfected DS-SOSIP-only and RnS-DS-SOSIP-stabilized Env trimers 

(Figure 2D). With this chromatography, aggregates, trimers, gp140 monomers, gp120 

monomers, and gp41 monomers are well resolved.

For each pair of Env trimers, the trimer area under the curve (AUC; mAU · min) was 

measured for the elution peaks, and the amount of RnS-DS-SOSIP-stabilized Env trimer was 

found to be significantly higher than with DS-SOSIP-only stabilization (Figure 2E). In 166 

of the 179 Env trimers (~93%), the RnS mutations led to an either small or large increase in 

the AUC (not shown). For the RnS-DS-SOSIP trimers, 143 of 179 tested strains had AUCs 

that were higher than half of the AUC value for BG505 DS-SOSIP, suggesting that ~80% of 

the RnS-DS-SOSIP Envs can be regarded as well-behaving trimers with reasonable yields 

(Table S1B). Clade-based analysis of the trimer fraction furthermore showed the 

improvement in trimer yield to extend to all tested clades (Figure S2B). We also observed a 

positive correlation between the AUC metric and the antigenicity score (R = 0.37, p < 

0.0001) (Figure 2F). Overall, analytical SEC indicated increased yields of well-behaved Env 

trimer from stabilization by RnS-DS-SOSIP versus by DS-SOSIP-only.

Antigenic Analysis and Negative-Stain EM Confirmed Prefusion-Closed Conformation for 
Select RnS-DS-SOSIP-Stabilized Constructs

To further characterize the repaired and stabilized Env trimers, RnS-DS-SOSIP variants for 

three strains (clade AE C1080.c3, clade B REJO.67, and clade C 6838.v1) were selected for 

larger scale expression and purification (Figure 3A). The RnS-DS-SOSIP variants of these 
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strains demonstrated prefusion-closed antigenicity in the 96-well ELISA screening, while 

their DS-SOSIP versions did not have prefusion-closed antigenicity (Joyce et al., 2017). We 

used a modified procedure involving affinity chromatography with the broadly neutralizing 

CD4-binding site antibody, 3BNC117, which had an HRV3C-protease cleavage site inserted 

into its hinge region. The 3BNC117(HRV3C site-inserted)-bound trimers were captured on 

Protein A resin, and the Fab-bound trimers were liberated by HRV3C (PreScission Protease) 

cleavage.

The antibody binding characteristics of the Fab-bound liberated trimers were characterized 

using bio-layer interferometry. The Fab-bound liberated trimers were able to bind apex 

antibodies PGT145 and VRC26.25, indicating a substantial degree of prefusion-closed 

trimers (Figure 3B). Additionally, the gp41-gp120 interface appears to be properly formed, 

as indicated by the binding of VRC34.01 (Kong et al., 2016b). Of note, the VRC01 antibody 

did not bind, consistent with the CD4-binding site being blocked by Fab 3BNC117. The 

Fab-bound trimer was clearly the most substantial peak by SEC analysis (Figures 3C–3E, 

upper panels), and negative-stain EM images were consistent with Fab-bound prefusion-

closed trimers, with additional density appearing as a pinwheel around the trimer (Figures 

3C–3E, lower panels).

To compare the yield and antigenicity of these three strains between RnS-DS-SOSIP and 

DS-SOSIP contexts, we purified the DS-SOSIP and RnS-DS-SOSIP variants of these three 

Envs with lectin-based chromatography, followed by gel filtration. Overall, the yield for 

RnS-DS-SOSIP was higher than that for DS-SOSIP for all three strains, ranging from 1.5-

fold to 7-fold (Figure S4A). In addition, RnS-DS-SOSIP showed substantial increases in 

PGT145 and VRC26.25 binding for the C1080.c3 and REJO.67 strains compared with the 

DS-SOSIP counterparts (Figure S4B).

Properties and Crystal Structure of MI369.A5 RnS-DS-SOSIP

To provide a structural explanation of the improvement bestowed by the RnS-DS-SOSIP 

procedure, we determined the crystal structure of MI369.A5 RnS-DS-SOSIP at 3.5 Å 

resolution, using lattice-forming antibodies as crystallization aids (Lai et al., 2019) (Figure 

4). MI369.A5 is a clade A strain, and MI369.A5 RnS-DS-SOSIP showed superior 

antigenicity based on ELISA screening, while MI369.A5 DS-SOSIP did not exhibit a 

prefusion-closed antigenicity. Overall, the crystal structure had well-defined electron density 

that covered most of the Env trimer, including most of the mutations introduced by RnS.

Clear electron density was observed for the side chains of N651F, K655I, K658V, and 

E662A (Figure 4, lower right panel). These mutations introduced a hydrophobic interface 

between gp41 of two adjacent protomers and might stabilize the base of the Env trimer. This 

observation is in line with a previously determined crystal structure of a consensus clade C 

Env (Rutten et al., 2018). Additionally, the introduction of N535 created a hydrogen bond 

with the carbonyl of G531, stabilizing the secondary structure of this short helix at the base 

of the trimer. RnS mutations also appeared to function by stabilizing the gp120-gp41 

interface, with E588 hydrogen bonding with R585 and E492 and with V589 interacting 

hydrophobically with L494 and P493 (Figure 4, lower left). Electron density was also 

consistent with the introduction of a site for N-linked glycosylation at the base of V3 by the 
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RnS mutation S386N (Figure 4, upper left). The crystal structure also provided the structural 

basis for understanding the unique stabilizing effects by the repair mutations from 

ADROITrimer for the MI369.A5 Env trimer. For example, A320T introduced a hydrogen-

bonding network with Y435 and Q422 (Figure 4, upper right panel). The crystal structure 

thus revealed atomic-level structural features of Env trimer stabilization as well as for strain-

specific features, specific to the clade A MI369.A5 Env.

RnS-DS-SOSIP Stabilized More Strains in Prefusion-Closed Conformation Than DS-SOSIP 
and Chimera-DS-SOSIP

In light of the high sequence diversity of Env, each of the RnS-DS-SOSIP stabilization 

mutations likely contacts different neighboring residues within the 180-strain panel of 

diverse Envs we assessed for stabilization. On the basis of the PGT145/VRC26.25 antigenic 

screening criteria used in this study, the RnS-DS-SOSIP approach yielded the best overall 

performance in stabilizing HIV-1 strains in prefusion-closed conformations compared with 

DS-SOSIP (Kwon et al., 2015) and Chimera-DS-SOSIP (Joyce et al., 2017).

Among the 179 strains that have been assessed using all three approaches (DS-SOSIP, 

Chimera-DS-SOSIP, and RnS-DS-SOSIP), we observed 41 DS-SOSIP-, 76 Chimera-DS-

SOSIP-, and 133 RnS-DS-SOSIP-stabilized strains to have appropriate PGT145/VRC26.25 

prefusion-closed antigenicity, with 34 strains being stabilized using all three approaches 

(Figures 5A and B). Notable, 61 diverse strains were stabilized only using RnS-DS-SOSIP, 

and only 8 diverse strains were stabilized by either DS-SOSIP or Chimera-DS-SOSIP but 

not by RnS-DS-SOSIP (Figure 5B).

We also analyzed the success of stabilization phylogenetically and by clade (Figures 2B and 

5C–5E). Although successful RnS-DS-SOSIP stabilization was generally widespread, it 

reached only 55% for the clade B strains with the criteria used in this study (even though in 

33 of the 38 clade B Env trimers [~87%], the RnS mutations led to an either small or large 

increase in the AUC [not shown]), for which a higher proportion of the sequences were 

resistant to both PGT145 and VRC25.26, and among those strains that could be neutralized 

by PGT145 or VRC25.26, a significant proportion of strains could not be stabilized into 

prefusion-closed conformation with appropriate antigenicity (Figure 5D). In general, 

however, the RnS-DS-SOSIP stabilization approach was superior independent of the clade 

classification, yielding 3-fold and 2-fold improvements over DS-SOSIP and Chimera-DS-

SOSIP, respectively (Figure 5E).

DISCUSSION

HIV-1 Env is highly variable in sequence and conformation, two characteristics that impede 

the development of an efficacious vaccine that seeks to induce broadly neutralizing 

antibodies against HIV. The extraordinary glycosylation of Env also impedes vaccine 

development, as human antibodies preferentially recognize immunogenic non-glycosylated 

Env regions, such as those exposed on open trimers; even minor imperfections in Env 

folding may hamper the induction of the desired glycan shield-penetrating antibodies. For 

the development of an effective HIV vaccine that elicits broadly neutralizing antibodies, it 
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may thus be very helpful to be able to produce diverse prefusion-closed trimers with high-

quality folding and stability.

Substantial progress has been made in recent years to stabilize the conformation of Env on 

the basis of disfavoring open or postfusion conformations by introducing disulfide bridges, 

optimizing packing, or using stabilizing substitutions known from other Envs (Binley et al., 

2000; Chuang et al., 2017; de Taeye et al., 2015; Dey et al., 2009; Garces et al., 2015; 

Guenaga et al., 2015, 2017; Kesavardhana and Varadarajan, 2014; Kong et al., 2016a; Kulp 

et al., 2017; Kwon et al., 2015; Sanders et al., 2002; Steichen et al., 2016; Sullivan et al., 

2017; Torrents de la Peña et al., 2017). Very few of these studies, however, have tested these 

stabilization mutations on a large variety of HIV-1 strains. In this study, we combined DS-

SOSIP (Kwon et al., 2015) and RnS (Rutten et al., 2018) approaches, developed an 

automated procedure (ADROITrimer) by which the Env sequence from any HIV-1 strain can 

be converted into a RnS-DS-SOSIP-stabilized Env trimer, and confirmed with antigenic 

assays and SEC that RnS-DS-SOSIP can stabilize Envs in the prefusion-closed 

conformation for the vast majority of the 180 tested HIV-1 strains.

We used 535N, 556P, 558E, 589V, 651F, 655I, and 658V for stabilization (Figure 1) which 

previously were shown to stabilize a number of Envs, such as Du422, ZM233M, and 

ZM246F (Rutten et al., 2018). To determine if the RnS-DS-SOSIP-stabilized trimers were in 

the desired prefusion-closed conformation, we used recognition by antibodies PGT145/

VRC26.25, which recognize the V2 apex and are considered specific for the prefusion-

closed conformation of the Env trimer (Figure 2). This likely underestimated the percentage 

of Env trimers that could fold into closed conformations, as PGT145 and VRC26.25 

neutralized only 144 of the 180 strains in our test panel, and we observed high trimer content 

in ~80% of the Env strains on the basis of SEC (Figure 3). An alternative antigenic criterion 

would be low recognition by V3 antibodies specific for the open conformation (e.g., V3 

antibodies 447–42D, 3074, and 2557) (Gorny et al., 2004; Jiang et al., 2010; Killikelly et al., 

2013), along with good recognition by broadly neutralizing antibodies such as PGT128, 

PGT151, and VRC01.

We noticed that there were a number of strains resistant to PGT145 and VRC26.25 showing 

binding toward PGT145 or VRC26.25 when stabilized with RnS-DS-SOSIP. One of the 

reasons was that for a number of strains for which glycans that are critical to binding of 

V1V2-tageting antibodies (glycans 156 and 160) were missing, the repair process added 

these N-linked glycosylation sequons (glycan 156 is missing in 6 of the 180 strains, all 6 

strains—0260.v5.c36, SS1196.01, CAP210.E8, ZM109.4, ZM197.7, ZM233.6—glycan 156 

was repaired back; glycan 160 is missing in 16 of the 180 strains, 8 of these strains—

0815.V3.C3, TH976.17, 89.6.DG, BR07.DG, CNE14, QH0692.42, 3637.V5.C3, 

3337.V2.C6—glycan 160 was repaired back). Also, we note that phylogenetic and clade 

analysis of stabilization (Figure 5) indicated room for further improvement, as a number of 

strains, especially in clade B, were neutralized by PGT145 or VRC26.25, but the RnS-DS-

SOSIP failed to yield pre-fusion-closed Env trimer under the criteria set in this paper. 

Possibly RnS-DS-SOSIP could be combined with additional stabilization to increase further 

the percentage of Env strains stabilized in prefusion-closed state. Additional improvements 

that could be explored relate to purification, as a number of procedures use affinity 
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chromatography along with an unfolding/refolding step to remove the elute trimer (Dey et 

al., 2018; Sanders et al., 2013). We used lectin followed by SEC (Figure 3), and for the 

strains we selected for large-scale production (Figure 3), none of the Envs could be purified 

by 2G12/3 M MgCl2 elution, likely because of an inability to refold after elution. However, 

they could be purified as Fab 3BNC117-bound prefusion-closed trimers through 

introduction of an HRV3c-cleavage site (McLellan et al., 2011, 2013). This purification 

method would be useful in cases in which the remaining Fab would not interfere with 

downstream experiments, such as cases in which a Env:Fab complex is desired.

STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Gwo-Yu Chuang (gwo-

yu.chuang@nih.gov).

Materials Availability—Plasmids generated in this study will be made available on 

request but we require a completed Materials Transfer Agreement. Plasmids for C1080.c3 

RnS-DS-SOSIP, REJO.67 RnS-DS-SOSIP, 6838.V1.C35 RnS-DS-SOSIP, and MI369 RnS-

DS-SOSIP are being deposited to Addgene.

Data and Code Availability—ADROITrimer is available for download at https://

github.com/RedaRawi/ADROITrimer. The accession number for the coordinates of 

MI369.A5 RnS-DS-SOSIP in complex with a variant of antibody 3H+109L (Garces et al., 

2015) and a variant of antibody 35O22 (Pancera et al., 2014) reported in this paper is PDB: 

6WIX.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines—Freestyle 293 cells were purchased from GIBCO (cat#R79007). Expi293F 

were purchased from GIBCO (cat#A14527). 293T cells were purchased from ATCC 

(cat#CRL-3216). The above cell lines were used directly from the commercial sources and 

cultured according to manufacturer suggestions.

METHOD DETAILS

ADROITrimer program—ADROITrimer requires two inputs from the user to generate 

RnS-DS-SOSIP stabilized constructs, in particular, (i) the target HIV-1 env sequence, and 

(ii) the clade assignment of the target sequence. The HIV-1 filtered web alignment of 2016 

obtained from the Los Alamos National Laboratory’s HIV database (https://

www.hiv.lanl.gov/) was used as reference alignment. In an initial step, ADROITrimer counts 

how many sequences within the reference alignment have the same clade assignment as the 

target sequence. If greater than or equal to 50 sequences have the target sequence clade 

assignment, then the clade specific alignment is used. If less than 50 sequences match the 

target clade, then the full reference alignment is used. Second, the target sequence was 

aligned to the new clade reference alignment using MUSCLE (Edgar, 2004). Subsequently, a 

target sequence residue was designated as rare, if either it’s prevalence is below 2% within 
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the clade reference alignment, or if it’s prevalence is between 2% and 7.5% and the residue 

was buried or partly buried (i.e., buried surface area was less than 30% of the highest surface 

area, estimated by the HIV-1 Env BG505 structure, PDB: 5FYL; buried surface area was 

calculated using NACCESS (http://wolf.bms.umist.ac.uk/naccess/)). In the repair step the 

rare residues are replaced with the consensus residues, if their minimum sequence identity is 

at least 60%. In the stabilization step, seven residues are mutated – 535N, 556P, 558E, 589V, 

651F, 655I, and 658V (HXB2 numbering) – which were previously reported to increase 

trimeric yield (Rutten et al., 2018). In the final step, DS-SOSIP mutations (DS: 201C, 433C; 

SOSIP: 501C, 605C, and 559P) (Kwon et al., 2015; Sanders et al., 2013) are added. Finally, 

the cleavage site (residues 508–511) are replaced with six Arg, residues 31–35 are replaced 

with those from BG505 strain (“AENL”), and residues after residue 664 (Sanders et al., 

2013) are truncated.

HIV Env construct expression vector—The designed RnS-DS-SOSIP constructs, with 

a D7324 epitope-tag sequence added at the C terminus, were cloned into the mammalian 

expression vector VRC8400 (Catanzaro et al., 2007).

96-well expression and antigenic analysis—24 hours prior to DNA-transient 

transfection, 100 μL per well of log-phase growing HEK293T cells were seeded into a 96-

well micro-plate at a density of 2.5×105 cells/ml in optimized expression medium (RealFect-

Medium, ABI Scientific, VA), and incubated at 37°C, 5% CO2. Prior to transfection, 40 μL 

per well of spent medium was removed. For transient transfection, DNA-TrueFect-Max 

complex was prepared by mixing 0.25 μg plasmid DNA in 10 μL per well of Opti-MEM 

medium (Invitrogen, CA) with 0.75 μL of TrueFect-Max transfection reagent (United 

BioSystems, VA) in 10 μL of Opti-MEM medium, and incubating for 15 min, and then 

mixed with growing cells in the 96-well plate and incubated at 37°C, 5% CO2. In day one 

post transfection, 30 μL per well of enriched expression medium (CelBooster Cell Growth 

Enhancer Medium for Adherent cell, ABI Scientific, VA) was fed. After four days post 

transfection, the antigenic analysis of immunogens was characterized by 96-well-formatted 

ELISA. Briefly, D7324 antibody-coated 96-well ELISA plates were prepared by incubating 

100 μL per well of 2 μg/ml of sheep anti-HIV-1 gp120 antibody (D7324) (Aalto Bio 

Reagents, Ireland, catalog # D7324) in phosphate buffered saline (PBS) in 96-Well Flat-

Bottom Immuno Plate (Nunc, Thermo, IL) overnight at 4°C, followed by the removal of the 

coating solution and incubation of 200 μL per well of CelBooster Cell Growth Enhancer 

Medium (ABI Scientific, VA) for 2 hours at room temperature (RT). After washing with 

PBS + 0.05% Tween 20, 30 μL per well of the expressed supernatant mixed with 70 μL per 

well of PBS was incubated for two hours at room temperature (RT). After washing, 100 μL 

per well of 10 μg/ml primary antibody in 50% CelBooster Cell Growth Enhancer Medium 

and PBS with 0.02% tween 20 was incubated for 1 hour at RT. After washing, 100 μL per 

well of Horseradish peroxidase (HRP)-conjugated goat anti-human IgG antibody (Jackson 

ImmunoResearch Laboratories Inc., PA), diluted at 1:10,000 in CelBooster Cell Growth 

Enhancer Medium with 0.02% tween 20, was incubated for 30 min at RT. After washing, the 

reaction signal was developed using 100 μL of BioFX-TMB (SurModics, MN) at RT for 10 

min, and then stopped with 100 μL of 0.5 N H2SO4. The readout was measured at a 

wavelength of 450 nm, and OD450 values were normalized and analyzed. All samples were 
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performed in duplicate. Following antibodies were assessed: CAP256-VRC26.25 (Doria-

Rose et al., 2015), PGT145 (Walker et al., 2011), PGT151 (Falkowska et al., 2014), VRC01 

(Zhou et al., 2010), VRC34.01 (Kong et al., 2016b), 3BNC117 (Scheid et al., 2011), N6 

(Huang et al., 2016), F105 (Chen et al., 2009), 17b (Kwong et al., 1998), 17b + CD4, and 

447–52D (Killikelly et al., 2013).

Analytical SEC—An ultra high-performance liquid chromatography system (Vanquish, 

Thermo Scientific) was used for performing the analytical SEC experiment using Expi293F 

cell culture supernatants. Centrifuged crude cell supernatant supernatants were applied to a 

Unix-C SEC 300 4.6×150 mm column, with the corresponding guard column (Sepax) 

equilibrated in running buffer (150 mM sodium phosphate, 50 mM NaCl, pH 7.0) at 0.3 mL/

min. The signal of supernatants of non-transfected cells was subtracted from the signal of 

supernatants of Env transfected cells.

AlphaLISA®—AlphaLISA® (Perkin-Elmer) is a bead-based proximity assay in which 

singlet oxygen molecules, generated by high energy irradiation of Donor beads, transfers to 

Acceptor beads, which are within a distance of approximately 200 nm. It is a sensitive high 

throughput screening assay that does not require washing steps. A cascading series of 

chemical reactions results in a chemiluminescent signal (Eglen et al., 2008). The HIV 

constructs were expressed in Expi293F cells, which were cultured for 3 days in 96 well 

plates (200 μl/well). Crude supernatants were diluted 120 times in AlphaLISA® buffer (PBS 

+ 0.05% Tween-20 + 0.5 mg/mL BSA). Subsequently 10 μl of these dilutions were 

transferred to a half-area 96-well plate and mixed with 40μl acceptor beads, mixed with 

donor beads and mAb. The beads were mixed well before use. After 2 hours of incubation at 

RT, non-shaking, the signal was measured with Neo (BioTek) The donor beads were 

conjugated to Streptavidin (Cat#: 6760002B, Perkin Elmer), which could bind to the mAb, 

modified with Biotin using Sortase A. The acceptor beads were conjugated to anto-V5 mAb 

(Cat#: AL129R, Perkin Elmer), which could bind to the mAb, modified with a V5 peptide 

using Sortase A. The acceptor beads were conjugated to PGT128 and PGT145, PGDM1400 

(Sok et al., 2014) and PGT128 (Walker et al., 2011) were conjugated to donor beads. The 

average signal of mock transfections (no Env) was subtracted from the AlphaLISA counts 

measured for the different Env proteins. As a reference the BG505_SOSIP Env plasmid was 

used. For normalization, the data was divided by the BG505_SOSIP signal.

Expression and purification of select HIV Env constructs by 3BNC117-affinity 
and HRV3c-column cleavage—HIV Env trimers were expressed as previously 

described (Pancera et al., 2014; Rutten et al., 2018; Sanders et al., 2013). Briefly, 1L of 

Freestyle 293 cells (GIBCO) were transiently co-transfected with HIV Env and furin DNA. 

The cells were allowed to grow for 6 days, after which they were spun down and the media 

collected. The 3BNC117 - HRV 3C modified antibody was expressed by transient 

transfection of Expi293F cells (GIBCO) with the heavy and light chains DNAs. The cells 

were boosted 24 hours after transfection with 80ml per liter of AbBooster Enhancer (ABI 

Scientific) and the cells were grown at 32°C for 5 additional days. Following clarification, 

the two protein containing medias were mixed at a ratio of 1:8 of 3BNC117 to HIV Env. The 

crude proteins were allowed to incubate for 1 hour at 4°C after which Protein A resin (GE 
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Healthcare) was added. After incubation the resin was washed with PBS, and HRV 3C was 

added. The protease was reacted overnight at 4°C, and the following day the cleaved 

antibody:Env complex was collected.

Protein complexes were further purified by size-exclusion chromatography using a 

Superdex-200 column in PBS. Following SEC, proteins were concentrated to 1mg/mL, with 

an addition of 10% glycerol, and flash frozen in liquid nitrogen. Antigenic characterization 

against CAP256-VRC26.25 (Doria-Rose et al., 2015), PGT145 (Walker et al., 2011), 

VRC01 (Zhou et al., 2010), PGT151 (Falkowska et al., 2014), VRC34.01 (Kong et al., 

2016b), and VRC-PG05 (Zhou et al., 2018) was performed on an Octet HTX (ForteBio) 

using Anti-Human IgG Fc Capture (AHC) biosensors, and all samples were used at 

50μg/mL. Motavizumab (Wu et al., 2007), an RSV antibody, was used as a negative control.

Purification of select HIV Env constructs by lectin affinity—For purification of 

unliganded HIV Env, lectin based purification was used as has been previously described 

(Verkerke et al., 2016). Briefly, the supernatants containing either DS-SOSIP or DS-SOSIP-

RnS Env’s were incubated for 2 hours with Galanthus nivalis lectin agarose (Sigma). The 

resin was washed with PBS, and protein eluted with 300mM alpha methyl-

mannopyrannoside in PBS. The HIV Env was applied to a Superdex S-200 gel filtration 

column in PBS, after which it was concentrated to 1mg/ml for assay and storage.

Negative stain EM—Proteins were diluted to a concentration of about 0.02 mg/ml with 

buffer containing 10 mM HEPES, pH 7.0, and 150 mM NaCl, adsorbed to a glow-

discharged carbon-coated copper grid, washed with the same buffer, and stained with 0.75% 

uranyl formate. Images were recorded at a nominal magnification of 100,000 (pixel size: 

0.22 nm) using SerialEM (Mastronarde, 2005) on an FEI Tecnai T20 electron microscope 

equipped with a 2k × 2k Eagle CCD camera and operated at 200 kV. Particles were selected 

from the micrographs automatically using in-house written software (Y.T., unpublished data) 

and extracted into 128×128-pixel boxes. Reference-free 2D classification was performed 

using Relion Scheres (Scheres, 2012).

HIV-1 Env Trimer-Fab Complex Preparation and Crystallization—Crystallization 

and structure determination of MI369 was aided by the use of designed antibody scaffold 

which have been previously shown to improve crystal growth and diffraction resolution (Lai 

et al., 2019). Purified MI369 HIV-1 Env was mixed in a 1:1.2:1.2 molar with a variant of 3H

+109L (Garces et al., 2015) Fab and a variant of 35O22 (Pancera et al., 2014) scFv, and 

incubated overnight at room temperature. The antibody:Env complex was purified by size 

exclusion chromatography on a Superdex S-200 column. Crystal drops were setup by 

mixing 1μL protein at 10–15mg/ml with 1μL 180mM LiSO4, 90mM Imidazole pH 6.5, 

4.5% MPD, 7.4% PEG 3,350. After crystals were grown, they were cryo-protected with 

mother liquor supplemented with 15% (2R,3R)-(−)-2,3-Butanediol and flash frozen in liquid 

nitrogen.

X-ray data collection, structure solution, model building, and refinement—
Diffraction data was collected at the 22ID beamline of the Advanced Photo Source at the 

Argonne national lab. The data was indexed and scaled using HKL2000, and then submitted 
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to the Diffraction Anisotropy Server (Strong et al., 2006). This was done to compensate for 

the high anisotropy of the collected data, with the highest resolution diffraction appearing at 

2.67Å, but only being reasonably complete to 3.5Å. Molecular replacement was performed 

in Phaser, and iterative model building and structure refinement were performed in Coot and 

Phenix Refine (Liu et al., 2019) respectively. Statistics in Table S2 are given according to a 

high-resolution shell of 3.5Å, as this is the better descriptor of the quality of the maps and 

structure.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two tailed Mann-Whitney test was used to determine statistical significance in Figures 2C, 

2E, and 5A. Pearson correlation was used to determine the correlation in Figure 2F. R was 

used for statistical analysis. Additional details can be found in respective figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Automated ADROITrimer pipeline enables prefusion-closed stabilization of 

HIV Env

• 134 of 180 RnS-DS-SOSIP Env variants are recognized by PGT145 or 

CAP256-VRC26.25

• RnS-DS-SOSIP yields soluble Env trimers for 143 of 179 strains as 

confirmed by SEC

• 3.5 Å resolution structure of a clade A RnS-DS-SOSIP reveals stabilization 

details
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Figure 1. ADROIT Automatically Designs RnS-DS-SOSIP-Stabilized Constructs from HIV-1 
Env Input Sequences
Flowchart depicting the multi-step approach to repair and stabilize HIV-1 Env sequences to 

form prefusion-closed trimers. Types of mutations introduced are highlighted on a structural 

model of the BX08.16 Env. The structure-based stabilization mutants include the following 

mutations: 535N, 556P, 588E, 589V, 651F, 655I, and 658V (HXB2 numbering). 

ADROITrimer is available at https://github.com/RedaRawi/ADROITrimer.

See also Figure S1 and Data S1.
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Figure 2. Antigenic Screening and Analytical SEC of RnS-DS-SOSIP Constructs
(A) Binding response toward PGT145 and CAP256-VRC26.25, relative to BG505 DS-

SOSIP, for RnS-DS-SOSIP of 180 Env strains, including 36 PGT145 and CAP256-

VRC26.25 neutralization-resistant strains. Dotted red line indicates 75% binding response 

relative to BG505 DS-SOSIP. The values displayed above and below the dotted red line 

indicate the number of Env molecules with binding response greater or lower than 75% of 

that for BG505 DS-SOSIP. One hundred thirty-four of 180 RnS-DS-SOSIP satisfied the 

antigenic criteria for prefusion-closed Env. Values are average of duplicate measurements.

(B) Phylogenetic tree of 180 HIV-1 strains, with those that can be stabilized in prefusion-

closed conformation with RnS-DS-SOSIP highlighted in red. PGT145 and CAP256-

VRC26.25 neutralization-resistant strains are denoted with green squares.

(C) Violin plots highlighting significantly increased AlphaLISA binding responses to 177 

RnS-DS-SOSIP versus DS-SOSIP-only stabilized constructs with pre-fusion-closed 
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detecting antibody combinations. Values shown are average of two biological repeats. 

Statistical significance was assessed using the two-tailed Mann-Whitney test (****p < 

0.0001).

(D) Representative size exclusion chromatograms of cell culture supernatant for DS-SOSIP 

and RnS-DS-SOSIP-stabilized Env construct of clade C HIV-1 strain 25711–2.4. Peak 1 

contains aggregates, peak 2 contains trimers, peak 3 contains gp140 monomers, peak 4 

contains gp120 monomers, and peak 5 contains gp41 monomers.

(E) Violin plot depicting significantly higher trimer peak AUC values from analytic SEC for 

RnS-DS-SOSIP (light gray) compared with DS-SOSIP (dark gray) stabilized constructs. A 

total of 179 HIV-1 strains were assessed. Statistical significance was assessed using the 

Mann-Whitney test (****p < 0.0001).

(F) Correlation plot between maximum ELISA binding (either PGT145 or CAP256-

VRC26.25) and trimer peak AUC from analytic AUC depicting significant Pearson 

correlation (R = 0.37, p < 0.001) (n = 179).

See also Figures S2 and S3, Table S1A, and Data S1 and S2.
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Figure 3. Antigenic Analysis and Negative-Stain EM Confirmed Prefusion-Closed Conformation 
for Selected RnS-DS-SOSIP-Stabilized Constructs
(A) HIV-1 Env constructs of three selected RnS-DS-SOSIP constructs highlighted on a 

phylogenetic tree of the 180 HIV-1 strains.

(B) All three RnS-DS-SOSIP-stabilized constructs yielded binding to a panel of diverse 

broadly neutralizing HIV-1 antibodies, including prefusion-closed conformation specific 

antibodies PGT145 or CAP256-VRC26.25, as measured using Octet.

(C) SEC curve and negative-stain EM results for clade AE C1080.c3 RnS-DS-SOSIP-

stabilized construct.

(D) SEC curve and negative-stain EM results for clade B REJO.67 RnS-DS-SOSIP-

stabilized construct.

(E) SEC curve and negative-stain EM results for clade C 6838.V1.C35 RnS-DS-SOSIP-

stabilized construct. Scale bars: 50 nm (representative EM micrographs) and 10 nm (two-

dimensional [2D] class average images).

See also Figure S4 and Data S1.
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Figure 4. Crystal Structure of MI369 RnS-DS-SOSIP
One protomer is shown as ribbon, and the other protomers are shown in surface presentation. 

The repair, stabilization, and DS-SOSIP mutations are highlighted with balls and sticks and 

are colored in green, red, and pink, respectively. Panels at the four corners highlight the 

mutations from repair and stabilization strategies. Blue density in bottom right enlargement 

is a 2fo-fc map contoured at 1.5σ.

See also Table S1A and Data S1.
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Figure 5. Antigenic Screening Yields 133 RnS-DS-SOSIP Prefusion-Closed Env Constructs 
Compared with 41 and 76 for DS-SOSIP and Chimera-DS-SOSIP
(A) Binding response toward PGT145 and CAP256-VRC26.25, relative to BG505 DS-

SOSIP, for DS-SOSIP, Chimera-DS-SOSIP, and RnS-DS-SOSIP of 179 strains, including 36 

PGT145 and CAP256-VRC26.25 neutralization-resistant strains. Dotted red line indicates 

75% binding response relative to BG505 DS-SOSIP. The values displayed at the top of the 

graph indicate the number of Env molecules with binding response at least 75% that of 

BG505 DS-SOSIP Env. Statistical significance was assessed using the two-tailed Mann-

Whitney test (****p < 0.0001).

(B) Venn diagram depicting the amount of strains stabilized in prefusion-closed form by 

either DS-SOSIP, Chimera-DS-SOSIP, or RnS-DS-SOSIP.

(C) Phylogenetic trees of Envs from 179 strains, with those that can be stabilized by DS-

SOSIP (left) and Chimera-DS-SOSIP (right) highlighted.
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(D) Phylogenetic tree of Envs from 179 strains, with those that can be stabilized by DS-

SOSIP, Chimera-DS-SOSIP, and/or RnS-DS-SOSIP highlighted on the basis of the coloring 

scheme in (B).

(E) Bar plot highlighting the percentage of strains that can be stabilized in prefusion-closed 

conformation by DS-SOSIP, Chimera-DS-SOSIP, or RnS-DS-SOSIP. Number of strains per 

clade is depicted in parentheses.

See also Data S1 and S2.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

17b (Kwong et al., 1998) N/A

35O22 variant (Lai et al., 2019) N/A

3BNC117 (Scheid et al., 2011) RRID:AB_2491033

3H+109L variant (Lai et al., 2019) N/A

447–52D (Killikelly et al., 2013) RRID:AB_2491016

CAP256-VRC26.25 (Doria-Rose et al., 2015) N/A

F105 (Chen et al., 2009) N/A

Motavizumab (Wu et al., 2007) N/A

N6 (Huang et al., 2016) N/A

PGDM1400 (Sok et al., 2014) N/A

PGT128 (Walker et al., 2011) RRID:AB_2491047

PGT145 (Walker et al., 2011) RRID:AB_2491054

PGT151 (Falkowska et al., 2014) N/A

VRC-PG05 (Zhou et al., 2018) N/A

VRC01 (Zhou et al., 2010) RRID:AB_2491019

VRC34.01 (Kong et al., 2016b) RRID:AB_2819225

Bacterial and Virus Strains

VRC 180 HIV-1 virus panel (Joyce et al., 2017) N/A

Chemicals, Peptides, and Recombinant Proteins

Unix-C SEC 300 4.6×150 mm Sepax Cat#231300–4615

Unix-C SEC 300 4.6×50 mm (guard) Sepax Cat#231300–4602

Streptavidin donor beads Perkin-Elmer Cat#6760002B

Anti-V5 acceptor beads Perkin-Elmer Cat#AL129R

ExpiFectamine 293 Transfection Kit ThermoFischer Cat#A14525

Expi293 Expression Medium ThermoFischer Cat#A1435101

Opti-MEM I Reduced Serum Medium ThermoFischer Cat#31985062

Turbo293 Transfection Reagent SPEED Biosystems PXX1002

GIBCO FreeStyle 293 Expression Medium GIBCO 12338018

GIBCO Expi293 Expression Medium GIBCO A1435102

TrueFect-Max Transfection Reagent United BioSystems TM5501

Expression Medium, CelBooster ABI Scientific TM9000, PB2462

Lectin agarose (Galanthus nivalis) Sigma L8775

Methyl α-D-mannopyranoside Sigma M6882

Deposited Data

MI369 crystal structure RCSB Protein Data Bank PDB: 6WIX

Experimental Models: Cell Lines

Freestyle 293 cells GIBCO R79007

Expi293F GIBCO A14527
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REAGENT or RESOURCE SOURCE IDENTIFIER

293T cell line ATCC CRL-3216

Recombinant DNA

RnS-DS-SOSIP of 180 HIV-1 strain This paper (Data S1) N/A

Software and Algorithms

R The R Project for Statistical Computing https://www.r-project.org/

Muscle (Edgar, 2004) https://www.drive5.com/muscle/

Astra 7.3 software package Wyatt Technology https://www.wyatt.com/products/software/astra.html

Chromeleon 7.2.8.0 software package Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/product/
CHROMELEON7

SerialEM (Mastronarde, 2005) https://bio3d.colorado.edu/SerialEM/

Relion (Scheres 2012) https://www3.mrc-lmb.cam.ac.uk/relion/index.php?
title=Main_Page

HLK2000 HKL Research, Inc. https://www.hkl-xray.com/

Phenix Liebschner et al., 2019 https://www.phenix-online.org/

ADROITrimer This paper https://github.com/RedaRawi/ADROITrimer
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