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Abstract
The development of an effective vaccine that induces broadly neutralizing antibodies 
(bNAbs) against the HIV-1 envelope glycoprotein (Env) trimer is a major challenge. Substantial 
progress has been made in the design of stable, soluble mimics of the native, pre-fusion Env 
trimer. In one approach, a disulfide bond (SOS) was introduced to covalently link the gp120 
and gp41 subunits as well as an Ile-to-Pro (IP) substitution at residue 559 in gp41 to improve 
SOSIP trimer formation. The BG505 SOSIP.664 gp140 trimer (and others of the same design) 
closely resembles native, virion Env and induces NAbs against the autologous neutralization 
resistant (Tier-2) virus. We have assessed the role that residue 559 plays in trimerization 
in the BG505 SOSIP.664 context, by generating all 20 amino-acid variants at residue 559. 
Several amino acids at this position are consistent with trimer formation, specifically helix-
breakers Pro and Gly; aromatic residues Trp, Phe and Tyr; and charged amino acids Arg, 
Lys, Asp and Glu. We noted that a Phe substitution improved trimer stability substantially 
compared to Pro, but only at the expense of markedly reduced yield. Overall, we conclude 
that the original Pro substitution (I559P) remains the most suitable change at this position 
in gp41 for producing stable, native-like Env trimers at high yield.
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Introduction
The design of an effective human immunodeficiency virus-1 (HIV-1) vaccine remains a major 
challenge in biomedical research. The HIV-1 envelope glycoprotein (Env) complex, which 
mediates viral entry into host cells, is the only surface-exposed viral protein and, hence, 
the only target for neutralizing antibodies (NAbs). Env is synthesized as a gp160 precursor 
polyprotein which oligomerizes to assemble into a homotrimer that is heavily glycosylated 
[1,2]. During transport through the Golgi network, the gp160 is cleaved into its constituent 
gp120 and gp41 subunits. Three gp120 and three gp41 subunits remain associated by weak 
non-covalent interactions to create the native pre-fusion Env trimer [3,4]. 

Gp120 consists of an inner domain and an outer domain connected by a bridging 
sheet. HIV-1 entry is initiated by binding of gp120 to the CD4 receptor, which induces 
conformational changes that include rigidification of parts of the inner and outer domains 
and the bridging sheet and opening of the trimer apex; the end result is the formation and 
surface exposure of a co-receptor binding site that interacts either with the CCR5 or CXCR4 
co-receptor [5–8]. The gp41 ectodomain contains six segments (A-F) that form the heptad-
repeat regions HR1 and HR2, as well as a connecting loop domain. In the pre-fusion state, 
a ring of four helices from gp41 HR1 and HR2 encircle the amino- and carboxy-termini of 
gp120, which in turn appear to act as a “latch” to prevent gp41 from folding into its lowest 
energy state, the post-fusion six-helix bundle, [9,10]. After CD4 and co-receptor binding, 
the gp120 “latch” is partially removed, which allows the non-helical parts of HR1 in its pre-
fusion state to undergo a loop-to-helix transition and extend the long HR1 helix to facilitate 
insertion of the fusion peptide into the target membrane. The HR2 forms a second long 
helix that associates with the HR1 helix to assemble the six-helix bundle, providing sufficient 
energy for membrane fusion [9–12].

These conformational changes are facilitated by the inherent metastable nature of 
Env, but a consequence is that the trimer is rather fragile and prone to disintegration into its 
gp120 and gp41 constituents [13]. The fragility is exacerbated when attempts are made to 
produce the trimer as a soluble, recombinant gp140 immunogen for vaccine purposes. The 
transmembrane domain and cytoplasmic tail of gp41 have to be eliminated for secretion 
of a soluble protein [14]. The loss of stabilization elements in the deleted regions of gp41, 
however, means that the gp120 and gp41 ectodomain components rapidly separate, 
yielding only fragments of the trimer. Those individual subunits, while highly immunogenic, 
offer no advantage over specifically produced gp120 monomers that have failed to confer 
protection in efficacy trials [15–17]. A fundamental issue is that NAbs act by recognizing the 
native trimer on viruses and most antibodies induced by gp120 or gp41 subunits lack that 
property, particularly when the viruses have the neutralization-resistant (Tier-2) phenotype 
[18–21]. In the context of HIV-1 infection, Env on the viral surface is able to induce trimer-
reactive NAbs against Tier-2 viruses and, in ~20% of infected individuals, these antibodies 
have the highly desired property of broad cross-reactivity; i.e., bNAbs [22,23].

One strategy to mimic, or even attempt to improve upon, what occurs during HIV-
1 infection is to use recombinant trimers as immunogens, which requires overcoming the 
aforementioned instability problem. A now proven trimer stabilization method is to introduce 
an appropriately positioned disulphide bond that covalently links the gp120 and gp41 
subunits. By itself, this modification yielded a stable, soluble gp120-gp41 monomer (“SOS”), 
but not a stable trimer [13,24]. The necessary additional stabilization required to maintain 

20161230 Steven proefschrift.indd   29 08/02/17   14:54



Chapter 2

30

the trimer in a pre-fusion configuration involved preventing the gp41 components from 
undergoing conformational changes on the path towards the post-fusion, six-helix bundle 
form; introduction of a single point substitution (I559P) in gp41 achieved that goal, thereby 
creating the SOSIP trimer [25]. A more advanced version of this design, the BG505 SOSIP.664 
trimer, closely mimics the native Env spike both antigenically and structurally [9,26–30], 
and was able to induce NAbs against the autologous Tier-2 primary virus in rabbits, knock-
in mice and macaques [31–33]. The same SOSIP.664 design platform has yielded multiple 
additional native-like trimers based on different genotypes from several clades [34–38] and 
has been further refined to improve the stability, antigenicity and immunogenicity of the 
resulting next generation trimers [33,39,40].

The utility of the I559P substitution and its superior properties compared to other 
changes at residue-559 were identified using the clade B JR-FL sequence, which is far less 
efficient than BG505 at forming native-like trimers [25,37]. The question then arises as to 
whether other substitutions at residue-559 might be better than the I559P change when 
made in the BG505 sequence context and, by inference, others that are more relevant than 
JR-FL to present-day immunogen design programs. By making variant trimers containing 
all 20 natural amino acids at residue-559, we found no substitution that was superior to 
the original I559P design, when both stability and yield were taken into account. The I559F 
change, did, however, allow the production of trimers that were more stable than their 
I559P counterparts, although with reduced yield. Overall, we report on how the biochemical 
characteristics of the residue at position-559 influence the biophysical properties of the 
gp41 component of native-like, soluble trimers.

Results
 

Biochemical characterization of BG505 trimer variants that differ only at residue 559
To explore how residue-559 influences the formation and stability of native-like trimers, we 
made 20 different variants of the BG505 SOS.664 construct, each with a different amino 
acid at this position. The Pro-559 construct is, of course, the prototypic SOSIP.664 trimer. 
To facilitate analysis, each of the trimer variants contained a C-terminal D7324 epitope tag 
[29] (Fig. 1A). All 20 variants were transiently expressed in HEK293T cells using established 
methods [26,29]. All 20 constructs produced a single gp120 band on reducing SDS-PAGE 
gels followed by western blotting with the CA13 (ARP3119) MAb, indicating that all the Env 
proteins were efficiently cleaved at the gp120-gp41 cleavage site (data not shown). 
 Unpurified culture supernatants were then analyzed by BN-PAGE followed by 
western blotting with the 2G12 bNAb (a representative blot is shown in Fig. 1B). ImageJ 
software was used to quantify protein expression. The total amount of Env protein (trimer, 
dimer plus monomer fractions) produced from the SOSIP.664 construct was defined as 
100%, and the relative expression of each of the other 19 variants was determined relative 
to this value (Fig. 1C). On this scale, Env expression was highly (~10-fold) variable, ranging 
from 21% (Lys; SOSIK) to 233% (Met; SOSIM) (Fig. 1C). Overall, when Ile or Pro was present 
at residue-559 (i.e., the SOS and SOSIP proteins, respectively), Env expression was in the 
middle of the observed range.  
 We also quantified the amount of trimer present, again judged relative to the SOSIP 
construct (defined as 100%) and the proportion of trimers for any given mutant (Fig. 1D&E). 
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The relati ve trimer secreti on, compared to SOSIP, ranged from 3% (Met; SOSIM) to 163% 
(Val; SOSIV) (Fig. 1D), while the percentage of trimer secreti on for any given mutant ranged 
from 1% (Met; SOSIM) to 81% (Arg; SOSIR) compared to 57% for Pro (SOSIP; Fig. 1E). Overall, 
the constructs containing Arg, Tyr, Phe, His, Pro, Lys, Glu or Asn were the most effi  cient at 
trimer secreti on judged by the percentage of trimers for any given mutant. In contrast, the 
presence of Met and, to a lesser but sti ll marked extent, the hydrophobic Ile, Leu and Ala led 
to ineffi  cient trimer formati on. 

Figure 1. Biochemical characterizati on of unpurifi ed BG505 trimer mutants. (A) Linear representati on of the 
D7324-tagged BG505 SOSIP.664 trimer. (B) Representati ve BN-PAGE gel blott ed with the 2G12 bNAb. The trimer, 
dimer and monomer bands of the BG505 mutants are indicated. For all fi gures, the one lett er amino-acid code is 
depicted. (C) Total protein, (D) relati ve trimer levels compared to SOSIP and (E) relati ve trimer levels compared 
to total Env produced of any given mutant of the unpurifi ed HEK293T cell-expressed BG505 trimer mutants. The 
proteins were analyzed by BN-PAGE and the bands were quanti fi ed using ImageJ. The expression was normalized 
to that of the SOSIP construct, which was included on every gel. (F-H) D7324-capture ELISAs analyzing binding of 
the bNAbs (F) 2G12, (G) PGT145 and (H) PGT151 to the twenty variants at gp41 positi on 559. (I,J,K) The area under 
the curve (AUC) for each mutant was calculated and plott ed. The AUC values were derived from 3-4 independent 
ELISA experiments using culture supernatants from independent transfecti ons. (L,M,N) Correlati on plots of: (L) 
2G12 binding vs. PGT145 binding; (M) 2G12 vs. PGT151; (N) PGT145 vs. PGT151. In all panels, Pro is indicated in 
blue; Ile in red; Gly, Phe, Tyr, Lys, Arg, Glu, Asn, His (i.e. all other variants that were purifi ed and studied in further 
detail) in black; and Cys, Met, Ala, Ser, Thr, Leu, Asp, Val, Gln, Trp in gray. Spearman’s correlati on coeffi  cients, r, were 
calculated using Prism soft ware version 5.0.
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Again using unpurified culture supernatants, we measured the binding of a small 
panel of bNAbs (2G12, PGT145 and PGT151) in a D7324-capture ELISA to gain initial insights 
into trimer antigenicity and quaternary conformation (Fig. 1F,G,H,I,J&K). For each bNAb, we 
show binding curves (panels F,G&H) and bar graphs of  the area under the curve (AUC) values 
(panels I,J&K), using data derived from each of the 20 constructs. The 2G12 bNAb against an 
oligomannose epitope on the gp120 outer domain bound efficiently to all 20 trimers, except 
the SOSIM mutant (Fig. F&I). The CD4 binding site-directed VRC01 bNAb behaved similarly 
to 2G12, reinforcing the inference that the identity of the residue at position-559 does not 
markedly influence the conformation of individual gp120 subunits of the mutant trimers 
(data not shown). 

To gain insights into the effects of residue-559 changes on trimer structure, we used 
the PGT145 and PGT151 bNAbs, which bind to quaternary structure-specific epitopes at 
the trimer apex and the gp120/gp41 interface, respectively [29,41–43]. Both bNAbs bound 
efficiently to the standard SOSIP trimer (i.e., Pro-559), which was among the most reactive 
of the 20, but weakly to the Ile-559 variant (i.e., the SOS protein and natural sequence) (Fig. 
1G,H,J&K). The binding of 2G12 correlated poorly with the binding of PGT145 and PGT151 
(r=0.21, p=0.3853 and r=0.31, p=0.1777, respectively; Fig. 1L&M), which is not surprising as 
2G12 recognizes not just native-like trimers but also other Env forms (monomers, dimers and 
non-native trimers) that are present in the culture supernatants [29,41–43]. Accordingly, 
there was no statistically significant correlation between 2G12 binding and trimer formation 
(r=0.33, p=0.1508; data not shown). In contrast, PGT145 and PGT151 binding were strongly 
correlated (r=0.69, p=0.0008), consistent with these bNAbs both recognizing only native-like 
trimers (Fig. 1N).

Taken together with the trimer expression data (Fig. 1E), the bNAb reactivity 
profiles suggest that, although Pro-559 is not the best residue for trimer formation per se, 
the SOSIP trimers that contain Pro-559 are more likely to be in a native-like conformation 
than many other variants. For example, the SOSIV and SOSIQ variant trimers were produced 
at high yields (Fig. 1D), but bound PGT145 and PGT151 poorly (Fig. 1J&K). In general, we 
found that three classes of amino acids at residue 559 allowed for efficient native-like trimer 
formation, as gauged by strong PGT145 and PGT151 binding. These were helix-breakers (Pro 
and Gly; SOSIP and SOSIG); aromatic residues (Phe, Trp and Tyr; SOSIF, SOSIW and SOSIY), 
and charged amino acids (Asp, Arg, Lys and Glu; SOSID, SOSIR, SOSIK and SOSIE), and also His 
(SOSIH)(Fig. 1J&K). In contrast, the smaller hydrophobic residues Val, Leu, Ile and to a lesser 
extent Ala led to much less efficient production of native-like trimers, while the hydrophilic 
residues Ser, Thr, Asn, Gln, and also Cys conferred intermediate phenotypes (Fig. 1J&K). Met 
(SOSIM) was the amino acid least able to facilitate the formation of native-like trimers, as 
judged by the assays that we used. 

Purification of selected BG505 trimer variants
Based on the above pilot studies, we selected eight residue-559 trimer variants representing 
different amino acid classes (SOSIG, SOSIF, SOSIY, SOSIK, SOSIR, SOSIE, SOSIN and SOSIH) 
for larger-scale expression in HEK293F cells, and purified them by PGT145-affinity 
chromatography [29,34]. The SOS (Ile-559) and SOSIP (Pro-559) trimers were included as 
comparators. The yields of these various trimers were substantially lower than of the SOSIP 
prototype. Compared to SOSIP, yields were highest for the SOSIG trimers containing the 
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helix-breaker Gly at residue-559, albeit sti ll 2.5-fold lower (Fig. 2A). 
A non-reducing SDS-PAGE analysis of all ten PGT145-purifi ed proteins showed 

only a single gp140 band was present; under reducing conditi ons, this band was converted 
completely to gp120 (Fig. 2C). Hence, all ten trimers are fully cleaved between gp120 and 
gp41, and are not cross-linked by the intermolecular disulfi de bonds that frequently aff ect 
preparati ons of uncleaved gp140 proteins [44–46]. Thus, the identi ty of the residue at 
positi on-559 does not infl uence these aspects of nati ve-like trimer formati on. A BN-PAGE 
analysis followed by Coomassie Blue staining showed that nine of the ten PGT145-purifi ed 
proteins were exclusively trimers (Fig. 2B). The excepti on was the SOS protein preparati on, 
in which small amounts of dimer and monomer were also visible. As PGT145 does not bind 
these forms of Env, the inference is that the purifi ed SOS trimers are parti cularly prone to 
dissociati on into monomers and dimers. The tendency to dissociate is consistent with our 
earlier observati ons on SOS trimers [25]. It is also relevant to why Ile is the virus-encoded 
residue at positi on-559, as trimer metastability is necessary for fusion, and to why changing 
this residue is necessary to make stable soluble trimers. 

We used negati ve-stain EM (NS-EM) to assess the overall morphology of the ten 
PGT145-purifi ed trimer variants (Fig. 2D). All ten trimers had very similar morphologies 
and all were in a nati ve-like conformati on. However, the SOS protein preparati on, uniquely, 
contained a high percentage (23%) of non-trimeric proteins (i.e. monomers, dimers and/or 
other Env forms; data not shown). This observati on is concordant with the BN-PAGE analysis. 

Figure 2. Biochemical characterizati on of PGT145-purifi ed BG505 trimer mutants. All ten selected mutants were 
purifi ed using a PGT145-affi  nity column. (A) Yields of each variant trimer. The fold diff erence in yield compared to 
the SOSIP trimer (i.e., Pro-559) was calculated and plott ed. (B) BN-PAGE analysis, with gels stained by Coomassie 
blue; the molecular weights of the marker proteins (thyroglobulin and ferriti n) are indicated. (C) SDS-PAGE analysis 
under non-reducing and reducing conditi ons, followed by Coomassie blue staining. (D) NS-EM analysis showing the 
2D class-averages for all ten trimers. 
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Anti genic characterizati on of selected purifi ed BG505 trimer variants
We assessed the anti genicity of the same ten PGT145-purifi ed trimers using a panel of 
bNAbs and a D7324-capture ELISA [29]. The standard BG505 SOSIP.664 trimer has already 
been extensively studied in this regard, so serves as the key comparator [29,30] (Fig. 3). All 
of the trimer variants were recognized at similar effi  ciencies by glycan-dependent bNAbs to 
gp120 outer domain epitopes (2G12 and PGT125), except for poorer binding of PGT125 to 
the SOS protein (Ile-559). Both the CD4bs-directed bNAb VRC01 and gp41 targeti ng bNAb 
3BC315 bound comparably to all variant trimers including the SOS variants. MAb 17b bound 
ineffi  ciently in the absence of CD4, but its epitope was strongly induced on all the variants 
when soluble CD4 was present (Fig. 3). Thus, the identi ty of the residue at positi on-559 
does not aff ect the integrity of the CD4bs or the inducti on of CD4-triggered conformati onal 
changes.

The PGT145 bNAb, used to purify the trimers, recognizes a quaternary epitope in 
the V1V2 region. Again with the excepti on of the SOS trimer, PGT145 bound comparably 
to all trimer variants in ELISA (Fig. 3). The reduced affi  nity of PGT145 to the SOS trimer is 
most likely the refl ecti on of the presence of non-trimeric proteins (see above). Very similar 
observati ons were made with the PGT151 bNAb against a quaternary epitope at the gp120/
gp41 interface (Fig. 3). Thus, once formed and purifi ed by positi ve selecti on using PGT145, 
all variants had a nati ve-like anti genicity profi le. The SOS construct is an excepti on, in that 
non-trimeric structures can also be observed in BN-PAGE and NS-EM analyses (Fig. 2B and 
data not shown).

Figure 3. Anti genic analysis of PGT145-purifi ed BG505 trimer mutants by ELISA. The plots show representati ve 
binding curves of bNAbs 2G12, VRC01, PGT125, PGT145, PGT151 and 3BC315 and non-NAb 17b and 17b + sCD4 to 
the various trimer mutants.

µ µ µ

µµ

µµ

µ

20161230 Steven proefschrift.indd   34 08/02/17   14:54



Residue 559 and nati ve-like trimer formati on

   2

35

Figure 4. Thermal stability of PGT145-purifi ed BG505 trimer mutants. (A) Raw data and modeled unfolding curves 
derived from the DSC analysis. (B) Overlay of the DSC profi les for the various trimer mutants. The Tm, Tonset and T1/2 
of each mutant is shown in the table, and the fi tt ed curves from which Tm values were obtained are plott ed as the 
melti ng profi les. (C) Thermodynamic parameters for the unfolding of the various trimer mutants. 

Biophysical characterizati on of selected purifi ed BG505 trimer variantsThe thermal stability 
of the purifi ed trimer variants was esti mated using Diff erenti al Scanning Calorimetry (DSC). 
The midpoint of thermal denaturati on (Tm) of 67.4°C for the standard BG505 SOSIP.664 trimer 
is similar to the previously published value (Fig. 4) [33]. The Tm value, the temperature at 
which unfolding starts (Tonset) and the width at half peak height (T1/2) values was very similar 
for most of the variants, and generally within ± 1°C of the SOSIP comparator value. We did, 
however, note that the SOSIF trimer was markedly more stable (Tm = 70.7°C, Tonset = ~66°C i.e. 
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a difference of +3.3°C and 4°C respectively, compared to SOSIP). The T1/2 of SOSIF was also 
slightly higher (~5.5°C, compared to 4.0°C for SOSIP), suggestive of less cooperativity in the 
phase transition from the native to the denatured state, which may be the result of stronger 
hydrophobic interactions in SOSIF [47]. This was not true of the SOSIY trimer (Tm = 67.8°C).  
Hence, the absence of a hydroxyl group from the aromatic ring of a bulky hydrophobic 
(i.e., Phe) is sufficient to increase the stability of the entire trimer by over 3°C compared to 
when Tyr is present at residue 559. Strikingly, the SOS trimers, which dissociated visibly into 
monomers and dimers after isolation by PGT145 affinity chromatography, had a Tm value of 
68.9°C, i.e. slightly higher than that of the SOSIP trimer. One possibility is that the Tm value 
measured by DSC is not directly related to a trimer’s tendency to dissociate into monomers 
and dimers.

The calorimetric measurement of enthalpy (ΔHcal) in the unfolding process is the 
total energy that is been taken up in raising the temperature [48]. The highest ΔHcal values for 
unfolding are observed for the SOSIP and SOSIG trimers (925 and 864 kJ/mol·K respectively). 
Both Pro and Gly are α-helix breakers and maintain the trimer in the pre-fusion state most 
efficiently (judged by purified trimer yields). The increased energy requirement to denature 
both trimers may be the reflection of the pre-fusion stabilization effect introduced by Pro 
and Gly. The lowest ΔHcal is found for hydrophobic residues Ile (i.e. SOS) and Phe (722 and 
672 kJ/mol·K respectively). The reduction in ΔHcal indicates that the unfolding process is less 
endothermic for SOS and SOSIF, which is consistent with the presence of the hydrophobic 
residues Ile and Phe [49,50]. 

Overall, an array of assays shows that PGT145-purified variants of the BG505 
SOSIP.664 trimer that differ only at residue-559 are essentially indistinguishable. The 
exceptions are SOS (Ile-559), for which non-trimeric structures were also seen in BN-PAGE 
and NS-EM analyses (Fig. 2B and data not shown), and the substantially more thermostable 
SOSIF variant. Thus, although substitutions can influence the efficiency of trimer folding and 
hence yield, once the different trimers are made, they generally behave very similarly. 

Discussion 
An Ile-to-Pro mutation at residue 559 in gp41 has become a standard component of the 
recipe that is now widely used to make native-like HIV-1 Env trimers for immunogenicity 
studies and structural studies, alone or in combination with additional stabilization strategies 
[9,25,27–29,31,32,36,44,51–53]. When we first demonstrated the utility of this substitution 
in the context of JR-FL gp140, we proposed that the introduction of the helix-breaking Pro 
moiety would prevent a loop-to-helix transition in the gp41 subunits [25]. As a result, the 
complete HR1 helix would be unable to form, and the gp41 subunits would not undergo the 
transition to the six-helix bundle conformation. Thus, the tendency of an unstable, pre-fusion 
form of a soluble trimer to transit to the post-fusion configuration, would be countered [25]. 
The core of that theoretical argument was driven by then-available knowledge of how Env 
transmembrane proteins mediate fusion [4,25,54,55]. It remains valid today in the context 
of high resolution structural information on the inner workings of the trimer [9,10,27,28,56]. 
Whether the residue substituted at position-559 needs to be a helix-breaker per se (i.e., Pro) 
does, however, need further consideration. Multiple different substitutions at residue 559 
can have a broadly comparable stabilizing effect on the fragile BG505 SOS.664 trimer. They 
include the helix-breakers Pro and Gly, the aromatics Phe, Trp and Tyr, and the charged 
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residues Arg, Lys, Asp, Glu, and His. Not every residue is eff ecti ve, however, as the small 
hydrophobic residues Val, Leu, Ile and Ala and Met yield stable trimers ineffi  ciently. These 
new fi ndings in the context of the BG505 genotype are consistent with our earlier, more 

Figure 5. Structural analysis of BG505 trimer mutants. (A) Top view of the recently solved 3.0 Å BG505 SOSIP.664 
x-ray crystal structure (PDB ID: 5CEZ) and side view of a single gp140 protomer where Pro-559 is indicated in green; 
gp120s in gold, magenta and red; gp41s in cyan, violet and salmon. The B-value is indicated in a single gp140 
protomer (right panel). Flexibility is indicated by the color spectrum, where blue and red indicate low and high 
fl exibility respecti vely. The structure reveals that the region near residue-559 is highly fl exible, which complicates 
predicti ons of the impact of sequence changes in this area. (B) Detailed view of Pro (green) at residue-559 in the 
BG505 Env trimer and modeled in the high resoluti on EM reconstructi on (overall RMSD of 2.48 Å) of the JR-FL Env 
trimer (PDB ID: 5FUU. In the JR-FL trimer, the Pro (green) substi tuti ons at residue-559 are modeled in all three 
protomers as the conformati on of each protomer is slightly diff erent. Hydrophobic residues are indicated in red 
(light red; weak, red; strong); the large cavity in loop-segment B of HR1 is indicated in light grey. (C) Detailed view 
of Phe (green) modeled at residue 559. When Phe is introduced its large side-chain may fi ll a part of the cavity 
and could make hydrophobic contacts with Ala58, Ala60 and Ala561 in the BG505 trimer, increasing the thermal 
stability of the SOSIF trimer compared to SOSIY and SOSIP. In the JR-FL trimer structure, this is slightly diff erent 
and Phe could make hydrophobic contacts with Ile547 and Leu556. (D) Detailed view of the natural IIe (green) at 
residue-559 as in the EM structure and modeled on the crystal structure.
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limited studies on JR-FL, a sequence that yields native-like soluble trimers much less well 
than BG505 and several other env genes [25,34–38]. In the JR-FL context, introduction of 
Gly, Phe or Arg at residue-559 also enhanced formation of trimers, although at lower yields 
than the Pro substitution, and Ile and Val changes performed poorly [25].

Overall, the originally identified I559P substitution remains the optimal choice for 
efficient formation of soluble BG505 native-like trimers, in that we could identify no variant 
that was demonstrably superior to SOSIP. Whether this is true for every genotype remains 
to be seen.
 HIV-1 Env is extraordinarily diverse from the perspective of sequence changes 
that can be tolerated without a gross loss of function. As a wide range of SOSIP.664-type 
soluble trimers will need to be tested in the vaccine context, we sought to better understand 
structure-function residues in the general region of residue-559 that are clearly critical for 
the stability of native-like soluble trimers. In the original structures of the BG505 SOSIP.664 
trimer, the region surrounding residue-559 was unresolved [9,27,28] and Hydrogen-
Deuterium exchange analysis suggested that this domain is relatively disordered [57]. 
However, a newly available structure of the same trimer at a higher resolution of 3.0 Å 
has allowed the region near residue-559 to be modeled. The high B-values associated 
with this segment of gp41, compared to surrounding residues in gp41, suggests that it is 
conformationally flexible ([40]; PDB ID: 5CEZ) (Fig. 5A, right panel). Furthermore, the high 
resolution cryoEM structure of a transmembrane domain-containing, fully native (i.e., no 
SOSIP substitutions) JR-FL Env trimer as a complex with the PGT151 bNAb shows that part of 
this region assumes a helical conformation when the wild-type Ile is present at residue 559 
[56]. It is also noteworthy that the structure of this region of gp41 is slightly different in each 
of the three protomers, which may again be further evidence for local flexibility, but could 
also be an outcome of PGT151 binding [56].

The stabilizing effect of the helix-breakers Pro and Gly can probably still be explained 
by them preventing formation of an extended HR1, i.e., as proposed previously [25]. The 
small α-helices α6 and α7 are connected by a non-helical segment, and are “spring-loaded” 
and prevented from assembling into the extended post-fusion HR1 helix by the presence of 
gp120 [9,10]. In the structure of the JR-FL trimer where an Ile is present at position 559, the 
region around this residue is helical [40,56] (Fig. 5B). In contrast, in the X-ray structure of 
the BG505 SOSIP.664 trimer (with Pro present at position 559) this region is an extended coil 
consistent with the α-helix breaking ability of the Pro substitution.

Phe, Trp and Tyr are accommodated well in α-helices, necessitating a different 
explanation for their beneficial effects (compared to Pro) on soluble trimers. The BG505 
SOSIP.664 trimer structure shows that the loop around residue-559 forms hydrophobic 
interactions with gp120 residues. The large hydrophobic side chains of Phe or Tyr could 
possibly make additional hydrophobic contacts in this environment (Fig. 5C). If so, the subtle 
difference between Phe and Tyr (the latter’s hydroxyl group) must affect how the cavity is 
filled, because the SOSIF trimer was markedly more thermostable (by over 3°C) compared to 
SOSIY and SOSIP. We note that Phe often plays a role in protein stabilization [58] and that a 
hydrophilic moiety as small as a hydroxyl group can be sufficient to destabilize a predominantly 
hydrophobic environment [59]. When Phe is modeled in place of Pro at residue-559 in the 
BG505 SOSIP trimer structure, its side chain could possibly form hydrophobic interactions 
with Ala58, Ala60 and Ala561 (Fig. 5C). In the JR-FL trimer structure, the hydrophobic cavity 
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is slightly different as the Ala58 (~14 Å) and Ala561 (~9 Å) residues are not in close proximity. 
Instead, a loop is formed that extends from the α-helix and other residues, i.e. Ile547 (~5 Å 
distance) and Leu556 (~6 Å distance), may facilitate hydrophobic interactions in this cavity 
(Fig. 5C). We cannot exclude that the Phe-substitution causes a remodeling of the local 
protein backbone and creates alternative interactions. 

Hydrophobicity per se cannot be the full explanation for the impact of Phe and Tyr, 
as the aliphatic residues Leu, Ile and Val did not facilitate efficient soluble trimer formation. 
Hence, aromatic-aromatic interactions between Phe and His may also be relevant, as they 
are thought to help stabilize the internal structures of proteins [60,61]. In such an interaction, 
the side-chain of His is preferentially located within 6 Å of the ring centroids of either Phe, 
Tyr or Trp, allowing van der Waals contact with δ(−) π-electrons of aromatic rings. [60]. The 
BG505 SOSIP.664 trimer structure shows that several His rings are proximal to residue-559, 
most notably His72 (~5 Å distance), although this distance is larger in the JR-FL trimer (Fig. 
5C). For such aromatic interactions, the local peptide backbone around 559 would have to 
be remodeled slightly. 

The charged side chains of Lys, Arg, His and Glu, and also Asn also facilitated trimer 
formation, but did not increase thermal stability. We do not know how these effects are 
mediated. There are no obvious nearby candidates for electrostatic interactions, and the 
presence of charged moieties in a hydrophobic cavity is generally disadvantageous. One 
possibility is that they act via a substantial remodeling of the local protein backbone that we 
have not attempted to model. Based on the structure of the JR-FL trimer, an Arg or His at 
position-559 may interact with a Phe that is present at position-53.  

There have only been a few earlier studies on gp140 trimerization-promoting 
substitutions in the gp41 region near residue-559 [62,63]. Alsahafi et al. found that 
introducing the I559P change into membrane-associated BG505 Env abolished its ability 
to mediate membrane fusion [63]. That was the expected outcome, in that it confirmed 
an earlier study [64], and was consistent with the model that a Pro-residue in this region 
stabilizes the pre-fusion trimer by preventing conformational transitions to the post-fusion 
six-helix bundle [25]. Antibody probing of the Env proteins present on the membrane of the 
Env-transfected cells showed that the I559P substitution decreased the binding of various 
non-neutralizing anti-gp41 MAbs [29]. How these antibody-reactivity observations can be 
interpreted at the structural level is unclear, given the complex mixture of various native 
and non-native Env forms that is present on the cell surface [65–68]. The high-resolution 
cryoEM structure of the JR-FL Env trimer shows that its structure is virtually identical to 
that of the soluble BG505 SOSIP.664 trimer. In particular, the region around the engineered 
SOS disulphide bond was indistinguishable between the two structures. The region near 
residue-559 was more helical in the JR-FL Env trimer structure (Ile-559) than in the BG505 
SOSIP.664 soluble trimer (Pro-559). The difference in this region is entirely consistent with 
our original hypothesis that the Pro substitution stabilizes Env by preventing helix formation. 
Whatever modest impact the Ile-Pro change may have on Env structure, it seems a minimal 
price to pay for conferring the ability to produce stable, native-like trimers that very 
closely resemble the spike structures present on viruses. As noted earlier, the structures 
of the soluble BG505 SOSIP.664 trimer and the JR-FL membrane-associated Env trimer (no 
SOSIP substitutions present) are essentially indistinguishable, except for the very localized 
differences around the I559P substitution [9,27,28,40,56].
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Our overall conclusion is that, from the perspective of making stable, native-like 
soluble trimers, the originally identified I559P change remains the first choice. It is possible 
that other substitutions at or near residue-559 could be superior in certain Env genotypes, 
something that could only be determined on an empirical basis if the I559P change proves 
unsatisfactory, and for which the data presented here should serve as a guide. We also note 
that high-resolution trimer structures show that our initial choice of gp120 position-501 
and gp41 position-605 for the intersubunit disulfide (SOS) bond has stood the test of time 
[13,56].

Methods

Env trimers
The design of BG505 SOSIP.664 trimers, including the D7324-epitope tagged version, has 
been described elsewhere, as have the methods for their production and purification [26–
29]. In this study, BG505 SOSIP.664-D7324 trimers and mutants thereof were expressed by 
transient transfection of 293F cells and purified via PGT145-affinity chromatography [33,34].

Antibodies and reagents
MAbs were obtained as gifts, or purchased, or expressed from plasmids, from the following 
sources directly or through the AIDS Reagents Reference Program: John Mascola and Peter 
Kwong (VRC01); Polymun Scientific (2G12); Michel Nussenzweig (3BC315); James Robinson 
(17b and 14e); Dennis Burton (PGT121, PGT125, PGT145 and PGT151); Ms C. Arnold (CA13 
(ARP3119)), EU Programme EVA Centralized Facility for AIDS Reagents, NIBSC, UK (AVIP 
Contract Number LSHP-CT-2004-503487); Progenics Pharmaceuticals (sCD4).

SDS-PAGE and Blue Native-PAGE
Env proteins were analyzed using SDS-PAGE and BN-PAGE [25,69]; gels were stained using 
Coomassie blue or western blotted for Env detection using the CA13 (ARP3119) and 2G12 
MAbs. Bands were quantified using ImageJ.

D7324-capture ELISA using BG505 SOSIP.664 trimers
The D7324-capture ELISA has been described in detail elsewhere [29]. Microlon 96-well half-
area plates (Greiner Bio-One, Alphen aan den Rijn, the Netherlands) were coated with D7324 
antibody (10 µg/ml; Aalto Bioreagents, Dublin, Ireland). Unpurified, undiluted HEK293T 
transfection supernatants or PGT145-purified trimers (at 5 µg/ml) were subsequently 
captured onto the solid phase and tested for Ab binding. Abs were detected with goat anti-
human horseradish peroxidase labeled immunoglobulin G (Jackson Immunoresearch). 

Differential scanning calorimetry (DSC)
Thermal denaturation was probed with a Nano DSC calorimeter (TA Instruments). Before 
carrying out the experiments, all samples were extensively dialyzed against phosphate-
buffered saline (PBS) using Vivaspin 500 (Sartorius Stedim biotech) columns. The protein 
concentration was subsequently adjusted to 0.1– 0.3 mg/ml, with PBS. After loading the 
protein sample into the cell, thermal denaturation was probed at a temperature scan rate of 
1 °C/min. Buffer correction, normalization and baseline subtraction procedures were applied 
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before the data were analyzed using NanoAnalyze software v3.5.0 (TA Instruments). The 
data were fitted using a two-state model, as the asymmetry of some of the peaks suggested 
the presence of unfolding intermediates.

Electron microscopy
BG505 trimer mutants were analyzed by negative-stain EM after overnight incubation at 
room temperature. A 3 µL aliquot containing ~0.01 mg/ml of the trimer 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 using an 
FEI Talos electron microscope operating at 200 keV, with an electron dose of ~25 e-/Å2 and a 
magnification of 73,000x that resulted in a pixel size of 1.98 Å at the specimen plane. Images 
were acquired with a FEI Ceta 16M camera using a nominal defocus range of 1500 nm.

Image processing and 2D reconstructionData processing methods were adapted from 
those used previously [29,44]. Particles were picked automatically using DoG Picker and 
put into a particle stack using the Appion software package [70]. Initial, reference-free, two-
dimensional (2D) class averages were calculated using particles binned by two via Iterative 
MSA/MRA and sorted into classes [71]. 
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