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Abstract
For an HIV-1 vaccine to be successful it will probably have to be able to elicit broadly 
neutralizing antibodies (bNAbs) that target the HIV-1 envelope glycoprotein (Env) spike. The 
development of native-like Env trimers such as BG505 SOSIP.664 that induces autologous 
Tier-2 NAbs in animals is an important step in this direction. However, the generally 
inefficient binding of recombinant Env proteins to the inferred germline precursors of 
bNAbs is a major obstacle for the elicitation of bNAbs. We hypothesized that the inherent 
flexibility of variable loops V1 and V2 contributes to poor recognition of bNAb epitopes 
located in the V2 domain at the trimer apex by the inferred germline precursors of V2-
directed bNAbs. To reduce local V2 flexibility and improve recognition of V2 bNAbs and their 
germline precursors, we designed an intraloop disulfide mutant, I184C-E190C, intended to 
stabilize the V2 loop, as well as an interloop disulfide mutant, E153C-R178C, connecting the 
V2 loop with the V1. When introduced into BG505 SOSIP.664 trimers, these disulfide bonds 
improved the binding to V2 bNAbs and their inferred germline precursors. Restricting the 
flexibility of variable loops V1 and V2 via disulfide stabilization might thus be a promising 
strategy to improve the presentation of bNAb epitopes on HIV-1 Env trimers. 
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Introduction
Despite considerable progress in the treatment of HIV-1, an HIV-1 vaccine is urgently 
needed to stop the further spread of this virus. For an HIV-1 vaccine to be effective it should 
probably elicit broadly neutralizing antibodies (bNAbs) to the HIV-1 envelope glycoprotein 
spike (Env), the sole viral protein on the viral membrane [1,2].
 HIV-1 infection is facilitated via binding of Env to the CD4 receptor on predominantly 
CD4+ T-cells, which initiates conformational changes in Env, allowing the binding to a 
co-receptor, CCR5 or CXCR4, and fusion of the viral and cellular membranes [3]. The Env 
trimer is embedded in the viral membrane and is composed of three gp41 subunits that 
are non-covalently linked to three gp120 subunits, forming a trimer of heterodimers [4,5]. 
Each gp120 subunit is composed of five conserved domains (C1-C5) and five variable 
domains (V1-V5) and is decorated by a dense glycan shield of 25-35 N-linked glycans, which 
contribute half of the mass of the gp120 subunit. Gp41 contains an additional number of 
three to four N-linked glycans [6]. The structure of Env is maintained by ten disulfide bonds 
in each monomer, nine in gp120 and one in the gp41 region [7,8]. The ten disulfide bonds, 
which are conserved in all HIV-1 subtypes, are mostly located in the gp120 core from which 
the variable loops and N-linked glycans emanate [5,9,10]. The stems of the V1, V2, V3 and 
V4 loops are fixed by disulfide bonds. In some HIV-1 natural isolates and, more frequently 
in HIV-2 and SIV isolates, additional cysteines can be found in the variable loops, allowing 
the formation of an eleventh and, in rare cases, a twelfth disulfide bond in each monomer 
[11–15]. 
 Env has evolved to limit the development of bNAb responses [16]. First, the 
conserved protein domains are masked by the flexible variable loops, as well as by the 
dense glycan shield [17]. Second, aberrant forms of Env such as uncleaved gp160 precursors, 
gp41 stumps and shedded gp120 subunits, act as a decoy, distracting the Ab response 
from the bNAb epitopes presented on the native trimeric Env spike [18,19]. Third, Env is 
conformationally flexible and samples different conformations, a process referred to as “Env 
breathing”, which limits the stable exposure of bNAb epitopes [20,21]. Despite these natural 
defenses, approximately 20-25% of HIV-1 infected individuals develop a bNAbs response, 
albeit usually only after 1-3 years of infection [22–24]. 
 The isolation of bNAbs from infected individuals has provided tremendous insight in 
the sites of vulnerability on Env and the coevolution of Ab and HIV-1 Env in natural infection 
that drives bNAb development [1,25–29]. When mapping the bNAb specificities on the HIV-
1 Env trimer it becomes obvious that almost the entire surface can be targeted by bNAbs 
[30]. Nevertheless, five main epitope clusters can be distinguished: the V2 trimer apex, the 
outer domain oligomannose patch centered around the glycan at N332, the gp120-gp41 
interface, the membrane-proximal external region (MPER) and the CD4 binding site (CD4bs) 
[30–33]. 
 One specific bNAb epitope cluster of interest is located in the V2 domain at the 
trimer apex. BNAbs that target this cluster, such as PG9, PG16, PGT145, PGDM1400, CH01 
and VRC26.09 (from hereon termed V2 bNAbs), generally recognize one or two glycans 
at position 156 and 160, and a relatively conserved stretch of the V2 loop: the positively 
charged ß-strand C (residues 166-176) [27,34–42]. The epitopes are quaternary in nature 
in that components from two or three gp120 monomers are required. Hence these bNAbs 
are trimer-specific or trimer-preferring. Binding to the V2 ß-strand C is frequently mediated 
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via an unusually long CDRH3 loop that penetrates through the glycan shield between the 
glycans at positions 156 and 160 [27,34–42]. Trimer apex V2 bNAbs are of interest for 
various reasons. First, they are elicited relatively frequently in HIV-1 infected individuals 
[24,43,44]. Second, they usually develop earlier in infection compared to other classes of 
bNAbs [45,46] and require a relatively low percentage of somatic hyper mutation (SHM) 
to mature compared to other bNAbs [26,27,35,47,48]. These characteristics highlight the 
trimer apex as an interesting target for HIV-1 vaccine design.
 The generation of the soluble HIV-1 Env trimer immunogen BG505 SOSIP.664, which 
closely mimics the native Env trimer on the viral membrane advanced the field by enabling 
the structure of the trimer to be solved at high resolution [5,9,10,49–52]. Furthermore, 
SOSIP trimers, which are stabilized by a disulfide bond between gp120 and gp41 (A501C-
T605C), a helix-breaking substitution in gp41 (I559P), and further modified by a variety 
of approaches, show promise as a platform for vaccine design [49,53–61]. In rabbits and 
macaques, BG505, CZA97 and B41 SOSIP.664 as well as next-generation SOSIP.v4 and SOSIP.
v5 trimers elicited NAbs against the neutralization-resistant (Tier-2) autologous viruses, 
which is considered an important first step on the path to heterologous, cross-reactive 
Tier-2 NAbs (i.e. bNAbs) [53,62–64]. Several approaches to improve the immunogenicity of 
BG505 SOSIP.664 and other trimers immunogens involve increasing the overall stability of 
the trimer and reducing the presentation of non-neutralizing antibody (non-NAb) epitopes 
[53,55,59,65,66]. An alternative approach could be the local stabilization of specific bNAb 
epitopes on the HIV-1 Env trimer to improve their presentation to naïve B cells. 
 The V2 bNAb epitope cluster might particularly benefit from the latter strategy, 
since this domain shows exceptional flexibility [21,34,53], which might hinder a productive 
interaction with the appropriate B cell receptors (BCRs) on naïve B cells, and thus not 
lead to effective B cell activation and affinity maturation. Furthermore, rigidification of 
the V1 and V2 domains might reduce the capacity of this domain to shield the CD4bs and 
V2 bNAb epitopes [67–71]. Several studies have linked the length of the V1 and V2 loops 
with sensitivity to antibody mediated neutralization. Thus, longer loops including higher 
numbers of PNGS, protect from neutralization by NAbs [11,68,71–73]. The V1V2 domain 
folds into a four stranded anti-parallel ß-sheet greek key motif in which strand A and B are 
connected by the flexible V1 loop and strand C and D by the flexible V2 loop  [5,9,10,34,50]. 
The V1V2 domain participates in interactions between gp120 subunits at the trimer apex 
that contribute to trimer formation and the apex interactions of the V1V2 and V3 domain 
stabilize the prefusion state, in which the V3 domain is sequestered under the V1V2 domain 
[10,50,51,74,75]. The lack of density for many residues and the high B-factors for other 
residues in the V1V2 in the Env trimer structures underpin the flexibility of this domain in 
the prefusion HIV-1 Env trimer [5,9,10,50–52,66,76]. Hydrogen deuterium exchange (HDX) 
analyses of BG505 SOSIP trimers showing that V1 and V2 peptides exchanged deuterium for 
hydrogen within seconds, confirmed the flexibility of the V1 and V2 loops [21,53]. 

We hypothesized that the flexibility of the V1 and V2 domains might hamper the 
recognition of trimer apex bNAb epitope cluster by naïve B-cells, and also to some extent 
that of underlying epitope clusters such as the CD4bs. To improve the presentation of this 
epitope cluster, we endeavoured to stabilize the V1V2 domain through the introduction 
of a disulfide bond within the V2 loop or between the V1 and V2 loops. We show that 
when appropriately designed, both strategies can improve the presentation of the V2  bNAb 

20161230 Steven proefschrift.indd   80 08/02/17   14:54



   4

Variable loop stabilization improves presentation of bNAb epitopes 

81

epitopes. Thus, intraloop disulfide mutant and interloop disulfide mutant trimers showed 
improved binding to and neutralization by V2-directed bNAbs as well as their inferred 
germline (gl) precursors. V1V2 stabilization might aid in the induction of bNAbs against this 
domain.

Results 

Design of inter- and intraloop disulfide bonds at the trimer apex 
To improve the presentation of trimer apex V2 bNAb epitopes on HIV-1 Env trimer 
immunogens, we designed disulfide mutants to stabilize the flexible V1 and V2 domains 
(Figure 1A-C). In an effort to stabilize both the flexible V1 and V2 domain, we designed three 
interloop disulfide mutants, K155C-F176C, I154C-Y177C and E153C-R178C, connecting the 
C-terminal part of the V1 loop with the N-terminal part of the V2 loop (Fig. 1C). Based on the 
close proximity of residues K155 and F176 (5.5 Å distance between the beta carbons (Cβ) 
atoms), I154 and Y177 (5.4 Å) and E153 and R178 (4.1 Å), we assumed that disulfide bond 
formation was feasible ([51]; Fig. 1C). Furthermore, since the BG505 isolate has an relatively 
long V2 loop of 47 amino acids (compared to a median HIV-1 Env V2 length of 42 amino 
acids), we reasoned that an intraloop disulfide bond could stabilize this long V2. Accordingly, 
we designed two intraloop disulfide mutants, Q183C-E190C and I184C-E190C (Fig. 1A-C). 
These latter two mutants were inspired by the presence of a twin cysteine motif in the V2 
loops of SIV and HIV-2 Env sequences that supposedly contribute to trimer stability (Fig. 
1D; [15]). Residues 184 and 190 are in close proximity (Cβ distance of 5.7 Å), theoretically 
allowing for disulfide bond formation, while residues 183 and 190 are slightly more distant 
from each other (6.4 Å; Fig. 1C).

The five cysteine pairs described above were introduced into a construct expressing 
D7324-tagged BG505 SOSIP.664 gp140 (Fig. 1A-C) and the resulting proteins were expressed 
transiently in 293T cells. We then assessed expression, trimer formation and antigenicity 
of the V1V2 disulfide mutants. All three interloop disulfide mutants showed proper Env 
expression (Fig. S1A), however trimer formation was severely reduced, suggesting that 
the mutated V1V2 domains are unable to establish the intersubunit interactions at trimer 
apex (Fig. 1E). Consistent with the efficient Env expression, 2G12 and VRC01 interacted 
efficiently with the interloop mutant proteins compared to WT BG505 SOSIP.664 (Fig. 1F & 
S1B). However, binding of quaternary structure preferring bNAbs PG9, PG16 and PGT145 to 
K155C-F176C and I154C-Y177C interloop mutants was completely abrogated and binding of 
these bNAbs to the E153C-R178C interloop mutant was severely reduced. These data are 
consistent with the poor trimer formation of the three constructs, but also indicated that a 
minority subpopulation of E153C-R178C proteins was able to form native-like trimers that 
were able to bind trimer specific bNAbs PG9, PG16 and PGT145 (Fig. 1F & S1B) 

Env expression of the intraloop mutants was slightly less efficient compared to 
WT BG505 SOSIP.664 (Fig. S1A). Whereas trimer formation of the Q183C-E190C intraloop 
mutant was completely disrupted, reasonably efficient trimer formation was observed for 
the I184C-E190C mutant (Fig. 1E). Binding of 2G12 and VRC01 to the Q183C-E190C intraloop 
mutant was reduced compared to WT BG505 SOSIP.664 and binding of PG9, PG16 and 
PGT145 was completely abrogated (Fig. 1F & S1C). In contrast, the I184C-E190C intraloop 
mutant showed similar binding to bNAbs 2G12 and VRC01 and also binding to PG9, PG16 
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Figure 1:.Design and preliminary characterizati on of BG505 SOSIP.664 V1V2 disulfi de mutants. 
(A) Linear representati on of BG505 SOSIP.664 and the V1V2 disulfi de bond mutants. The glycan compositi on of 
BG505 SOSIP.664 is derived from behrens et al [6]. (B) Crystal structure of the BG505 SOSIP.664 trimer (PDB:5CEZ 
[51]). The protomers are coloured as follows: gp41 subunit in cyan, the V1 loop in purple, the V2 loop in orange and 
the other domains of gp120 in green. (C) Detailed view of the V1V2 region. Residues that are changed to a cysteine 
in the V1V2 disulfi de mutants are shown as sti cks and the distances (in Å) between the beta carbons (Cß) of the 
mutated residue pairs are given next to the yellow dott ed lines. (D) Alignment of the V2 region (residues 168-205) 
of several SIV, HIV-2 and HIV-1 sequences (adapted from Bohl et al [15]). Residues 184 and 190 (HBX2 numbering) 
are highlighted in yellow to show the twin cysteine pair that is present in HIV-2 and SIV sequences, but absent from 
HIV-1 sequences. (E) BN-PAGE analysis of 293T expressed BG505 SOSIP.664 V1V2 disulfi de mutants, followed by 
western blotti  ng with bNAb 2G12. (F) bNAb binding of 293T expressed BG505 SOSIP.664 V1V2 disulfi de mutants. 
The binding effi  ciency, based on the area under the curve (AUC) values, is indicated by the following code: +++, 
very strong binding; ++, strong binding; +, moderate binding; +/-, weak binding; -, no binding; ND, not determined.
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and PGT145, albeit at lower levels compared to WT BG505 SOSIP.664 (Fig. 1F & S1C). The 
latter was considered sufficient for further evaluation of this intraloop disulfide mutant 
(see below).

Evolutionary rescue of V1V2 disulfide mutant E153C-R178C in LAI virus
Trimer formation of the K155C-F176C, I154C-Y177C and E153C-R178C interloop disulfide 
mutants was so inefficient that we deemed it necessary to repair these mutants, if at all 
possible. For this purpose we turned to virus evolution experiments using the LAI virus 
strain as this is an established method to repair Env folding defects caused by changes in the 
V1V2 domain and/or the disulfide bond architecture of Env [77–80]. 

The K155C-F176C, I154C-Y177C and E153C-R178C cysteine pairs were introduced 
in the molecular clone of the LAI virus and their effect on virus infectivity was assessed. The 
LAI virus used here contained four amino acid substitutions in Env compared to the original 
LAI virus to allow for PG9 binding and neutralization (see materials and methods section 
for details). Consistent with the dramatic effect on trimer formation in BG505 SOSIP.664, 
none of the three interloop disulfide mutant LAI viruses were infectious, as measured in a 
single round infection assay in TZM-bl cells (Fig. 2A). In an effort to identify compensatory 
mutations that restore infectivity, each mutant virus was allowed to evolve during prolonged 
virus culture in SupT1 T cells in two independent cultures. After three weeks of passaging, 
the E153C-K178C mutant was replicating in SupT1 cells and the proviral DNA in the cultures  
was sequenced after 1, 2 and 3 months of culturing. In both cultures of V1V2 interloop 
mutant E153C-K178C, a point-substitution at position 152 was identified 1 month after 
the experiment was started (Fig. 2B). The glycine at 152, which is directly adjacent to the 
cysteine introduced at position 153, was mutated either to a glutamic acid (G152E; culture 
1) or to a valine (G152V; culture 2). After three months the substitutions at position 152 
remained present in each culture, but the virus in culture 1 has also acquired another 
substitution: S128R (Fig. 2B). No replication was observed for the other two interloop 
disulfide mutants, i.e. K155C-F176C and I154C-Y177C, in the 3 month timeframe, indicating 
that the defects caused by the presence of these non-native cysteines was beyond repair 
using these methods. 

To confirm the restoration of Env function, we tested infection of TZM-bl cells by the 
evolved E153C-K178C virus quasispecies present in the two SupT1 cultures. The comparison 
of the quasispecies at months 1, 2 and 3 showed a gradual gain of infectivity. After 3 months, 
infectivity of interloop disulfide mutant E153C-K178C was partially restored in culture 
1 (~50% infectivity compared to WT virus) and completely restored in culture 2 (similar 
infectivity as WT virus) (Fig. 2C). To confirm that the compensatory mutations identified by 
sequencing the env gene were in fact responsible for the restored infectivity, we introduced 
the G152E, G152V and S128R reversions into a clone of the WT LAI virus also containing 
the E153C-K178C disulfide bond and tested infectivity of these viruses on TZM-bl cells. The 
infectivity of the revertants closely recapitulated the infectivity of the quasispecies present 
in the evolution cultures at month 3 (Fig. 2C). The restored infectivity of the revertants was 
largely attributable to the substitution at position 152, where the S128R substitution only 
slightly increased the infectivity of the G152E revertant. Taken together the results show 
that a compensatory substitution at position 152, either G152E or G152V, partially restores 
the infectivity of an E153C-K178C interloop disulfide mutant LAI virus. 
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Figure 2. Evoluti onary repair of the E153C-K178C V1V2 interloop disulfi de mutant. (A) Infecti on of TZM-bl cells by 
various interloop disulfi de mutant LAI viruses. (B) Schemati c ti meline showing the mutati ons that were found over 
ti me in two individual SupT1 evoluti on cultures of interloop disulfi de mutant E153C-K178C. (C) Infecti on of TZM-bl 
cells by WT LAI virus, the original E153C-K178C LAI virus, the culture supernatants of the SupT1 evoluti on cultures 
one, two and three months in evoluti on containing the evolving virus quasispecies, and the E153C-K178C LAI 
viruses in which the reversions that we identi fi ed in the evoluti on cultures (indicated in bold) were re-introduced 
by mutagenesis. The infecti on data are ordered based on the individual cultures: culture 1, left  panel; culture 2, 
right panel.

Improved trimer formati on of V1V2 interloop disulfi de mutant BG505 SOSIP.664 E153C-
R178C G152E
To explore and exploit the restorati ve capacity of the compensatory mutati on at residue 152 
for the producti on of BG505 SOSIP.664 trimers, we introduced either G152E or G152V in the 
interloop disulfi de BG505 SOSIP.664 mutant E153C-R178C. The V1V2 disulfi de mutant in the 
supernatant of transiently transfected 293T cells showed increased trimer formati on when 
the G152E compensatory mutati on was present (Fig. 3A). Consistent with this, the G152E 
mutati on also improved binding of quaternary dependent Abs to the E153C-R178C mutant 
BG505 trimer (Fig. S2B). In contrast, the G152V mutati on did not improve trimer formati on 
nor quaternary dependent Ab binding of the BG505 SOSIP.664 E153C-R178C interloop 
disulfi de mutant (Fig. 3A and S2B), and was not used in further experiments. 

To further characterize the BG505 SOSIP.664 E153C-R178C interloop disulfi de 
mutant and the revertant that also contained the G152E substi tuti on, we expressed both 
variants in 293F cells, purifi ed them via 2G12 affi  nity chromatography, and analysed them 
using size exclusion chromatography (SEC). The SEC profi le of the interloop disulfi de mutant 
showed a large proporti on of monomers and dimers compared to WT BG505 SOSIP.664 (Fig. 
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3B). However, the G152E mutation partially restored trimer formation (Fig. 3B), consistent 
with the increased trimer formation observed in native PAGE analysis of 293T cell supernatant 
(Fig. 3A). The large proportion of monomers and dimers did not allow successful purification 
of the trimer fractions of the interloop disulfide mutant by SEC, however, we were able to 
successfully isolate pure trimers using PGT145-affinity chromatography (see below).

Purification and characterization of loop-stabilized BG505 SOSIP.664 trimers
We next purified the native-like trimer fractions of the BG505 SOSIP.664 E153C-R178C 
interloop disulfide mutant (+/- G152E) as well as the I184C-E190C intraloop disulfide 
mutant by affinity chromotography with the quaternary dependent antibody PGT145, as 
described previously [53,56]. Pure trimers were retrieved for all constructs (Fig. 3C), but 
the yields differed substantially compared to the yield of WT BG505 SOSIP.664 after PGT145 
purification (~2.0 mg/l of 293F cell supernatant). Trimer yields were low for the V1V2 E153C-
R178C interloop disulfide mutant, but 3-fold higher when the G152E reversion was present 
(~0.2 and ~0.6 mg/l, respectively; Table 1). The I184C-E190C intraloop disulfide mutant 
yielded trimers at ~0.8 mg/l (Table 1). All PGT145-purified disulfide modified trimers were 
cleaved as assessed by comparing the SDS-PAGE migration behaviour under reducing and 
non-reducing conditions (Fig. 3D). 
 To confirm the formation of the intended disulfide bond between the introduced 
cysteine residues, the trimers were digested by trypsin proteolysis and the fragments were 
analysed by mass-spectrometry [81]. Disulfide bonds were then identified by measuring 
the presence of linked peptides. Both the interloop disulfide bond (E153C-R178C) as well as 
the intraloop disulfide bond (I184C-E190C) were identified in the peptide fragments after 
proteolytic digestion (Fig. S3A). Alternative disulfide bonds were detected at low quantities 
and these alternatively linked peptides were similar to the ones observed in WT BG505 
SOSIP.664 [81]. Thus, the newly introduced cysteines formed the intended inter- or intraloop 
disulfide bonds and were not detectably involved in alternative, aberrant disulfide bonds 
(Fig. S3B). 
 Next, we visualised the V1V2 disulfide mutants with negative-stain electron 
microscopy (NS-EM) to determine the conformation of the trimers. All trimers displayed 
a native-like trimers conformation. However, in addition to a large percentage of partially 
open native-like trimers (65%), the E153C-R178C interloop disulfide mutant also showed 
a small percentage (15%) of trimers in a fully open conformation resembling that of the 
CD4-bound state (Table 1, Fig. 3E). This conformation is usually not observed after PGT145 
purification of SOSIP trimers [53,56] and suggests that the interloop disulfide mutant is 
unstable and/or has a high tendency to sample more open conformations. In contrast, 
the E153C-R178C interloop disulfide mutant containing the restorative G152E mutation 
predominantly sampled the closed native-like conformation (70%; Table 1, Fig. 3E). The 
I184C-E190C intraloop disulfide mutant showed similar characteristics as the WT BG505 
SOSIP.664 and was predominantly in a closed native-like conformation (85%; Table 1, Fig. 
3E).
 The stability of the modified BG505 SOSIP.664 trimers was assessed by differential 
scanning calorimetry (DSC). The E153C-R178C interloop disulfide mutant was slightly less 
thermostable compared to WT BG505 SOSIP.664 (Tm = 65.3°C vs. 66.6°C; Table 1, Fig. 3F). 
The G152E compensatory mutation raised the thermostability of the E153C-R178C interloop 
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Figure 3. Biochemical analysis of BG505 SOSIP.664 V1V2 disulfi de mutants. (A) BN-PAGE analysis of 293T culture 
supernatant containing the E153C-R178C interloop disulfi de mutant with or without a compensatory mutati on 
(G152E or G152V), followed by western blotti  ng with bNAb 2G12. (B) SEC chromatogram of the E153C-R178C 
interloop disulfi de mutant with or without a compensatory mutati on G152E and WT BG505 SOSIP.664 aft er 2G12 
affi  nity chromatography. (C) BN-PAGE analysis of PGT145-purifi ed BG505 SOSIP.664 V1V2 disulfi de mutants, 
followed by coomassie staining. (D) SDS-PAGE analysis of PGT145-purifi ed BG505 SOSIP.664 V1V2 disulfi de mutants 
under reduced and non-reduced conditi ons, followed by coomassie staining. (E) 2D class averages of NS-EM analysis 
of PGT145-purifi ed BG505 SOSIP.664 V1V2 disulfi de mutants. The percentage of closed nati ve-like, parti ally open 
nati ve-like and fully open trimers are shown in green, green and red respecti vely (see also Table 1). Selected fully 
open trimer classes, adopti ng a CD4-bound-like conformati on, are indicated by a red arrow. (F) Thermal melti ng 
profi les of the interloop BG505 SOSIP.664 V1V2 disulfi de mutants obtained by DSC. (G) Thermal melti ng profi le of 
the intraloop BG505 SOSIP.664 V2 disulfi de mutant obtained by DSC
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displayed a thermostability comparable to that of BG505 SOSIP.664 (Tm = 66.3°C; Table 1, Fig. 
3G). Thus, in contrast to disulfi de bonds in the gp120 core (I201C-A433C; [66]), or the trimer 
core (E49C-L555C and A73C-A561C; [51, de la Peña. manuscript in preparati on]), these 
new disulfi de bonds do not increase the themostability of the BG505 SOSIP.664 trimer. This 
disulfi de mutant to that of WT BG505 SOSIP.664, again confi rming the restorati ve eff ect of 
this mutati on (Tm = 66.7°C; Table 1, Fig. 3F). The I184C-E190C intraloop disulfi de mutant 
fi nding suggests that Env protein stability is predominantly determined by the protein core 
and the stability of external loops has limited eff ect on overall protein stability. 
In summary, through design, virus evoluti on and positi ve selecti on with PGT145 purifi cati on, 
we were able to purify stable nati ve-like BG505 SOSIP.664 trimers with an extra disulfi de 
loop within the V2 or between V1 and V2. 

Table 1. Biochemical characterizati on of V1V2 disulfi de mutant BG505 SOSIP.664 trimers. 

The biophysical properti es of 293F cell-expressed, PGT145-purifi ed SOSIP.664-D7324 trimers were assessed using 
NS-EM to determine nati ve-like trimer formati on and DSC to quanti fy thermostability (Tm). The unprocessed EM 
data are shown in Fig. 2E. The DSC data were fi tt ed using a two state model (Figs. 2F&2G). 

Improved binding of inter and intraloop disulfi de mutant trimers to V2 bNAbs 
Next, we analyzed whether stabilizing the V1V2 domain with an intraloop or interloop 
disulfi de bond improved the presentati on of bNAb epitopes on the HIV-1 Env trimer. We 
tested binding of a large panel of bNAbs, with a parti cular focus on V2 bNAbs, and also non-
NAbs to various epitopes, to the V1V2 disulfi de stabilized D7324-tagged trimers in a D7324 
sandwich ELISA and compared it with binding to WT BG505 SOSIP.664.

The E153C-R178C interloop disulfi de bond mutant showed decreased binding to 
various bNAbs (VRC01, PGT151 and 2G12) compared to WT BG505 SOSIP.664 (Fig. 4A). In 
additi on, non-NAbs targeti ng V3 and CD4i epitopes (19b, 14e and 17b) interacted more 
effi  ciently with the E153C-R178C mutant than to WT BG505 SOSIP.664, which is consistent 
with the frequent sampling of the open trimer conformati on that we observed in NS-EM 
(Fig. 4A). The compensatory mutati on G152E restored binding of bNAbs VRC01, PGT151 
and 2G12 and also improved binding of V3-glycan bNAb PGT121 and V2 bNAbs PG9, PG16 
and CH01 compared to WT BG505 SOSIP.664 (Table 2; Fig. 4A&B). The G152E compensatory 
mutati on did not alter the binding of non-NAbs to the interloop disulfi de mutant, which 
thus remained stronger compared to WT BG505 SOSIP.664 (Table 2; Fig. 4A&B). 

Interesti ngly, the I184C-E190C intraloop disulfi de mutant displayed improved 
binding to all V2 bNAbs tested (PG9, PG16, PGT145, VRC26.09 and CH01) compared to 
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unmodifi ed BG505 SOSIP.664 (Table 2; Fig. 4B). When inspecti ng the binding curves of the 
V2 bNAbs it is evident that the maximum plateau of binding is substanti ally higher for the 
I184C-E190C intraloop disulfi de mutant compared to BG505 SOSIP.664, suggesti ng that the 
introducti on of a disulfi de bond within the V2 improves the presentati on of all V2 bNAb 
epitopes. While the I184C-E190C intraloop disulfi de mutant bound VRC01 equally well 
compared to unmodifi ed BG505 SOSIP.664, binding of another CD4bs bNAb, CH103, was 
improved, suggesti ng that the introducti on of a disulfi de bond in the V2 loop also improves 
the presentati on of this parti cular CD4bs bNAb epitope (Table 2; Fig. 4B). bNAbs targeti ng 
other epitopes on the trimer (2G12, PGT121, PGT151) bound equally well to the I184C-
E190C intraloop disulfi de mutant and unmodifi ed BG505 SOSIP.664 (Table 2; Fig. 4B). 
Furthermore, non-NAbs (F105 and 17b) bound equally well or subtly more effi  cient to the 
intraloop disulfi de mutant compared to unmodifi ed BG505 SOSIP.664.

Figure 4. Anti genicity of BG505 SOSIP.664 inter- and intraloop V1V2 disulfi de mutants. (A) Binding of multi ple 
bNAbs and non-NAbs to the BG505 SOSIP.664 E153C-R178C interloop disulfi de mutant, with or without 
compensatory mutati on G152E, in a D7324 sandwich ELISA. (B) Binding of multi ple bNAbs, non-NAbs and gl-
bNAbs to the E153C-R178C G152E inter- and I184C-E190C intraloop disulfi de BG505 SOSIP.664 mutants in a D7324 
sandwich ELISA. (C) Binding of V2 gl-bNAbs to the inter- and intraloop disulfi de BG505 SOSIP.664 mutants in a 
D7324 sandwich ELISA using a modifi ed protocol that is opti mized for measuring gl-bNAb binding (see materials 
and methods secti on for details, and Sliepen et al. [82].
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Improved binding of intraloop disulfi de mutant trimers to germline precursors of V2 
bNAbs 
To induce bNAbs an immunogen should be able to successfully engage the desirable germline 
(gl) precursor BCRs on naïve B-cells. Therefore, we assessed whether the inter- and intraloop 
disulfi de bonds improved the binding of the inferred gl precursors of V2 bNAbs to BG505 
SOSIP.664. gl-PG9, gl-PG16 and gl-CH01 bound to BG505 SOSIP.664, albeit with low affi  nity 
compared to the mature bNAbs, consistent with previous fi ndings (Fig. 4B; [82]). However, 
gl-PG9, gl-PG16 and gl-CH01 all interacted substanti ally more effi  ciently with the I184C-
E190C intraloop disulfi de mutant trimer compared to the unmodifi ed BG505 SOSIP.664 
(Table 2; Fig. 4B). Thus, gl-PG9 binding to the intraloop disulfi de mutant was improved by 
5-fold based on the half-maximal binding (EC50) values and the maximum plateau of the 
binding curve was also higher (Fig. 4C). Binding of gl-PG16 and gl-CH01 to the intraloop 
disulfi de mutant was also improved, however the binding curves did not reach a maximum 
plateau, which precluded EC50 calculati ons (Table 2; Fig. 4B&C). The V1V2 interloop disulfi de 
bond also slightly improved binding to gl-PG9, gl-PG16 and gl-CH01, although to a lesser 
extent compared to the intraloop mutant (Table 2, Fig. 4B). We did not observe binding 
of any of the BG505 trimer variants to gl-PGT145 or gl-VRC26.09, suggesti ng that these 
precursors have diff erent requirements for binding compared to gl-PG9, gl-PG16 and gl-
CH01 (Table 2, Fig. 4C).

Table 2: Anti genicity of V1V2 disulfi de mutant BG505 SOSIP.664 trimers.

Binding of (gl)-bNAbs and non-NAbs to PGT145-purifi ed V1V2 disulfi de mutant BG505 SOSIP.664 trimer was 
assessed by D7324-capture ELISA (Fig. 4). The binding effi  ciency to BG505 SOSIP.664 is represented by area under 
the curve (AUC) values. The fold-change in AUC value compared to WT for both mutants is listed. Improved binding 
(fold change ≥1.5) is highlighted in green. 
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Improved neutralizati on of inter and intraloop disulfi de virus mutants by V2 bNAbs 
We found that stabilizati on of the V2 loop via an interloop or intraloop disulfi de bond 
increased the presentati on of a number of V2-associated trimer apex bNAb epitopes on 
the BG505 SOSIP.664 trimer. To determine whether V2 stabilizati on also increased the 
presentati on of these epitopes on the nati ve Env trimer in a virus context, we generated the 
same disulfi de mutants (i.e. the E153C-R178C G152E interloop mutant and the I184C-E190C 
intraloop mutant) in BG505 pseudovirus and determined the neutralizati on sensiti vity to a 
panel of V2 bNAbs as well as two inferred gl-bNAbs: gl-PG9 and gl-PG16. 

We found that the intraloop disulfi de mutant was more sensiti ve to neutralizati on 
by V2 bNAbs compared to WT BG505 pseudovirus (PG9: 5-fold more sensiti ve compared 
to WT; PG16: 3-fold; CH01: 6-fold; PGDM1400: 3-fold; gl-PG16: 6-fold), indicati ng that V2 
stabilizati on improves the presentati on of the V2 epitopes in the context of the nati ve Env 
trimer (Fig. S4; Table 3). The intraloop disulfi de mutant pseudovirus was not more sensiti ve 
to V2 bNAbs PGT145 and VRC26.09 (Fig. S4; Table 3). gl-PG9 did not neutralize the intraloop 
disulfi de mutant pseudovirus nor WT BG505 Env pseudovirus, suggesti ng that the affi  nity 
is not strong enough for neutralizati on. The interloop disulfi de mutant showed increased 
sensiti vity to gl-PG16 (3-fold), but not to mature V2 bNAbs, suggesti ng that the V2 is 
stabilized in a diff erent conformati on in the interloop mutant compared to the intraloop 
disulfi de mutant (Fig. S4; Table 3). Superpositi on of the Env trimer structure with a V1V2-
scaff old bound by PG9 shows that the V2 loop can interfere with V2 bNAb binding (Fig. 5A). 
Whether the V1V2 disulfi de mutants improve binding of V2 bNAbs to the BG505 Env trimer, 
obviously depends on the positi on of the stabilized V2 loop and this might be diff erent for 
the interloop and intraloop disulfi de mutant trimers.

Table 3: Neutralizati on sensiti vity of V1V2 disulfi de mutant BG505 virus

Neutralizati on sensiti vity of WT BG505 Env-pseudovirus and V1V2 disulfi de stabilized variants to a panel of bNAbs 
and gl-bNAbs. The IC50 values, calculated from the raw neutralizati on curves (Fig. S4), are listed for WT BG505 and 
the fold-increase in IC50 for each respecti ve V1V2 disulfi de mutant relati ve to WT is given. Changes in neutralizati on 
sensiti vity are higlighted in green (more sensiti ve) or orange (less sensiti ve). ND = not determined.
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Figure 5: Neutralizati on sensiti vity of BG505.T332N pseudovirus V1V2 inter- and intraloop disulfi de mutants. 
(A) Superpositi on of the crystal structure of BG505 SOSIP.664 (green; PDB 5CEZ) and the PG9 anti body (blue; PDB 
3U4E) in complex with a scaff olded V1V2 domain [34,51]. The nine amino-acids in the V2 loop (ENQGNRSNN) 
for which density is lacking in the BG505 SOSIP.664 crystal structure, are depicted as an orange dott ed line. (B) 
Superpositi on of the crystal structure of BG505 SOSIP.664 (green; 5CEZ) with the VRC01 (purple; PDB 3NGB) and 
CH103 (cyan; PDB 4JAN) CD4bs bNAbs in complex with gp120 [25,98]. As in panel C an orange dott ed line depicts 
the residues in the V2 loop that lack density in the crystal structure. (C, D) Correlati on plots between bNAb binding 
effi  ciency (fold change AUC compared to WT BG505 SOSIP.664) and bNAb neutralizati on capacity (fold change IC50 
compared to WT BG505 T332N) for (C) the intraloop disulfi de mutant and (D) interloop disulfi de mutant. The r and 
p values for non-parametric Spearman correlati ons are shown.

Interesti ngly, both V1V2 disulfi de mutants increased neutralizati on sensiti vity 
of BG505 pseudovirus to CD4bs anti body CH103 by ~10-fold, whereas the sensiti vity to 
VRC01 neutralizati on was unchanged. Whether the V2 loop interferes with accessibility of 
the CD4 binding site epitope is likely to depend on the angle of approach of the parti cular 
CD4bs bNAb. Since CH103 binds with a 45° angle relati ve to the viral membrane, it is in 
close proximity to the V2 region and the V2 can hinder access to its epitope (Fig. 5B). In 
contrast, VRC01 approaches the CD4bs with an angle parallel to the viral membrane and 
neutralizati on is less likely to be aff ected by the fl exible V2 loop (Fig. 5B). 

Overall, the neutralizati on data were consistent with the binding data in that 
generally, the interloop and intraloop mutant trimers interacted more strongly with V2 (gl)-
bNAbs compared to WT trimers and the interloop and intraloop mutant viruses were more 
sensiti ve to V2 (gl)-bNAb neutralizati on. Thus, an increase in Ab binding to the intraloop V2 
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disulfide mutant BG505 trimer was found to be correlated with an increase in neutralization 
sensitivity of the intraloop mutant virus to the same Ab (r=0.64, p=0.037; Fig. 5C). However, 
there were some qualitative differences and examples where stronger trimer binding in 
ELISA did not translate into stronger neutralization of the respective virus. The correlation 
was weaker and not statistically significant for the interloop V1V2 disulfide mutant (r=0.51, 
p=0.20; Fig. 5D). Nevertheless, these neutralization data reinforce the observations that 
stabilization of the V2 domain by an intraloop disulfide bond or an interloop disulfide bind 
linking the V2 to V1 improves the presentation of V2-associated bNAb epitopes at the trimer 
apex.

Discussion
The development of soluble HIV-1 Env trimers, such as BG505 SOSIP.664, that mimic the 
native-like spike on HIV virions, has revitalized the HIV-1 vaccine field, providing structural 
details on the HIV-1 Env trimer and the first immunogens to elicit strong and consistent 
autologous Tier-2 NAbs in animals. These native-like trimers therefore serve as a platform for 
immunogen design strategies that aim to broaden these Tier-2 NAbs and elicit bNAbs. Here, 
we sought to improve the recognition of bNAb epitopes on Env trimers, in particular those 
located at the trimer apex, as well as nearby epitopes, by reducing local conformational 
flexibility. We designed and characterized an interloop (V1V2) disulfide mutant and an 
intraloop (V2) disulfide mutant aimed to stabilize the V2 loop and its associated bNAb 
epitopes. We showed that restraining the long flexible V2 loop improves the presentation of 
the V2 epitopes and also at least one CD4bs bNAb epitope on the BG505 SOSIP.664 trimer 
(Fig. 5A&B). 
 Generation of BG505 SOSIP.664 trimers with a stabilized V2 loop by adding disulfide 
bonds was not very straightforward and required three steps: structure-based design, virus 
evolution, and positive selection. While we designed 5 mutants with appropriately positioned 
cysteine pairs (i.e. at residues that were close enough to allow formation of a disulfide bond), 
only two of them (E153C-R178C and I184C-E190C) were expressed as trimers and even then 
at considerably lower levels compared to the original BG505 SOSIP.664 protein, particularly 
for the former. The reason might be that the newly introduced cysteines interfere with the 
intricate disulfide isomerization and protein folding process by forming aberrant disulfide 
bonds leading to dead-end folding pathways [8,77,81,83–85].
 Trimer formation of the E153C-R178C interloop mutant in particular remained very 
poor and required rescuing. Possibly, the adverse effects of two new cysteines on protein 
folding are aggravated when both are in a different flexible loop, reducing the propensity for 
them to find each other. When they pair up with other cysteines and form aberrant disulfide 
bonds, it is likely that the V1V2 domain folds incorrectly and cannot function properly as 
a trimer-association domain, resulting in poor trimerization. Indeed, the V1V2 interloop 
cysteine substitutions severely disrupted BG505 SOSIP.664 trimer formation and when they 
did form trimers, they frequently sampled more open conformations resembling the CD4-
bound conformation. These adverse effects forced us to implement a second development 
step to support the construct design: virus evolution. 
 We have previously shown that virus evolution is an excellent method to restore 
folding problems associated with modifications in the V1V2 domain and/or changes in the 
disulfide bonded architecture of Env [77–80]. The experiments described here yielded 
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a compensatory mutation, G152E, positioned directly adjacent to the disulfide bond 
153C-178C, which improved trimer stability, yield and antigenicity. We do not yet have a 
structural explanation for the G152E compensatory mutation, but it is likely involved in 
increasing the propensity of the cysteines 153C and 178C to pair up, and/or in stabilizing 
the conformation of the V1V2 domain once the disulfide bond is formed.

The third step that was required was affinity purification with the quaternary 
dependent antibody PGT145. This allowed purification of well-folded, stable, native-
like interloop and intraloop disulfide mutant trimers. Although we have not specifically 
investigated this, it is probable that the PGT145 purification of the V1V2 stabilized disulfide 
mutants was necessary to remove misfolded trimers and dimers/monomers with aberrant 
disulfide bonds. Nevertheless, despite all these measures, the yields of the inter- and 
intraloop trimers described here were substantially lower compared to that of the parental 
trimer, something that may need to be solved when considering these trimers for further 
preclinical development. 

Stabilizing the V2 with an intraloop disulfide mutant improved binding of V2 
bNAbs. The WT V2 loop either assumes a conformation in which it occludes the V2 bNAb 
epitopes in a subset of BG505 SOSIP.664 trimers, or fluctuates between conformations, 
occasionally masking the V2 bNAb epitopes. The latter hypothesis is consistent with HD-X 
studies that show that the V2 domain is flexible. The observations described here that both 
the presentation of the V2 and CD4bs bNAb epitopes was improved for the intra V2 loop 
disulfide mutant also agrees with the latter hypothesis. A structural characterization of the 
intra V2 loop disulfide mutant might shed light on the conformation of the long V2 loop. 

Connecting the V1 and V2 loops via an interloop disulfide bond also improved 
the presentation of the V2 bNAb epitopes, although less efficiently so compared to the 
intraloop disulfide bond. Furthermore, the interloop disulfide bond negatively affected the 
conformational stability of the BG505 SOSIP.664 and cause a more frequent sampling of the 
CD4 bound conformation, although these latter two effects were largely negated by adding 
the G152E substitution.
 For an HIV-1 Env immunogen to induce bNAbs, it is important that naïve B-cells are 
activated that recognize a particular bNAb epitope and have the intrinsic capability to mature 
into a bNAb. In the first step towards the development of a bNAb response, the presentation 
of bNAb epitopes on the HIV-1 Env immunogens, including the V2 bNAbs epitopes, is 
essential. Most HIV-1 Env immunogens were shown to activate non-NAb B-cell precursors 
better than bNAb precursors [86]. We found that the affinity of three inferred V2 gl-bNAb 
precursors for the intraloop disulfide mutant was increased compared to that for BG505 
SOSIP.664, which should increase the chances that naive B-cells expressing similar precursors 
are activated more efficiently than those that express non-NAb precursors. Immunogenicity 
experiments will be needed to assess whether the promising in vitro antigenicity properties 
of the intraloop disulfide mutant translate into improved immunogenicity. Vaccination of 
knock-in mice bearing the V2 gl-bNAbs as their BCR, would be an important first step to 
assess whether the improved presentation of the V2 epitopes indeed improves engagement 
of the desirable gl-bNAb precursors in vivo [87,88]. 
 To further harness the value of V1V2 stabilized trimer immunogens, it would be 
useful to determine whether the intraloop and interloop disulfide bonds can be incorporated 
into trimers of other HIV-1 strains. The effect of the intraloop V2 disulfide bond in particular 
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is likely dependent on the length of the V2 loop, since a short V2 loop might be less flexible 
and might have a decreased capacity to shield V2 and neighbouring bNAb epitopes. 
Accordingly, it is possible that stabilization of a variable loop with an intraloop disulfide 
bond is most relevant and worth pursuing when the loop is of considerable length. Indeed, 
removing 7 amino acids from the BG505 V2 contributed to engagement of V2 gl-bNAbs 
(Medina-Ramirez et al. manuscript in preparation).
 A similar, although not identical, intraloop disulfide mutant as the one described 
here (183C-191C) was recently generated in a clade C ZM109F Env-pseudovirus [89]. In 
that context, the intraloop disulfide bond apparently improved neutralization by Abs that 
bind the supposed integrin α4β7-binding LDV/I motif in V2. However, in contrast to the 
disulfide bond described here (184C-190C), it did not confer increased sensitivity to PG9 
neutralization, suggesting that the effect of an intraloop disulfide bond on the flexibility and 
orientation of the V2 is Env context dependent [89].
 The intraloop mutant to stabilize the long flexible V2 loop was inspired by a twin 
cysteine motif that is present in the V2 of most HIV-2 and SIV Env sequences, but as far 
as we know is not present in any HIV-1 sequence. The twin cysteine motif was found to 
be important for the interactions between the SIV gp120 subunits, contributing to trimer 
stability, presumably via the formation of an inter- or intrasubunit disulfide bond [15]. From 
an evolutionary perspective it might be interesting to determine which selective pressure 
was driving the evolutionary loss of this twin cysteine motif in HIV-1, and when. After 
evolving in several SIV lineages, the twin cysteine motif disappeared from most, but not all 
SIVcpz isolates and was then lost completely in HIV-1 [15]. The fact that the twin cysteine 
motif appeared to be disappearing from SIVcpz isolates, suggests that selective pressure in 
chimpanzees was already driving the loss of the twin-cysteine motif. It remains uncertain 
whether the motif was absent from the SIVcpz isolates that established the group M HIV-1 
pandemic or whether it was lost in the first human host or even later. Another interesting 
question is what the underlying selection pressure was that drove the loss of the twin 
cysteine motif. The presence of the twin cysteine motif, which restrains the flexibility of 
the V2 loop, might have favoured the induction of V2 NAbs that exerted selection pressure. 
Indeed several V1V2 targeting SIV NAbs have been isolated, providing testimony for the 
presence of such a selective pressure on the V1V2 [90]. Thus, we can speculate that the 
evolution from SIV to HIV might have involved enhancing the flexibility of the V1 and V2 
loops to prevent productive interactions with naïve B-cells with the capacity to evolve into 
V2-targeting (b)NAbs. 

In conclusion, we designed an intraloop (V2) and interloop (V1V2) disulfide mutant 
to stabilize the V1 and V2 variable loops on the BG505 SOSIP.664 trimer. The presentation 
of V2 bNAb epitopes and one CD4bs bNAb epitope on the BG505 SOSIP.664 was markedly 
improved when the flexibility of the V1 and V2 loops was impaired via interloop and 
particularly intraloop disulfide stabilization. In general, stabilizing long flexible loops on HIV-
1 Env immunogens via intraloop disulfide bonds might be an effective strategy to enhance 
the presentation of bNAb epitopes on HIV-1 Env immunogens and to better engage desirable 
naïve B-cells that can develop into bNAb-producing B cells.  
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Methods 

Construct design
The BG505 SOSIP.664 construct has been described elsewhere [49]. It was generated by 
introducing the following sequence changes: A501C and T605C (gp120-gp41ECTO disulfide 
bond; [91]); I559P in gp41ECTO (trimer-stabilizing; [92]); REKR to RRRRRR in gp120 (cleavage 
enhancement; [93]); a stop codon at gp41ECTO residue 664 (improvement of homogeneity 
and solubility; [94]). SOSIP.664-D7324 trimers contain a D7324 epitope-tag sequence 
at the C-terminus of gp41ECTO and were constructed by adding the amino-acid sequence 
GSAPTKAKRRVVQREKR after residue 664 in gp41ECTO [49]. Point mutants were generated by 
Quikchange site directed mutagenesis (Agilent, Stratagene), and verified by sequencing. All 
experiments described in this manuscript used D7324-tagged trimers.

Env protein expression
Proteins encoded by the various env genes described above were expressed in adherent 293T 
cells, or in 293F cells adapted for suspension cultures, essentially as described ([38,49,53]). 
All experiments with purified trimers used 293F cell-expressed proteins. The 293T cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal 
calf serum (FCS), penicillin (100 U/ml) and streptomycin (100 µg/ml). 
For small scale trimer expression, 293T cells were seeded at a density of 5.5×104/ml in a 
6-well plate. The next day, when the cells had reached a density of 1.0×106/ml, they were 
transfected using polyethyleneimine (PEI), as previously described [95]. Briefly, PEI-MAX in 
water was mixed with expression plasmids for Env and Furin [91] in OPTI-MEM (Gibco). For 
one well, 3.75 µg of Env plasmid, 1.25 µg of Furin plasmid and 12.5 µl PEI-MAX (1.0 mg/
ml) were added in 3 ml of growth media (DMEM supplemented with FCS, penicillin and 
streptomycin). Culture supernatants were harvested 72 h after transfection. 
 For larger-scale trimer production, Env proteins were produced in 293F cells using 
a protocol similar to that described previously [53]. Briefly, PEI-MAX (1.0 mg/ml) in water 
was mixed with the expression plasmids for Env and Furin in OPTI-MEM. For cultures in a 2 
l disposable Nalgene flask (VWR), 250 µg of Env plasmid, 62.5 µg of Furin plasmid and 0.94 
mg of PEI-MAX were added to 1 l of pre-warmed Free-style 293 expression medium (Life 
Technologies). 293F cells were cultured for 6-7 days at 37°C, in an atmosphere containing 
8% CO2 and at a rotation speed of 125 rpm. 

Trimer purification
Env proteins were purified from transfection supernatants by affinity chromatography 
using a PGT145- or a 2G12-column, essentially as described [49,53,56]. The columns 
were generated by coupling PGT145 or 2G12 to CNBr-activated Sepharose 4B beads (GE 
Healthcare). Briefly, supernatants were vacuum filtered through 0.2-µm filters and passed 
(0.5–1 ml/min flow rate) through the column, which was then washed with 2 column 
volumes of buffer (0.5 M NaCl, 20 mM Tris, pH 8.0). Bound Env proteins were eluted using 
1 column volume of 3 M MgCl2 and then immediately buffer-exchanged into 75 mM NaCl, 
10 mM Tris, pH 8.0, using Vivaspin-20 tubes. The proteins were concentrated using Vivaspin 
columns with a 30-kDa cut off (GE Healthcare). 2G12-purified Env proteins were further 
fractionated by size exclusion chromatography (SEC) to obtain pure trimers, whereas the 
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PGT145 column yielded pure trimers without the need for SEC. Protein concentrations 
were determined using UV280 absorbance and theoretical extinction coefficients obtained 
via the Expasy webserver (ProtParam tool; http://web.expasy.org/protparam/). Except 
for the experiments described in Fig. 3B which included 2G12-purified trimers, all other 
experiments were performed with PGT145-purified trimers.

SDS-PAGE
Env proteins were analyzed using SDS-PAGE followed by western blotting or Coomassie 
blue dye staining [92,96]. The input material was mixed with loading dye (25 mM Tris, 
192 mM Glycine, 20% v/v glycerol, 4% m/v SDS, 0.1% v/v bromophenol blue in milli-Q 
water) and incubated at 95°C for 5 min prior to loading on a 4-12% or 8% Tris-Glycine gel 
(Invitrogen). For reducing SDS-PAGE, dithiothreitol (DTT; 100 mM) was included in the 
loading dye. The gels were run for 2 h at 125 V (0.07 A) using 50 mM MOPS, 50 mM Tris, 
pH 7.7 as the running buffer (Invitrogen). Western blot analysis of SDS-PAGE gels using 
mouse MAb ARP3119 (1:2,000 dilution, i.e. 0.2 μg/ml), followed by HRP-labeled goat anti-
mouse IgG (1:5000; Jackson Immunoresearch) was performed as previously described [92]. 
The Western Lightning ECL system (PerkinElmer Life Sciences) was used for luminometric 
detection. Coomassie blue staining of SDS-PAGE gels was performed using the PageBlue 
Protein Staining Solution (Thermo Scientific).

Blue Native (BN)-PAGE
For BN-PAGE [92,96], the input Env proteins were mixed in a 3:1 ratio with loading dye 
(500μl 20x MOPS Running Buffer (1 M MOPS + 1 M Tris, pH 7.7), 1000 μl 100% Ultrapure 
Glycerol (Invitrogen), 50μl 5% Coomassie Brilliant Blue G-250 solution, and 600 μl milli-Q 
water) and directly loaded onto a 4–12% Bis-Tris NuPAGE gel. The gels were run for 1.5 h 
at 200 V (0.07 A) using as the anode buffer 1x NativePAGE Running Buffer (Invitrogen) and 
as the cathode buffer the same buffer supplemeted with 1% NativePAGE Cathode-Buffer 
Additive (Invitrogen). Western blot analysis of BN-PAGE gels was carried out using human 
MAb 2G12 (0.1 μg/ml), followed by HRP-labeled goat anti-human IgG (1:5,000 dilution, 
Jackson Immunoresearch and the Western Lightning ECL system (PerkinElmer Life Sciences), 
essentially as described previously [92]. For Coomassie staining BN-PAGE gels were stained 
using the Colloidal Blue Staining Kit (Life Technologies).

D7324-capture ELISA
The methods to perform sandwich ELISAs using D7324-tagged BG505 SOSIP.664 trimers 
has been described elsewhere [30,49]. Microlon-600 96-well, half-area plates (Greiner 
Bio-One) were coated overnight with Ab D7324 at 10 μg/ml in 0.1 M NaHCO3, pH 8.6 (50 
µl/well). After washing and blocking steps, purified BG505 SOSIP.664-D7324 trimers were 
added at 2 µg/ml in TBS for 2 h. Unbound trimers were removed by 2 wash steps with TBS 
before various concentrations of test Abs were added for 2 h. After 3 washes with TBS, HRP-
labeled goat anti-human IgG (Jackson Immunoresearch) was added at a 1:3000 dilution in 
TBS/2% skimmed milk for 1 h, followed by 5 washes with TBS/0.05% Tween-20. Colorimetric 
detection was performed using a solution containing 1% 3,3′,5,5′-tetramethylbenzidine 
(Sigma-Aldrich), 0.01% H2O2, 100 mM sodium acetate and 100 mM citric acid. Color 
development (absorption at 450 nm) was stopped using 0.8 M H2SO4 (25 µl) when a plateau 
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value was reached in the two wells containing the highest Ab concentration. 
 We also used a modified D7324-capture ELISA protocol that was optimized for 
detecting gl-bNAb binding [82]. The modifications compared to the regular protocol 
described above are as follows. Purified BG505 SOSIP.664-D7324 trimers were added at 
5 µg/ml instead of 2 µg/ml, and cassein (Thermo Scientific) was used as blocking agent 
instead of 2% milk in TBS. 

Negative-stain electron microscopy (EM)
Purified BG505 trimers were analyzed by negative-stain EM. A 3 µl aliquot containing purified 
trimer at a concentration of ~0.03 mg/ml was applied for 5 s onto a carbon-coated 400 Cu 
mesh grid that had been glow discharged at 20 mA for 30 s, then negatively stained with 
2% (w/v) uranyl formate for 60 s. Data were collected on either an FEI Tecnai T12 electron 
microscope operating at 120 keV, with an electron dose of ~25 e-/Å2 and a magnification of 
52,000x that resulted in a pixel size of 2.05 Å at the specimen plane, or an FEI Talos electron 
microscope operating at 200 keV, with an electron dose of ~25 e-/Å2 and a magnification of 
92,000x that resulted in a pixel size of 1.57 Å at the specimen plane. Images were acquired 
with a Tietz TemCam-F416 CMOS camera (FEI Tecnai T12) or FEI Ceta 16M camera (FEI Talos) 
using a nominal defocus range of 1000-1500 nm. Data processing methods are described in 
detail elsewhere, including the closed, partially open, and non-native trimer classification 
system [30,56]. 

Differential scanning calorimetry
Thermal denaturation of purified Env proteins was studied using a MicroCal VP-Capillary DSC 
calorimeter (Malvern Instruments) or a nano-DSC calorimeter (TA instruments) as described 
previously [53]. All Env protein samples were first extensively dialyzed against PBS, and the 
protein concentration then adjusted to 0.1–0.3 mg/ml. After loading the sample into the cell, 
thermal denaturation was probed at a scan rate of 60°C/h. Buffer correction, normalization 
and baseline subtraction procedures were applied before the data were analyzed using 
NanoAnalyze Software v.3.3.0 (TA Instruments) or Origin 7.0 software. The data were fitted 
using a two state model. 

Disulfide bond analysis of BG505 Env proteins
Disulfide bond patterns of BG505 SOSIP.664 Env samples were determined as described 
previously [84,85].  In brief, samples containing 20 µg of Env were alkylated with a 10-fold 
molar excess of 4-vinylpyridine for 1 h at room temperature in the dark to cap free cysteine 
residues.  Deglycosylation was performed by incubating Env samples with 1 µl of PNGase F 
solution (500,000 units/mL) in 100 mM ammonium citrate buffer (pH 6.5) for one week at 
37°C.  The fully deglycosylated and alkylated samples were digested overnight with trypsin 
(protein to enzyme ratio of 30:1) at 37°C and were subsequently analyzed by LC-MS using 
an Orbitrap Velos Pro™ hybrid (Thermo Scientific, San Jose CA) mass spectrometer equipped 
with electron transfer dissociation (ETD) module coupled to an Acquity Ultra Performance 
Liquid Chromatography (UPLC®) system (Waters, Milford MA). About 5 µl (1 µg equivalent) 
of the tryptic digest was injected onto a C18 PepMap™ 300 column (300 µm i.d. x 15 cm, 
300 Å; Thermo Scientific, Sunnyvale, CA) and the peptides were separated using a linear 
gradient starting from 3% B to 40% B gradient in 50 min, then 90% B in 10 min and re-
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equilibration at 97% A for 10 min. LC-MS runs were performed with a flow rate of 5 µl/min 
using mobile phases consisting of solvent A: 99.9% HPLC-grade H2O + 0.1% formic acid and 
solvent B: 99.9% HPLC grade CH3CN + 0.1% formic acid. Data were collected using the data 
dependent mode with five most intense ions in a high resolution scan in the Orbitrap were 
subjected to alternating collision-induced dissociation (CID) and ETD in the linear ion trap 
to determine the disulfide connectivity. Data analysis was performed using Mascot search 
engine for peptides containing free cysteine residues and disulfide bond patterns were 
analyzed manually as described previously [84,85].

LAI constructs
The full-length molecular clone of HIV-1 LAI (pLAI) was the source of WT and mutant viruses 
[97]. The pRS1 plasmid was used to introduce mutations into env, as described previously 
[79]. Mutant env genes were generated in pRS1 and cloned into pLAI as SalI-BamHI fragments. 
Mutations, deletions, and insertions were generated using the QuikChange mutagenesis kit 
(Stratagene, La Jolla, CA), and the integrity of all plasmids was verified by sequencing. To 
render LAI virus neutralization sensitive to PG9, four substitutions (S162T, G167D, V169K, 
E172V) were introduced in ß-strand C of the V1V2 domain to match the ß-strand C of the 
BG505 isolate, which is sensitive to PG9 and PG16. The introduction of the four mutations in 
ß-strand C rendered the LAI virus 20-fold more sensitive to PG9 neutralization (IC50 = 0.1 µg/
ml compared to 2.0 µg/ml  for the original LAI virus). In contrast, neutralization by PG16 was 
not affected  (IC50 = 3.0 µg/ml compared to 4.0 µg/ml for the original LAI virus), suggesting 
that PG16 sensitivity is determined by other residues than the four changed here. 

Virus evolution 
Evolution experiments were essentially performed as described before [11,77,79]. A total of 
5 × 106 SupT1 cells were transfected with 5 or 20 μg pLAI, and virus spread was monitored 
by visual inspection for the appearance of syncytia and by CA-p24 ELISA as indicators of 
virus replication. SupT1 cells were cultured for three months and passaged cell free onto 
uninfected cells when virus replication was apparent. Decreasing amounts of supernatant 
were passaged when the cells were (almost) wasted due to infection by the replicating virus. 
At regular intervals, cells and filtered supernatant were stored at −80°C for subsequent 
genotypic and phenotypic analysis and virus was quantitated by CA-p24 ELISA. When a 
putative faster-replicating virus was identified, DNA was extracted from infected cells using 
the QIAamp DNA mini kit (Qiagen, Valencia, CA), and the complete proviral env sequences 
were PCR amplified using primers 1 (5′ATAAGCTTAGCAGAAGACAGTGGCAATG-3′) and 2 
(5′-GCAAAATCCTTTCCAAGCCC-3′) and sequenced.

Single-round infection assay and neutralization assay
The TZM-bl reporter cell line, which stably expresses high levels of CD4 and the co-receptors 
CCR5 and CXCR4 and contains the luciferase and β-galactosidase genes under the control 
of the HIV-1 long-terminal-repeat promoter, was obtained through the NIH AIDS Research 
and Reference Reagent Program, Division of AIDS, NIAID, NIH (John C. Kappes, Xiaoyun Wu, 
and Tranzyme Inc., Durham, NC). TZM-bl cell neutralization assays using Env-pseudotyped 
or chimeric molecular clone For use in virus production, 293T cells (2×105) were seeded in a 
6-well tissue culture plate (Corning) in 3 ml of DMEM (Gibco) containing 10% FCS, penicillin 
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(Sigma) and streptomycin (Gibco) (both at 100 U/ml) per well. The culture was refreshed 
after 1 d by adding 3 ml of culture medium when the cells had reached a confluence of 
90–95% and were ready for transfection. To make Env-pseudotyped viruses, the following 
expression plasmids were added to 240 µl of OPTI-MEM (Gibco) and 10 µl of lipofectamine 
2000 (Invitrogen) per well: 1.6 µg of WT or mutant BG505.T332N Env plasmid and 2.4 µg 
of pSG3ΔEnv plasmid (obtained through the NIH AIDS Research and Reference Reagent 
Program, Division of AIDS, NIAID, NIH (John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. 
Durham, NC)). To generate WT  or mutant LAI  viruses by transfection we followed the same 
procedure except that 4 μg of a single plasmid encoding the entire LAI genome was added 
to each well. After incubation for 20 min at room temperature, the transfection mixture 
was added to the cells, and the culture supernatants were harvested 48 h later as the 
source of Env-pseudotyped or infectious chimeric viruses for infection and/or neutralization 
experiments.

One day prior to infection, TZM-bl cells (17 × 103 cells) were added to a 96-well 
plate in DMEM containing 10% FCS and penicillin and streptomycin (both at 100 units/ml) 
and incubated at 37 °C in an atmosphere containing 5% CO2. A fixed amount of virus (1 
ng of CA-p24) was added to the TZM-bl cells (70–80% confluency) in the presence of 400 
nM saquinavir (Roche Applied Science) and 40 μg/ml DEAE, in a total volume of 200 μl. To 
determine neutralization activity of monoclonal antibodies, a fixed amount of virus (1 ng of 
CA-p24-antigen equivalent) was incubated for 30 min at room temperature with threefold 
serial dilutions of the antibody. The mix was then added to the cells in the presence of 40 
µg/ml DEAE-Dextran (Sigma) and Saquinavir, in a total volume of 200 µl. 72 h later, the 
medium was removed and the cells were washed once with PBS (150 mM NaCl, 50 mM 
sodium phosphate, pH 7.0) and lysed in Reporter Lysis Buffer (Promega). Luciferase activity 
was measured using a Luciferase Assay kit (Promega) and a Glomax Luminometer according 
to the manufacturer's instructions (Turner BioSystems). All infections were performed in 
duplicate. Uninfected cells were used to correct for background luciferase activity. The 
infectivity of each virus in the absence of antibody was set at 100%. Nonlinear regression 
curves were determined and the 50% inhibitory concentration (IC50) was calculated using a 
sigmoid function in Prism software version 5.0.

Acknowledgements
We thank Hermann Katinger, Mark Connors, James Robinson, Dennis Burton, John Mascola, 
Peter Kwong and William Olson for donating antibodies and reagents directly or through the 
NIH AIDS Research and Reference Reagent Program.

20161230 Steven proefschrift.indd   99 08/02/17   14:54



Chapter 4

100

References
1. van Gils, M. J. and Sanders, R. W. Broadly neutralizing antibodies against HIV-1: Templates for a vaccine. 

Virology 435, 46–56 (2013).
2. Plotkin, S. History of vaccination. Proc. Natl. Acad. Sci. U. S. A. 111, 12283–7 (2014).
3. Sanders, R. W. and Moore, J. P. HIV: A stamp on the envelope. Nature 514, 437–8 (2014).
4. Checkley, M. A., Luttge, B. G. and Freed, E. O. HIV-1 envelope glycoprotein biosynthesis, trafficking, and 

incorporation. J. Mol. Biol. 410, 582–608 (2011).
5. Lee, J. H., Ozorowski, G. and Ward, A. B. Cryo-EM structure of a native, fully glycosylated, cleaved HIV-1 

envelope trimer. Science 351, 1043–1048 (2016).
6. Behrens, A.-J., Vasiljevic, S., Pritchard, L. K., et al. Composition and antigenic effects of individual glycan 

sites of a trimeric HIV-1 envelope glycoprotein. Cell Rep. 14, 2695–2706 (2016).
7. Leonard, C. K., Spellman, M. W., Riddle, L., et al. Assignment of intrachain disulfide bonds and 

characterization of potential glycosylation sites of the type 1 recombinant human immunodeficiency 
virus envelope glycoprotein (gp120) expressed in Chinese hamster ovary cells. J. Biol. Chem. 265, 
10373–82 (1990).

8. Anken, E. Van, Sanders, R. W., Liscaljet, I. M., et al. Only five of 10 strictly conserved disulfide bonds 
are essential for folding and eight for function of the HIV-1 envelope glycoprotein. Mol. Biol. Cell 19, 
4298–4309 (2008).

9. Lyumkis, D., Julien, J., de Val, N., et al. Cryo-EM structure of a fully glycosylated soluble cleaved HIV-1 
envelope trimer. Science 342, 1484–90 (2013).

10. Julien, J.-P., Cupo, A., Sok, D., et al. Crystal structure of a soluble cleaved HIV-1 envelope trimer. Science 
342, 1477–83 (2013).

11. van den Kerkhof, T. L. G. M., de Taeye, S. W., Boeser-Nunnink, B. D., et al. HIV-1 escapes from N332-
directed antibody neutralization in an elite neutralizer by envelope glycoprotein elongation and 
introduction of unusual disulfide bonds. Retrovirology 13, 48 (2016).

12. Jobes, D. V, Daoust, M., Nguyen, V., et al. High incidence of unusual cysteine variants in gp120 
envelope proteins from early HIV type 1 infections from a phase 3 vaccine efficacy trial. AIDS Res. Hum. 
Retroviruses 22, 1014–1021 (2006).

13. Wang, W.-K., Mayer, K. H., Essex, M. and Lee, T.-H. Sequence note : sequential change of cysteine 
residues in hypervariable region 1 of glycoprotein 120 in primary HIV type 1 Isolates of subtype B. AIDS 
Res. Hum. Retroviruses 12, 1195–1197 (1996).

14. Wang, W.-K., Essex, M. and Lee, T.-H. Uncommon gp120 cysteine residues found in primary HIV-1 
Isolates. AIDS Res. Hum. Retroviruses 11, 185–188 (1995).

15. Bohl, C., Bowder, D., Thompson, J., et al. A twin-cysteine motif in the V2 region of gp120 is associated 
with SIV envelope trimer stabilization. PLoS One 8, e69406 (2013).

16. Burton, D. R. and Mascola, J. R. Antibody responses to envelope glycoproteins in HIV-1 infection. Nat. 
Immunol. 16, 571–6 (2015).

17. Kwong, P. D., Doyle, M. L., Casper, D. J., et al. HIV-1 evades antibody-mediated neutralization through 
conformational masking of receptor-binding sites. Nature 420, 678–682 (2002).

18. Moore PL, Crooks ET, Porter L, et al. Nature of nonfunctional envelope proteins on the surface of 
human immunodeficiency virus type 1. J. Virol. 80, 2515–2528 (2006).

19. Parren, P. W. H. I., Burton, D. R. and Sattentau, Q. J. HIV-1 antibody — debris or virion? Nat. Med. 3, 
366–367 (1997).

20. Munro, J. B., Gorman, J., Ma, X., et al. Conformational dynamics of single HIV-1 envelope trimers on the 
surface of native virions. Science 346, 759–763 (2014).

21. Guttman, M., Garcia, N. K., Cupo, A., et al. CD4-induced activation in a soluble HIV-1 Env trimer. 
Structure 22, 974–984 (2014).

22. van Gils, M. J., Euler, Z., Schweighardt, B., Wrin, T. and Schuitemaker, H. Prevalence of cross-reactive 
HIV-1-neutralizing activity in HIV-1-infected patients with rapid or slow disease progression. AIDS 23, 
2405–14 (2009).

23. Doria-Rose, N. a, Klein, R. M., Manion, M. M., et al. Frequency and phenotype of human 
immunodeficiency virus envelope-specific B cells from patients with broadly cross-neutralizing 
antibodies. J. Virol. 83, 188–199 (2009).

24. Gray, E. S., Madiga, M. C., Hermanus, T., et al. The neutralization breadth of HIV-1 develops 
incrementally over four years and is associated with CD4+ T cell decline and high viral load during acute 
infection. J. Virol. 85, 4828–40 (2011).

25. Liao, H.-X., Lynch, R., Zhou, T., et al. Co-evolution of a broadly neutralizing HIV-1 antibody and founder 
virus. Nature 496, 469–476 (2013).

26. Wibmer, C. K., Bhiman, J. N., Gray, E. S., et al. Viral escape from HIV-1 neutralizing antibodies drives 

20161230 Steven proefschrift.indd   100 08/02/17   14:54



   4

Variable loop stabilization improves presentation of bNAb epitopes 

101

increased plasma neutralization breadth through sequential recognition of multiple epitopes and 
immunotypes. PLoS Pathog. 9, e1003738 (2013).

27. Doria-Rose, N. A., Schramm, C. A., Gorman, J., et al. Developmental pathway for potent V1V2-directed 
HIV-neutralizing antibodies. Nature 509, 55–62 (2014).

28. Bhiman, J. N., Anthony, C., Doria-Rose, N. A., et al. Viral variants that initiate and drive maturation of 
V1V2-directed HIV-1 broadly neutralizing antibodies. Nat. Med. 21, 1332–6 (2015).

29. Gao, F., Bonsignori, M., Liao, H.-X., et al. Cooperation of B cell lineages in induction of HIV-1-broadly 
neutralizing antibodies. Cell 158, 481–91 (2014).

30. Derking, R., Ozorowski, G., Sliepen, K., et al. Comprehensive antigenic map of a cleaved soluble HIV-1 
envelope trimer. PLoS Pathog. 11, e1004767 (2015).

31. Ward, A. B. and Wilson, I. A. Insights into the trimeric HIV-1 envelope glycoprotein structure. Trends 
Biochem. Sci. 40, 101–7 (2015).

32. de Taeye, S. W., Moore, J. P. and Sanders, R. W. HIV-1 Envelope Trimer Design and Immunization 
Strategies To Induce Broadly Neutralizing Antibodies. Trends Immunol. 37, 221–232 (2016).

33. Wu, X. and Kong, X.-P. Antigenic landscape of the HIV-1 envelope and new immunological concepts 
defined by HIV-1 broadly neutralizing antibodies. Curr. Opin. Immunol. 42, 56–64 (2016).

34. McLellan, J. S., Pancera, M., Carrico, C., et al. Structure of HIV-1 gp120 V1/V2 domain with broadly 
neutralizing antibody PG9. Nature 480, 336–43 (2011).

35. Walker, L. M., Huber, M., Doores, K. J., et al. Broad neutralization coverage of HIV by multiple highly 
potent antibodies. Nature 477, 466–70 (2011).

36. Bonsignori, M., Hwang, K.-K., Chen, X., et al. Analysis of a clonal lineage of HIV-1 envelope V2/V3 
conformational epitope-specific broadly neutralizing antibodies and their inferred unmutated common 
ancestors. J. Virol. 85, 9998–10009 (2011).

37. Pejchal, R., Doores, K. J., Walker, L. M., et al. A potent and broad neutralizing antibody recognizes and 
penetrates the HIV glycan shield. Science 334, 1097–103 (2011).

38. Julien, J.-P., Lee, J. H., Cupo, A., et al. Asymmetric recognition of the HIV-1 trimer by broadly neutralizing 
antibody PG9. Proc. Natl. Acad. Sci. U. S. A. 110, 4351–6 (2013).

39. Sok, D., van Gils, M. J., Pauthner, M., et al. Recombinant HIV envelope trimer selects for quaternary-
dependent antibodies targeting the trimer apex. Proc. Natl. Acad. Sci. 111, 17624–17629 (2014).

40. Andrabi, R., Voss, J. E., Liang, C.-H., et al. Identification of common features in prototype broadly 
neutralizing antibodies to HIV envelope V2 apex to facilitate vaccine design. Immunity 43, 959–73 
(2015).

41. Doria-Rose, N. a, Georgiev, I., O’Dell, S., et al. A short segment of the HIV-1 gp120 V1/V2 region Is a 
major determinant of resistance to V1/V2 neutralizing antibodies. J. Virol. 86, 8319–8323 (2012).

42. Thenin, S., Roch, E., Samleerat, T., et al. Naturally occurring substitutions of conserved residues in HIV-1 
variants of different clades are involved in PG9 and PG16 resistance to neutralization. J. Gen. Virol. 93, 
1495–505 (2012).

43. Georgiev, I. S., Doria-Rose, N. A., Zhou, T., et al. Delineating antibody recognition in polyclonal sera from 
patterns of HIV-1 isolate neutralization. Science 340, 751–6 (2013).

44. Walker, L. M., Simek, M. D., Priddy, F., et al. A limited number of antibody specificities mediate broad 
and potent serum neutralization in selected HIV-1 infected individuals. PLoS Pathog. 6, e1001028 
(2010).

45. Sanchez-Merino, V., Fabra-Garcia, A., Gonzalez, N., et al. Detection of broadly neutralizing activity 
within the first months of HIV-1 infection. J. Virol. 90, 5231–5245 (2016).

46. Rusert, P., Kouyos, R. D., Kadelka, C., et al. Determinants of HIV-1 broadly neutralizing antibody 
induction. Nat. Med. 22, 1260–1267 (2016).

47. Walker, L. M., Phogat, S. K., Chan-Hui, P.-Y., et al. Broad and potent neutralizing antibodies from an 
African donor reveal a new HIV-1 vaccine target. Science 326, 285–9 (2009).

48. Moore, P. L., Gray, E. S., Sheward, D., et al. Potent and broad neutralization of HIV-1 subtype C by 
plasma antibodies targeting a quaternary epitope including residues in the V2 loop. J. Virol. 85, 3128–
41 (2011).

49. Sanders, R. W., Derking, R., Cupo, A., et al. A next-generation cleaved, soluble HIV-1 Env trimer, BG505 
SOSIP.664 gp140, expresses multiple epitopes for broadly neutralizing but not non-neutralizing 
antibodies. PLoS Pathog. 9, e1003618 (2013).

50. Pancera, M., Zhou, T., Druz, A., et al. Structure and immune recognition of trimeric pre-fusion HIV-1 Env. 
Nature 514, 455–461 (2014).

51. Garces, F., Lee, J. H., de Val, N., et al. Affinity maturation of a potent family of HIV antibodies is primarily 
focused on accommodating or avoiding glycans. Immunity 43, 1053–1063 (2015).

52. Scharf, L., Wang, H., Gao, H., et al. Broadly neutralizing antibody 8ANC195 recognizes closed and open 

20161230 Steven proefschrift.indd   101 08/02/17   14:54



Chapter 4

102

states of HIV-1 Env. Cell 162, 1379–90 (2015).
53. de Taeye, S. W., Ozorowski, G., Torrents de la Peña, A., et al. Immunogenicity of Stabilized HIV-1 

Envelope Trimers with Reduced Exposure of Non-neutralizing Epitopes. Cell 163, 1702–1715 (2015).
54. Julien, J.-P., Lee, J. H., Ozorowski, G., et al. Design and structure of two HIV-1 clade C SOSIP.664 trimers 

that increase the arsenal of native-like Env immunogens. Proc. Natl. Acad. Sci. U. S. A. 112, 11947–
11952 (2015).

55. Feng, Y., Tran, K., Bale, S., et al. Thermostability of well-ordered HIV spikes correlates with the elicitation 
of autologous Tier 2 neutralizing antibodies. PLOS Pathog. 12, e1005767 (2016).

56. Pugach, P., Ozorowski, G., Cupo, A., et al. A native-like SOSIP.664 trimer based on a HIV-1 subtype B env 
gene. J. Virol. 89, 3380–3395 (2015).

57. Georgiev, I. S., Joyce, M. G., Yang, Y., et al. Single-chain soluble BG505.SOSIP gp140 trimers as structural 
and antigenic mimics of mature closed HIV-1 Env. J. Virol. 89, 5318–29 (2015).

58. Sharma, S. K., de Val, N., Bale, S., et al. Cleavage-independent HIV-1 Env trimers engineered as soluble 
native spike mimetics for vaccine design. Cell Rep. 11, 539–550 (2015).

59. Guenaga, J., Dubrovskaya, V., de Val, N., et al. Structure-guided redesign increases the propensity of HIV 
Env to generate highly stable soluble trimers. J. Virol. 90, 2806–2817 (2015).

60. Guenaga, J., de Val, N., Tran, K., et al. Well-ordered trimeric HIV-1 subtype B and C soluble spike 
mimetics generated by negative selection display native-like properties. PLoS Pathog. 11, e1004570 
(2015).

61. Kong, L., He, L., de Val, N., et al. Uncleaved prefusion-optimized gp140 trimers derived from analysis of 
HIV-1 envelope metastability. Nat. Commun. 7, 12040 (2016).

62. Sanders, R. W., van Gils, M. J., Derking, R., et al. HIV-1 neutralizing antibodies induced by native-like 
envelope trimers. Science 349, aac4223 (2015).

63. Havenar-Daughton, C., Reiss, S. M., Carnathan, D. G., et al. Cytokine-independent detection of antigen-
specific germinal center T follicular helper cells in immunized nonhuman primates using a live cell 
activation-induced marker technique. J. Immunol. 197, 994–1002 (2016).

64. Klasse, P. J., LaBranche, C. C., Ketas, T. J., et al. Sequential and aimultaneous immunization of rabbits 
with HIV-1 envelope glycoprotein SOSIP.664 trimers from clades A, B and C. PLOS Pathog. 12, e1005864 
(2016).

65. Schiffner, T., de Val, N., Russell, R. A., et al. Chemical cross-linking stabilizes native-like HIV-1 envelope 
glycoprotein trimer antigens. J. Virol. 90, 813–28 (2015).

66. Do Kwon, Y., Pancera, M., Acharya, P., et al. Crystal structure, conformational fixation and entry-related 
interactions of mature ligand-free HIV-1 Env. Nat. Struct. Mol. Biol. 22, 522–531 (2015).

67. Watkins, J. D., Diaz-Rodriguez, J., Siddappa, N. B., Corti, D. and Ruprecht, R. M. Efficiency of neutralizing 
antibodies targeting the CD4-binding site: influence of conformational masking by the V2 loop in R5-
tropic clade C simian-human immunodeficiency virus. J. Virol. 85, 12811–4 (2011).

68. Sagar, M., Wu, X., Lee, S. and Overbaugh, J. Human immunodeficiency virus type 1 V1-V2 envelope loop 
sequences expand and add glycosylation sites over the course of infection, and these modifications 
affect antibody neutralization sensitivity. J. Virol. 80, 9586–9598 (2006).

69. Stamatatos, L. and Cheng-Mayer, C. An envelope modification that renders a primary, neutralization-
resistant clade B human immunodeficiency virus type 1 isolate highly susceptible to neutralization by 
sera from other clades. J. Virol. 72, 7840–5 (1998).

70. Rusert, P., Krarup, A., Magnus, C., et al. Interaction of the gp120 V1V2 loop with a neighboring gp120 
unit shields the HIV envelope trimer against cross-neutralizing antibodies. J. Exp. Med. 208, 1419–33 
(2011).

71. van Gils, M. J., Bunnik, E. M., Boeser-Nunnink, B. D., et al. Longer V1V2 region with increased number 
of potential N-linked glycosylation sites in the HIV-1 envelope glycoprotein protects against HIV-specific 
neutralizing antibodies. J. Virol. 85, 6986–95 (2011).

72. Pinter, A., Honnen, W. J., He, Y., et al. The V1/V2 Domain of gp120 Is a Global Regulator of the 
Sensitivity of Primary Human Immunodeficiency Virus Type 1 Isolates to Neutralization by Antibodies 
Commonly Induced upon Infection. J. Virol. 78, 5205–5215 (2004).

73. Ringe, R., Phogat, S. and Bhattacharya, J. Subtle alteration of residues including N-linked glycans in 
V2 loop modulate HIV-1 neutralization by PG9 and PG16 monoclonal antibodies. Virology 426, 34–41 
(2012).

74. Hu, G., Liu, J., Taylor, K. a and Roux, K. H. Structural comparison of HIV-1 envelope spikes with and 
without the V1/V2 loop. J. Virol. 85, 2741–2750 (2011).

75. Saha, P., Bhattacharyya, S., Kesavardhana, S., et al. Designed cyclic permutants of HIV-1 gp120: 
implications for envelope trimer structure and immunogen design. Biochemistry 51, 1836–47 (2012).

76. Stewart-Jones, G. B. E., Soto, C., Lemmin, T., et al. Trimeric HIV-1-Env structures define glycan shields 

20161230 Steven proefschrift.indd   102 08/02/17   14:54



   4

Variable loop stabilization improves presentation of bNAb epitopes 

103

from clades A, B, and G. Cell 165, 813–26 (2016).
77. Sanders, R. W., Hsu, S.-T. D., van Anken, E., et al. Evolution rescues folding of human immunodeficiency 

virus-1 envelope glycoprotein GP120 lacking a conserved disulfide bond. Mol. Biol. Cell 19, 4707–16 
(2008).

78. Bontjer, I., Land, A., Eggink, D., et al. Optimization of human immunodeficiency virus type 1 envelope 
glycoproteins with V1/V2 deleted, using virus evolution. J. Virol. 83, 368–83 (2009).

79. Bontjer, I., Melchers, M., Eggink, D., et al. Stabilized HIV-1 envelope glycoprotein trimers lacking the 
V1V2 domain, obtained by virus evolution. J. Biol. Chem. 285, 36456–70 (2010).

80. Sanders, R. W., van Anken, E., Nabatov, A. A., et al. The carbohydrate at asparagine 386 on HIV-1 gp120 
is not essential for protein folding and function but is involved in immune evasion. Retrovirology 5, 
(2008).

81. Go, E. P., Cupo, A., Ringe, R., et al. Native conformation and canonical disulfide bond formation are 
interlinked properties of HIV-1 Env glycoproteins. J. Virol. 90, 2884–2894 (2015).

82. Sliepen, K., Medina-Ramírez, M., Yasmeen, A., et al. Binding of inferred germline precursors of broadly 
neutralizing HIV-1 antibodies to native-like envelope trimers. Virology 486, 116–120 (2015).

83. Land, A., Zonneveld, D. and Braakman, I. Folding of HIV-1 envelope glycoprotein involves extensive 
isomerization of disulfide bonds and conformation-dependent leader peptide cleavage. FASEB J. 17, 
1058–67 (2003).

84. Go, E. P., Hua, D. and Desaire, H. Glycosylation and disulfide bond analysis of transiently and stably 
expressed clade C HIV-1 gp140 trimers in 293T cells identifies disulfide heterogeneity present in both 
proteins and differences in O-linked glycosylation. J. Proteome Res. 13, 4012–27 (2014).

85. Go, E. P., Zhang, Y., Menon, S. and Desaire, H. Analysis of the disulfide bond arrangement of the HIV-1 
envelope protein CON-S gp140 ΔCFI shows variability in the V1 and V2 regions. J. Proteome Res. 10, 
578–91 (2011).

86. McGuire, A. T., Dreyer, A. M., Carbonetti, S., et al. HIV antibodies. Antigen modification regulates 
competition of broad and narrow neutralizing HIV antibodies. Science 346, 1380–3 (2014).

87. Dosenovic, P., von Boehmer, L., Escolano, A., et al. Immunization for HIV-1 broadly neutralizing 
antibodies in human Ig knockin mice. Cell 161, 1505–15 (2015).

88. Tian, M., Cheng, C., Chen, X., et al. Induction of HIV neutralizing antibody lineages in mice with diverse 
precursor repertoires. Cell 166, 1471–1484 (2016).

89. Shen, G., Upadhyay, C., Zhang, J., et al. Rationally targeted mutations at the V1V2 domain of the HIV-1 
envelope to augment virus neutralization by anti-V1V2 monoclonal antibodies. PLoS One 10, e0141233 
(2015).

90. Mason, R. D., Welles, H. C., Adams, C., et al. Targeted isolation of antibodies directed against major sites 
of SIV Env vulnerability. PLOS Pathog. 12, e1005537 (2016).

91. Binley, J. M., Sanders, R. W., Clas, B., et al. A recombinant human immunodeficiency virus type 1 
envelope glycoprotein complex stabilized by an intermolecular disulfide bond between the gp120 and 
gp41 subunits is an antigenic mimic of the trimeric virion-associated structure. J. Virol. 74, 627–643 
(2000).

92. Sanders, R. W., Vesanen, M., Schuelke, N., et al. Stabilization of the soluble, cleaved, trimeric form of 
the envelope glycoprotein complex of human immunodeficiency virus type 1. J. Virol. 76, 8875–8889 
(2002).

93. Binley, J. M., Sanders, R. W., Master, A., et al. Enhancing the proteolytic maturation of human 
immunodeficiency virus type 1 envelope glycoproteins. J. Virol. 76, 2606–2616 (2002).

94. Klasse, P. J., Cupo, A., Cocco, N., et al. Influences on trimerization and aggregation of soluble , cleaved 
HIV-1 SOSIP envelope glycoprotein. J. Virol. 87, 9873–9885 (2013).

95. Kirschner, M., Monrose, V., Paluch, M., et al. The production of cleaved, trimeric human 
immunodeficiency virus type 1 (HIV-1) envelope glycoprotein vaccine antigens and infectious 
pseudoviruses using linear polyethylenimine as a transfection reagent. Protein Expr. Purif. 48, 61–68 
(2006).

96. Schülke, N., Vesanen, M. S., Sanders, R. W., et al. Oligomeric and conformational properties of a 
proteolytically mature, disulfide-stabilized human immunodeficiency virus type 1 gp140 envelope 
glycoprotein. J. Virol. 76, 7760–7776 (2002).

97. Peden, K., Emerman, M. and Montagnier, L. Changes in growth properties on passage in tissue culture 
of viruses derived from infectious molecular clones of HIV-1LAI, HIV-1MAL, and HIV-1ELI. Virology 185, 
661–672 (1991).

98. Zhou, T., Georgiev, I., Wu, X., et al. Structural basis for broad and potent neutralization of HIV-1 by 
antibody VRC01. Science 329, 811–7 (2010).

20161230 Steven proefschrift.indd   103 08/02/17   14:54



Chapter 4

104

 Supplementary fi gures

SI Figure 1: Expression and Ab binding of V1V2 disulfi de mutants in culture supernatant. (A) SDS-PAGE analysis 
of unpurifi ed 293T-expressed V1V2 disulfi de mutant proteins, followed by western blot analysis with ARP3119. 
(B) The binding effi  ciency of fi ve bNAbs (2G12, VRC01, PG9, PG16 and PGT145) to the unpurifi ed interloop V1V2 
disulfi de mutant proteins was assessed with a D7324 ELISA. (C) The binding effi  ciency of fi ve bNAbs (2G12, VRC01, 
PG9, PG16 and PGT145) to the unpurifi ed intraloop V2 disulfi de mutant proteins was assessed with a D7324 ELISA.
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SI Figure 2. Repair of the interloop V1V2 disulfi de mutant E153C-R178C. (A) SDS-PAGE analysis of unpurifi ed 
293T-expressed interloop V1V2 disulfi de mutant proteins, with or without compensatory mutati on G152E/V, 
followed by western blot analysis with ARP3119. (B) The binding effi  ciency of fi ve bNAbs (2G12, VRC01, PG9, PG16 
and PGT145) to the unpurifi ed interloop V1V2 disulfi de mutant proteins with or without compensatory mutati on 
G152E/V was assessed with a D7324 ELISA.
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SI Figure 3. Disulfi de analysis of BG505 SOSIP.664 V1V2 disulfi de mutants. (A) Overview and characterizati on of all 
individual disulfi de-linked pepti des that were identi fi ed in the disulfi de analysis of PGT145 purifi ed V1V2 disulfi de 
mutants by mass spectrometry. The interloop V1V2 and intraloop V2 disulfi de-linked pepti de are highlighted in 
orange (B) List of aberrant disulfi de-linked pepti des in the PGT145 purifi ed V1V2 disulfi de mutants that were 
present at low abundance.
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SI Figure 4. Neutralizati on sensiti vity of BG505.T332N V1V2 disulfi de mutants. Neutralizati on sensiti vity of 
interloop and intraloop V1V2 mutant BG505.T332N viruses to (gl-)bNAbs was determined in a TZMbl assay. Abs 
were serially diluted using starti ng concentati ons of  1, 10 or 100 µg/ml depending on the neutralizati on potency. 
Infecti vity in the absence of Ab was set to 100 percent. IC50 values were calculated using Prism 6.0.

20161230 Steven proefschrift.indd   107 08/02/17   14:54


