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Chapter 1

Human Immunodeficiency Virus (HIV)
Human Immunodeficiency Virus 1 (HIV-1) is the causative agent of Acquired Immune 
Deficiency Syndrome (AIDS). The virus was first identified in 1983 and according to 
the latest data of the World Health Organization it has claimed more than 34 million 
deaths so far (1, 2). The countries in sub-Saharan Africa are most affected by HIV-1, 
where 68% of the infected people are living. The fact that there is limited access to 
antiretroviral drugs contributes to the reduced life expectancy in these countries.
 HIV-1 is a lentivirus, which is a subfamily of the Retroviridae (3). It appears 
that the HIV-1 epidemic originates from west equatorial Africa and phylogenetic 
analysis revealed that HIV-1 has been transmitted from monkeys through multiple 
cross-species transmissions of simian immunodeficiency virus (SIV) variants. These 
cross-species transmission events most likely occurred through direct exposure to 
animal blood and/or bodily secretions by hunting, butchering and consumption of 
uncooked, contaminated meat (4). There are two major types, HIV-1 and HIV-2, the 
former being the predominant form worldwide and the more pathogenic variant. HIV-1 
can be further sub-divided into three distinct groups: M (major), O (outlier) and N (non 
M/O). Group M contains the majority of the pandemic strains worldwide and is divided 
into 9 subtypes (clades); A, B, C, D, F, G, H, J and K but also 15 circulating recombinant 
forms (CRFs) (5, 6). HIV-1 can enter the body by multiple routes; blood-blood contact, 
unprotected sexual intercourse, and from mother-to-child during pregnancy, childbirth 
or breast feeding (7). Since its discovery, HIV-1 has become a serious health problem 
and many campaigns have been initiated to reduce transmission by preventing 
new infections among drug users and children. Combination drug therapy is able to 
inhibit the virus, but new treatment strategies need to be developed to cure infected 
individuals. The ultimate goal is the development of a vaccine that prevents against new 
HIV-1 infections. 

The HIV-1 virion
The HIV-1 genome consist of two identical 9.2 kb single stranded RNA molecules 
that are packaged in the virion particle and that contains nine open reading frames 
(Figure 1A). Three of these frames encode the Gag, Pol and Env polyproteins, which 
are proteolytically cleaved into the individual protein domains. The Gag polyprotein 
encodes four proteins, namely matrix (MA), capsid (CA), nucleocapsid (NC) and p6. 
The Env polyprotein (gp160) encodes two protein domains: surface (SU) or gp120 
and transmembrane (TM) or gp41. These six proteins are all structural proteins that 
make up the core of the virion particle and the protein that sticks out from the cellular 
membrane that surrounds the virion (Figure 1B). Processing of the Pol polyprotein 
results in three proteins, namely protease (PR), reverse transcriptase (RT), and 
integrase (IN), which all have essential functions in the viral replication cycle (8, 9). 
The Tat protein is essential for transcriptional activation of the Long Terminal Repeat 
(LTR) promoter by binding to the TAR RNA hairpin and the Rev protein is essential 
for nuclear transport of unspliced and partially spliced viral RNAs (10, 11). The HIV-1 
genome also encodes four accessory proteins. The accessory proteins Vif, Vpr, Vpu and 
Nef have multiple functions, including a role in evasion from the innate immune system, 
more specifically the cellular restriction factors (12). 

HIV-1 replication cycle
The HIV-1 infection cycle starts by binding to the target cells, mainly the CD4+ 
T-lymphocytes, although monocytes, macrophages and dendritic cells (DC) are also 
susceptible (13). Viral entry is facilitated by the surface envelope glycoprotein (Env) 
complex via interaction with the CD4+ T-cell receptor, followed by binding to the seven 
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transmembrane chemokine receptors CCR5 or CXCR4 (Figure 2). When HIV-1 has bound 
both the CD4 receptor and one of the co-receptors, the Env protein induces fusion of the 
viral and cellular membranes and the viral core is released into the cytoplasm. Then, 
the viral core is uncoated and the RNA genome is reverse-transcribed by the viral RT 
enzyme into full-length double-stranded DNA. Vpr docks the double-stranded DNA to 
the nuclear membrane and the viral DNA enters the nucleus through the nuclear pore. 
After entering the nucleus, the double-stranded DNA is inserted into the host genome 
by the viral IN enzyme (8, 9). Once the viral DNA is integrated into the host genome, 
transcription may start via the 5’ LTR promoter. RNA Polymerase II is recruited and 
basal amounts of the viral Nef, Tat and Rev proteins are produced (8, 9, 14). Tat is 
an essential regulatory protein during HIV-1 replication. It increases the production of 
viral mRNAs by binding to TAR (15). TAR is an RNA hairpin that is present in all HIV-
1 mRNAs, and Tat functions as a trans-activator of HIV-1 replication (11, 16). In the 
first stages of replication, only multiple-spliced mRNAs are produced that encode the 
Tat, Rev and Nef proteins. Unspliced or single-spliced mRNAs are only produced once 
a critical level of the Rev protein is reached. All mRNAs are translated on polysomes 
into other viral proteins. Rev interacts with the Rev responsive element (RRE), which 
is present on unspliced and singly spliced HIV-1 mRNAs. Binding of Rev to the RRE 

Figure 1: HIV-1 genome and virus particle. (A) Schematic representation of the organization of the HIV-1 
genome. Indicated are the open reading frames (ORFs) encoding the structural proteins Gag, Pol, Env, the 
regulatory proteins Tat, Rev and the accessory proteins Vif, Vpr, Vpu and Nef. (B) The mature HIV-1 particle. 
Depicted on the outside of the virus are the Env proteins containing the gp120 and gp41 subunits. The MA, 
CA, NC, PR, RT and IN are depicted on the inside of the viral particle. The typical cone shaped structure of CA 
contains the two single stranded RNA molecules (108). 

B
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facilitates the transport of these mRNAs through the nuclear membrane into the 
cytoplasm where they are translated, and the unspliced RNA can be packaged in new 
virions (8, 9). In the cytoplasm the env, gag and pol mRNAs are translated into Env, Gag 
and Pol polyproteins. The Env mRNA is translated in association with the endoplasmatic 
reticulum (ER), where the Env protein is inserted and subsequently processed (17). The 
core particle is formed at the plasma membrane and an immature viral particle starts to 
bud from the cell surface. During this process it is essential to decrease the number of 
CD4 molecules on the plasma membrane to avoid interaction with the gp120 molecules 
of newly assembled virus particles. Several accessory HIV-1 proteins downregulate CD4 
(Nef and Vpu). Cleavage of Gag inside the immature particles gives rise to the mature 
MA, CA and NC domains and a mature virion is formed that can infect the next cell (8, 9). 
This replication cycle repeats itself in the newly infected cell and this eventually leads 
to a progressive decline of the CD4+ T-lymphocyte blood levels, to the point where the 
immune system is unable to control infections by opportunistic pathogens. Here, HIV-1 
infection reaches the final stage, which is defined as AIDS.

HIV-1 treatment
Infection with HIV-1 still cannot be cured but significant progress has been made in 
treatment as more than 25 potent antiretroviral drugs are available (18). In 1987, HIV-
1 patients could be treated with the first available drug (AZT/Zidovudine), which is 
a nucleoside reverse transcriptase inhibitor (NRTI). But such a single drug regimen 
eventually resulted in the selection of drug-resistant viruses (19, 20). In 1996, a Highly 
Active Antiretroviral Therapy (HAART) was introduced that combined 2 NRTIs with a 
protease inhibitor, which usually leads to durable virus inhibition, but not a cure (21–
23). Over the years, new drug classes were developed that fall into six classes: 1) fusion 
inhibitors (interfere with virus-host binding, fusion and entry), 2) NRTIs (inhibit RT 
catalytic site), 3) non-nucleoside reverse transcriptase inhibitors (NNRTI, inhibit RT by 
other means), 4) integrase inhibitors (inhibit IN), 5) protease inhibitors (block PR and 
prevent virus maturation) and 6) co-receptor antagonists (block binding of HIV-1 to 
CXCR4 or CCR5) (24). A combination of several of these drugs is now called combined 
Antiretroviral Therapy (cART) and has led to a significant reduction of the number of 

Figure 2: The HIV-1 replication cycle. See text for detailed explanation (108). 
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HIV-related deaths. These drugs do not cure an HIV-1 infection and therapy interruption 
quickly leads to restoration of the viral levels (18, 25). Therefore, patients need to use 
the antiretroviral drugs for the rest of their life, which increases complications caused 
by drug-related toxicity. Clinical problems that may arise include mitochondrial toxicity, 
drug-hypersensitivity and lipodystrophy (26). cART is also quite expensive and is only 
readily available to a minority of the HIV-1 infected individuals worldwide. The effects 
of long-term cART treatment are just starting to become understood (reviewed in (27)).

HIV-1 immune response
The immune system is essential in the defence against pathogens such as viruses, 
bacteria and parasites. When HIV-1 infects the body, the innate and adaptive immune 
responses are activated to fight the infection, the latter consisting of a cellular and 
humoral arm. The initial infection by HIV-1 is controlled by the immune system but 
the virus is not cleared from the body. One of the first lines of defence encountered 
by pathogens are the dendritic cells (DCs) that are present in the skin and mucosal 
tissues. DCs capture pathogens, internalize and degrade them. Upon pathogen capture, 
the DCs become activated antigen presenting cells (APCs) and migrate to the lymph 
nodes where they present pieces of the pathogen to naïve T-cells. This activates the 
naïve T-cells that becomes an activated CD4+ T-helper cell and in turn activates CD8+ 
cytotoxic lymphocytes (CTLs) and B-cells. CTLs recognize intracellular pathogens via 
the Major Histocompatibility Complex class I molecule that presents pathogen-derived 
peptides on the surface of infected cells (28, 29). DCs are crucial for the initial immune 
response against HIV-1, but they may also contribute to the initial infection. Immature 
DCs, especially the ones in the epithelia recognize and transport HIV-1 to the lymph 
nodes. The HIV-1 Env protein contains many glycan structures on its surface that 
interact with a specific receptor on DCs, designated DC-SIGN. Capture of HIV-1 by DC-
SIGN triggers internalization of the the virus, while maintaining it intact and infectious. 
Aftermigration to the lymph nodes, APCs interact with T-cells and this interaction allows 
HIV-1 to be transferred to naïve T-cells to initiate a new round of infection (30–32).   
 B-cells play an important role in the humoral response by producing antibodies 
(Abs) that can bind and neutralize a pathogen, thereby preventing new infections. There 
are five different classes of Abs (IgA, IgD, IgE, IgG and IgM) with different biological 
functions. IgA is found in mucosal surfaces e.g. in the lung and gastrointestinal track. 
The role of IgD is less well defined. IgE helps in the protection against parasitic helminth 
infection but is also responsible for allergic reactions. IgG is the main Ab found in the 
blood and it protects against bacterial and viral infections. IgM is also found in the blood 
and protects against bacterial and fungal infections (reviewed in (33)). IgA and IgG are 
the main classes that should protect the infected individual against HIV-1 infection as 
the virus usually spreads via blood-blood contact and through mucosal tissues. These 
Ab responses target the Env glycoprotein that is the only viral component present on 
the surface of HIV-1 virions. Induction of virus-neutralizing Abs by vaccination can 
induce sterilizing immunity against HIV-1, but the design of such vaccines is rather 
complicated (34). Env is the only relevant viral target for such Abs.

The HIV-1 envelope glycoprotein
The protein that mediates viral entry into a target cell is the HIV-1 envelope glycoprotein 
(Env) (Figure 3A). Env is synthesized as a gp160 precursor polyprotein and is co-
translationally translocated into the Endoplasmic Reticulum (ER), where Env starts to 
fold into the biologically active conformation with 10 disulfide bonds that stabilize the 
three-dimensional structure. The protein also becomes glycosylated at most of the ~30 
potential N-linked glycosylation sites (PNGS) in Env (35, 36). The gp160 monomers 
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subsequently oligomerize into a trimeric structure that is transported to the Golgi 
complex. The locally present Furin or Furin-like proteases proteolytically cleave Env to 
create the gp120 (SU) and gp41 (TM) subunits. These subunit are held together by weak 
non-covalent interactions and are therefore prone to dissociation (37, 38). The high 
mannose glycans are processed in the Golgi to a hybrid type that serves as substrate for 
the generation of complex glycans. Glycoproteins contain mostly complex glycans, but 
the HIV-1 Env trimer contains many high mannose moieties. Finally, Env is transported 
to the cell membrane, from where it can be incorporated into newly assembling virion 
particles (36, 39, 40).
 Env on virion particles is a trimer of gp120-gp41 heterodimers. The gp120 
subunit controls interaction with the CD4 receptor and thus initiates cell entry. It consists 
of five variable domains (V1-V5) that form the exterior and shields the more conserved 
inner domains (C1-C5). The V1V2 region and the V3 loop contribute to shielding of the 
CD4 binding pocket and dictate the co-receptor tropism. Binding of the co-receptor is 
influenced by the net charge of V3 amino acids. A shift from CCR5 to CXCR4 co-receptor 
usage is frequently associated with an increase in the V3 positive charge, but also the 
length of the V1V2 domains together with the number of glycans present on the V1V2 
domains affects co-receptor binding. The chemokine receptor binding elements within 
Env are formed by V3 and the ‘bridging sheet’, an anti-parallel β-sheet formed by the 
V1V2 stem region and the C4 domain. The highly glycosylated V4 and V5 regions are 
part of the “silent face” of Env (41–44).
 The gp41 subunit is responsible for the actual fusion of the host-cell and viral 
membranes. Gp41 is anchored in the viral membrane by the transmembrane domain 
(TM). The ectodomain of gp41 contains six segments (A-F) that form the heptad-repeat 
regions HR1 and HR2. The HR segments form a ring of four helices around the amino 
and carboxy termini of gp120 thereby acting as a “safety-pin”. This prevents early 
formation of the most stable post-fusion six-helix bundle structure. After engagement 
of gp120 with the CD4 receptor and the CXCR4 or CCR5 co-receptor, gp120 opens up 
and HR1 undergoes a loop-to-helix transition to form an extended helix that inserts the 
fusion peptide into the membrane of the target cell. Next, HR2 also forms an extended 
helix and formation of this six-helix bundle structure generates the energy to drive 
membrane fusion (45–49). 

HIV-1 antibody responses
During the early stages of infection, HIV-1 specific Abs can be detected after one week 
but these are mainly non-neutralizing Abs (non-NAbs). The first non-NAbs that can be 
detected usually bind the immunodominant cluster I region of  gp41 (50, 51). The Ab 
response subsequently shifts to variable regions of gp120 such as the V3 domain. This 
occurs within 4 weeks when mainly non-NAbs and strain-specific NAb are formed (51, 
52). The reason why these Abs fail to neutralize can be explained in part by the instable 
nature of the Env protein. Env is prone to dissociate in the gp120 and gp41 subunits 
that expose immunodominant, but non-neutralizing epitopes. A large portion of the 
response is directed against these epitopes, but these Abs do not react with the native 
Env spike (52, 53).
 Within weeks or months, strain-specific neutralizing activity is usually detected 
by NAbs that bind gp120 or gp41 (52, 54–56). As soon as these strain-specific NAbs are 
available, escape virus variants start to emerge. This will instruct the immune system 
to generate NAbs that can neutralize the escape variant. Repeated cycles of Ab response 
and viral escape induces an ongoing process of viral escape (55, 57).  In some patients, 
iterative rounds of Ab affinity maturation can lead to the development of NAbs that can 
recognize heterologous HIV-1 strains. Broadly neutralizing Abs (bNAbs) 
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develop in approximately 20% of the patients, which have the ability to neutralize a 
wide range of HIV-1 subtypes (58). In 1% of HIV-1 infected patients (elite neutralizers), 
an extraordinary potent and broad neutralizing activity develops (59). These bNAbs 
usually emerge after 2-3 years of infection, but within a year in exceptional cases (60).
 Until 2009 only a handful of bNAbs were identified. The first bNAbs that were 
described target a conserved Env epitope; b12 (gp120: CD4 binding site (CD4bs)); 
2G12 (gp120: several glycans in the outer domain (OD)); 2F5 and 4E10 (gp41: MPER) 
(61–64). In recent years, many more bNAbs were discovered that target conserved 
epitopes. These include PG9/16, PGT141-145, CH01-04 and VRC26 (gp120: quaternary 
structure-dependent V1V2-glycan) (65–71), VRC01, VRC03, PGV04, HJ16, CH31, CH103-
106, 3BNC60, 3BNC117, 12A12 and NIH45-46 (gp120: CD4bs) (66, 72–77), PGT121-
123, PGT125-130, PGT135-137 and 10-1074 (gp120: Asn332 centered oligomannose 
patch) (65, 78–82), PGT151, 35O22 and 8ANC195 (gp120-gp41: quaternary structure-
dependent gp120-gp41 interface) (83–87), 3BC315 (gp41) (88), and 10E8 (MPER) 
(89). The patients that develop such potent bNAb responses do not benefit because 
the virus will escape, but their discovery has fueled the hope that an HIV-1 vaccine that 
provides sterilizing immunity would be possible.

An HIV-1 vaccine
Despite 30 years of intense research there is still no effective HIV-1 vaccine available. 
An effective HIV-1 vaccine will likely require the induction of bNAbs, but no Env 
immunogen has been able thus far to do so. More than 200 HIV-1 vaccines have been 
tested in humans and only a handful progressed to phase IIb and III clinical trials 
(90). Two phase III trials started in 1998 and 1999, one tested a bivalent recombinant 
subtype B/B gp120 protein (VAX004), the other a mixture of recombinant subtype B/E 
gp120 proteins (VAX003) (91, 92). Both studies failed to induce bNAbs and showed 
no reduction in the percentage of persons that acquired HIV-1 over time (93, 94). The 
HVTN 505 efficacy trial, testing DNA plasmids encoding HIV-1 clade B Gag, Pol and 
Nef and Env proteins of clades A, B and C, was designed to induce high CTL levels to 
protect against transmission or to control the viral load. This study also did not show 
any efficacy against HIV-1 acquisition (95). The STEP trial, using Ad5 vectors expressing 
the Gag, Pol and Nef proteins, was also designed to induce CTL responses. This vaccine 
lacked efficacy and was stopped prematurely because it was suspected to increase the 

Figure 3: Schematic representation of the HIV-1 envelope glycoprotein trimer and SOSIP.664 trimer. 
(A) The HIV-1 envelope glycoprotein trimer anchored in the cell membrane. Indicated are the gp120 and 
gp41 subunits and the glycan moieties on the trimer surface. (B) The soluble, cleaved native-like SOSIP.664 
trimer. Indicated in red are the disulfide bond “SOS” (substitutions A501C and T605C) and the Isoleucine-to-
Proline (IP) at residue 559.
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risk of HIV-1 infection (96). One study (RV114 trial) actually achieved a modest success. 
This prime-boost vaccine was composed of a recombinant non-replicating canarypox 
vector encoding the HIV-1 Gag, Pol and Pro proteins, followed by a recombinant subtype 
B/E gp120 protein boost. The study showed an efficacy of 31% protection against HIV-1 
acquisition and raises the hope that a successful HIV-1 vaccine may be feasible (97). No 
bNAbs were induced, the modest protection was thought to be mediated by antibody-
dependent cell-mediated toxicity (ADCC), induced by non-NAbs that target the C1 and 
V1V2 regions of the Env protein (98). 
 Although this one study showed a modest efficacy, the failure of most studies 
is likely due to the fact that they used a monomeric gp120 protein. The gp120 subunit 
displays bNAb epitopes, but also exposes immunodominant non-neutralizing epitopes 
that serve as immune decoys. The induced Abs bind Env but lack neutralizing potency 
(52, 53). Passive immunization studies with bNAbs protect rhesus macaques from 
HIV acquisition (reviewed in (99)). In contrast, non-NAbs showed no or negligible 
protection in passive immunization studies (100, 101). Therefore, induction of bNAbs 
may be crucial for vaccine-induced protection and the only relevant target for bNAbs is 
the Env glycoprotein. A better mimic of the native, trimeric Env spike is likely needed for 
inducing bNAbs, but creating a true mimic has proven to be challenging. Our laboratory 
used innovative strategies towards trimeric Env protein mimics, culminating recently 
in the soluble, cleaved native-like trimers termed SOSIP.664 gp140. In these trimers, 
the transmembrane domain and cytoplasmic tail of gp41 are eliminated, allowing 
the secretion of a soluble protein (Figure 3B) (102). A disulfide bond was introduced 
between the gp120 and gp41 subunits (substitutions A501C and T605C), thus 
covalently linking them to yield a stable, soluble gp120-gp41 monomer (“SOS”), but not 
yet a stable trimer (103, 104). An Isoleucine-to-Proline (IP) HR1 helix destabilization 
mutation at residue 559 in the gp41 ectodomain stabilizes the trimer interactions and 
a hexa-arginine (R6) motif increases cleavage by the Furin protease (105, 106). In this 
thesis we describe an advanced SOSIP.664 vaccine candidate based on the sequence of 
the subtype A transmitter/founder virus BG505 (107). This BG505 SOSIP.664 trimer 
contains two additional modifications, a T332N substitution to restore the bNAb epitope 
that includes this glycan and a truncation of the MPER region to reduce aggregation and 
to improve protein solubility. The detailed characterization of this BG505 SOSIP.664 
trimer and its performance as an immunogen in in vivo vaccination studies is the topic 
of this thesis.
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Scope of this thesis
In this thesis we focus on the antigenic structure of the HIV-1 Env protein by determining 
the binding profile of bNAbs and the relationship between exposure of bNAbs epitopes 
and the potency and specificity of the antibody responses in immunization studies. 
Chapter 2 describes the design of a next generation cleaved, soluble BG505 SOSIP.664 
Env trimer that is based on a clade A transmitter/founder strain. We describe its 
biochemical and biophysical properties and the MAb binding profile. We conclude that 
this protein is a good mimic of the native Env spike. Chapter 3 describes the role of 
residue 559 in formation of soluble native-like BG505 SOSIP.664 trimers. We report 
that a Proline residue is the best choice for making stable, native-like Env trimers with 
high yields. In Chapter 4 we studied Ab binding to different forms of BG505 Env trimers 
using Surface Plasmon Resonance (SPR). We show that uncleaved gp140 antigenically 
resembles gp120-gp41 protomers and gp120 monomers but not native-like trimers. 
Furthermore, we report that NAb binding to functional trimers is both necessary and 
sufficient for neutralization. Also the binding kinetics of NAbs to the BG505 SOSIP.664 
trimer and the stoichiometry of NAb binding influence their neutralizing potency. 
In Chapter 5 we propose an antigenic map of the BG505 SOSIP.664 trimer that was 
generated using bNAb cross-competition assays. This study identified four bNAb 
competition mechanisms: 1) epitope overlap, 2) steric inhibition, 3) allosteric inhibition 
and 4) reorientation of glycans. Chapter 6 studies the effect of glycan occupancy. This 
was modified by variation of the second position in Asn-Xxx-Thr/Ser glycosylation 
motifs. We compared the biochemical, biophysical and antigenic properties of these 
BG505 SOSIP.664 mutant trimers as well as the infectivity and neutralization of 
the corresponding virus. Furthermore, we describe how BG505 SOSIP.664 trimers 
were used to define and structurally characterize a new epitope on the gp120-gp41 
interface that depends on the correct quaternary structure of the trimer (Chapter 7). 
This epitope is targeted by a class of bNAbs that exclusively recognize properly folded 
and cleaved trimers. In the penultimate chapter (Chapter 8), we report how BG505 
SOSIP.664 trimers perform in in vivo vaccination studies in rabbits and macaques. We 
show that the trimers induce a potent NAb response against the autologous Tier-2 virus, 
something that has not been achieved previously with other immunogens. In chapter 
9 we discuss different approaches that can be taken to broaden the Nab response as a 
strategy towards an effective HIV-1 vaccine.
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Abstract
A desirable but as yet unachieved property of a human immunodeficiency virus type 
1 (HIV-1) vaccine candidate is the ability to induce broadly neutralizing antibodies 
(bNAbs). One approach to the problem is to create trimeric mimics of the native 
envelope glycoprotein (Env) spike that expose as many bNAb epitopes as possible, 
while occluding those for non-neutralizing antibodies (non-NAbs). Here, we describe 
the design and properties of soluble, cleaved gp140 trimers based on the subtype A 
strain, BG505. The trimers are stabilized by a disulfide bond (SOS) between gp120 and 
the gp41 ectodomain (gp41ECTO) and an I559P substitution in gp41ECTO, and have the 
membrane-proximal external region (MPER) of gp41ECTO truncated to improve their 
solubility and biophysical properties. The resulting BG505 SOSIP.664 gp140 trimers 
are highly stable and homogenous and closely resemble native virus spikes when 
visualized by negative stain electron microscopy (EM). We used several techniques to 
determine the qualitative relationship between the ability of monoclonal antibodies 
(MAbs) to bind the soluble trimers and neutralize the corresponding virus. In general, 
the concordance was excellent, in that virtually all bNAbs against multiple neutralizing 
epitopes on HIV-1 Env were highly reactive with the gp140 SOSIP trimers, including 
quaternary epitopes (CH01, PG9, PG16 and PGT145). Conversely, non-NAbs to the 
CD4-binding site, CD4-induced epitopes or gp41ECTO did not react with the trimers, even 
when their epitopes were present on simpler forms of Env (e.g. gp120 monomers). 
These new soluble trimers are useful for structural studies and are being assessed for 
their performance as immunogens.
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Introduction
One approach to creating a preventative vaccine against human immunodeficiency 
virus type 1 (HIV-1) infection is to design an immunogen capable of inducing adequate 
titers of broadly neutralizing antibodies (bNAbs) (1). NAbs prevent HIV-1 from 
infecting target cells by binding to the viral envelope glycoprotein (Env) complex, a 
trimeric structure comprising three gp120 and three gp41 subunits held together by 
meta-stable, non-covalent interactions. Induction of NAbs therefore requires the use 
of an Env-based immunogen. Of these, the most widely tested have been monomeric 
gp120 subunits, which failed to induce bNAbs and did not prevent infection (2–4). A 
better mimic of the native, trimeric Env spike may be a superior immunogen for bNAb 
induction (1, 5–8). However, creating a true mimic of an Env trimeric spike has proven 
challenging. 
 Most approaches to making Env trimers involve truncating the gp41 
component to remove the hydrophobic transmembrane region, yielding soluble gp140 
proteins containing three gp120 and gp41 ectodomain (gp41ECTO) subunits (9). Soluble 
gp140 trimers are highly unstable, perhaps because the inherently labile nature of the 
Env complex is exacerbated by the removal of the transmembrane region. Accordingly, 
gp140 trimers rapidly disintegrate into individual gp120 and gp41ECTO subunits unless 
preventative steps are taken. Two different methods have been used to stabilize gp140 
trimers. The most widely used involves eliminating the cleavage site between gp120 
and gp41ECTO and, in some cases, adding an additional trimer-stabilizing motif to the 
C-terminus of gp41ECTO, with or without other modifications (9–19). Trimer-forming 
constructs such as these are generally referred to as uncleaved gp140s (gp140UNC). 
Our alternative approach involves making fully cleaved trimers but stabilizing them 
by introducing specific mutations, namely a disulfide bond to covalently link gp120 
to gp41ECTO and an Ile/Pro change at residue 559 to strengthen interactions between 
the gp41 subunits (5, 6). The resulting trimers are designated SOSIP gp140s. Cleaved 
and uncleaved trimers are known to be antigenically distinct (5, 20–22). We will show 
elsewhere that these two categories of soluble gp140 trimers adopt fundamentally 
different conformations when visualized by negative stain electron microscopy (EM), 
and that only the cleaved SOSIP gp140 trimers consistently resemble native Env spikes. 
 Here, we describe a new version of SOSIP gp140 trimers based on the subtype 
A transmitted/founder (T/F) virus sequence BG505, modified to introduce some bNAb 
epitopes. The membrane-proximal external region (MPER) was also deleted to improve 
trimer solubility and reduce aggregate formation (23, 24). The BG505 SOSIP.664 gp140 
trimers can be produced efficiently and are homogenous and stable. We show here 
that they express the epitopes for multiple bNAbs, but very few for non-neutralizing 
antibodies (non-NAbs), when analyzed by ELISA, surface plasmon resonance (SPR), 
isothermal calorimetry (ITC) and negative stain electron microscopy (EM). Their 
antigenic properties mimic those of the native Env complexes on the BG505 virus, as 
judged by the outcome of virus-neutralization assays, and they structurally resemble 
the native complexes using negative stain EM. These new soluble, cleaved trimers are 
the basis for a range of studies to determine the Env structure and interaction with 
bNAbs and may be useful as immunogens.

Results
 
BG505 SOSIP.664 gp140 design and selection 
We screened 45 env sequences with the goal of identifying a new set of stable and 
homogenous SOSIP gp140 trimers that expressed multiple bNAb epitopes. While 
several suitable candidates were found in the screen, we elected to focus on the subtype 
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A BG505 env gene for trimer production. BG505, a T/F virus isolated from an infant 
6-weeks after birth, was originally described in a mother-infant transmission study 
(25). The env sequence was then selected in silico based on its similarity to sequences in 
the individual from whom the bNAbs PG9 and PG16 were isolated (26). The monomeric 
BG505 gp120 protein has the unusual property of binding PG9, although it does not 
bind efficiently to PG16, and not at all to PGT145; the latter two bNAbs appear to be 
more dependent on the quaternary structure of the Env trimer (26, 27). 
 Various sequence modifications (see Methods and legend to Fig.1A) were made 
to the wild type BG505 sequence to create the protein designated BG505 SOSIP.664 
gp140 (Fig.1A). We also generated two variants with either a D7324 epitope tag or 
a His-tag located immediately downstream from residue 664, to permit the oriented 
immobilization of trimers on ELISA plates or SPR chips (25, 26, 28). These proteins are 
designated SOSIP.664-D7324 gp140 and SOSIP.664 His gp140, respectively (Fig.1A). 
For comparison, we made a monomeric BG505 gp120 protein containing the T332N 
substitution and with the D7324 epitope introduced into the C5 region (see Methods) 
(Fig.1A). Finally, the BG505 WT.664-His gp140 construct serves as a source of gp41ECTO-
His for ELISA studies (see Methods). 

Biochemical and biophysical characterization of BG505 SOSIP.664 gp140 trimers
The BG505 SOSIP.664 construct was expressed transiently in HEK293T cells or CHO-K1 
cells together with co-transfected Furin. The secreted Env proteins were affinity-
purified using the 2G12 bNAb, followed by SEC on a Superdex 200 26/60 column to 
isolate trimers (Fig.1B). The SEC profile showed that a predominant, trimer-containing 
peak eluted at 144 ml, while a smaller peak at 164 ml contained SOSIP gp140 monomers. 
The SEC profile was confirmed by a BN-PAGE analysis followed by Coomassie blue 
dye staining; trimers predominated and some gp140 monomers were present, but 
there were no appreciable amounts of dimers or higher m.wt. aggregates (Fig.1D). An 
analytical Superose 6 column assessment of the SEC-purified BG505 SOSIP.664 gp140 
trimers showed that they remained trimeric and neither aggregated nor dissociated into 
gp120 or SOSIP gp140 monomers (Fig.1C). These results were confirmed by BN-PAGE 
(Fig.1E). The lack of aggregates most likely reflects the beneficial effect of deleting the 
MPER to make the SOSIP.664 variant (23, 24). A single gp140 band was seen on an SDS-
PAGE gel performed under non-reducing conditions, with no evidence for the 
formation of aberrant inter-protomer disulfide-bonds (Fig.1F). The gp140 band was 
fully converted to gp120 (>95%) when a reducing agent was present, showing that the 
trimers were cleaved efficiently (Fig.1E). Comparable results were obtained for BG505 
SOSIP.664 trimers produced in both HEK293T and CHO-K1 cells (data not shown).
 We used DSC to assess the thermal stability of the purified, HEK293T cell-
expressed BG505 SOSIP.664 gp140 trimers. The DSC profile showed one distinct 
unfolding peak with a thermal denaturation midpoint (Tm) of 68.1°C (Fig.2A). This 
finding was similar to ones made previously using the same trimers, but produced 
in HEK293S cells defective for GlcNAc transferase I (GnTI) and, hence, bearing only 
oligomannose glycans (27). Of note is that the BG505 SOSIP.664 gp140 trimers are 
substantially more stable than the corresponding gp120 monomers, which unfold 
in two phases (Tm, 53.5°C and 63.4°C; Fig.2B), and also than YU2 gp120 (Tm, 59.2°C 
(28, 29)) or 92UG031 gp120 (Tm, 58.4°C (30)). The BG505 SOSIP.664 trimers are also 
more stable than the corresponding trimers from KNH1144 (Tm of 51.3°C for the first 
thermal transition (27)), and JR-FL SOSIP.R6 trimers (which dissociate at ~50°C (6)). 
We conclude that the BG505 SOSIP.664 gp140 trimers have high thermal stability. 
 The overall morphology of SEC-purified, BG505 SOSIP.664 gp140 trimers was 
studied by negative stain EM (Fig.2C; Fig.S1). A 3D reconstruction at 24 Å resolution 
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Figure 1. Design and biochemical characterization of BG505 SOSIP.664 gp140 trimers. (A) Linear 
representation of the BG505 gp160, SOSIP.664 gp140, SOSIP.664-D7324 gp140 and gp120-D7324 Env 
proteins. Modifications compared to the original BG505 gp160 sequence are indicated in red and mentioned 
in the text. The following changes were made to the wild type BG505 amino acid sequence: 1) The tissue 
plasminogen activator (tPA) signal peptide replaced the natural one; 2) the gp41 transmembrane (TM) and 
cytoplasmic tail (CT) domains were deleted to create a soluble gp140; 3) the A501C and T605C substitutions 
were made to form a disulfide bond between gp120 and gp41ECTO (5); 4) the I559P substitution was included 
to promote trimerization (6); 5) an optimal cleavage site (RRRRRR; R6) replaces the natural one, REKR 
(52); 6) truncation of the MPER from residue-664 prevents aggregation (23,24); 7) the T332N substitution 
facilitates binding of bNAbs dependent on glycan-N332. The D7324- and His-tags are indicated in yellow. Env 
sub-domains are indicated: 5 conserved domains (C1-C5); 5 variable domains (V1-V5); heptad repeats 1 and 
2 (HR1, HR2); the membrane proximal external region (MPER); the transmembrane domain (TM); and the 
cytoplasmic tail (CT). The glycan assignments in Env are based on previous studies using gp120 (72-74), but 
may be different for trimeric Env (75). (B) SEC profile of 2G12-purified BG505 SOSIP.664 gp140 expressed in 
CHO-K1 cells. A Superdex 200 26/60 column was used. (C) Analytical SEC profile of 2G12/SEC-purified BG505 
SOSIP.664 trimer re-run on a Superose 6 10/30 column. (D) BN-PAGE analysis of CHO-K1 expressed, 2G12-
purified BG505 SOSIP.664 gp140, stained by Coomassie blue. The m.w. of marker (M) proteins (thyroglobulin 
and ferritin) are indicated. (E) BN-PAGE analysis of 2G12/SEC-purified BG505 SOSIP.664 gp140, stained by 
Coomassie blue. (F) SDS-PAGE analysis of 2G12/SEC-purified BG505 SOSIP.664 gp140, under non-reducing 
and reducing conditions, followed by Coomassie blue staining. (G) SDS-PAGE analysis using a 10% Tris-
Glycine gel of 2G12/SEC-purified BG505 SOSIP.664 gp140 under non-reducing and recuding conditions, 
followed by silver staining. The conversion of the gp140 band to gp120 and the appearance of a gp41ECTO band 
under reducing conditions is indicative of cleavage.
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showed that compact and homogeneous trimers were consistently present, as described 
previously for the same trimers produced in GnTI-defective HEK293S cells (27). We 
obtained similar results with the SOSIP.664-D7324 and SOSIP.664-His gp140 proteins, 
indicating that the C-terminal tags did not perturb the overall trimer structure (data not 
shown). Additional EM images of trimer-bNAb complexes are described below.

Neutralization of the parental BG505.T332N virus 
To study the antigenic properties of the BG505 SOSIP.664 gp140 trimers, we first 
tested a large panel of MAbs for their capacity to neutralize the corresponding Env-
pseudotyped virus in a TZM-bl cell-based neutralization assay. The epitope clusters 
recognized by the MAbs cover most of the surface of the Env trimer (29), except 
the MPER, which was truncated in the SOSIP.664 construct. Note that the test virus 
contains the T332N change to allow comparison with antigenicity data obtained using 
the BG505 SOSIP.664 gp140 trimers; this change may account for any discrepancies 
from data described elsewhere using the unmodified BG505 virus (31).
 Most of the known bNAbs neutralized the BG505.T332N virus efficiently (IC50, 
<30 μg/ml) (Table 1). This outcome was true of bNAbs to the CD4bs (VRC01, VRC03, 
VRC06, VRC06b, PGV04, HJ16, 3BNC60, 3BNC117, 12A12, 45-46, 45-46W, 1NC9, 
8ANC195, CH31, CH103, CH106 and also CD4-IgG2); the N332-glycan dependent V3 
cluster (PGT121-123, PGT125-130); the N332-glycan dependent outer domain cluster 
(PGT135, PGT136, 2G12); 3BC315 and 3BC176; and the quaternary-dependent V1V2 
epitopes (CH01, PG9, PG16, PGT145). Neutralization by PGT136 was modest (IC50, 26 
μg/ml). Note that the CD4bs MAb b12 did not neutralize BG505 (IC50 >30 μg/ml; Tabel 
2), implying that it is a non-NAb for this subtype A virus (32). The Duke University 
Central Laboratory has classified BG505.T332N as a Tier 2 virus.
 Several test MAbs failed to neutralize BG505.T332N (IC50 >30 μg/ml), including 
b6, 15e, F91 and F105 to the CD4bs; 17b, 412d, X5 and A32 to CD4-induced epitopes; 
447-52D, 39F, 19b and 14e to V3; F240 and 7B2 directed to gp41. All these non-NAbs 
were shown to be capable of recognizing BG505 Env epitopes in other contexts (see 
below), so their inability to neutralize the virus did not have a trivial explanation. For 
the V3 MAbs 19b and 14e, we also performed extended pre-incubation experiments 
(16h) before adding the MAb-virus mixtures to the target cells. Even in this assay 

Figure 2. Biophysical 
characterization of BG505 
SOSIP.664 gp140 trimers DSC 
analysis of (A) purified BG505 
SOSIP.664 gp140 trimers and 
(B) purified BG505 gp120 
monomers. The melting profiles 
show that the trimer has a 
higher degree of stability than 
its monomeric counterpart as its 
thermal transitions are initiated 
at a 14.4°C higher temperature. 
Raw data are shown in black, 
while the fitted curves from 
which Tm values were obtained 
are in red. (C)EM reconstruction 
of the BG505 SOSIP.664 gp140 
trimer at 24-Å resolution. The 
2D class averages and a Fourier 
Shell Correlation (FSC) curve are 
shown in Fig.S1.
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format, the two V3 MAbs had no measurable neutralization activity, indicating that they 
do not inactivate the Env spike (data not shown).

Antigenic analysis of BG505 SOSIP.664 gp140 trimers by ELISA
We used several methods to quantify the binding of bNAbs and non-NAbs to wild type 
or epitope-tagged versions of BG505 SOSIP.664 gp140 trimers and, in some cases, the 
cognate SOSIP gp140 monomers, gp120 monomers, or gp41ECTO proteins. First, we 
immobilized 2G12 affinity- and SEC-purified SOSIP.664-D7324 trimers onto ELISA 
plates and monitored the binding of a large panel of MAbs (Tables 1&2; Figs.3-5). The 

Figure 3. BG505.T332N virus neutralization and ELISA binding to BG505 SOSIP.664 gp140 trimers 
by bNAbs or non-NAbs. Midpoint neutralization concentrations (IC50, in ng/ml) were derived from single 
cycle experiments involving Env-pseudovirus infection of TZM-bl cells. The values represent the averages 
of 2–5 independent titration experiments, each performed in duplicate, with the standard error recorded. 
Half-maximal binding concentrations (EC50, in ng/ml) were derived from D7324-capture ELISAs. The values 
represent the averages of 2–6 independent single titration experiments, with the standard error recorded.
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immobilized trimers were recognized efficiently by all of the bNAbs against the CD4bs, 
the N332-glycan dependent V3 cluster or the N332-glycan dependent outer domain 
cluster that neutralized the corresponding virus (see above). The 3BC315 and 3BC176 
bNAbs bind to an incompletely characterized, but probably glycan-independent, epitope 
that is induced, to an extent, by CD4 binding (30). They do not bind to any soluble Env 
protein tested to date, including uncleaved soluble gp140 trimers (30). However, both 
bNAbs interacted efficiently with the BG505 SOSIP.664-D7324 gp140 trimers, but not 
the corresponding gp120 monomers, in ELISA (Table 1; Fig.3C and data not shown). 
 The bNAbs that recognize quaternary-preferring epitopes are particularly 
useful tools for gauging whether soluble Env trimers adopt an appropriate conformation. 
This bNAb category includes CH01, PG9, PG16 and PGT145 against epitopes that appear 
to span the V1V2 domains of two gp120s within a single trimer (27). Although these 
bNAbs can bind a small subset of monomeric gp120s or uncleaved trimeric gp140s, any 
such interactions tend to be rare and weak, particularly for PG16 and PGT145 (12, 27, 
31, 33). Here, we show that CH01, PG9, PG16 and PGT145 all bound efficiently to the 
BG505 SOSIP.664 gp140 trimers in an ELISA (Table 1; Fig.4A). In contrast, only PG9 
reacted well with monomeric BG505 gp120, while CH01 and PGT145 were completely 
non-reactive and PG16 bound weakly. We found that PG16 and PGT145 failed to bind 
to BG505 SOSIP.664 gp140 trimer mutants that lacked the glycans attached to N156 
or N160 (data not shown).  Furthermore, neither bNAb bound to wild type versions 
of these trimers that were produced in HEK293T cells treated with the mannosidase 
inhibitor kifunensine (data not shown). These findings are consistent with the known 
involvement of hybrid or complex glycans at N156 or N160 in the PG16 and PGT145 
epitopes (32, 33). 
 To further study the influence of trimerization on the PG9, PG16 and PGT145 
epitopes, we fractionated 2G12 affinity-purified SOSIP.664-D7324 gp140 proteins 
by SEC and analyzed the column fractions by ELISA (Fig.4B). Both PG16 and PGT145 
bound almost exclusively to the trimer-containing fractions, whereas PG9 bound more 
strongly to the trimers, but also recognized the SOSIP.664-D7324 gp140 monomers. 
This reactivity pattern is broadly consistent with previous observations on BG505 
gp120 monomers (34). In contrast, the CD4bs non-NAb b6 bound preferentially to the 
SOSIP.664-D7324 gp140 monomers, although some binding to trimers was also seen 
(see below).
 For HIV-1 to be neutralized, a NAb must bind to a sufficient number of the 
native, functional, trimeric spikes present on the virus surface (34, 35). Non-NAbs fail to 
neutralize because their epitopes are either absent from these trimers, or not accessible 
at the right time. A soluble gp140 trimer that mimics native, functional spikes should, 
therefore, expose few, and ideally no, epitopes for non-NAbs. Accordingly, we assessed 
various non-NAbs for their abilities to bind wild type or epitope-tagged versions of 
BG505 SOSIP.664 gp140 trimers. Several non-NAbs to CD4bs epitopes (F91, F105, b6, 
15e) failed to bind the SOSIP.664-D7324 trimers or did so only weakly. However, all 
of them reacted strongly with the corresponding gp120 monomers and/or SOSIP.664 
gp140 monomers (Table 2; Fig.5A). The diminished or absent reactivity of these non-
NAbs with the trimers is not, therefore, attributable to the absence of the epitope due 
to sequence variation, but instead reflects the structural constraints present on “native-
like” trimers. 
 We next investigated binding of CD4i MAbs 17b, 412d, X5 and A32, which were 
all unable to neutralize the corresponding virus (Table 2). All these non-NAbs 
failed to bind the BG505 SOSIP.664-D7324 gp140 trimers. When sCD4 was present, 
17b interacted efficiently with the SOSIP.664-D7324 trimers (as did 412d to a lesser 
extent), indicating that CD4-induced conformational changes had taken place. Soluble 
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CD4 also induced the A32 and X5 epitopes on the trimers, although less so than the 17b 
site (Table 2; Fig.5B and data not shown). In contrast, A32 bound strongly to BG505 
gp120 monomers in the absence of sCD4, while 17b, 412d and X5 were gp120-reactive 
only when sCD4 was present (Table 2; Fig.5B and data not shown).
 Non-NAbs F240 and 7B2 against cluster I gp41ECTO epitopes-were minimally 
reactive with the SOSIP.664-D7324 or SOSIP.664-His gp140 trimers, but bound strongly 
to the corresponding WT.664-His (gp41ECTO) protein. Hence, these cluster I epitopes 
are present on BG505 gp41ECTO, but occluded by trimer formation (Table 2; Fig.5C). 
 In contrast to the above observations, the anti-V3 MAbs 39F, 19b and 14e, 
which did not neutralize the BG505.T332N virus, bound strongly to the BG505 
SOSIP.664-D7324 gp140 trimers in ELISA, although less well than to the corresponding 
gp120 monomer (Table 2; Fig.5D). However, as neither 19b nor 14e bound more than 
marginally to the same trimers in SPR- or EM-based assays (see below), it is possible 

Figure 4. BG505 SOSIP.664 gp140 antigenicity by ELISA with bNAbs. (A) Schematic representation of 
D7324-capture ELISAs using BG505 gp120-D7324 monomers and/or SOSIP.664-D7324 gp140 trimers. (B) 
Representative binding curves of bNAbs VRC01, VRC03, VRC06, VRC06b, PGV04, 3BNC117, 12A12, 45–46, 
45–46W, 1NC9, 8ANC195, CH31, CH103, CH106, PGT121, PGT123, PGT125, PGT126, PGT128, PGT130, 
and also CD4-IgG2, to purified BG505 SOSIP.664-D7324 gp140 trimers. (C) Representative binding curves 
of bNAb 3BC315 with purified BG505 SOSIP.664-D7324 gp140 trimers and gp120-D7324 monomers. (D) 
Representative binding curves of quaternary structure dependent bNAbs PG9, PG16, CH01 and PGT145 to 
purified BG505 SOSIP.664-D7324 gp140 trimers and gp120-D7324 monomers. The legend is the same as 
for panel C. (E) BG505 SOSIP.664-D7324 gp140 trimers were 2G12-affinity purified and fractionated using 
a Superose 6 10/30 SEC column. The SEC fractions were analyzed for PG9, PG16, PGT145 and b6 binding by 
D7324-capture ELISA. Note that the scales on the y-axes and x-axes vary from MAb to MAb.
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that V3 epitopes are somehow induced on the trimers by the solid-phase immobilization 
procedures inherent to ELISAs.
  The following MAbs were also non-reactive for binding to BG505 SOSIP.664 
gp140 trimers by ELISA: D50, 98-6, 48d, 8K8, DN9, CH58, CH59, HG107, HG120. 
However, we could obtain no evidence for their reactivity with any other form of 
BG505 Env protein; i.e., gp120 monomer, SOSIP gp140 monomer or gp41ECTO-His (data 
not shown). We therefore conclude that the epitopes for these MAbs are absent from 
BG505 Env proteins due to sequence variation, negating their value for assessing trimer 
antigenicity. 
 We plotted the EC50 values for MAbs to the SOSIP.664-D7324 gp140 trimers 
against the IC50 values for neutralization of the corresponding BG505.T332N Env-
pseudovirus (Fig.6). The resulting Spearman’s correlation coefficient, r, was 0.65 (95% 
confidence interval 0.45-0.79), which was highly significant (P<0.0001). Thus, the 
BG505 SOSIP.664 gp140 trimer is an excellent antigenic mimic of the functional native 
BG505.T332N Env spike. Most non-NAbs did not bind the D7324-tagged BG505 

Figure 5. BG505 SOSIP.664 gp140 antigenicity by ELISA with non-bNAbs. Representative binding curves 
of: (A) gp120-directed non-NAbs 15e, F91, F105 and b6 to purified BG505 SOSIP.664-D7324 gp140 trimers 
and gp120-D7324 monomers, with bNAbs 2G12 and PGT128 included as controls. (B) CD4i MAbs 17b, A32 
and 412d to purified BG505 SOSIP.664-D7324 gp140 trimers and gp120-D7324 monomers in the absence 
(open symbols) and presence (closed symbols) of sCD4. (C) gp41-directed non-NAbs 7B2 and F240 to BG505 
SOSIP.664-His and WT.664-His ( = gp41ECTO-His) proteins. Both proteins were expressed in the presence of 
furin, yielding cleaved gp140. The lack of the SOS disulfide bond results in gp120 shedding from gp41ECTO-
His, as illustrated by the poor reactivity with VRC01 (left panel). (D) V3 MAbs 39F, 19b and 14e to purified 
BG505 SOSIP.664-D7324 gp140 trimers and gp120-D7324 monomers. Note that the scales on the y-axes and 
x-axes vary from MAb to MAb.
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SOSIP.664 gp140 trimers in ELISAs, or did so only weakly compared to their reactivity 
with monomeric proteins. The most striking outliers were the V3 non-NAbs 39F, 14e 
and 19b (Fig.5D), which failed to react efficiently with BG505 SOSIP.664 gp140 trimers 
in any assays other than ELISA (see below). The bNAb 2G12 bound more strongly to 
trimers in ELISA than would be predicted by its neutralization capacity. This outcome 
might be attributable to the specific enrichment of 2G12-reactive soluble trimers 
during the affinity purification process, given that other, less 2G12-reactive Env spikes 
will contribute to infection during the neutralization assays. When 2G12, 39F, 14e and 
19b were excluded from the correlation, the r-value increased to 0.88 (95% confidence 
interval 0.80-0.94; P<0.0001). 

Antigenic analysis of BG505 SOSIP.664 gp140 trimers by SPR
We next investigated the binding of a subset of representative bNAbs and non-NAbs 
using SPR. In this assay, binding of MAbs to BG505 SOSIP.664-His gp140 trimers, 
immobilized via His-Ni2+ interaction on NTA chips, again generally agreed well with 
their capacity to neutralize the corresponding Env-pseudovirus (Fig.7A-C). Thus, 
bNAbs 2G12 and PGT135 to glycan-dependent epitopes on the outer domain of gp120, 
bound to high and intermediate levels, respectively, in the SPR assay. The PGV04 bNAb 
(CD4bs) bound strongly with markedly slow dissociation, the V1V2- and quaternary-
structure-dependent bNAbs PG9, PG16, and PGT145 all bound to intermediate levels, 
while the V3- and N332-dependent bNAbs PGT121, PGT123, and PGT128 bound to 
intermediate or high extents with distinctive kinetics. In contrast, the CD4bs non-NAb 
b6 reacted only marginally with the trimers in the SPR assay, while b12 (CD4bs) and 
F240 (gp41 cluster I) did not bind detectably. The V3-specific non-NAb 14e, which did 
bind strongly to BG505 SOSIP.664-D7324 gp140 trimers in ELISA, was only marginally 
reactive with the corresponding His-tagged trimers by SPR; the low signals for 14e 

Figure 6. Correlation between MAb binding to BG505 SOSIP.664 gp140 trimers and BG505.T332N 
neutralization. The midpoint binding concentrations (EC50) for MAb binding to BG505 SOSIP.664-D7324 
gp140 trimers (y-axis) were plotted against the IC50 values for neutralization of the BG505.T332N Env-
pseudotype virus (x-axis). The Pearson’s correlation coefficient, r, was calculated using Prism software 
version 5.0. When accurate midpoint concentrations could not be calculated because of lack of binding or 
neutralization, the highest concentration tested was included in the correlation analysis (i.e., when the IC50 of 
neutralization was >30,000 ng/ml, a value of 30,000 ng/ml was used). The data points for NAbs are indicated 
in black, those for non-NAbs in gray. Also note that 11 data points are overlapping in the right upper corner; 
they were derived using MAbs that neither neutralized the virus nor bound the trimer (IC50 of neutralization 
>30,000 ng/ml, EC50 in ELISA >10,000 ng/ml). Only MAbs whose epitope could be shown to be present on at 
least one form of BG505 Env protein were included in this analysis; MAbs that were non-reactive, presumably 
because of sequence variation, were excluded. The Pearson’s correlation was also calculated without the data 
points for 2G12, 39F, 14e and 19b, as discussed in the text. The fitted line is based on all data, i.e. including 
2G12, 39F, 14e and 19b.
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contrast markedly with those for the V3- and N332-dependent bNAbs (e.g., the plateau 
values were 60-70 RU and 750 RU for 14e and PGT128, respectively). Moreover, the 
plateau signal for 14e at 1 mM was only twice that for b6 (30 RU).  
 An even starker contrast between effective binding and complete lack of 
interaction was observed when Fabs were used instead of IgG molecules: the PGV04 Fab 
(bNAb) bound to an intermediate level (when the three times lower mass contribution 
to the resonance is taken into account), whereas there was no detectable binding of the 
(non-NAb) Fabs b6, b12 or F240 (Fig.7D). Soluble CD4 (of a similar mass to Fabs) bound 
to a somewhat higher level than the PGV04 Fab, but with markedly faster association 
and dissociation kinetics (Fig.7D).
 The converse SPR approach of immobilizing the Env-reactive Abs and allowing 
the untagged BG505 SOSIP.664 gp140 trimers (at 200 nM) to bind from the solution 
phase yielded broadly similar results for the subset of MAbs tested in this way (Fig.7E). 
Thus, strong responses were obtained for trimer binding to immobilized 2G12 or 
PGT128. The BG505 SOSIP.664 trimers did not bind detectably to the immobilized b12 
or F240 IgG (non-NAbs) in this SPR format, but a low level of binding to the b6 IgG 
(also a non-NAb) was observed. The extent of trimer-b6 binding was greater than in the 
converse SPR set-up, perhaps because the intrinsically weak paratope-gp120 binding 
is compensated for by the avidity effect of potentially trivalent interactions with the 
captured IgG; the 2.7-fold larger mass of the trimer compared to IgG should also be 

Figure 7. BG505 SOSIP.664 gp140 antigenicity by SPR. BG505 SOSIP.664-His gp140 trimers were 
immobilized on NTA chips (A–D). The sensorgrams show the response (RU) over time (s) using IgGs at 
1,000 nM (150,000 ng/ml) (A–C) or Fabs at 500 nM (25,000 ng/ml) (D). The association phase was 300 s and 
dissociation was followed over 600 s. (A) 2G12 (high), PGT135 (intermediate), PGV04 (high), b6 (marginal), 
b12 (undetectable) and F240 (undetectable); (B) PG9, PG16, PGT145 (all intermediate); (C) PGT121 
(intermediate), PGT123 (high), PGT128 (high), 14e (low); (D) Fabs of PGV04 (intermediate), b6, b12, and 
F240 (undetectable). (E) In an alternative approach, Env-reactive MAb was captured by anti-Fc Ab on the chip 
and the responses to BG505 SOSIP.664 gp140 trimers (200 nM; 78,000 ng/ml) were followed: 2G12 (high), 
PGT128 (high), b6 (low), b12, F240 (undetectable). Each curve represents one of 2–3 similar replicates.
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taken into account when assessing the degree of binding. 

Antigenic analysis of BG505 SOSIP.664 gp140 trimers by isothermal titration 
calorimetry
To determine the thermodynamic binding characteristics of the BG505 SOSIP.664 
gp140 trimers, we performed isothermal titration calorimetry (ITC) experiments using 
PGT121 Fab, PGT128 Fab and the domain-exchanged 2G12 IgG. All three antibodies 
have previously been shown to be dependent on the high-mannose glycan at position 
N332 for Env recognition (32, 36–39). PGT121, PGT128 and 2G12 all bound the BG505 
SOSIP.664 trimer with nanomolar affinities (151 nM, 5.7 nM and 16.0 nM, respectively) 
and near identical stoichiometries of 2.3-2.4 (Table 1; Fig.8). These binding 
stoichiometries are three-fold higher than the value of 0.8 previously reported for PG9 
binding (11 nM affinity) to the same construct (Table 1) (27). The data therefore imply 
that three PGT121 Fabs, PGT128 Fabs or 2G12 IgG molecules bind per trimer, which is 
consistent with their recognition of N332-dependent epitopes on the outer domain of 
gp120. In contrast, only a single PG9 Fab recognizes the N160-dependent epitope at the 
membrane-distal apex of each trimer (27). Taken together, the ITC binding data further 
confirm that the BG505 SOSIP.664 gp140 trimers properly display the high affinity 
binding sites for the glycan-dependent bNAbs, PGT121, PGT128, 2G12 and PG9.

Antigenic analysis of BG505 SOSIP.664 gp140 trimers by electron microscopy
We used negative stain electron microscopy (EM) to characterize the binding of the 
CD4bs bNAb PGV04 to the BG505 SOSIP.664 gp140 trimer (Fig.9A; Fig.S3). The 
reconstruction at 23-Å resolution shows that PGV04 binds the soluble trimers in a 
manner similar to other CD4bs-directed bNAbs with virion-associated Env, in that it 
approaches the gp120 protomers from the side (40). We compared the complex of 
BG505 SOSIP.664 trimers and PGV04 with that of other bNAbs. Recent studies with the 
same BG505 SOSIP.664 gp140 trimers have shown how the PGT122 and PGT135 bNAbs 
approach their N332 glycan-dependent epitopes from an angle that differs from how 
PGV04 encounters the CD4bs, but all three bNAbs saturate the three available binding 
sites on the trimer (Fig.9B) (41, 42). In contrast, and as noted above, the quaternary 
preferring, N160 glycan-specific bNAb PG9, only binds to one epitope per trimer 
(Fig.9B) (27). Collectively,  the negative stain EM data show that the BG505 SOSIP.664 

Figure 8. BG505 SOSIP.664 gp140 trimer antigenicity by ITC. The top panels show the raw data and the 
bottom panel the binding isotherms for representative ITC binding experiments measuring the binding of 
BG505 SOSIP.664 gp140 trimers to: (A) PGT121 Fab, (B) PGT128 Fab, (C) 2G12 IgG (domain-exchanged). The 
thermodynamic parameters of binding are listed in Table 1.



36

Chapter 2

gp140 trimers express multiple different bNAb epitope clusters.
 We also collected images of mixtures of the BG505 SOSIP.664 gp140 trimers 
with non-NAbs b6, 14e, 19b and F240, added as Fabs and in molar excess (Table 2; 
Figs. 10). Essentially none (<3%) of the trimers bound to F240, while ~6% could be 
seen to have a single b6 Fab attached (Table 2; Figs. S4). Hence the EM images are 
concordant with the ELISA and SPR data. The V3 non-NAbs 14e and 19b bound the 
trimers to a limited extent (Table 2; Fig. S4). Thus, ~19% of the trimers were occupied 
by one (~17%) or two (~2%) 14e Fabs, and ~39% by one (~30%), two (~8%) or three 
(~1%) 19b Fabs. 
 Overall, the observations made with the non-NAbs b6, 14e, 19b and F240 
contrast markedly with the EM images of the same trimers in complexes with bNAbs 

Table 1. Thermodynamic parameters of PGT121, PGT128, 2G12 and PG9 binding to BG505 SOSIP.664 
gp140 trimers measured by isothermal titration calorimetry.

Figure 9. BG505 SOSIP.664 gp140 trimer antigenicity by negative stain EM. (A) EM reconstruction of the 
BG505 SOSIP.664 gp140 trimer in complex with Fab PGV04 at 23 Å resolution. The 2D class averages and the 
Fourier Shell Correlation (FSC) are shown in Fig. S3. The crystal structure of gp120 in complex with PGV04 
(PDB:3SE9; (76)) was fitted into the EM density. (B) EM reconstruction of the BG505 SOSIP.664 gp140 trimer 
in complex with sCD4 and Fab 17b at 22 Å resolution. The 2D class averages and the Fourier Shell Correla-
tion (FSC) are shown in Fig. S4. The crystal structure of gp120 in complex with sCD4 and 17b (PDB:1RZK; 
(78)) was fitted into the EM density. (C) Comparison of unliganded BG505 SOSIP.664 gp140 trimers with 
complexes of the same trimers with PGV04, PGT122, PG9, PGT135, or sCD4 with 17b. The unliganded trimer 
is shown in mesh. The EM reconstructions of PGT122, PG9, PGT135 with BG505 SOSIP.664 trimers, expressed 
in HEK293S cells, have been published elsewhere (27), (46), (54).
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PGT122, PGT135 and PGV04, where there was full occupancy (i.e., three Fabs bound) in 
>50% of the images and no occupancy (i.e., no Fabs bound) in only <3% of the images 
(not shown).

Antigenic analysis of BG505 SOSIP.664 gp140 trimers: summary
Taken together, the various antigenicity assays show that every MAb that neutralizes 
the BG505.T332N virus efficiently also bound strongly to the soluble BG505 SOSIP.664 
gp140 trimers (wild type and/or epitope tagged), except for MAbs to MPER epitopes 
that were not present in the trimer construct (data not shown) (Fig. 11). We conclude 
that the trimers display a range of bNAb epitopes from multiple different clusters. In 
contrast, non-NAb epitopes are generally structurally occluded and not displayed on 
the SOSIP trimer (Fig. 11). 

Figure 10. Negative stain EM data of the BG505 SOSIP.664 gp140 trimer in complex with Fabs b6, F240, 
14e or 19b. 2D class averages of trimers and trimer∶Fab complexes, with 2D class averages of BG505 SO-
SIP.664 gp140 with PGV04 shown on the lower left panel for comparison. Examples of complexes are circled. 
Blue circle: no Fab bound to trimer; yellow circle: one Fab bound; red circle: two Fabs bound; green circle: 
three Fabs bound. For generating b6 complexes, BG505 SOSIP.664 (44 nM; 17,200 ng/ml) was incubated with 
Fab b6 (480 nM; 24,000 ng/ml) prior to imaging. For generating F240 complexes, BG505 SOSIP.664 (48 nM; 
18,720 ng/ml) was incubated with Fab F240 (860 nM; 43,000 ng/ml) prior to imaging. For generating 14e 
complexes, BG505 SOSIP.664 (14 nM; 5460 ng/ml) was incubated with Fab 14e (240 nM; 12,000 ng/ml). 
For generating 19b images, BG505 SOSIP.664 (40 nM; 15,600 ng/ml) was incubated with Fab 19b (600 nM; 
30,000 ng/ml). The results are summarized in Table 2.

Table 2. Binding of non-NAbs to BG505 SOSIP.664 gp140 trimers as observed by negative stain EM.
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Discussion 
We describe here the design and properties of a next-generation, fully cleaved and 
highly stable soluble gp140 trimer based on the BG505 subtype A sequence. EM 
imaging shows that the BG505 SOSIP.664 gp140 trimers are homogenous and that their 
architecture is very similar to that of native Env spikes on virions. We used a range of 
techniques to assess the antigenic properties of the soluble trimers, particularly their 
abilities to bind bNAbs and non-NAbs and the relationship between trimer binding 
and virus neutralization. The various techniques were generally concordant, with one 
notable exception relating to V3 MAbs. Overall, there were few discrepancies between 
the antigenicity of the trimers and the neutralization sensitivity of the corresponding 
BG505.T332N virus. Thus, in general, all the bNAbs that neutralized the virus also 
bound to the soluble trimers, with the obvious exception of bNAbs to the MPER, a 
region that was eliminated from the trimers to improve their biophysical properties. 
The presence of so many bNAb epitopes on a soluble, generally homogenous and highly 
stable trimer is highly beneficial for structural studies, and may also be valuable for 
their immunogenicity properties. Whether the favorable antigenic profile translates 
into the induction of bNAbs will be determined experimentally.
 In contrast to bNAbs, non-NAbs were rarely strongly reactive with the BG505 
SOSIP.664 gp140 trimers, even when their epitopes were present on less complex 
forms of BG505 Env (e.g., gp120 or gp140 monomers, or gp41ECTO). This finding was 
particularly striking for non-NAbs against the CD4bs, such as F91 and F105, and implies 
that the steric constraints on MAb access to this region of virion-associated Env also 
applies to the soluble trimers. The same argument applies to the various CD4i epitopes, 
which were inaccessible on the soluble trimers unless sCD4 was also bound, and to non-
NAb epitopes in gp41ECTO. The only discordance between the trimer-binding and virus-
neutralization assays involved the V3 region of gp120. Thus, the V3 non-NAbs 19b, 14e 
and 39F bound efficiently to the D7324-tagged trimers in the capture ELISA. However, 
the outcomes of the SPR and negative stain EM assays were quite different, in that, in 
these assays, the V3 MAbs were only minimally reactive with His-tagged, D7324-tagged 
or non-tagged trimers. Why the V3 MAbs are so much more trimer-reactive under ELISA 
conditions is presently under investigation. We also note that, at high concentrations, 
some binding of a subset of other non-NAbs could be observed in ELISA (Fig.5). 
Similarly, negative stain EM shows that some trimers can bind one or (very rarely) two 
non-NAb Fabs (Figs.S3-S6). It is possible there is some conformational heterogeneity 
in the trimer population, with a minor subset displaying some non-NAb epitopes. 
Other explanations may be that the trimers have some conformationally flexibility, 
allowing different conformations to be sampled over time (43, 44); or that binding to 
the ELISA plate induces some local unfolding of the trimers. Additional investigations 
to study this are in progress. We note that an absolute stoichiometry of <3 (i.e., 2.4) 
was found for 2G12 IgG in the ITC binding experiments, whereas a value of 3 might 
have been expected for trimers that had been affinity-purified on a 2G12-IgG column. 
The discrepancy might arise from errors in glycoprotein concentration measurements. 
Sample impurity can also contribute to lower apparent binding stoichiometries. 
However, another possibility is that some gp120 protomers on a trimer do not express 
the 2G12 epitope due to variation in the glycosylation process. The presence of one or 
two 2G12 epitopes per trimer is probably sufficient for binding to the 2G12 affinity 
column. Of note is that ITC also yielded trimer-binding stoichiometries of 2.3 to 2.4 for 
the glycan-dependent Fabs PGT121 and PGT128, whereas Fab PGT122, which is very 
similar to PGT121, saturated all three binding sites on the trimer as visualized by EM 
(Fig.9B). The explanation(s) might be similar to those suggested for 2G12. In the ITC 
experiments, a weak secondary binding event could be seen for the PGT128 and 
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2G12 bNAbs, in addition to the saturating high-affinity event. PGT128 and 2G12 have 
high affinities for mimetic (i.e., non-Env) oligomannose glycan substrates, and might 
therefore interact weakly with other oligomannose glycans on the SO11trimers (D7324-
tagged or not). Thus, the column is likely to select for a trimer sub-population that has 
a high affinity for 2G12. Indeed, glycan analyses by mass spectrometry have shown that 

Figure 11. BG505 SOSIP.664 antigenicity summary for bNAbs and non-NAbs. The following scoring was 
used for neutralization: +: IC50<30,000 ng/ml; −: IC50>30,000 ng/ml. See Table 1 for details. The following 
scoring was used for SPR analyses: +: >70 RU; +/−: >30 RU, <70 RU; −: <30 RU, based on plateau estimates 
of 1,000 nM for IgG and 500 nM for Fab. See Fig. 7 for details. In SPR CD4 binding results were obtained 
with sCD4 not CD4-IgG2. b6 binding was absent with b6 Fab (−) and low with b6 IgG (+/−). The following 
scoring was used for ITC experiments: +: N>1.2 (except for PG9, PG16 and PGT145 where N>0.4) and Kd<300 
nM; −: N<1.2 and Kd>300 nM, where N is the stoichiometry of binding. See Table 1 and Fig. 8 for details. . 
The following scoring was used for EM analyses: +: N = 3 (except for PG9, PG16 and PGT145 where N = 1) for 
>50% of the trimers; +/−: N = 3 for <50% of the trimers; −: N = 1,2 or 3 for <10% of the trimers, where N is 
the number of Fabs bound per trimer. See Table 2, Fig. 9 and Fig. 10 for details. Note that ITC data with PG16 
and PGT127 were obtained using BG505 SOSIP.664 trimers produced in GnTI-defective HEK293S cells. No 
ITC experiments were performed with non-NAbs. The following scoring was used for ELISA experiments: +: 
EC50<10,000 ng/ml; EC50>10,000 ng/ml. See Figs. 3–5 for details.



40

Chapter 2

2G12 affinity chromatography does indeed yield trimers enriched for the presence of 
2G12-reactive GlcNAc2Man8 and GlcNAc2Man9 glycans, at the expense GlcNAc2Man7 
(Max Crispin et al., unpublished results). In contrast, the virions used in neutralization 
assays undergo no such 2G12-selection procedure and would have a more “average” 
affinity for this bNAb. When 2G12 and the V3 MAbs were excluded, the r-value for the 
trimer-reactivity and neutralization correlation increased to 0.88 (P<0.0001). 
 Overall, we are encouraged by the general occlusion and/or absence of 
non-NAb epitopes on the BG505 SOSIP.664 gp140 trimers, not only because of their 
antigenic, and arguably structural, fidelity with respect to virion-associated trimers, 
but also for immunogenicity studies. Thus, when the goal is to induce bNAbs, non-
NAb epitopes represent a distraction to the immune system that is best avoided. Less 
sophisticated Env immunogens that do not mimic the native spike efficiently induce 
non-NAbs, if and when this is a desired outcome (3, 45). It is possible that the exposure 
of some V3-associated non-NAb epitopes on the BG505 SOSIP.664 trimers under certain 
experimental conditions in vitro (e.g., in the ELISA) might also occur when they are used 
as immunogens. While V3 is not an important neutralization site for primary viruses, 
some V3 Abs are active against a subset of viruses in vitro. Hence, any induction of V3 
Abs in vivo might be useful under some circumstances. A converse argument, however, 
is that V3 is an immunodominant epitope cluster that may distract the immune system 
from focusing on more worthwhile targets elsewhere on the trimer. If so, it would be 
best to mask or stabilize the V3 region on a new variant of BG505 SOSIP.664 gp140 
trimers, for example by introducing a glycan site(s) at an appropriate position. Care 
would need to be taken, however, to occlude only undesirable regions of V3 (e.g., the 
19b/14e sites) without affecting nearby areas that contribute to genuine bNAb epitopes, 
such as those for PGT121-123 and PGT125-130. Additional structural information that 
would help guide future SOSIP gp140 trimer re-designs is being actively sought.
 It may never be possible to make a soluble gp140 trimer that precisely mimics the 
native Env spike, because deleting the transmembrane and cytoplasmic domains (and, 
in the case of SOSIP.664 trimers, also the MPER) will have at least some impact on trimer 
structure. Thus, point substitutions in gp41 HR1, HR2, MPER and intracytoplasmic tail, 
as well as the length of the cytoplasmic tail can influence the interaction of antibodies 
with the gp120 moieties of trimers on virions and infected or transfected cells (46–50). 
Nonetheless, the BG505 SOSIP.664 gp140 trimers, as assessed by a variety of different 
antigenicity assays, do seem to come very close to being a faithful Env-spike mimetic. 
Ongoing structural studies will help confirm or refute this assessment. Whether the 
properties of the present trimers can be further improved by a targeted mutagenesis 
approach remains to be determined. We will show elsewhere just how critical cleavage 
of the gp120-gp41 linkage is for making soluble trimers that resemble native spikes.
 The BG505 SOSIP.664 gp140 trimers have already been already useful for 
structure-based studies aimed at defining bNAb-Env interactions (27, 42, 43), as were 
the corresponding trimers based on the KNH1144 env gene (40, 50, 51). The trimers 
are also substrates for ongoing efforts aimed at defining crystal or high-resolution EM 
structures of the Env trimer. In addition, we are assessing their immunogenicity in 
rabbits, guinea pigs and macaques, as well as determining how to make them in the 
much larger quantities, and of the appropriate quality, required for any future testing 
in humans. 
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Methods

Construct design
The BG505 (BG505.W6M.ENV.C2) env gene (GenBank accession nos. ABA61516 and 
DQ208458) is derived from a subtype A T/F virus isolated from a 6-week old, HIV-1-
infected infant (25). It has 73% identity to the proposed PG9-sensitive progenitor virus 
from the PG9 bNAb donor, based on computational analysis of the most recent common 
ancestor sequence (26). The BG505 gp120 monomer binds PG9, which is unusual given 
the quaternary nature of the PG9-Env interaction (26). To make the BG505 SOSIP.664 
gp140 construct, we introduced the following sequence changes (Fig.1A): A501C 
and T605C (gp120-gp41ECTO disulfide bond (5)); I559P in gp41ECTO (trimer-stabilizing 
(6)); REKR to RRRRRR in gp120 (cleavage enhancement (52)); T332N in gp120 
(introduction of epitopes dependent on glycan-332); stop codon at gp41ECTO residue 
664 (improvement of homogeneity and solubility (23, 24)). The codon-optimized gene 
for BG505 SOSIP.664 gp140 was obtained from Genscript (Piscataway, NJ) and cloned 
into pPPI4 using PstI and NotI (5).
 Variants of the BG505 SOSIP.664 gp140 trimers bearing either a His-tag 
or a D7324 epitope-tag sequence at the C-terminus of gp41ECTO were also made by 
adding the amino acid sequences GSGSGGSGHHHHHHHH or GSAPTKAKRRVVQREKR, 
respectively, after residue 664 in gp41ECTO and preceding the stop codon. These proteins 
are designated SOSIP.664-His gp140 and SOSIP.664-D7324 gp140. We also made a His-
tagged gp140 with the C501 and C605 cysteines replaced by their original residues, 
and with P559 similarly reverted to the original isoleucine (BG505 WT.664 His gp140). 
When expressed in the presence of excess furin to ensure efficient precursor cleavage, 
the absence of the SOS disulfide bond means the gp140 trimer is unstable and dissociates 
to gp120 and a trimeric form of His-tagged gp41ECTO (BG505 gp41ECTO-His); the latter can 
be used in a NiNTA-capture enzyme-linked immunosorbent assay (ELISA; see below). 
 A monomeric BG505 gp120 with a similar sequence to the gp120 components 
of the gp140 trimers was designed by: introducing a stop codon into the SOSIP.664 
construct at residue 512; reverting the optimized cleavage site to wild type (RRRRRR-
>REKR at residues 508-511); reverting the A501C change; introducing the D7324 
epitope into the C5 region (R500K + G507Q); and making a L111A substitution to 
decrease gp120 dimer formation (26, 53). A slightly modified version of BG505 
gp120 that has been described previously (54) was used in DSC experiments. For this 
modification, the BG505 gp120 gene was cloned downstream of an IgK secretion signal 
in a phCMV3 plasmid and upstream of a His-tag. The cleavage site was mutated to 
prevent the His-tag from being cleaved off, leading to the following C-terminal sequence: 
RAKRRVVGSEKSGHHHHHH. The BG505 gp160 clone for generating Env-pseudoviruses 
for neutralization assays has been described elsewhere (26). We modified this clone by 
inserting the same T332N substitution that is present in the BG505 SOSIP.664 trimers, 
and refer to the resulting virus as BG505.T332N.

Env protein expression
The various env genes described above were expressed in HEK293T, HEK293F and 
CHO-K1 cells, essentially as described (27, 43, 54, 55).HEK293T and CHO-K1 cells cells 
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% fetal calf serum (FCS), penicillin (100 U/ml), streptomycin (100 μg/ml), Glutamax 
(Invitrogen), non-essential amino acids (0.1 mM), sodium pyruvate (0.1 mM) and 
HEPES (0.1 mM). For gp140 trimer production, HEK293T or CHO-K1 cells were seeded 
at a density of 5.5 x 104/ml in a Corning Hyperflask. After 3 days, when the cells had 
reached a density of 1.0 x 106/ml, they were transfected using polyethyleneimine (PEI) 
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as described elsewhere (56). Briefly, PEI-MAX (1.0 mg/ml) in water was mixed with 
expression plasmids for Env and Furin (5) in OPTI-MEM. For one Corning Hyperflask, 
600 μg of Env plasmid, 150 μg of Furin plasmid and 3 mg of PEI-MAX were added in 550 
ml of growth media. Culture supernatants were harvested 72 h after transfection. BG505 
gp120 used in differential scanning calorimetry (DSC) experiments was produced in 
HEK293F cells using a protocol similar to that previously described (54). 

Env protein purification 
Env proteins were purified from the supernatants by affinity chromatography using 
either a 2G12 column or a Galanthus nivalis (GN) lectin column (27, 43, 54, 55). Briefly, 
transfection supernatants were vacuum filtered through 0.2-µm filters and then passed 
(0.5–1 ml/min flow rate) over the column. The 2G12 column was made from CNBr-
activated Sepharose 4B beads (GE Healthcare) coupled to the bNAb 2G12 (Polymun 
Sciences, Klosterneuburg, Austria). Purification using this column was performed 
as follows: the beads were washed with 2 column volumes of buffer (0.5 M NaCl, 20 
mM Tris, pH 8.0) before eluting bound Env proteins using 1 column volume of 3 M 
MgCl2. The eluted proteins were immediately buffer exchanged into 75 mM NaCl, 10 
mM Tris, pH 8.0, using Snakeskin dialysis tubing (10K WCMO) (Thermo Scientific). The 
buffer-exchanged proteins were further concentrated using Vivaspin columns with a 
30-kDa cut off (GE Healthcare).For GN-lectin affinity purification, the wash buffer was 
Dulbecco’s phosphate buffer saline (DPBS) supplemented with 0.5 M NaCl was used, and 
elution was carried out using DPBS supplemented with 1 M methyl mannopyranoside. 
 In both cases, the affinity-purified Env proteins were further purified to size 
homogeneity using size exclusion chromatography (SEC) on a Superdex 200 26/60 
column (GE Healthcare). A Superose 6 column was sometimes used for analytical or 
preparative purposes. The trimer fractions and, occasionally also the SOSIP gp140 
monomer fractions, were collected and pooled. Protein concentrations were determined 
using either a bicinchonic acid-based assay (BCA assay; Thermo Scientific, Rockford, IL) 
or UV280 absorbance using theoretical extinction coefficients (57). 

SDS-PAGE, Blue Native-PAGE and western blotting
Env proteins were detected using SDS-PAGE and Western blotting procedures using 
the anti-gp120 bNAb 2G12, HRP-labeled goat anti-human IgG (1:10000 dilution) and 
the Western Lightning ECL system (PerkinElmer Life Sciences). Blue Native (BN)-PAGE 
was used to analyze both cell culture supernatants and purified Env proteins (6, 58). 
The input material was mixed with loading dye and directly loaded onto a 4 to 12% 
BisTris NuPAGE gel (Invitrogen). The gels were run for 1.5 h at 200 V (0.07 A) using 50 
mM MOPS, 50 mM Tris, pH 7.7 as the running buffer (Invitrogen). For western blotting, 
the proteins on the gel were electro-transferred onto a PVDF membrane at 32-40V for 
1-1.5 h. The membrane was then blocked with 5% goat serum. The gp120 moieties of 
transferred Env proteins were detected using bNAb 2G12 (Polymun), a secondary anti-
human HRP antibody and the Super-signal Luminol system. 

Differential Scanning Calorimetry (DSC)
Thermal denaturation was probed with a VP-DSC calorimeter (GE Healthcare). Before 
carrying out the experiments, all samples were extensively dialyzed against phosphate-
buffered saline (PBS). The protein concentration was subsequently adjusted to 0.1 - 
0.3 mg/ml, as described above. After loading the protein sample into the cell, thermal 
denaturation was probed at a scan rate of 90°C/h. Buffer correction, normalization and 
baseline subtraction procedures were applied before the data were analyzed using 
Origin 7.0 software. The data were fitted using a non-two-state model, as the asymmetry 
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of some of the peaks suggested the presence of unfolding intermediates. 

Antibodies and Fabs
Antibody concentrations are generally recorded in ng/ml for neutralization assays and 
trimer binding ELISAs, but in nM for ITC and SPR experiments. Since the molecular 
mass of an average IgG molecule is approximately 150,000 Da, the conversion factor for 
IgG is as follows: 1000 ng/ml = 6.7 nM and 1.0 nM = 150 ng/ml. 
  MAbs were obtained as gifts, or purchased, from the following sources: John 
Mascola and Peter Kwong (VRC01, VRC03, VRC06, VRC06b, X5, F105); Dennis Burton 
(PGV04, PG9, PG16, PGT121-123, PGT125-128, PGT130, PGT135, PGT136, PGT145, 
b6, b12, F240); Polymun Scientific (447-52D, 2G12); Michel Nussenzweig (3BNC60, 
3BNC117, 12A12, 45-46, 45-46W, 1NC9, 8ANC195, 3BC176, 3BC315); Michael Zwick 
(8K8, DN9); Barton Haynes (CH01, CH31, CH58, CH59, CH103, CH106, HG107, HG120); 
James Robinson (39F, 17b, 48d, 412d, A32, 19b, 14e, F91, 15e, 7B2). William Olson of 
Progenics Pharmaceuticals provided soluble CD4 (sCD4) and CD4-IgG2. The following 
reagents were obtained through the NIH AIDS Reagent Program, Division of AIDS, 
NIAID, NIH: D50 from Dr. Patricia Earl; 98-6 from Dr. Susan Zolla-Pazner; HJ16 from 
Dr. Antonio Lanzavecchia. Fab PGT121, PGT128 and PGV04, as well as IgG 2G12 used 
in isothermal titration calorimetry (ITC) and electron microscopy (EM) experiments, 
were produced following a protocol similar to that previously described (27, 54). 
Briefly, heavy and light chain genes were transfected in HEK293F cells using 293Fectin 
(Invitrogen). Secreted Fab or IgG were harvested 6-7 days post-transfection. The 
supernatant was directly loaded on either an anti-human λ light chain affinity matrix 
(CaptureSelect Fab λ; BAC) for PGT121 and PGT128 Fabs, an anti-human κ light chain 
affinity matrix (CaptureSelect Fab κ; BAC) for PGV04 Fab or on a Protein A column 
for 2G12 IgG. Elution was performed using a buffer containing 100 mM glycine, pH 
2.7. The PGT121, PGT128 and PGV04 Fabs were subjected to MonoS (GE Healthcare) 
cation exchange chromatography to eliminate light chain dimers. All antibodies were 
subsequently purified to size homogeneity by gel filtration chromatography using a 
Superdex 200 column (GE Healthcare) in a buffer containing 150 mM NaCl, 20 mM Tris, 
pH 8.0.The b6, F240, 14e and 19b Fab’ fragments used in EM and SPR experiments were 
produced by IgG digestion at 37° C for 1 h with the enzyme IdeS in a buffer containing 
150 mM NaCl, 20 mM Bis-tris, pH 6.0. A reduction and alkylation reaction involving 
the addition of 10mM dithiothreitol for 1 h, followed by 5 mM iodoacetamide, served 
to produce Fab’ from (Fab’)2. Subsequently, the Fab’ was purified away from the Fc 
fragment and undigested IgG using a Protein A affinity column. 

Neutralization assays 
For Env-pseudovirus production, HEK293T cells (2 x 105) were seeded at 2 ml per well 
in a 6-well tissue culture plate (Corning). After 1 d, the cells reached a confluence of 90-
95%. Prior to transfection, the culture medium was refreshed using 2 ml of supplemented 
medium and the cells were transfected using Lipofectamine 2000 (Invitrogen). For 
one well, 1.6 μg of BG505.T332N plasmid and 2.4 μg of pSG3∆Env plasmid (obtained 
through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, 
NIH from Drs. John C. Kappes and Xiaoyun Wu) were mixed in 250 μl of OPTI-MEM. A 
10-μl aliquot of lipofectamine 2000 was mixed with 240 μl of OPTI-MEM immediately 
before addition to the solution containing the expression plasmids. After incubation for 
20 min at room temperature, the mixture was added to the cells to initiate transfection. 
Culture supernatants were harvested 48 h later. 
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 
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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) (59, 60). One day prior 
to infection, 1.7 x 104 TZM-bl cells per well were plated on a 96-well plate in DMEM 
containing 10% FCS, 1x MEM nonessential amino acids, penicillin and streptomycin 
(both at 100 U/ml), and incubated at 37°C in an atmosphere containing 5% CO2 for 48 h. 
A fixed amount of virus (5 ng/ml of p24-antigen equivalent) was incubated for 30 min 
at room temperature with serial 1 in 3 dilutions of each test Mab (61, 62). This mixture 
was added to the cells and 40 μg/ml DEAE, in a total volume of 200 μl. Two days later, 
the medium was removed. The cells were washed once with PBS (150 mM NaCl, 50 
mM sodium phosphate, pH 7.0) and lysed in Reporter Lysis Buffer (Promega, Madison, 
WI). Luciferase activity was measured using a Luciferase Assay kit (Promega, Madison, 
WI) and a Glomax Luminometer according to the manufacturer’s instructions (Turner 
BioSystems, Sunnyvale, CA). All infections were performed in duplicate. Uninfected cells 
were used to correct for background luciferase activity. The infectivity of each mutant 
without inhibitor was set at 100%. Nonlinear regression curves were determined and 
50% inhibitory concentrations (IC50) were calculated using a sigmoid function in Prism 
software version 5.0.

D7324-capture ELISA for monomeric and trimeric BG505 Env proteins
ELISAs were performed as described previously (29, 63, 64), with minor modifications. 
Microlon 96-well plates (Greiner Bio-One, Alphen aan den Rijn, The Netherlands) were 
coated overnight with Ab D7324 (Aalto Bioreagents, Dublin, Ireland) at 10 μg ml in 0.1 
M NaHCO3, pH 8.6 (100 μl/well). After washing and blocking steps, purified, D7324-
tagged BG505 Env proteins were added at 100 ng/ml in TBS/10% FCS for 2 h. Unbound 
Env proteins were washed away, and TBS (150 mM NaCl, 20 mM Tris) plus 2% skimmed 
milk was added to further block non-specific protein-binding sites. Serially diluted 
MAbs or CD4-IgG2 in TBS/2% skimmed milk were then added for 2 h followed by 3 
washes with TBS. In some cases, sCD4 (10 μg/ml) was added during the incubation 
with a test MAb. Horseradish peroxidase labeled goat-anti-human immunoglobulin G 
(IgG) (Jackson Immunoresearch, Suffolk, England) was added for 60 min at a 1:3000 
dilution (final concentration 0.33 μg/ml) in TBS/2% skimmed milk, 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, Zwijndrecht, 
The Netherlands), 0.01% H2O2, 100 mM sodium acetate and 100 mM citric acid. Color 
development was stopped using 0.8 M H2SO4 when appropriate, and absorption was 
measured at 450 nm. In most experiments, SEC-purified BG505 gp120-D7324 or 
SOSIP.664-D7324 gp140 trimers (or sequence variants specified elsewhere) were used 
for the above assays. However, when specifically indicated, unpurified D7324-tagged 
BG505 SOSIP.664 gp140 (or mutants) were used instead.

Ni-NTA-capture ELISA for BG505 Env proteins
Supernatants from cells transiently expressing SOSIP.664-His gp140 or gp41ECTO-His 
proteins were diluted 1:2 in TBS/10% FCS and incubated for 2 h with Ni2+-nitrilotriacetic 
acid (Ni-NTA) coated Hissorb 96-well plates (Qiagen, Venlo, The Netherlands) (28, 29, 
63, 64). The subsequent procedures were exactly as described above for the D7324-
capture ELISA. 

Surface Plasmon Resonance (SPR)
MAb binding to trimers at 20°C was detected by two SPR-based methods using a Biacore 
3000 instrument (GE Healthcare). In the first approach, His-tagged trimers were 
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immobilized on Ni-NTA chips and the binding of solution-phase MAbs was recorded. 
After removing metallic contaminants via a pulse of EDTA (350 mM) in running buffer 
(150 mM NaCl, 10 mM Hepes, pH 7.4 plus 0.005% Tween20) for 1 min at a flow rate 
of 30 ml/min, the chip was loaded with Ni2+ by injecting NiCl2 (2.5 mM) for 1 min at a 
flow rate of 10 ml/min, resulting in a response of ~50 RU. For all steps between the 
high EDTA pulses, the running buffer was supplemented with 50 mM EDTA. Purified 
SOSIP.664-His gp140 trimers (10 mg/ml) were injected at 10 ml/min for 2-3 min to 
capture the equivalent of ~500 RU (=RL). Control channels received neither trimer 
nor NiCl2. However, control cycles were performed by flowing the analyte over Ni2+-
loaded NTA in the absence of trimer; there were no indications of non-specific binding. 
The analyte (IgG at 1.0 mM or Fab at 500 nM) was injected into the trimer and control 
channels at a flow rate of 50 μl/min. Association was recorded for 300 s, dissociation 
for 600 s. After each cycle of interaction, the NTA-chip surface was regenerated with a 
pulse of EDTA (350 mM) for 1 min at a flow rate of 30 ml/min, followed by 3 washes 
with running buffer. A high flow rate of analyte solution (50 μl/min) was used to 
minimize mass-transport limitation; ln(dY/dX) plots for the association phase were 
linear with negative slopes, indicating that the binding was largely kinetically limited. 
Both control-channel and zero-analyte responses were subtracted.
 In the second approach, Env-reactive MAbs were captured onto the chip by an 
immobilized anti-Fc Ab and the binding of solution-phase, untagged BG505 SOSIP.664 
gp140 trimers was recorded. Affinity-purified goat anti-human IgG Fc (A80-104A, 
Bethyl Laboratories, Inc.) was diluted to 50 mg/ml in sodium acetate (pH 4.5) and then 
amine-coupled to dextran, reaching levels ~104 RU, in all four channels of CM5 chips. 
Env-reactive Abs were added (1 mg/ml in sodium acetate, pH 4.5) to three channels 
on each chip, at a flow rate of 5 ml/ml, and captured to response levels of 800-900 RU; 
the fourth channel served as a control surface. BG505 SOSIP.664 gp140 trimers at 200 
nM in running buffer (150 mM NaCl, 10 mM Hepes, pH 7.4, 3 mM EDTA plus 0.005% 
Tween20; note the higher EDTA concentration) were injected at a flow rate of 30 ml/
min. Association was recorded for 300 s, dissociation for 600 s.

Isothermal Titration Calorimetry (ITC)
ITC was performed using an Auto-iTC 200 instrument (GE Healthcare) using a protocol 
similar to one previously described (27, 54). Briefly, prior to conducting the titrations, 
proteins were dialyzed against Tris-saline buffer (150 mM NaCl, 20 mM Tris, pH 8.0). 
Absorbance at 280 nm using calculated extinction coefficients served to determine and 
adjust protein concentrations (57). The ligand present in the syringe was PGT121 Fab, 
PGT128 Fab or 2G12 IgG at concentrations ranging between 113 μM and 167 μM, while 
the BG505 SOSIP.664 trimer was present in the cell at a concentration of 4.3 μM. In 
each binding experiment, a 5 μcal reference power determination preceded the first 
injection of 0.5 μl, which was followed by 15 injections of 2.5 μl each at intervals of 
180 s. Origin 7.0 software was used to derive the affinity constants (Kd), the molar 
reaction enthalpy (ΔH) and the stoichiometry of binding (N), by fitting the integrated 
titration peaks via a single-site binding model (PGT121) or a two-site binding model 
(PGT128 and 2G12). All measured and derived thermodynamic parameters of binding 
are reported in Table 3.

Electron microscopy (EM)
SEC-purified BG505 SOSIP.664 gp140 trimers, either alone or as Fab complexes (with 
b6, F240, 14e, 19b and PGV04), were analyzed by negative stain EM. A 3 µL aliquot 
containing ~0.03 mg/mL of the trimer or Fab-trimer complex 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 
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negatively stained with Uranyl formate or Nano-W (Nanoprobes) for 30 s. Data were 
collected using a FEI Tecnai F20 or T12 electron microscope operating at 120 keV, with 
an electron dose of ~55 e-/Å2 and a magnification of 52,000x that resulted in a pixel 
size of 2.05Å at the specimen plane. Images were acquired with a Gatan US4000 CCD or 
Tietz TemCam-F416 CMOS camera using a nominal defocus range of 900 to 1300 nm.

Image processing and 3D reconstruction
Particles were picked automatically using DoG Picker and put into a particle stack using 
the Appion software package (65, 66). Initial, reference-free, two-dimensional (2D) 
class averages were calculated using particles binned by five via the Xmipp Clustering 
2D Alignment (67) and sorted into classes. Particles corresponding to trimers or 
complexes were selected into a substack and binned by four before another round of 
reference-free alignment was carried out using the Xmipp Clustering and 2D alignment 
and IMAGIC software systems (68). To analyze the interactions of the non-neutralizing 
Fabs (b6, F240, 14e, 19b) with BG505 SOSIP.664 gp140 trimers, the reference free 2D 
class averages were examined. The Fabs were clearly visualized if they are bound to 
the trimer, allowing the percentage of bound trimers relative to unbound trimers to 
be tabulated. For Fab-containing complexes, the unliganded trimer (EMDB 5019; (69)) 
was used as the initial model and refined against reference-free 2D class averages for 
89 iterations without imposing symmetry. Fab densities were visible after 10 iterations. 
This model was then refined against raw particles for an additional 89 cycles with C3 
symmetry imposed. For the unliganded BG505 SOSIP.664 gp140 trimer, an ab initio 
common lines model was calculated from reference-free 2D class averages in EMAN2 
(70). The final volumes for the EMDB 5019 trimer and BG505 SOSIP.664 gp140 trimer 
reconstructions were nearly identical. EMAN (71) was used for all 3D reconstructions.
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Figure S1. Amino acid sequence of the BG505 SOSIP.664 protein. Changes to the wt BG505 sequence are 
shown in bold and underlined.

Supplemental Information

Figure S2. Negative stain 
EM data of the unliganded 
BG505 SOSIP.664 gp140 
trimer expressed in 
HEK293T cells. (A) 2D 
class averages. (B) Fourier 
shell correlation (FSC) curve 
used to determine the ∼24 
Å resolution of the final 
reconstruction.

Figure S3. Negative stain 
EM data of the BG505 
SOSIP.664 gp140 trimer in 
complex with Fab PGV04. 
(A) 2D class averages of 
trimer∶Fab complexes. (B) 
Fourier shell correlation 
(FSC) curve used to determine 
the ∼23 Å resolution of the 
final reconstruction.

Figure S4. Negative stain 
EM data of the BG505 
SOSIP.664 gp140 trimer 
in complex with sCD4 
and Fab 17b. (A) 2D class 
averages of trimer∶sCD4∶Fab 
complexes. (B) Fourier 
shell correlation (FSC curve 
used to determine the ∼22 
Å resolution of the final 
reconstruction.
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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 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 
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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). The relative trimer secretion, compared to SOSIP, ranged from 3% (Met; 
SOSIM) to 163% (Val; SOSIV) (Fig. 1D), while the percentage of trimer secretion 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 
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or Asn were the most efficient at trimer secretion judged by the percentage of trimers 
for any given mutant. In contrast, the presence of Met and, to a lesser but still marked 
extent, the hydrophobic Ile, Leu and Ala led to inefficient trimer formation. 

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). 

Figure 1. Biochemical characterization of unpurified BG505 trimer mutants. (A) Linear representation 
of the D7324-tagged BG505 SOSIP.664 trimer. (B) Representative BN-PAGE gel blotted with the 2G12 bNAb. 
The trimer, dimer and monomer bands of the BG505 mutants are indicated. For all figures, the one letter 
amino-acid code is depicted. (C) Total protein, (D) relative trimer levels compared to SOSIP and (E) relative 
trimer levels compared to total Env produced of any given mutant of the unpurified HEK293T cell-expressed 
BG505 trimer mutants. The proteins were analyzed by BN-PAGE and the bands were quantified 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 position 559. (I,J,K) The area under the curve (AUC) for each mutant was calculated and plotted. 
The AUC values were derived from 3-4 independent ELISA experiments using culture supernatants from 
independent transfections. (L,M,N) Correlation 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 purified and studied in further detail) in black; and Cys, Met, Ala, Ser, 
Thr, Leu, Asp, Val, Gln, Trp in gray. Spearman’s correlation coefficients, r, were calculated using Prism software 
version 5.0.
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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, 

Figure. 2. Biochemical characterization of PGT145-purified BG505 trimer mutants. All ten selected mu-
tants were purified using a PGT145-affinity column. (A) Yields of each variant trimer. The fold difference in 
yield compared to the SOSIP trimer (i.e., Pro-559) was calculated and plotted. (B) BN-PAGE analysis, with 
gels stained by Coomassie blue; the molecular weights of the marker proteins (thyroglobulin and ferritin) are 
indicated. (C) SDS-PAGE analysis under non-reducing and reducing conditions, followed by Coomassie blue 
staining. (D) NS-EM analysis showing the 2D class-averages for all ten trimers.
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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 helix-breaker Gly at residue-559, albeit 
still 2.5-fold lower (Fig. 2A). 

A non-reducing SDS-PAGE analysis of all ten PGT145-purified proteins showed 
only a single gp140 band was present; under reducing conditions, 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 disulfide bonds that 
frequently affect preparations of uncleaved gp140 proteins (44–46). Thus, the identity 
of the residue at position-559 does not influence these aspects of native-like trimer 
formation. A BN-PAGE analysis followed by Coomassie Blue staining showed that nine 
of the ten PGT145-purified proteins were exclusively trimers (Fig. 2B). The exception 
was the SOS protein preparation, 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 
purified SOS trimers are particularly prone to dissociation into monomers and dimers. 
The tendency to dissociate is consistent with our earlier observations on SOS trimers 
(25). It is also relevant to why Ile is the virus-encoded residue at position-559, as trimer 
metastability is necessary for fusion, and to why changing this residue is necessary to 
make stable soluble trimers. 

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

Antigenic characterization of selected purified BG505 trimer variants
We assessed the antigenicity of the same ten PGT145-purified 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 efficiencies by 
glycan-dependent bNAbs to gp120 outer domain epitopes (2G12 and PGT125), except 

Figure 3. Antigenic analysis of 
PGT145-purified BG505 trimer 
mutants by ELISA. The plots show 
representative binding curves 
of bNAbs 2G12, VRC01, PGT125, 
PGT145, PGT151 and 3BC315 and 
non-NAb 17b and 17b + sCD4 to the 
various trimer mutants.
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for poorer binding of PGT125 to the SOS protein (Ile-559). Both the CD4bs-directed 
bNAb VRC01 and gp41 targeting bNAb 3BC315 bound comparably to all variant trimers 
including the SOS variants. MAb 17b bound inefficiently in the absence of CD4, but its 
epitope was strongly induced on all the variants when soluble CD4 was present (Fig. 
3). Thus, the identity of the residue at position-559 does not affect the integrity of the 
CD4bs or the induction of CD4-triggered conformational changes.

The PGT145 bNAb, used to purify the trimers, recognizes a quaternary epitope in 
the V1V2 region. Again with the exception of the SOS trimer, PGT145 bound comparably 
to all trimer variants in ELISA (Fig. 3). The reduced affinity of PGT145 to the SOS trimer 
is most likely the reflection of the presence of non trimeric proteins (see above). Very 
similar observations were made with the PGT151 bNAb against a quaternary epitope at 
the gp120/gp41 interface (Fig. 3). Thus, once formed and purified by positive selection 
using PGT145, all variants had a native-like antigenicity profile. The SOS construct is an 
exception, in that non-trimeric structures can also be observed in BN-PAGE and NS-EM 
analyses (Fig. 2B and data not shown).

Biophysical characterization of selected purified BG505 trimer variants
The thermal stability of the purified trimer variants was estimated using Differential 
Scanning Calorimetry (DSC). The midpoint of thermal denaturation (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. 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 

Figure 4. Thermal stability of PGT145-
purified BG505 trimer mutants. (A) Raw 
data and modeled unfolding curves derived 
from the DSC analysis. (B) Overlay of the DSC 
profiles for the various trimer mutants. The 
Tm, Tonset and T1/2 of each mutant is shown 
in the table, and the fitted curves from which 
Tm values were obtained are plotted as the 
melting profiles. (C) Thermodynamic param-
eters for the unfolding of the various trimer 
mutants
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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 
residues Arg, Lys, Asp, Glu, and His. Not every residue is effective, however, as the small 
hydrophobic residues Val, Leu, Ile and Ala and Met yield stable trimers inefficiently. 
These new findings in the context of the BG505 genotype are consistent with our earlier, 
more 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 
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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 

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 spec-
trum, where blue and red indicate low and high flexibility respectively. The structure reveals that the re-
gion near residue-559 is highly flexible, which complicates predictions 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 resolution EM reconstruction (overall RMSD of 2.48 Å) of the JR-FL Env trimer (PDB ID: 5FUU. In the 
JR-FL trimer, the Pro (green) substitutions at residue-559 are modeled in all three protomers as the con-
formation of each protomer is slightly different. 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 fill a part of the 
cavity and could make hydrophobic contacts with Ala58, Ala60 and Ala561 in the BG505 trimer, increas-
ing the thermal stability of the SOSIF trimer compared to SOSIY and SOSIP. In the JR-FL trimer structure, 
this is slightly different 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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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 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 
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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).

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 
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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 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 reconstruction
Data 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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Abstract
Background: The trimeric envelope glycoproteins (Env) on the surface of HIV-1 virions 
are the targets for neutralizing antibodies (NAbs). No candidate HIV-1 immunogen has 
yet induced potent, broadly active NAbs (bNAbs). Part of the explanation may be that 
previously tested Env proteins inadequately mimick the functional, native Env complex. 
Trimerization and the proteolytic processing of Env precursors into gp120 and gp41 
profoundly alter antigenicity, but soluble cleaved trimers are too unstable to serve as 
immunogens. By introducing stabilizing mutations (SOSIP), we constructed soluble, 
cleaved Env trimers derived from the HIV-1 subtype A isolate BG505 that resemble 
native Env spikes on virions both structurally and antigenically.  
Results: We used surface plasmon resonance (SPR) to quantify antibody binding to 
different forms of BG505 Env: the proteolytically cleaved SOSIP.664 trimers, cleaved 
gp120-gp41ECTO protomers, and gp120 monomers. Non-NAbs to the CD4-binding site 
bound only marginally to the trimers but equally well to gp120-gp41ECTO protomers 
and gp120 monomers, whereas the bNAb VRC01, directed to the CD4bs, bound 
to all three forms. In contrast, bNAbs to V1V2 glycan-dependent epitopes bound 
preferentially (PG9 and PG16) or exclusively (PGT145) to trimers. We also explored 
the antigenic consequences of three different features of SOSIP.664 gp140 trimers: 
the engineered inter-subunit disulfide bond, the trimer-stabilizing I559P change in 
gp41ECTO, and proteolytic cleavage at the gp120-gp41ECTO junction. Each of these three 
features incrementally promoted native-like trimer antigenicity. We compared Fab 
and IgG versions of bNAbs and validated a bivalent model of IgG binding. The NAbs 
showed widely divergent binding kinetics and degrees of binding to native-like BG505 
SOSIP.664. High off-rate constants and low stoichiometric estimates of NAb binding 
were associated with the amount of residual infectivity after NAb neutralization of the 
corresponding BG505.T332N pseudovirus. 
Conclusions: The antigenicity and structural integrity of cleaved BG505 SOSIP.664 
trimers render these proteins good mimics of functional Env spikes on virions. 
In contrast, uncleaved gp140s antigenically resemble individual gp120-gp41ECTO 
protomers and gp120 monomers, but not native trimers. Although NAb binding to 
functional trimers may thus be both necessary and sufficient for neutralization, the 
kinetics and stoichiometry of the interaction influence the neutralizing efficacy of 
individual NAbs. 
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Introduction
The trimeric envelope glycoprotein (Env) spikes sparsely decorate the surface of 
infectious HIV-1 virions. Each trimer consists of three hetero-dimers, in which the 
membrane distal subunit gp120 associates non-covalently with the transmembrane 
protein gp41 (1). When the primary receptor, CD4, on the target-cell surface is ligated 
by Env trimers, a site for co-receptor binding is induced, allowing Env interactions with 
CCR5 or CXCR4. These events trigger conformational rearrangements and a refolding of 
Env, which drive the fusion of the viral and cellular membranes, enabling the viral core, 
which contains the genetic material, to enter the cytoplasm. Because the Env trimer 
mediates these essential functions and is exposed on the virion exterior, it is the target 
for neutralizing antibodies (NAbs), which prevent infection by blocking viral entry (2, 
3). No HIV-1 vaccine candidate has yet induced the potent, broadly active NAbs (bNAbs) 
that would be required to counter circulating HIV-1 strains, which display exceptional 
sequence variation in the env gene. But all of Env is not as variable and one approach to 
immunogen design is to create soluble, recombinant antigenic mimics of the functional 
Env trimers with the goal of focusing antibody responses on conserved neutralization 
epitopes (4-6).  
 We and others have described the design, structural properties, and antigenicity 
of soluble Env trimers containing gp120 subunits and most of the ecto-domain of gp41 
(gp41ECTO) (7-15) (see Methods). The most advanced version of these trimers, based 
on the subtype A founder virus BG505, is designated BG505 SOSIP.664 gp140 (16, 17). 
Three-dimensional structures at near-atomic scale resolution of this trimer in complex 
with Fabs of the PGT122 and PGV04 bNAbs have been obtained, respectively, by x-ray 
crystallography and cryo-electron microscopy (EM) (18, 19).
 An alternative and predominant approach to making trimeric Env proteins has 
been to eliminate the cleavage site between gp120 and gp41ECTO, yielding uncleaved 
gp140s (gp140UNC) (9, 10, 12, 14, 15, 20). Attempts have also been made to improve 
the properties of gp140UNC proteins by adding heterologous motifs such as Foldon and 
T4 bacteriophage fibritin to the C- terminus of gp41ECTO (12, 15, 21). It is now clear, 
however, that the purified fraction with the mass of a trimer from various uncleaved 
gp140s contains predominantly aberrant, non-native structures in which three gp120 
subunits dangle off a central, post fusion 6-helix bundle formed by the gp41 part of the 
gp140UNC protein (22, 23). 
 Our goal is to design Env-based immunogens that most closely mimic the 
native form of Env found on the virion surface, so as to enhance the possibilities of 
inducing strong bNAb responses. Such responses emerge in only a minority of subjects 
after several years of HIV-1 infection (24). In contrast, many anti-Env antibodies that 
arise during infection are non-neutralizing and recognize only non-native forms of Env, 
probably because they are elicited by shed gp120 and other non-functional or degraded 
Env proteins (25). Even infectious virions harbor a mixture of functional trimers and 
non-native forms of Env, some trimeric, others not (26, 27). Among primary HIV-1 
isolates, neutralization correlates poorly with antibody binding to monomeric gp120 
but agrees well with binding to native trimers (28, 29). The explanation is that many 
epitopes on the trimers of primary isolates are shielded by Env trimerization and intra- 
and inter-protomer interactions involving the gp120 variable loops and glycans (18, 
19, 30-32). Hence, Env trimers with the highest ratio of NAb over non-NAb binding 
might have desirable immunogenic properties that could be further improved through 
knowledge of how bNAbs emerge during infection. 
 The BG505 SOSIP.664 gp140 trimers are good antigenic mimics of native Env 
spikes in that they occlude most non-NAb epitopes but display trimer-dependent and 
other bNAb epitopes well (17). Those antigenic properties are contingent upon cleavage 
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between the gp120 and gp41ECTO subunits (23, 33-35). Here, we characterize the 
antigenicity of BG505 SOSIP.664 trimers by surface plasmon resonance (SPR), showing 
that different bNAbs bind with widely divergent kinetics. We also compare bNAb and 
non-NAb binding to the trimer, the previously never studied gp120-gp41ECTO protomer 
(see SI Figure 1), and the gp120 monomer; we dissect how the cleavage enhancing and 
trimer-stabilizing features affect the antigenicity of the trimers; and we explore binding 
differences between monovalent Fabs and bivalent IgG. We compare these findings 
with the thermodynamics of bNAb binding analyzed by isothermal calorimetry (ITC) 
and with the high-resolution EM and x-ray crystallographic structures of Fab-trimer 
complexes (18, 19). We found a good agreement between the stoichiometries of Fab 
binding per trimer determined by other methods and the estimates derived from SPR 
data. We suggest that stoichiometry together with the off-rate constant of NAb binding 
influences the efficacy of neutralization.  

Results and Discussion

Effects of oligomerization on the antigenicity of Env trimers.
We compared antibody binding to the BG505 SOSIP.664 trimer, the corresponding, 
disulfide-stabilized gp120-gp41ECTO protomer, which has previously never been 
included in NAb binding studies, and the gp120 monomer (see Methods and Fig. S1 
for a description of the  protomer). All three antigens were captured onto SPR chips 
at levels corresponding to approximately the same amount of immobilized gp120 (see 
Methods for different approaches to immobilization and the reasons for using them 
and Table S1 for analyses of the reproducibility of capture levels). The CD4bs-directed 
bNAb VRC01, which potently neutralizes the corresponding BG505.T332N pseudovirus, 
bound strongly and similarly to all three antigens, with markedly slow dissociation. In 
contrast, the non-NAb b6 and the bNAb b12, also directed to the CD4bs but which do 
not neutralize the BG505.T332N pseudovirus (17), bound well and indistinguishably 
to the gp120-gp41ECTO protomer and gp120 monomer, but negligibly to the trimer (Fig. 
1). Thus, the lack of neutralization is due to the trimerization-dependent shielding of 
epitopes on the gp120 subunits. The binding kinetics, however, differed between these 
two antibodies in that b12 dissociated markedly faster. The non-NAb F240 reacted 
with neither trimer nor protomer, which was as expected since its gp41ECTO epitope 
is located in cluster I, a region interacting with gp120. Monomeric gp120 served as 
a negative control for F240 binding. (That the requisite) gp41 sequence is present is 
shown later with uncleaved Env constructs.) 
 The 2G12 bNAb bound similarly to its glycan-dependent outer-domain epitope 
on the gp120 monomer and trimer, and marginally better to the protomer. The two 
glycan- and V3-base-dependent bNAbs PGT123 and PGT128 recognized the trimer 
somewhat better than protomer and gp120, with faster dissociation from the latter 
two. 
 The two V3-specific MAbs 14e and 19b, which do not neutralize BG505.T332N 
pseudovirus (17), bound strongly to the gp120 monomer but only negligibly to the 
trimer. Plausible mechanisms of the shielding of V3 epitopes include burial of V3 in the 
trimer interface and masking by V1V2 (18, 19). Unexpectedly, both MAbs reacted with 
the gp120-gp41ECTO protomer substantially less well than with the gp120 monomer 
(although better than with the trimer). The gp41ECTO moiety would therefore seem to 
contribute, through intra-protomeric conformational effects, to the nearly complete 
shielding of these V3 epitopes on the SOSIP.664 trimer immobilized on the SPR chip. 
There are precedents for antigenic effects of gp41 on gp120 epitopes. For example, a 
neutralization-escape mutation in cluster I reduces the sensitivity of the T-cell line-
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adapted virus HxB2 to CD4bs-directed Abs (36-38); conversely, cluster-I mutations in 
primary isolates can confer or contribute to sensitivity to neutralization by sCD4, b12, 
or plasma from HIV-1-infected people (39, 40). Furthermore, substitutions in the MPER 
can strongly affect viral sensitivity to V3 NAbs (41, 42). 
 To investigate the effect of gp41ECTO on V3 antigenicity, we used untagged 
gp120-gp41ECTO protomer and gp120 monomer as analytes and compared their binding 
to anti-Fc-immobilized MAbs 14e and 19b. In that format, the anti-V3 MAbs did not 
distinguish quite as clearly between the gp120 monomer and gp120-gp41ECTO protomer 
(Fig. S2). Therefore, one explanation for the lower binding of the V3 MAbs to the gp120-
gp41ECTO protomer than to gp120 monomers, under the conditions of Fig. 1, might be that 
immobilized protomer molecules interact with each other and shield the 14e and 19b 
epitopes (18, 19). The D7324 epitope-tag or the immobilization might also indirectly 
affect the exposure or conformation of V3. We also note that the extent of 14e and 
19b binding to the BG505 SOSIP.664 trimer is assay-dependent: the V3 region is more 
accessible in a D7324-capture ELISA than in SPR or electron microscopy (17). Overall, 
there is still much to be learned about what determines the degree of V3 exposure on 
different forms of Env and how those factors affect immunogenicity.
 We confirmed that the bNAbs PG9, PG16, and PGT145, directed to V1V2 

Figure 1. The effect of oligomerization on Env antigenicity. The sensorgrams show the binding (RU) of 
the listed IgGs to the BG505 SOSIP.664 trimer, gp120-gp41ECTO protomer (gp140), and monomeric gp120 over 
time (s) on the x axis. Association was followed for 5 min and dissociation for 10 min. The Env proteins 
were captured on the chip by amine-coupled D7324 antibody. For each Ab tested similar levels of Env were 
captured: RL values were ~ 500 RU trimers and protomers for all Abs except for the V3-specific ones, where 
RL was ~200 RU for trimer and protomer, and in both cases ~15% lower for gp120 to yield approximately 
equal numbers of gp120 subunits for all three forms of Env. The antibodies tested as analytes bind to different 
clusters of epitopes: b12, b6, and VRC01 to the CD4bs; F240 to cluster I in gp41; PG9, PG16, and PGT145 to 
V1V2-glycan epitopes at the apex of the trimer; PGT151 to a newly discovered epitope that spans the interface 
between gp120 and gp41ECTO in one protomer and also makes contact with a second gp41ECTO subunit; 2G12 to 
a mannose-glycan-dependent epitope; PGT123 and PGT128 to composite V3-base and glycan epitopes; and 
14e and 19b to V3 epitopes. MAbs b12, b6, F240, 14e, and 19b do not neutralize the corresponding BG505.
T332N virus, whereas VRC01, 2G12, PGT123, PGT128, PG9, PG16, PGT145, and PGT151 do. All MAbs were 
injected at 1 μM. The sensorgrams show one of two replicates.
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quaternary-dependent epitopes, bind better to the trimer than to the gp120 monomer 
(16, 43, 44). PG16 dissociated faster from the trimer than PG9 and PGT145 (Fig. 
1). While PG9 and PG16 did react to an extent with gp120 and the gp120-gp41ECTO 
protomer, PGT145 bound to neither of those, only to the trimer. PG9 is known to 
bind to some gp120 monomers, particularly to BG505 gp120 (45). Here, PG9 bound 
indistinguishably to gp120 and the gp120-gp41ECTO protomer, although much more 
weakly than to the trimer. Hence, the presence of gp41ECTO enhances reactivity with 
PG9, PG16, and PGT145, not by affecting the conformation of individual gp120 subunits 
independently of the trimeric context, but by mediating trimerization and thus creating 
the complete epitope described for this group of bNAbs (16). 
 The recently described bNAb PGT151, directed to a novel epitope at the gp120-
gp41 interface (46, 47), had a different binding profile. It failed to bind gp120 but did 
react with the gp120-gp41ECTO protomer, although less well than with the trimer (Fig. 
1). This reactivity profile is consistent with the demarcation of the PGT151 epitope, 
which involves both gp120 and gp41ECTO components of one protomer and also a second 
gp41ECTO subunit (46, 47).
 In summary, whereas trimerization shields non-NAb epitopes, it is necessary 
for creating, or optimizing, the epitopes for several bNAbs. Thus, all non-NAbs bound 
well to monomeric forms of Env but not to the trimer, while the trimer-specific bNAbs 
exhibited the inverse pattern. The gp41ECTO moiety within each protomer did not 
influence the antigenicity of most gp120 epitopes, including the CD4bs, but it reduced 
binding somewhat to the V3 region on the gp120-gp41ECTO protomers.

Effects of proteolytic cleavage and stabilizing mutations on antibody binding to 
Env trimers. 
Recently, we showed that cleavage at the junction between gp120 and gp41ECTO strongly 
promotes a native-like structure of the BG505 SOSIP.664 gp140 trimer, as determined 
by negative-stain EM, and that the compact, native-like trimer binds NAbs but not non-
NAbs (23). Likewise, other biophysical techniques reveal the non-native structure of 
uncleaved oligomeric gp140s (22). The preferential binding of NAbs to proteolytically 
processed Env on the cell surface is also well described (34). Here, we extend those 
observations by further dissecting what modifications of BG505 SOSIP.664 Env are 
responsible for which antigenic effects. 
 We studied the binding of eight MAbs to six forms of Env: SOSIP.R6 (i.e., 
SOSIP.664) is the fully cleaved and stabilized form; WT.SEKS lacks both the SOSIP 
mutations and the cleavage site; SOSIP.SEKS lacks only the cleavage site; SOS.R6 lacks 
only the I559P mutation; SOS.SEKS lacks the I559P mutation and the cleavage site; 
IP.SEKS lacks the SOS link between gp120 and gp41ECTO as well as the cleavage site 
(Figure 2). Note that cleaved Env lacking the SOS linkage could not be studied because 
gp120 completely dissociates from gp41ECTO.
 VRC01, a CD4bs bNAb that does neutralize the BG505.T332N pseudovirus, 
bound significantly to all six forms of Env (Fig. 2), while clearly differentiating among 
them. The weakest binding, while still substantial, occurred with the most stabilized, 
native-like form of Env, SOSIP.R6. Eliminating only the cleavage site (SOSIP.SEKS) 
marginally increased binding, whereas reverting the SOS mutations and removing the 
cleavage site (IP.SEKS) increased binding further. The three highest binding curves 
were recorded for SOS.R6, WT.SEKS, and SOS.SEKS, with small increments in that order. 
Overall, the more compact trimer structure that is contingent on cleavage is compatible 
with binding, while posing a limited impediment.  
 Three MAbs (the CD4bs-specific b6, b12, and the gp41-directed F240) that do 
not neutralize BG505 had distinct sensitivities to Env modifications. All three MAbs 
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strongly bound to WT.SEKS, although b12 dissociated faster than b6 and F240; none 
of them bound to SOSIP.R6, the trimer with the most native-like structure; and b6 and 
b12 bound at intermediate levels to SOSIP.SEKS. The latter result shows that, even 
in the absence of cleavage, the trimer-stabilizing modifications partially mask these 
overlapping epitopes. The I559P mutation had a weak but definite masking effect on 
both the b6 and b12 epitopes when Env was uncleaved (IP.SEKS vs. WT.SEKS). The SOS 
modification had a stronger masking effect for b12 than b6 on uncleaved Env (SOS.
SEKS vs. WT.SEKS). Furthermore, in the cleaved SOS context, absence of the I559P 
modification had differential effects on b6 and b12 binding: b6 bound to SOS.R6 more 
strongly than b12 (SOS.R6 vs. SOSIP.R6). Hence, the I559P point substitution in gp41ECTO 
influences the CD4bs. It can be noted that although neither b6 nor b12 neutralizes 
the BG505.T332N pseudovirus, they have drastically different properties and modes 
of Env interaction in that b6 is a non-NAb and b12 a bNAb. It is therefore significant 
that these two epitopes, overlapping the CD4bs, are differentially affected by how 
gp120 is anchored to gp41ECTO, and also by the presence of the trimer-stabilizing I559P 
change. 
 None of the Env variants containing the SOS modification bound the F240 non-
NAb against an epitope in cluster I of gp41ECTO. Either gp120, when disulfide-linked to 
gp41ECTO, masks the F240 epitope, or the disulfide bond to C605 (or just the Cys side 
chain itself), disrupts the epitope. The I559P change in the gp140UNC context enhanced 
F240 binding (IP.SEKS compared with WT.SEKS, which differ only at residue-559, Fig. 
2). The I559P change probably impedes the formation of a six-helix bundle and thereby 
favors F240 binding.
 The binding of 2G12 to the different forms of Env was similar, which shows 

Figure 2. The effects of cleavage and trimer-stabilizing mutations on Env antigenicity. The sensorgrams 
show the binding (RU) of the listed MAbs to BG505 SOSIP.664 trimers (labeled “SOSIP.R6”) and five mutated 
variants thereof (see Results). MAbs b12, b6, F240, 14e, and 19b do not neutralize the corresponding BG505.
T332N virus, whereas VRC01, 2G12, PG16, and PGT145 all do. The SPR method was the same as for Figure 1, 
except that the MAbs were injected at 500 nM. The sensorgrams show one of two replicates.



78

Chapter 4

that its gp120 epitope is affected by neither cleavage nor the SOSIP modifications (since 
all Env variants were captured to near-identical levels as shown by the RL values in 
Table S1). The two V3-directed non-NAbs 14e and 19b bound only weakly (<50 RU) 
to the native-like SOSIP.R6 trimers. They both bound to intermediate levels with SOS.
R6 and SOSIP.SEKS, indicating that the omission of the I559P change and the lack of 
cleavage equally increased exposure of the V3 region. The two V3 MAbs bound to high 
and similar levels to WT.SEKS and IP.SEKS, but yielded even higher levels with SOS.
SEKS. When added to WT.SEKS, I559P alone had no effect, but added to SOS.SEKS it 
reduced binding markedly. In summary, the I559P change in the cleaved context and 
cleavage itself both markedly shield V3 epitopes, whereas in the uncleaved context SOS 
must be combined with the I559P change to exert a V3 masking effect. Note that the 
reduced binding of these MAbs to the gp120-gp41ECTO protomer, compared with gp120, 
also indicated that gp41ECTO exerts indirect effects on V3 antigenicity (Fig. 1). Overall, 
however, the Env form that least exposes V3 non-NAb epitopes is the cleaved, native-
like trimer SOSIP.R6 (elsewhere referred to as SOSIP.664).
 Two quaternary structure-dependent bNAbs, PG16 and PGT145, were also 
studied. PG16 bound strongly only to SOSIP.R6. It did not recognize the WT.SEKS 
uncleaved gp140, but bound to intermediate levels when the SOSIP modifications were 
present in the uncleaved gp140, SOSIP.SEKS. Both IP.SEKS and SOS.R6, which share no 
modifications, bound PG16 to low levels. The I559P change therefore strongly promotes 
PG16 binding only when Env is cleaved. For PGT145, the differences between the strong, 
high-level binding to the native-like SOSIP.R6 trimers and the other Env variants were 
even starker than for PG16. Thus, PGT145 bound partly to SOSIP.SEKS, but negligibly 
to the other variants. In summary, for full PGT145 binding, cleavage, SOS, and 1559P 
are all necessary. The PGT145 reactivities with the different Env variants are strikingly 
congruent with the estimated proportions of native-like trimers present, as determined 
by negative stain-EM. Thus, apart from SOSIP.R6, which yields  close to 100% native-
like trimers, only the SOSIP.SEKS construct yields more than a few percent of native-
like trimers (23). Hence the antigenicity of SOSIP.SEKS reflects its mixed population of 
native-like trimers and structurally aberrant forms of Env (23).
 
Kinetic modeling of and stoichimetric estimates of monovalent and bivalent 
binding to Env. 
There are advantages to studying both monovalent Fabs and bivalent IgG. The latter is 
the natural antibody form, and therefore of greater relevance to blocking viral entry in 
vivo. But the degree of bivalent binding to Env trimers on the virion is uncertain, and it 
has been argued that HIV incorporates exceedingly few Env spikes, thereby disfavoring 
bivalent NAb binding (48). Such an escape strategy could, however, be a double-edged 
sword. On the one hand, by having few trimers on its surface, and hence long average 
distances between them, HIV-1 would minimize the enhancement of neutralization 
potency that NAb avidity confers (48, 49). On the other hand, an opposing effect would 
arise, namely that the fewer spare trimers virions have, above what is necessary for 
infection, the lower would be the minimal occupancy required for neutralization, an 
effect making the virus more vulnerable (50-54). 
 The spacing and orientation of the epitopes studied here preclude the bridging 
of two epitopes on the same trimer by one IgG molecule, i.e. intra-trimeric bivalent 
binding; and for the NAbs PG9, PG16, and PGT145, directed to the trimer apex, the 
unusual stoichiometry of one paratope per trimer already excludes their intra-trimeric 
bivalent binding (16, 18). Whether an IgG of any specificity can bridge two epitopes 
on the same trimer is doubtful (48). The PGT122 Fab binds with an angle that is 
incompatible with intra-trimeric cross-linking of epitopes by the corresponding IgG. 
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Still, its angle of binding is deemed less unfavorable for intra trimeric bivalent binding 
than that of any other Fabs studied (18). Thus, even for NAbs that, unlike PG9, PG16, 
and PGT145, can potentially occupy three epitopes per trimer, only inter-trimeric 
bivalent binding needs to be considered. 
 We do not know how many functional or defective trimers the average 
infectious virion or pseudovirion carries. That number is likely to vary over the virion 
population and the proportion of functional trimers will decline as the virions decay. 
A cryo-EM study of the T-cell line-adapted isolate MN, however, observed a range 
of 4 to 35 Env spikes per virion, with an average of 14 (55). The range may stretch 
higher for primary isolates, and virions with the fewest spikes may not be infectious. 
Furthermore, the most frequent nearest-neighbor spacing of spikes was ~ 15 nm, and 
the spikes were not randomly distributed over the virion surface but tended to cluster. 
Therefore, the maximum distance from paratope to paratope of an IgG molecule would 
sometimes suffice for spanning adjacent spikes. For comparison, the density of Env we 
used on the chips in standard experiments was ~ 700 trimer molecules per mm2, which 
corresponds to a density between the average of 14 and the top value of 35 per virion 
(see SI for calculations). Hence, although the different kinds of Env immobilization 
for SPR used here differ qualitatively from each other from how trimers decorate the 
virion surface (see SI), they are quantitatively relevant to neutralization. We therefore 
considered it worthwhile to explore mixed  bivalent-monovalent binding models by SPR, 
and assess how closely the monovalent binding by IgG resembles the binding by Fabs. 
 We found that the bivalent model identifies a genuine strengthening of binding 
by the IgGs due to two-point binding. Five lines of evidence indicate this: Fab and IgG 
comparisons, the relative goodness of fits by Langmuir and bivalent models, the relative 
significances of the kinetic parameter values, the influence of ligand density, and the 
analyte-concentration dependence of the size of the bivalent component (Tables S2 and 
S3, Fig. S3-5).  Unfortunately, no comparison with other methods for further validation 
of bivalent binding to similarly immobilized Env proteins is readily available. We can 
nevertheless conclude that both monovalent and bivalent binding can be measured 
by SPR, although some questions remain about how accurately the bivalent model 
attributes the avidity effect to the second binding event.  
 The Sm value obtained by SPR is a stoichiometric estimate that primarily serves 
the purpose of quality control of the ligand; if only a small fraction of immobilized 
trimers were able to bind NAbs, it would indicate that the trimers were structurally 
compromised before or after immobilization. We obtained reassuringly high 
stoichiometric estimates (Table S4), indicating that the majorities of the Env molecules 
(trimers and protomers) were structurally intact. In addition we found generally good 
agreement between the Sm values and the stoichiometries observed by ITC and EM. 
For several reasons (see the SI), however, the accuracy and precision of Sm values can 
be questioned. We therefore compared three methods of assessing the stoichiometry 
and found that the measurements were quite robust (Table S4). Furthermore, the 
convergence of Sm estimates for Fabs and IgGs directed to the same epitope validates 
the bivalent modeling. We conclude that SPR can measure bivalent binding and yield 
reasonable Sm estimates, which complement the stoichiometric measurements obtained 
by other methods. 

Kinetic differentiation of NAb binding to SOSIP.664 trimers and gp120-gp41ECTO 
protomers. 
The kinetic profiles of VRC01 and PGT122, two NAbs that bound well to both SOSIP.664 
trimers and gp120-gp41ECTO protomers, are displayed in Fig. 3. (As shown in Fig. 1, 
VRC01 only marginally differentiated among trimer, protomer, and gp120 in single-
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concentration qualitative analysis, whereas two NAbs, PGT123 and PGT128, closely 
related to PGT122, showed a slight trimer preference.) The comparison by full kinetic 
modeling revealed differences in how VRC01 and PGT122 bind to the two forms of Env. 
VRC01 bound to the SOSIP.664 trimers with moderately fast association and markedly 
slow dissociation; but as it both associated faster with and dissociated more slowly from 
the protomer, its affinity was 10-fold higher for the protomer than the trimer (Table 
S5). This affinity difference between trimer and protomer is in line with the results in 
Fig. 2, which suggests that the formation of stable, native-like trimers disfavors VRC01 
binding. The affinity difference is explained mechanistically by the three-dimensional 
cryo-EM structure of the same trimer in complex with the Fab of the CD4bs NAb 
PGV04. Thus, one protomer restricts access of the Fab to the CD4bs on the neighboring 
protomer (19).  
 PGT122 showed the opposite preference. Although its on-rate constants for 
binding to trimer and protomer were similar, the off-rate constant was markedly lower 
for the trimer than protomer.  Therefore the affinity of the intial interaction (before 
bivalent strengthening) was significantly higher for the trimer than the protomer 
(Table S5). This affinity difference might be explained by the three-dimensional 
crystallographic structure of the BG505 SOSIP.664 trimer in complex with the PGT122 
Fab, which shows the intricate relationship of the PGT122 epitope with the apex of the 
trimer where the protomers interact through the V1V2 and V3 variable regions (18).  
Furthermore, it can be noted that intermediates between germline and mature versions 
of the bNAbs PGT121-134 bind better to cell-surface expressed Env than to monomeric 
gp120, another indication of a certain degree of trimer preference for these NAbs (56).

The binding of NAbs to the SOSIP.664 trimer. 
Binding profiles of IgG versions of NAbs against the trimer are shown in Fig. 4 with 
the kinetic-modeling results in Table S5. A subset of the NAbs were also studied as 
Fabs (SI Figure 5). The stoichometric estimates for IgGs and Fabs are given in Table 
S4. Notably, the stoichiometric estimates for the IgGs obtained by the bivalent 
modeling are given as the number of paratopes bound per Env molecule (trimer or 

Figure 3. Comparisons of VRC01 and PGT122 binding to the Env SOSIP.664 trimer and gp120-gp41ECTO 
protomer. The sensorgrams show VRC01 IgG (A) and PGT122 (B) binding to BG505 SOSIP.664 trimers 
(top) and gp120-gp41ECTO protomers (bottom). The colored curves show the response at various analyte 
concentrations as indicated to the right. Note that the color code is the same for all diagrams but that the 
titration ranges start and end at different concentrations and also differ in the dilution steps.  The modeled 
curves in black (bivalent model) become visible only when they diverge from the empirical data. The 
sensorgrams show one of two of replicates. In some experiments the dissociation phase had to be extended 
to 20 min to achieve significant values (T>10) for kd1 (not shown).
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protomer). Hence the Sm values for IgG and Fab are directly comparable (see SI).  
 The stoichiometric Sm estimates by SPR for PGV04 IgG and Fab, 1.5 and 1.8, 
respectively (Table S4), fall between those obtained by ITC (1.3) and EM (average 2.2)
with the same trimers. In the EM analysis of bound PGV04 Fabs, ~44% of the trimer 
molecules were occupied by three Fabs, whereas smaller sub-populations had two, 
one, or no Fab bound (19). Causes of the binding restrictions might be differential 
glycosylation and glycan processing. Indeed, when the trimers were deglycosylated by 
Endo H, the stoichiometry of PGV04 Fab binding determined by ITC increased from 1.3 
to 2.0 (19).
 The Sm estimates for PGT121-3 showed different degrees of variation among 
the three methods of deriving them from the SPR data (1.6-2.8, 1.6-2.5, and 1.9-2.0, 
respectively; Table S4). For comparison, crystallography has demonstrated that three 
Fabs of PGT122, which is similar to PGT121 and PGT123, can bind to the BG505 
SOSIP.664 trimer, whereas for PGT121 the stoichiometry determined by ITC was 2.4 
Fabs per trimer (17, 18). Again, variations in glycan composition might explain binding 
restrictions. 
 Unlike the other IgGs studied here, 2G12 lacks the capacity for functionally 
bivalent binding because of an unusual domain-swap structure that unites the two 
inflexible Fab arms into one binding site (57). Accordingly, its binding was fitted with 
the Langmuir model. The Sm value was 2.9 for the 2G12-trimer interaction (Table S4), 
indicative of nearly complete occupancy and somewhat higher than the value obtained 
by ITC, 2.4 (17).  
 The NAbs PG9, PG16, and PGT145, directed to broadly similar, quaternary 
structure-dependent V1V2 glycan epitopes, have the unusual maximum stoichiometry 
of a single Fab per trimer (16). By SPR, the stoichiometric estimate was close to 1 for 

Figure 4.  The kinetics of bNAb interactions with SOSIP.664 trimers. The sensorgrams show binding 
titrations fitted with the bivalent model for all NAbs except 2G12 (Langmuir model). The colored curves show 
the response at analyte concentrations indicated to the right. Note that the color code is the same for all 
diagrams but that the titration ranges start and end at different concentrations and also differ in the dilution 
steps. The modeled curves in black are only visible when they diverge from the data. The sensorgrams show 
one of the multiples of replicates (n) given in SI Table 5. In some experiments the dissociation phase had to be 
extended to 20 min to achieve significant values (T>10) for kd1 (not shown). .
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all three IgG versions (0.97 for PG9; 0.96 for PG16; and 0.78 for PGT145 by the most 
precise method) and somewhat lower for PGT145 Fab, 0.60 (Table S4). For comparison, 
the stoichiometry of PG9 Fab obtained by ITC was 0.8 (17). Notably, SPR suggested 
that PG9, PG16, and PGT145 bound to trimers with stoichiometries similar to those of 
VRC01 and PGT122 to protomers, which agrees with established stoichiometries and 
thereby validates the estimates (16, 18, 19, 58, 59). 
 PGT151 bound with an estimated stoichiometry of 2 paratopes per trimer 
(Table S4), in agreement with the recent EM data on how this new bNAb recognizes an 
epitope formed by contributions from one gp120 monomer and two gp41 subunits (46, 
47); the ITC-derived stoichiometric value, 1.3, was somewhat lower (46). 
 The kinetic profiles differed widely among the NAbs, also among those directed 
to overlapping epitopes (Fig. 4 and Table S5). The on-rate constant of the monovalent 
component for the binding to trimer, kon1, varied 62-fold; the off-rate constant, koff1, 
varied more, 570-fold, whereas the ratio of these two parameters, i.e., the dissociation 
constant, Kd1, varied 380-fold. That the combined variation was relatively limited reflects 
a positive, albeit weak, correlation of the two kinetic constants (r = 0.67, p = 0.05). 
Since the two constants would diverge during affinity maturation, their correlation 
suggests immunological and chemical impediments that should ideally be overcome 
when designing vaccination strategies.  We return to the apparent influence of the most 
variable parameter, koff1, below.
 A direct comparison of potency in monovalent binding and virus neutralization 
was only possible for the small-subset of NAbs that we studied also as Fabs, but some 
findings are noteworthy. The SPR-derived Kd value for PGV04 Fab (7.7 nM, Table S3) 
was lower than the corresponding Kd value obtained by ITC, 155 nM (19). Likewise, 
the Kd1 value for PGT121 IgG (0.76 nM, Table S5) was considerably lower than the ITC-
derived value of Kd for its Fab (151 nM (17)). It is uncertain whether these discrepancies 
for PGV04 and PGT121 reflect genuine differences in affinity between binding to tagged 
immobilized and untagged solution-phase trimers, or between the intrinsic affinity of 
IgGs and Fabs for the trimer ((60), see further discussion in SI). It should be noted, 
however, that the IC50 values for neutralization of the BG505 T332N pseudovirus by 
the PGV04 and PGT121 Fabs were 3.5 and 1.1 nM, i.e. close to the SPR Kd and Kd1 values 
(Table S6). If Fabs have the same affinity for SOSIP.664 trimers as for functional spikes 
on virions, the Kd values obtained SPR would agree with observations and modeling 
of neutralizing occupancies (2, 29, 50-53). The ITC values suggest substantial affinity 
differences between the soluble and the virion-anchored native trimers, or else 
neutralization potency should be considerably lower. Hence, it will be important to 
understand the bases for these measurements to allow optimal mimicry of native 
trimers.  
 The Kd for the PGT123 Fab derived by SPR (5.1 nM, Table S3) and the 
corresponding IC50 value (2.1 nM) were also close (Tables S3 and S6). 2G12 had a 
somewhat lower Kd by SPR, 1.3 nM, than its IC50 value (5.1 nM), but as has been noted, 
the affinity for the 2G12-affinity-purified trimer is expected to be higher than for the 
average native trimer on virions (17). For comparison, the Kd for 2G12 obtained by ITC 
was 16 nM, although a lower-affinity interaction was also detected with a Kd ~ 12 mM. 
 The IC50 for PGT145 Fab neutralization of BG505.T332N pseudovirus, 2.7 nM, 
was close to the Kd for the Fab, 2.0 nM (and to Kd1 for monovalent binding of IgG, 2.9 
nM); if the measured affinity were relevant, 50% neutralization and 50% occupancy 
of Fab on trimer would approximately coincide (Tables S3 and S6). This agrees with 
modeling of neutralization data for other HIV-1 strains (50, 52).
 A greater discrepancy between binding and neutralization was observed for 
PGT151 than for the other NAbs. The Kd1 for the monovalent component of IgG binding 
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to trimer was 6.3 nM; the Kd for Fab was 7.2 nM, i.e. the two dissociation constants 
agreed excellently. In contrast, the IC50 for IgG was markedly low, 0.010 nM (no Fab 
neutralization data were available), lower than would be explained by the avidity effect, 
which was only ~ 10-fold for the other NAbs (Table S6). Therefore it is plausible that 
the truncation at residue 664 and the stabilizing modifications of BG505 SOSIP.664 
render the affinity of PGT151 for the soluble trimer lower than for functional spikes on 
the virion. Thus with the exception of PGT151, if the SPR conditions simulate binding 
to functional trimers, then 50% neutralization would occur in an approximate zone 
around 50% occupancy, which agrees with modeling of neutralization data for other 
HIV-1 strains (50, 52).
 
The persistent fraction in neutralization compared with kinetics and 
stoichiometry of binding to BG505 SOSIP.664 trimers. 
What binding properties of NAbs apart from affinity for functional Env trimers can 
influence how well they neutralize? Neutralization is often characterized merely 
in terms of potency, i.e. NAb IC50, but the efficacy or degree of neutralization is also 
important. Some NAbs, including PG16 and others to quaternary-structural epitopes, 
when used against particular viral isolates, yield neutralization curves with shallow 
slopes and low maximum plateaus (44, 61). But NAbs that give ~100% neutralization 
in conventional plots of relative reduction in infectivity as a function of log NAb 
concentration can differ widely in efficacy. Classically, the persistent fraction (PF) of 
infectivity at maximum neutralization has been measured as the logarithmic relative 
residual infectivity, which can range over many orders of magnitude. In contrast, 
conventional neutralization plots often show significant effects over less than one 
order of magnitude, and to quantify the PF experimentally requires a dynamic range 
that some neutralization assays lack. The PF has been linked to multiple properties of 
viruses and Abs, although Burnet originally attributed it mainly to dissociation by NAb 
(62-65). Here, we focus on potential differential determinants of PF among the NAbs, 
rather than among properties of the virions, which were constant in these experiments. 
The NAbs analyzed in this manner were those for which we had obtained kinetic and 
stoichiometric binding data: PGV04, VRC01, 2G12, PGT121, PGT122, PGT123, PG9, 
PG16, PGT145, and PGT151 (Fig. 4, Tables S4 and S5). 
 We previously reported a strong correlation between NAb binding to D7324 
epitope-tagged BG505 SOSIP.664 trimers in ELISA and neutralizing potency against 
the sequence-matched BG505.T332N pseudovirus (17). In conventional plots they 
all displayed ~100% neutralization. To explore plateaus of residual infectivity we re-
analyzed the same neutralization data by expressing the log of relative infectivity as 
a function of the log of the NAb concentration (Fig. 5, Table 1). The resulting curves 
for most of the NAbs tended to level off, yielding widely different PFs that could be 

Figure 5. Persistent fractions in 
neutralization assays. The infectivity of 
BG505.T332N pseudovirus was measured 
on Tzm-bl cells as luciferase activity 
(luminescence)after incubation with NAbs. 
The log [relative infectivity] is expressed 
on the y-axis as a function of the log NAb 
concentration [nM] on the x-axis. The 
data are fitted with a sigmoid function 
with variable slope and an unconstrained 
upper plateau; the lower plateau as a 
fitted parameter represents the persistent 
fraction, PF.
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extrapolated with high precision by non-linear regression fitting of a sigmoid function 
to the log-log data (Table 1). We emphasize, however, that the data do not unequivocally 
demonstrate PFs even with the best fits. Ideally the assay should have a wider dynamic 
range. And an alternative to absolute plateaus is the possibility that the curves are 
biphasic with large slope reductions for the second part.  Regardless, the data show 
clear deviations from what would be predicted from homogenous affinities and 
uniform thresholds of neutralization. For simplicity, we refer to the viral infectivity in 
the less effective zone of neutralization as PF; the efficacy of neutralization is defined as 
the extrapolated maximum degree of inhibition of viral infectivity. Since the mannose 
dependent 2G12 epitope is known to be heterogeneous, it is noteworthy that 2G12 also 
gave the highest PF Fig. 5, Table 1). This heterogeneity would be more pronounced 
among the unselected Env proteins incorporated into the pseudovirions than among 
the 2G12-affinity-purified trimers (17), as noted above in relation to the higher IC50 
than Kd for 2G12. We therefore excluded 2G12 from further analyses.
 We next tested the correlations of log PF with the Hill slope, EC50, kon1, koff1, 
Kd1, kon2, koff2, Kd2, and Sm. PF correlated positively with koff1 (r = 0.85; p=0.0037) and 
negatively with Sm (r = - 0.73; p=0.025). The other parameters gave no marked or 
significant correlations. To test how the two parameters complemented each other, we 
also explored the correlation between the PF and the sum of koff1 ranks and inverse Sm 
ranks (which did not correlate with each other). The resulting positive correlation was 
even stronger and more significant (r = 0.89; two-tailed p=0.0013). Thus, the influences 
of high off-rates and low stoichiometries might be reinforcing each other. 
 To summarize, we found that the faster the NAb dissociated after its initial 
encounter with the trimer, and the lower the stoichiometry (excluding 2G12), the 
higher was the PF. Dissociation of the NAb, in the dynamic situation of competition 
between NAb and receptors for binding to Env, may leave some persistent infectivity. 
And neutralization might be more vulnerable to dissociation when a single paratope 
binds to an Env trimer than when three can bind; for even when three can bind, a 
single bound paratope may be sufficient to inactivate the trimer (2, 50, 52). Still, the 
relationship between stoichiometry and PF may be a mere coincidence; the real cause 
might be the heterogeneity of the epitopes that are affected by varied glycosylation, 
including in this case 2G12, which gave the highest PF.
 These curve shapes and displacements can be explained if some degree of 
bivalent binding occurs with the pseudovirions; and if close to saturation, IgG binds 
predominantly in a monovalent fashion in accordance with the well-established 
prozone effect (66). At that high occupancy, inhibition by IgG would approach that 
of the Fab. Thereby, if a NAb has a strong capacity for bivalent binding because of a 
favorable epitope location, this will benefit potency more than efficacy. 

Conclusions
SPR has been used in multiple formats to study HIV-1 Env-NAb interactions. In some 
studies, Abs or Fabs have been captured and the binding of various forms of gp120 
or uncleaved gp140 proteins in solution analyzed. In other studies, gp120, native-like 
SOSIP trimers, or uncleaved gp140s have been covalently immobilized and Fab or IgG 
used in solution (11, 12, 67-70). Even when there is potential for more complex binding, 
simple Langmuir models have generally been fitted to the binding data (11, 12, 67-69). 
These approaches have shortcomings. For example, gp120 monomers and uncleaved 
gp140s, which do not mimic functional spikes, have often been used; Env proteins can 
be distorted by direct covalent immobilization to the chips; when trimers are used in 
solution, weak interactions can be augmented through trivalent binding; and Fabs, 
although excellent tools for dissecting intrinsic affinity, bind differently from IgGs.
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 Here, we analyzed IgG and Fab binding to native-like BG505 SOSIP.664 trimers, 
which were immobilized via C-terminal tags so as to impair their antigenicity minimally, 
an approach we previously applied in qualitative studies (17, 23). We dissected the 
effects of the individual modifications that were introduced to make a stable, cleaved 
SOSIP trimer, compared the trimer with the corresponding gp120 monomer and 
gp120-gp41ECTO protomer, modeled the binding kinetics and stoichiometries of a panel 
of bNAbs, and related these results to the persistent fraction of neutralization. 
 We show that proteolytic cleavage and the stabilizing modifications all 
contribute to the native-like antigenicity of the BG505 SOSIP.664 trimer. In many 
respects, uncleaved gp140, the gp120-gp41ECTO protomer, and monomeric gp120 are 
antigenically similar, in that they bind non-NAbs strongly but interact weakly or not at 
all with bNAbs directed to quaternary structure-dependent epitopes at the trimer apex. 
 We identify a variety of kinetic profiles for the binding of different bNAbs to 
the native-like trimers, some featuring extremely low koff1 values, at or below the limit 
of detection (e.g., VRC01, PGV04, PGT121, PGT122, and PGT123; Fig. 3 and 4; Fig. S4; 
Tables S3 and S4). Of biological importance, such low off-rate constants agree with 
the slow genesis of NAbs through multiple rounds of somatic hypermutation in the 
germinal centers of lymph nodes (71-75). When virus or Env dissociates slowly enough 
from B-cell receptors, the rate of internalization of the complex becomes limiting for 
antigen presentation to follicular T-helper cells and thereby for positive selection of 
increased affinity. When a new Env mutant arises, the B-cell receptor adapts through 
mutations, reducing koff until the internalization rate again becomes limiting. Eventually 
the effects of such iterative selection would be reflected in the kinetics of NAb binding 
to heterologous Env as, for example, studied here. 
 The kinetic profiles for several of the NAbs we have analyzed suggest more 
leeway in increasing kon than in lowering koff. Only for the PGT145 bNAb did the kon verge 
on the diffusion limit (i.e., 105-106 (1/Ms)) (74, 75). One task in designing immunogens 
for sequential immunization is therefore to guide somatic hypermutation towards 
higher on-rate constants for cross reacting NAbs, perhaps by manipulating bNAb 
epitope accessibility (75).  
 We found that fast dissociation and low stoichiometry were associated with 
large PFs. We argue that neutralization by bNAbs should be described not only as 
potency but also as efficacy, i.e. the maximum extent of inhibition. For a high PF may 

aThe values in the Table are derived from global non-linear 
regression fits of data from n replicate neutralization titrations ± 
s.e.m. for the logarithmic PF values. The n values for SPR analyses are 
given in Tables S3 and S5, where the Sm and koff1 are included ± s.e.m

Table 1. Neutralizing and binding properties of bNAbs: 
stoichiometry, off-rate constant, and persistent fraction (PF)
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allow infection in vivo, even in the face of a potent bNAb. 
 Passive immunization with 2G12 or PGT121 is particularly efficient at 
preventing mucosal transmission in the SHIV-macaque model of HIV-1 infection (76, 
77). Of course, binding properties of any bNAbs that could explain why they protect 
well must be shown to apply to Env from the challenge virus. Even so, the high 
stoichiometry and on-rate constant of 2G12 and the extremely low off rate constant of 
PGT121, detected with BG505 SOSIP.664 trimers, are noteworthy. 
 To understand neutralization, we must measure the affinity of NAbs against 
optimal antigenic mimics of functional Env trimers, spaced similarly to the spikes on 
virions. Our current SPR method partly meets those criteria. Hence, if NAbs with similar 
affinities turn out to protect to widely different extents, validly determined kinetics 
and stoichiometry of NAb binding might explain why. The SPR-based measurements 
we describe here complement affinity measured by ITC and stoichiometry determined 
both by ITC and EM.
 For a vaccine to work, its resulting NAb response must reduce the residual 
infectivity of the inoculum to such a low level that the infection aborts. But how 
relevant the PF measured in vitro is to protection in vivo will depend on the design of 
the neutralization assay. For example, 2G12 neutralizes partly by decelerating entry 
after viral attachment to target cells, whereas CD4bs-, V3-, and MPER-directed NAbs 
to various extents shorten the infectious half-life of virions suspended in fluid phase 
(78, 79). How long virus and NAb are incubated before they reach the target cells will 
affect which mode of neutralization dominates, and probably how the kinetics of NAb 
binding influence the PF. If NAbs, virus, and cells are all mixed simultaneously, the on-
rate constant might dominate, but the off-rate constant will remain important in the 
dynamic competition between NAbs and receptors, and between productive entry and 
abortive pathways (78, 80).   
 NAbs are also being considered for use in therapeutic passive immunization 
aiming to control or even clear chronic HIV-1 infection (4, 73, 81-83). When NAbs are 
administered directly, those with the most favorable binding and neutralizing properties 
could be selected and combined. Selection criteria might include complementary 
kinetic profiles and binding properties maximizing occupancy of NAbs on virus. The 
latter will depend on the stoichiometry of the binding of the individual NAbs, as well as 
any synergy or cooperativity among them (84).   
 Lastly, the kinetics of NAb binding may also inform immunogen design. 
The exposure of an epitope is likely to be reflected in the on rate constant for the 
corresponding NAb. Thus, engineered mutants of native-like trimers that bind the same 
NAb with different kinetics, in particular with distinct on-rates, might be compared as 
experimental immunogens in the search for strong inducers of bNAb responses.

Methods

Design of Env constructs 
The BG505 env gene (BG505.W6M.ENV.C2, GenBank accession numbers ABA61516 
and DQ208458) is derived from a neonatal subtype A HIV-1 founder virus (85). BG505 
SOSIP.664 gp140 was constructed by introducing several sequence modifications (all 
numbering is based on the HxB2 sequence): A501C and T605C, to create a disulfide 
bond between gp120 and gp41ECTO (7)); I559P in gp41ECTO, to increase trimer stability 
(13); REKR (HXB2 Env amino-acid residues 508-511) changed to RRRRRR (R6) at the 
cleavage site between gp120 and gp41ECTO, to promote proteolytic processing by furin 
(8)); T332N in gp120, to allow the binding of bNAbs that depend on glycan-332 (58); 
a stop codon at gp41ECTO residue 664, to improve trimer solubility and homogeneity 
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(11, 86)). The codon-optimized gene for BG505 SOSIP.664 gp140 was produced by 
Genscript (Piscataway, NJ) and cloned into the vector pPPI4 after digestion with PstI 
and NotI (7). Neutralization of the sequence-matched BG505.T332N pseudovirus, first 
reported elsewhere for IgG (29), was performed here with Fabs in the same Tzm-bl 
assay.
 The same trimers were also engineered to contain His- or D7324 epitope-tags at 
the C-terminus of gp41ECTO, by inserting the amino acid sequences GSGSGGSGHHHHHHHH 
or GSAPTKAKRRVVQREKR, respectively, between residue 664 in gp41ECTO and the stop 
codon (17).
 The monomeric BG505 gp120 construct was created by introducing a stop 
codon into the SOSIP.664 gp140 gene at residue 512; the cleavage site was reverted 
to wild- type (REKR); C501 was reverted to A501; and the L111A substitution was 
introduced to prevent gp120 dimerization (45, 87). Furthermore, to allow capture by 
antibody D7324, substitutions R500K and G507Q were introduced into the C5 region. 
With these changes, the C-terminal twelve residues of our BG505 gp120 protein are 
KAKRRVVQREKR.
 To study the effects of cleavage and the SOSIP modifications, the BG505 
SOSIP.664 gp140, referred to previously as SOSIP.R6 for simplicity and comparative 
purposes (23), was compared with five other previously described constructs, all 
six Env proteins containing the D7324-tag C-terminal to residue 664 (23). SOS.R6 is 
fully cleaved, contains the intermolecular SOS bond but lacks the I559P modification; 
WT.SEKS has the natural REKR cleavage site replaced by the non-scissile motif SEKS, 
but lacks the SOS and I559P changes; SOS.SEKS has the non-scissile motif, contains 
the SOS change but lacks I559P; IP.SEKS has the non-scissile motif, contains the I559P 
change but lacks SOS; SOSIP.SEKS has the non-scissile motif, and contains the SOS 
and I559P changes. Note that the four uncleaved Env proteins have designations in 
italics. The IP.R6 construct that is fully cleaved, contains the I559P change but lacks 
the intermolecular SOS bond; this construct and WT.R6 were not studied here as their 
subunits dissociate (23). The various Env proteins were all expressed in HEK293T cells 
and purified by 2G12-affinity followed by size-exclusion chromatography (SEC), as 
described previously (17). At the SEC purification stage, the SOSIP.664 trimers were 
separated from the monomeric gp120-gp41ECTO protomers (SI Figure 1). Thus, the 
protomer is stabilized by the SOS disulfide bond and also contains the IP change. The 
trimer and protomer fractions used were deemed >95% pure.

Antibodies 
VRC01 and PGV04 (also named VRC PG04) to the CD4bs (59, 88) were provided by 
John Mascola (Vaccine Research Center, NIH); 14e and 19b, both V3-directed (17, 89), 
by James Robinson (Tulane University); b12 and b6, both to the CD4bs (90, 91); F240 
to cluster I in gp41 (92); 2G12 to a mannose-dependent epitope (57), PGT121, PGT122, 
PGT123, and PGT128, to glycan- and V3-base-dependent epitopes (43); and PG9, PG16, 
and PGT145 to V1V2- and glycan-dependent quaternary-structural epitopes (16, 44) 
were supplied by The Scripps Research Institute and the International AIDS Vaccine 
Initiative’s reagent repository. PGT151 to a novel epitope spanning gp120 and gp41ECTO 
was supplied by The Scripps Research Institute (46, 47). Fabs of PGV04, PGT123, and 
PGT145 were expressed and purified as previously described (93); PGT145 Fab was 
co-expressed with the tyrosine-sulfating TPST-1 enzyme. Then, after ion exchange 
purification, the fraction with the highest degree of tyrosine sulfation, as determined 
by mass spectrogram, was selected (93).
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Surface Plasmon Resonance
All experiments were performed at 25°C on a Biacore 3000 instrument (GE Healthcare). 
We used three different methods for immobilizing Env. 
 In the first method, epitope-tagged Env was captured by the polyclonal, affinity-
purified Ab preparation D7324 (Aalto BioReagents, Dublin, Ireland). This method was 
used for qualitative comparison of Env constructs (Fig. 1 and 2). First, D7324 was 
covalently coupled to the dextran on CM5 chips. During coupling and capture steps, the 
flow rate was 10 ml/min. The surface of the chip was activated by injecting NHS and 
EDC (1:1 [v/v] mixture of N-hydroxysuccinimide/n-ethyl-N’-(3-diethylaminopropyl) 
carbodiimide) for 7 min. D7324, diluted to 50 mg/ml in immobilization buffer (10 mM 
sodium acetate pH 4.5), was injected for 7 min, yielding ~7000 RU. After the Ab coupling, 
ethanolamine was injected for 7 min to deactivate the surface. Epitope-tagged Env, 
diluted in running buffer to 20 mg/ml, was then captured, giving ligand immobilization 
levels, i.e., RL values, of ~500 RU (or ~ 425 RU, i.e., 15% lower for gp120 to achieve 
equal amounts (mol) on the surface). Channels with D7324 Ab but no Env served as 
controls. Flow rates of 50 µl/min were used for all Ab binding, in order to minimize 
mass-transport limitation. After the binding of each MAb, the surface was regenerated 
by a 90-s pulse of 10 mM glycine, pH 2.0, at a flow rate of 75 µl/min, which allows the 
coupled D7324 to be reused with a new batch of Env. Some drift, i.e. dissociation of 
ligand from the capturing Ab, occurred. Hence, even with only marginal experimental 
error and changes in drift during a cycle, this process cannot be perfectly controlled 
for by 0-analyte subtraction. For the qualitative evaluations based on D7324-epitope 
tagged constructs, only the background of the control channel was subtracted, because 
of the inconstant dissociation of ligand (drift) inherent to that method. The mean 
drift was 1.2 . 10-3 - 1.3 . 10-2 (RU/s) for the trimers and 1.0 . 10-2 - 1.6 . 10-2 (RU/s) for 
the monomers in Fig. 1 and 2. This shortcoming necessitated the use of more stable 
immobilization methods for modeling the kinetics of binding, particularly when the 
MAb-Env dissociation was extremely slow. 
 In the second immobilization method, His-tagged forms of Env were captured 
on Ni2+-NTA chips. All Abs (IgG or Fab) were screened for non-specific binding to Ni2+ by 
comparing Ni2+-loaded and NTA-only channels. Several Abs did give high backgrounds 
and could only be studied by other approaches. Despite this limitation, the Ni2+-based 
method was used whenever possible, because it gave the most stable immobilization 
of Env thereby promoting high-quality kinetic modeling. This was particularly so for 
gp120-gp41ECTO protomers. This His-tag immobilization was used for full kinetic analysis 
of all IgGs and Fabs with no detectable background binding to Ni2+-NTA, specifically 
2G12 IgG, PGT121 IgG, PGT122 IgG and Fab, PGT123 Fab, VRC01 IgG and Fab, and PG16 
IgG. After metallic contaminants had been removed by a pulse of EDTA (350 mM) in 
running buffer (150 mM NaCl, 10 mM HEPES, pH 7.4 plus 0.005% Tween20) for 1 min 
at a flow rate of 30 μl/min, the chip was loaded with Ni2+ by injecting NiCl2 at 2.5 mM for 
1 min with a flow rate of 5 μl/min, yielding an addition of ~50 RU. The running buffer 
was supplemented with 50 μM EDTA to minimize non-specific binding. His-tagged Env 
at 10 μg/ml was injected at 5 μl/min for 2-3 min to capture again an amount yielding a 
signal of ~500 RU (=RL, see Table S1). The analyte, whether IgG or Fab, was injected into 
the Env and control channels at a flow rate of 50 μl/min at concentrations titrated down 
from 0.5 or 1 mM until no significant signal was obtained. Association was recorded for 
300 s and dissociation for 600 s in standard experiments, but longer dissociation times 
(1200 s) were sometimes used in attempts to quantify very low off-rate constants. After 
the binding of each Ab, the NTA-chip surface was regenerated with a pulse of EDTA 
(350 mM) for 1 min at a flow rate of 30 μl/min, followed by 3 washes with running 
buffer (containing 50 μM EDTA).  
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 The third method for immobilizing Env was used for Abs that bound detectably 
to Ni2+. In these cases, His-tagged trimers were instead captured by an immobilized anti-
His Ab (GE Healthcare), which was coupled to CM5 chips as for Ab D7324 (see above), to 
yield ~15000 RU. Abs were then injected at a flow rate of 50 ml/min at concentrations 
titrated downwards from 0.5 or 1 mM until insignificant binding was reached. After 
each cycle of Ab binding, we regenerated the anti-His surface by injecting a single pulse 
of 10 mM Glycine (pH 1.5) for 60 s at a flow rate of 30 ml/min. This approach, which 
immobilizes Env at stabilities intermediate between Methods 1 and 2 above, was used 
for PGV04 (both IgG and Fab), and for IgG versions of PGT123, 2G12, PG9, PGT145, and 
PGT151. The 2G12 IgG was also tested by using the Ni-NTA capture method for cross-
validation purposes. We found substantial background binding for sCD4 with both Ni-
NTA and anti-His antibody; while that background does not preclude the qualitative 
assessment of sCD4 binding to SOSIP.664 trimers (17), it precludes rigorous kinetic 
analysis. Accordingly, we chose not to study sCD4 binding by any of the SPR methods 
here. 
 In addition to immobilizing Env, we used the untagged trimer or protomer 
as analyte. The Abs 14e, 19b, and PGT145 were captured to ~ 550 RU onto the chip 
by anti-Fc Ab, immobilized the same way as the D7324 Ab above, and the binding of 
untagged BG505 SOSIP.664 trimers or protomers titrated down from 200 nM and at a 
flow rate of 50µl/min was monitored. Association was recorded for 300 s, dissociation 
for 600 s.

Evaluation of binding data 
For all kinetic modeling, and hence with all data derived from His-tagged constructs, 
background values from control channels, as well as those obtained by injecting buffer 
(0 analyte) in the test channel, were subtracted. In these experiments, the analytes 
were titrated to allow for a complete modeling of the kinetics. Other experiments 
were performed at single analyte concentrations to assess differential antigenicity 
qualitatively. 
 To minimize the risk of mass-transfer limitation, all experiments were 
performed with a flow rate of 50 μl/ml. Preliminary experiments showed no increase 
in signal when the rate was > 40 μl/ml. Furthermore, the data were scrutinized for 
possible mass-transport limitation by the following criteria before further modeling: 
first, the ln(dR/dt) plots were inspected and found to be approximately straight with 
a downward slope in the association phase. Second, the tentatively best model with 
a mass-transport component added was fitted globally to ascertain that the resulting 
kt values were > 108 (RU M-1 s-1). These kt values were typically either just above 108  
(RU M-1 s-1) with T(kt) > 10, or they were  >> 108 (RU M-1 s-1) with T(kt) < 10; both 
outcomes were deemed to be acceptable. Third, as a further precaution, in the final 
modeling (without any mass-transfer component), only fitted parameters with T > 10 
were accepted. It should also be noted that the majority of the kon values measured were 
< 105 (M-1s-1), i.e. below the risk zone for serious mass transfer limitations. 
 Two different kinetic models were applied (as included in BIAevaluation 
version 4, GE Healthcare). 1) For IgG molecules known to be capable of bivalent binding, 
the bivalent model yielded variable improvements in fit over a simple Langmuir model, 
see Table S2). Monovalent analytes (Fabs, 2G12, and trimer against immobilized 
PGT145) were fitted with the simple Langmuir model.
 Data on neutralization of BG505.T332N pseudovirus by IgG NAbs from 
previous studies (17, 47) and in addition by Fabs, obtained by the same method, were 
converted to relative infectivities and modeled with an unconstrained sigmoid function 
with a variable slope, to allow us to identify the persistent fractions, PF (62-64). We 
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also determined the Hill slope and IC50 values by fitting a regular sigmoid function 
with variable slope and top and bottom plateaus constrained to 1 and 0, respectively. 
Statistical analyses are described in the SI.
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Figure S1. BN-PAGE analysis of BG505 SOSIP.664 trimer and gp120-gp41ECTO protomer. BG505 SOSIP.664 
protein was first purified by 2G12-affinity chromatography and thereafter by SEC, which separates the trimer, 
dimer, and the monomeric gp120-gp41ECTO protomers as indicated on the left-hand gel. The left-hand gel 
shows untagged trimer and protomer, the middle one His-tagged, and the right-hand one D7324-epitope-
tagged trimer and protomer. The proteins were stained with Commassie blue. The molecular-mass markers 
(M), thyroglobulin and ferritin, are the same for all three gels.

Figure S2. gp120-gp41ECTO protomer and gp120 monomer binding to immobilized V3 antibodies. 
The sensorgrams show the binding of untagged soluble BG505 gp120-gp41ECTO protomer (left) and gp120 
monomer (right) at 500, 250, and 125 nM to the anti-Fc-immobilized V3-specific non-NAbs 14e (top) 
and 19b (bottom). The lengths of the axes have been adjusted to control for the difference in mass and 
thereby signal between gp120 monomer and gp120 gp41ECTO protomer, so that horizontal lines crossing 
the two y axes perpendicularly would represent the same degree of binding (in moles) in the sensorgrams.

Supplemental Information

Table S1. Analysis of variation in amounts of immobilized ligand



96

Chapter 4

Figure S4. The effect of variation in ligand density on the degree of bivalent binding. BG505 SOSIP.664 
trimer was captured to two different levels, RL = 100 RU and 800 RU, i.e., below and above the standard RL = 
500 RU. The diagrams show the components of the bivalent model (as indicated in the legend to the right) for 
three concentrations of analyte. At 800 RU the modeled binding by VRC01 was exclusively bivalent. At 100 RU 
the bivalent component was ~ 15 % at 1000 nM and increased to represent the majority at 62.5 nM.

Figure S3. Model components of bivalent IgG interaction with SOSIP.664 trimers and gp120 gp41ECTO 
protomers. The diagrams show the components of the bivalent model (as indicated in the legend to the 
right) for the full titration ranges. The initial monovalent interaction, denoted AB, is followed by a bivalent 
strengthening of the interaction, i.e. the epitope ligation by the second paratope of the IgG molecule, 
denoted ABx. Small residual bulk shifts (vertical parts of the curve for the total reaction) sometimes have 
to be corrected for in spite of the control channel subtraction. No correction was needed for drift, i.e. ligand 
dissociation. Note that the bivalent binding often increases with decreasing concentration.
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Figure S5. Fab binding to SOSIP.664 trimers and gp120-gp41ECTO protomers; and trimer binding to im-
mobilized PGT145. All sensorgrams represent monovalent interactions; all show Fabs of NAbs binding to 
trimer or protomer as indicated, except the last to the right in the bottom row, which shows trimer as analyte 
binding to immobilized PGT145 IgG. The empirical curves are color-coded according to concentration as in-
dicated in the legend to the upper right. Note that the concentration ranges differ among the diagrams. Also 
note that the scales of the y axes difer; thus VRC01 Fab binding to protomer is stronger than to trimer; and 
PGT122 Fab binding to trimer is stronger than to protomer. The sensorgrams show one of the replicates (n) 
given in Table S3. In some experiments the dissociation phase had to be extended to 20 min (not shown) to 
achieve significant values (T>10) for koff ; in some cases koff was still insignificant (see Table S3).

Table S2. Comparison of Langmuir and bivalent model fits to IgG binding
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Table S4. Comparison of Sm estimates

Table S3. Fab and other monovalent interactions with SOSIP.664 trimers 
and gp120-gp41ECTO protomers
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Table S5. Bivalent modeling of IgG binding to BG505 SOSIP.664 
trimer and gp120-gp41ECTO protomer

Table S6. Neutralization of BG505.T332N by Fabs
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Abstract
The trimeric envelope (Env) spike is the focus of vaccine design efforts aimed at 
generating broadly neutralizing antibodies (bNAbs) to protect against HIV-1 infection. 
Three recent developments have facilitated a thorough investigation of the antigenic 
structure of the Env trimer: 1) the isolation of many bNAbs against multiple different 
epitopes; 2) the generation of a soluble trimer mimic, BG505 SOSIP.664 gp140, 
that expresses most bNAb epitopes; 3) facile binding assays involving the oriented 
immobilization of tagged trimers. Using these tools, we generated an antigenic map 
of the trimer by antibody cross-competition. Our analysis delineates three well-
defined epitope clusters (CD4 binding site, quaternary V1V2 and Asn332-centered 
oligomannose patch) and new epitopes at the gp120-gp41 interface. It also identifies 
the relationships among these clusters. In addition to epitope overlap, we defined 
three more ways in which antibodies can cross-compete: steric competition from 
binding to proximal but non-overlapping epitopes (e.g., PGT151 inhibition of 8ANC195 
binding); allosteric inhibition (e.g., PGT145 inhibition of 1NC9, 8ANC195, PGT151 and 
CD4 binding); and competition by reorientation of glycans (e.g., PGT135 inhibition of 
CD4bs bNAbs, and CD4bs bNAb inhibition of 8ANC195). We further demonstrate that 
bNAb binding can be complex, often affecting several other areas of the trimer surface 
beyond the epitope. This extensive analysis of the antigenic structure and the epitope 
interrelationships of the Env trimer should aid in design of both bNAb-based therapies 
and vaccines intended to induce bNAbs.
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Introduction
The HIV-1 envelope glycoprotein (Env), a trimer comprising three gp120 and gp41 
subunits, is the target of broadly neutralizing antibodies (bNAbs) that are known to 
prevent virus infection in animal models. The induction of bNAbs by vaccines is a highly 
desirable, but not yet achieved, goal. bNAbs isolated from HIV-1 infected individuals 
are templates for Env-based vaccines (1), and may also be useful as therapeutics (2). 
Around 20% of infected people generate bNAbs (1); their emergence usually takes at 
least 2 years, but can sometimes occur within a year (3).
 Most bNAbs recognize epitopes in four well-defined clusters. They include 
PG9/16, PGT141-145, CH01-04 and VRC26 (gp120; quaternary structure-dependent 
V1V2-glycan), b12, VRC01, VRC03, PGV04, HJ16, CH31, CH103-106, 3BNC60, 3BNC117, 
12A12, NIH45-46 (gp120; CD4 binding site; CD4bs), PGT121-123, PGT125-130, 
PGT135-137, 10-1074 (gp120; Asn332-centered oligomannose patch), and 2F5, 
4E10, 10E8 (gp41; membrane-proximal external region; MPER) [reviewed in (1)], (4). 
However, several bNAbs against new quaternary structure-dependent epitopes have 
now been isolated.The PGT151-158, 35O22 and 8ANC195 bNAbs interact with diverse 
epitopes at the gp120-gp41 interface (5–8). Their quaternary structural requirements 
mean that they bind only, or far better, to soluble trimers that adopt a native-like 
conformation than to gp120 monomers or uncleaved, non-native gp140 proteins (5, 6, 
8, 9). The 3BC315 bNAb was originally reported to target a CD4 induced gp120 epitope 
(10), but its epitope is now known to be on gp41 (11, 12).
 The precise relationships among the various bNAb epitope clusters on the 
Env trimer are not fully understood. An antibody cross-competition analysis helped 
to define the antigenicity of the gp120 subunit (13). However, trimerization alters the 
conformation, surface accessibility and antigenicity of gp120, and hence many Abs 
that bind well to gp120 cannot recognize the trimer (i.e. non-neutralizing Abs; non-
NAbs). Accordingly, we elected to conduct a comprehensive analysis of the antigenicity 
of bNAb epitopes on the trimer, and their relationships. The recent development of 
recombinant, soluble BG505 SOSIP.664 trimers that antigenically mimic native, virion-
associated Env made this study possible (12, 14–16). These trimers express all epitopes 
for bNAbs that neutralize the parental virus, except those within the MPER (4–6, 8, 12, 
14, 17–20), that are not included in the construct. Their high resolution structures in 
complexes with bNAbs PGV04 and PGT122 were solved by cryo-electron microscopy 
(EM) and X-ray crystallography, respectively (18, 19), and a higher resolution X-ray 
structure of a complex with PGT122 and 35O22 is now available (21, 22). While the 
BG505 SOSIP.664 trimers are not identical to the native Env spike on viruses due to 
stabilizing mutations and truncation of the MPER they are excellent mimics based on 
extensive antigenic and structural data. 
 Here, we describe a comprehensive antigenicity analysis of the same trimers 
using an antibody cross-competition ELISA and a panel of bNAbs against all known 
epitope clusters (except MPER). Key ELISA-derived observations were corroborated 
and extended by surface plasmon resonance (SPR). We also prepared low resolution, 
negative stain EM reconstructions of the Env trimers in complex with CH103, CH106, 
1NC9, 3BNC117 and VRC01. The new EM data, as well as published structures, allowed 
us to interpret the cross-competition data in a structural context and thereby create an 
antigenic map of the trimer surface. Using the full set of data, we found that bNAbs could 
inhibit one another’s binding by four different mechanisms: 1) epitope overlap, 2) steric 
inhibition, 3) allosteric inhibition, 4) glycan re-orientation. These findings enhance our 
understanding of how HIV-1 is neutralized, how the design of vaccines intended to 
induce bNAbs can be improved, and how bNAbs might be used therapeutically. 
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Results and Discussion

bNAb cross-competition ELISA
The goal of our cross-competition analysis was to characterize the interrelationships 
among bNAb epitopes on the trimer surface. In the assay, D7324-epitope-tagged, 
BG505 SOSIP.664 trimers (12) were immobilized on ELISA wells, an excess of non-
biotinylated competitor bNAbs was incubated for 30 min with the immobilized trimers, 
and the biotinylated analyte bNAb was then added and its binding quantified (for pilot 
experiments, see Fig. S1A). We selected 24 bNAbs against all known epitope clusters 
(other than the MPER), of which 19 could successfully be biotin-labeled. Five bNAbs 
(1NC9, 8ANC195, PGT151, 35O22, 3BC315) lost trimer reactivity after biotinylation 
presumably because key primary amines on lysine residues were modified. For those 
five bNAbs, we used Fabs as competitors for unlabeled IgG antibodies and detected 
the Fc-regions of the latter. We note that the use of Fabs might result in less steric 
competition compared to IgG, but, in vivo, the IgG competition is more relevant.
 In the resulting cross-competition matrix, we plotted the percentage of residual 
bNAb binding in the presence of an excess of the competitor (Fig. 1). The EC50 values for 
each test antibody, and hence, the molar excess, in the competition are provided in Table 
S1. The epitope clusters were arranged in the matrix from top-to-bottom according to 
how they are approximately oriented on the trimer: the quaternary, trimer-apex cluster 
is at the top, the oligomannose patch and CD4bs clusters are located lower down, and 
finally, the gp120-gp41ECTO interface and the exclusively gp41ECTO epitopes are at the 
bottom.The MPER epitopes at the base of the trimer were excluded because they are 
not present on the SOSIP.664 construct (12, 23, 24). Note that the oligomannose patch 
is subdivided into V3 glycan and outer domain (OD)-glycan sub clusters, based on 
the results of this study and reference (1). Within each epitope cluster, the individual 
bNAbs were arranged according to their cross-competing properties. Self competition, 
plotted along the diagonal, serves as a positive control and was generally very strong 
(<25% residual binding). Three exceptions were 1NC9, 8ANC195 and 35O22, for which 
Fabs served as competitors for complete IgGs (as noted, the biotin-labeled MAbs were 
non-reactive). We therefore excluded all ELISA data derived using these three Fabs, 
because they could not be properly interpreted. For 8ANC195 and 35O22, we instead 
used SPR (see below) to obtain information on the gp120-gp41ECTO cluster. 

Gp120 epitope clusters
As expected, there were strong competitive effects between MAbs within each known 
epitope cluster. For example, within the V1V2-glycan trimer apex cluster, PG9, PG16 
and PGT145 were strongly and reciprocally competitive. 
 The PGT121-123 and PGT125-128 family members all depend on the glycan at 
Asn332 and residues at the base of V3. All these bNAbs competed very efficiently with 
each other. The 2G12, PGT135 and PGT136 bNAbs also recognize the Asn332 glycan, but 
their epitopes also involve non-V3 components of the gp120 OD-glycan. 2G12 strongly 
competed with PGT135 and PGT136 but not vice versa, perhaps because PGT135 and 
PGT136 bind the trimer relatively poorly compared to 2G12 (>10-fold higher EC50) 
and so do not compete efficiently (12). We saw moderate but consistent and mostly 
reciprocal competition between bNAbs from the oligomannose patch cluster, which is 
consistent with these antibodies all targeting a “supersite of vulnerability” centered 
around the Asn332 glycan, albeit in subtly different ways (20). Thus, different bNAbs 
have distinct binding motifs on different sides of this glycan, and their angle of approach 
can also vary (20, 25). Notably, competition between the OD-glycan and V3-glycan sub-
cluster members was not as strong as that seen within the two individual sub-clusters. 
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The implication is that the “Asn332 supersite” does indeed contain two bona fide sub-
sites of bNAb epitopes (Fig. 1). 
 Most bNAbs from the CD4bs epitope cluster competed strongly and reciprocally 
with each other. The binding of 1NC9, originally classified as a CD4bs targeting bNAb 
(26) but not characterized extensively, was inhibited by every known CD4bs bNAb. 
This outcome supports the assignment of 1NC9 to the CD4bs cluster, but it also has 
some distinctive and unusual properties (see below).

Gp120-gp41ECTO interface epitopes
The PGT151, 35O22 and 8ANC195 bNAbs recognize three new epitopes at the 
gp120-gp41ECTO interface (5, 6, 8, 26). As none of them retained trimer reactivity 
upon biotinylation, we used the Fab vs. IgG competition method. As noted above, self 
competition was negligible for 8ANC195 and weak for 35O22, probably attributable 
to avidity issues; we therefore excluded all 8ANC195 and 35O22 Fab competition data 
from the matrix and instead relied on SPR (see below). In the competition ELISA, PGT151 
Fab strongly inhibited 8ANC195 IgG binding to the trimer, which implies a substantial 

Figure 1. bNAb cross-competition matrix for the BG505 SOSIP.664 trimer. Competitors (IgG) are listed 
at the left and analytes (biotinylated IgG) at the top. Some bNAbs could not be biotinyated. In those cases 
(indicated by *), the competitors were Fabs and the analytes were IgG. The bNAb clusters were arranged 
according to their location on the Env spike from top to bottom (me brane-distal to membrane-proximal). 
Within clusters, the bNAbs were arranged in such a way as to obtain an optimal inhibitory effect along the 
diagonal axis. Color-coding depicts the extent of competition or enhancement: red and orange indicate 
strong and intermediate inhibition, yellow indicates weak inhibition and green indicates no effect. Weak and 
strong enhancement effects are indicated in turquoise and blue. The numbers inside each box are derived 
from 6–9 independent values and indicate the percentage of residual binding of the analyte relative to the 
control (100%). The standard errors for all data points are plotted in the accompanying matrix in S1B Fig. The 
8ANC195 Fab was unable to self-compete, and the 1NC9 and 35O22 Fabs were only weakly self-competitive. 
The bold numbers for 8ANC195 and 35O22 represent competition values obtained by SPR, not ELISA, and are 
means of two replicates.
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interrelationship between their epitopes. In contrast, the lack of competition between 
PGT151 and 35O22 suggests that these two epitopes overlap minimally or not at all. The 
3BC315 bNAb did not cross-compete with any other antibody, which is consistent with 
its epitope being located on gp41. However, the lack of competition between 3BC315 
and 35O22 was unexpected because the two epitopes overlap slightly (11). 

Interpreting off-diagonal competitions
The generally positive inhibition pattern along the diagonal axis of the matrix confirms 
existing knowledge of the test antibodies and their assignment to defined epitope 
clusters. In contrast, the off-diagonal inhibition patterns provide new clues about the 
physical proximity of, or functional relationships among, the different epitope clusters, 
and/or about the allosteric effects that arise when bNAbs bind the trimer. 
 The V3-glycan bNAbs PGT121, PGT122 and PGT123 inhibited binding of the 
V1V2-glycan cluster bNAbs (PG9, PG16, PGT145) relatively strongly, but in a non 
reciprocal manner. PGT125, PGT126 and PGT128, also in the V3-glycan cluster, did not, 
however, block binding of the V1V2-glycan cluster bNAbs. The structure of the BG505 
SOSIP.664 trimer complex with PGT122 illustrates that PG9, PG16 and PGT122 have 
slightly overlapping epitopes that all involve the Asn156 glycan (18). We hypothesized 
then that steric occlusion via the constant domain of the Fabs also plays a role, 
providing a steric-based explanation for the cross-cluster competition. However, the 
non-reciprocal competition seen between, e.g., the PGT121-123 family and PG9, PG16 
and PGT145 might be at least partially explained by the stoichiometry of binding. Thus, 
when three bNAbs of the PGT121-123 family (trimer stoichiometry = 3) are bound to 
the trimer, PG9, PG16 or PGT145 may have a very limited opportunity to gain access 
to their epitopes on its apex. However, when a single trimer-apex bNAb binds (trimer 
stoichiometry = 1), the PGT121-123 epitopes on one or two protomers could still be 
available for binding. Yet another possibility is that binding of PGT121-123 antibodies 
stabilizes the closed state of the trimer and limits the conformational flexibility required 
for the V1V2 apex antibodies to access their epitope on the trimer interface. Indeed, 
some bNAbs are now known to stabilize the closed conformation of Env (27, 28). We 
do not yet have an explanation for the strong, but non-reciprocal, competition between 
PG16 and PGT135. 
 The OD-glycan and CD4bs bNAbs competed to a moderate extent, but on a 
non-reciprocal basis (Fig. 1). A good example is that PGT135 and PGT136 inhibited 
the binding of most CD4bs bNAbs, but not vice versa (see below). We also observed 
competitive effects between bNAbs to the V3-glycan and CD4bs clusters. Thus, PGT125, 
PGT126 and PGT128, as well as PGT135 and PGT136, all inhibited CH31 binding; and 
PGT128 had the same non-reciprocal inhibitory effect on VRC01, an outcome that was 
confirmed by SPR (see below). 
 The binding of 8ANC195, which recognizes an epitope at the gp120-gp41ECTO 
interface, was impeded by several CD4bs bNAbs (Fig.1), suggesting some relationship 
between these two sites on the trimer. 
 The most striking off-diagonal inhibition pattern was the non-reciprocal 
competition between PGT145 and 1NC9, 8ANC195 and, to a lesser extent, PGT151 and 
35O22. This outcome was surprising because these epitope clusters are not in close 
proximity on the trimer structure. The binding of PGT145, which has an absolute 
specificity for native trimers (9, 12, 29), to the apex may induce allosteric changes 
elsewhere in the trimer, or else stabilize the structure such that access to certain other 
epitopes is hampered by the reduced conformational flexibility. If so, the effect is highly 
specific to PGT145 as the same pattern was not seen using PG9 and PG16, which also 
recognize epitopes at the trimer apex. Any changes in the trimer induced by PGT145 
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binding were reversible, as PGT145- and 2G12- affinity purified BG505 SOSIP.664 
trimers bound 1NC9 and PGT151 comparably (Fig. S2). 

Uni- and bidirectional binding enhancement
We found several examples of one bNAb enhancing the trimer binding of another, 
either reciprocally or uni-directionally. For example, the V3-glycan bNAb PGT128 
bound more strongly in the presence of CD4bs bNAbs, 8ANC195 or 3BC315. There 
was reciprocally enhanced binding between the CD4bs bNAb NIH45-46 and the V3-
glycan bNAbs PGT123 and PGT128; and between the gp120-gp41ECTO bNAb 8ANC195 
and the V3-glycan bNAb PGT126. Non-reciprocal enhancement between NIH45-46 
with PGT121 and PGT123 was seen. The CD4bs bNAbs 3BNC117, NIH45-46, CH103 
and 1NC9, and the gp120-gp41ECTO interface bNAb 8ANC195 increased the binding of 
several V1V2-glycan, V3-glycan or OD-glycan bNAbs, for reasons that are currently 
under investigation.

Competition by CD4 and induction of CD4-like conformational changes
When we used soluble CD4 (sCD4) as the competitor ligand, we saw the expected strong 
inhibition of CD4bs bNAbs (Fig. 2A). The V1V2-glycan bNAbs also bound markedly less 
well in the presence of sCD4, which probably reflects how CD4 binding opens up the 
trimer apex and thereby impairs or eliminates the associated epitopes (30). The binding 
of the V3-glycan bNAb PGT125 was also strongly inhibited, the family members PGT126 
and PGT128 to a lesser extent. The results for PGT126 and PGT128 are consistent with 
observations made using sCD4, the V3-glycan bNAbs and monomeric gp120 (31). 
 Again as expected, Fabs of the various CD4bs bNAb strongly competed with 
CD4-IgG2 for trimer binding (Fig. 2B). The V1V2-glycan bNAb PGT145 also prevented 
CD4-IgG2 binding, consistent with its induction of long-range allosteric effects, while 
the V3-glycan bNAbs PGT122, PGT125, PGT126 and PGT128 markedly but incompletely 
inhibited CD4-IgG2. Finally, the gp120-gp41ECTO interface bNAb PGT151 (but not the 
other two members of this cluster) strongly inhibited CD4-IgG2 binding. While the three 
bNAbs do all recognize gp120-gp41ECTO interfacial regions, their epitopes are spatially 

Figure 2. CD4 binding to the BG505 SOSIP.664 trimer 
and the induction of CD4-like conformational 
changes. (A) Use of sCD4 as a competitor. (B) Use of 
CD4-IgG2 as the analyte. (C) Induction of 
conformational changes measured by 17b binding. 
The extent of 17b binding in the presence of sCD4 
was defined as 100%. *** indicates a significant 
difference between 17b binding without sCD4 and in 
the presence of a bNAb, as calculated using a Mann-
Whitney 2-tailed test (P <0.05).
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separated (8). The structural data on the PGT151 trimer complex is consistent with its 
inhibitory effect on CD4-IgG2 binding (5).
 To investigate whether bNAbs could induce CD4-like conformational changes, 
we used the CD4i antibody 17b, a non-NAb, as a probe (Fig. 2C). The trimer binding of 
the CD4bs bNAbs VRC01, 3BNC60 and NIH45-46W increased the subsequent binding 
of 17b, although only to a modest extent (9% for VRC01 or 3BNC60, 16% for NIH45-
46W, in a scale where sCD4 is 100%). Similarly to sCD4, VRC01 induces substantial 
conformational changes in monomeric gp120 that better expose the 17b CD4i epitope, 
but it differs from sCD4 in not having that effect on the functional, virion-associated 
Env trimer (32, 33). Hence the modest induction of the 17b epitope when VRC01 binds 
to the BG505 SOSIP.664 trimer (9% of the magnitude seen using sCD4) more closely 
reflects what is seen with native trimers than with monomeric gp120.
 Of note is that the OD-glycan bNAbs PGT135 and PGT136 also enhanced 
17b binding (by 12% for PGT135 and 16% for PGT136, again compared to 100% 
for sCD4), but no other bNAbs had this effect. Conversely, bNAbs from the V3-glycan 
cluster reduced the binding of both CD4i antibodies, which is consistent with the close 
proximity of the relevant epitopes on the trimer (34).

Cross-competition studied using surface plasmon resonance
We used SPR to further explore and extend selected ELISA-derived observations. His-
tagged BG505 SOSIP.664 trimers were immobilized on the chip via an anti-His Ab, 
as previously described (35). In a new SPR competition format, two analytes (NAbs) 
were sequentially injected in a single cycle, and the two association curves recorded, 
the dissociation curve only after the second injection. For comparison, the association-
dissociation curves from the individual analyte injections were superimposed on the 
curve for the second injection of the same analyte. The resulting plots are interpreted 

Figure 3. Cross-competition analysis for bNAb binding to BG505 SOSIP.664 trimer by SPR. (A) Compe-
tition between 8ANC195 (competitor) and PGT151 and 35O22. Association-dissociation curves of the indi-
vidual binding experiments were overlaid with the second association phase to detect competition. 
0 on the y axis is the baseline for the single comparator injection and for the same analyte as the second in the 
double injection. Thus, the strength of all three responses can be read on the same scale, although the value 
for the first analyte in the double injection will be negative. (B) Competition between PGT151 (competitor) 
and 8ANC195 and 35O22. (C) Competition between 35O22 (competitor) and 8ANC195 and PGT151.



109

Antigenic map of the HIV-1 Env trimer

5

as follows: If the second curve for the sequential binding superimposes well on the 
individual binding curve there is no competition, whereas if the individual-injection 
curve is higher than the curve for the second injection in the sequential binding, there 
is competition. The conditions were adjusted such that the self-competition was nearly 
complete (Fig. 3). We were particularly interested in bNAbs 8ANC195, PGT151 and 
35O22 against the gp120-gp41ECTO interface because the corresponding ELISA datasets 
for 8ANC195 and 35O22 were incomplete. In the SPR assay, 8ANC195, PGT151 and 
35O22 all showed strong self-competition (Fig. 3). When PGT151 and 35O22 were 
added to the 8ANC195-trimer complex, strong competition was again seen (Fig. 3A, 
middle and right panel). The same was true when 8ANC195 was added to the PGT151-
SOSIP.664 complex, which is consistent with the competition seen by ELISA (Fig. 3B, 
left panel). However, 35O22 did not compete with the PGT151-SOSIP.664 complex, 
which is again consistent with ELISA data (Fig. 3B, right panel and Fig. 1). There was 
bidirectional competition between 8ANC195 and 35O22 for trimer binding in the SPR 
format but, in contrast, PGT151 bound efficiently to the 35O22-trimer complex (Fig. 3C, 
middle panel). 
 Overall, the SPR data show that 8ANC195 cross-competes reciprocally with 
both PGT151 and 35O22, whereas PGT151 and 35O22 do not cross compete with 
each other. The implication is that 8ANC195 binds the trimer at a location between 
the PGT151 and 35O22 epitopes. A few other selected ELISA-derived observations 
were also checked using SPR; with only minor and generally subtle exceptions, the two 
datasets were in good agreement (Fig. S3).

Structural interpretation of bNAb cross-competitions
To gain more insight into the relationships among bNAb epitopes in the trimer 
context, we used existing low resolution structures of several bNAb complexes with 
the BG505 SOSIP.664 trimer (5, 8, 12, 14, 17, 18, 20, 36). We also prepared similar de 
novo reconstructions of these trimers in complexes with CD4bs bNAbs CH103, CH106, 
1NC9, 3BNC117 and VRC01. The 2D class averages and 3D reconstructions show all five 
antibodies recognize the trimers in similar ways, although with important differences 
(Figs. S4, S5A). Cross-correlation coefficient analyses of the 3D map fitting show that 
CH103 and CH106 have an almost identical angle of approach that is different from those 
taken by VRC01, 1NC9 and 3BNC117 (Fig. S5B). The 3BNC117 and 1NC9 bNAbs have a 
higher cross-correlation coefficient with VRC01 than do CH103 or CH106, suggesting 
there are subtle differences in the epitopes of these pairs of antibodies. Docking the 
CH103 crystal structure into the EM map indicates that gp120 has rotated relative to 
the ground state, and that the trimer is now in a slightly more open conformation. A 
study of several bNAbs using BG505 SOSIP.664 mutant trimers revealed that the 1NC9 
and 3BNC117 epitopes differ slightly from those for more typical CD4bs bNAbs (i.e., 
VRC01, PGV04, CH103) by their dependence on the Asn276 glycan (Fig. S7).
 Combining new and published EM data allowed us to assess how bNAbs interact 
with the trimer, yielding a qualitative estimate that approximately 60% of the trimer 
surface is covered by at least one known bNAb (Fig. 4A). When the various epitope 
clusters and the footprints of individual bNAbs were modeled onto the 3D trimer 
structure (Fig. 4B, C), the resulting models help to explain several outcomes of the 
cross-competition analysis. For example, we saw nonreciprocal competition between 
the V1V2-glycan bNAbs (e.g. PG9) and the V3-glycan bNAbs (e.g. PGT122) (Fig. 1). The 
3D model indicates that PG9 and PGT122 have slightly overlapping epitopes centered 
around Asn156 (Fig. 5A) (18). The model also confirms why the competition between 
these two bNAbs is unidirectional (i.e., PGT122 impedes PG9, but not the converse); the 
outcome arises from the binding stoichiometry considerations referred to above. 
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 Inspection of the Asn332 supersite shows the various angles of approach to 
this glycan taken by the different bNAb families (Fig. 5B). While PGT122 and PGT128 
approach the glycan from the same side, they do so at slightly different angles, whereas 
PGT135 and 2G12 approach from the opposite side. As a result, almost no component 
other than the Asn322 glycan is shared by the PGT122/PGT128 and PGT135/2G12 
epitopes. The structural data are, therefore, consistent with the variable competition 
between the bNAbs from the V3-glycan (PGT122, PGT128) and OD-glycan (2G12, 
PGT135) sub-clusters (Fig. 1).
 PGT151 competed strongly and reciprocally with 8ANC195. However, although 
both bNAbs target the gp120-gp41ECTO interface, their epitopes do not overlap (5, 36). 
Modeling both Abs onto the 3D image of the trimer now shows that the competition 
between PGT151 and 8ANC195 is rooted in steric hindrance that arises from clashes 
in the constant region of the Fabs; i.e., the epitopes are sufficiently close to one another 
that both bNAbs cannot gain access to the trimer simultaneously (Fig. 5C).

bNAb cross-competition by glycan reorientation
One unexpected example of nonreciprocal competition involved bNAbs from the CD4bs 
and OD-glycan clusters. Furthermore, binding inhibition could sometimes be seen even 
when the competitor bNAb bound the trimer only comparatively weakly in the ELISA. 
Specifically, based on their EC50 values, the OD-glycan bNAbs PGT135 and PGT136 
bound ~5-fold less efficiently than the CD4bs bNAbs VRC01, 3BNC60, 3BNC117 and 
NIH45-46 (12), yet the former were still able to substantially, and unidirectionally, 
inhibit the binding of the latter (Fig. 1). Previous epitope mapping results from 
electron microscopy and x-ray crystallography studies clearly show that these two 

Figure 4. bNAb epitopes mapped onto the 3D structure of the BG505 SOSIP.664 trimer. (A) Various 
bNAbs (not labeled)to different epitope clusters are modeled onto each protomer of the trimer, according to 
fitting of various EM density maps (see methods). (B) bNAbs to different epitope clusters are modeled onto 
the same EM density map. Only one Fab fragment per trimer is shown for clarity. (C) Footprints of the differ-
ent bNAb Fab fragment densities displayed in (B). See also methods for further details.
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epitope clusters are independent and non-overlapping (Fig. 5D and Fig. 6A and B). We 
hypothesized that the decreased binding of CD4bs antibodies after PGT135 attachment 
is not caused by steric hindrance of the Fabs themselves, but by rearrangement of either 
the gp120 subunit or one or more specific glycan structures. The relative positions of 
the Fabs also agree well with negative-stain EM maps of the same Fab-trimer complexes 
(EMD-2331 (20)). Previous reports that the CDR H1 and H3 loops of PGT135 Fab 
interact closely with gp120 glycans Asn386 and Asn392 (20) are consistent with the 
Env trimer crystal structure (Fig. 6C). After superimposing the VRC01-gp120 structure 
onto the Env trimer structure, it appears that, when PGT135 binds to the trimer, the 
penetration of its CDR H1 loop into the glycan canopy would push the Asn363 glycan, 
and to a lesser extent the Asn386 glycan, toward the CD4bs. This movement would 
then create a steric clash between the Asn363 glycan and the CDR H2 loop of VRC01 
(Fig. 6C) (37). In contrast, a similar analysis indicates that VRC01 binding to the trimer 
does not cause significant movement of the Asn386 and Asn392 glycans into positions 
where they could sterically impede PGT135 binding. It should be noted that the crystal 
structures were derived using gp120s and trimers produced in 293S cells and EndoH-
treated to remove as much glycan as possible prior to crystal formation. Hence only 

Figure 5. 3D modeling to explain bNAb competition patterns. (A) 3D models for the nonreciprocal 
competition between PG9 and PGT122. Side and top views of the bNAbs are shown together with the 
footprints. (B) Analysis of the Asn332 supersite depicting the angles of approach to the Asn332 glycan taken 
by various bNAb subfamilies. (C) 3D models to explain the bidirectional competition between PGT151 and 
8ANC195. (D) 3D models to explain the unidirectional competition between OD-glycan and CD4bs bNAbs and 
(E) 3D models to explain the nonreciprocal competition between 8ANC195 and CD4bs bNAbs.
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the residual, truncated glycan components that were resolved in the crystal structures 
were modeled. The Asn363, Asn386 and Asn392 glycan structures on the 293F cell 
derived trimers used in the competition ELISAs (and on viruses) will be substantially 
larger and the potential for clashes accordingly greater. When we performed similar 
docking analyses using the cryo-EM structure of 293F cell-derived trimers in complex 
with PGV04, additional density could be seen to extend from Asn363 that passed over 
the top of the VRC01 Fab (PGV04 and VRC01 have very similar, overlapping epitopes; 

Figure 6. Comparison of PGT135 and VRC01 binding to HIV-1 gp120. (A) View down the trimer three-
fold axis showing a superimposition of PGT135 Fab in complex with the clade B JRFL gp120 core (PDB ID: 
4jm2; red), and of VRC01 Fab in complex with the clade A/E 93TH057 gp120 core (PDB ID: 3ngb; blue), 
each aligned onto the crystal structure of the BG505 SOSIP.664 trimer (PDB ID: 4tvp; white). In addition, the 
same BG505 SOSIP.664 crystal structure is fit into the negative-stain EM reconstruction of JR-FL Env trimer 
in complex with PGT151 (EMD-5919; white). The resulting model clearly shows that PGT135 and VRC01 do 
not sterically block binding of each other. (B) Side view of (A) with only one gp120 monomer displayed for 
clarity. (C) Detailed view of the key glycans (spheres) that were resolved in the PGT135-gp120 structure, and 
of the same glycans from the BG505 SOSIP.664 crystal structure. The presumed steric clash between glycan 
on Asn362 (and perhaps also Asn363) and the CDR H2 loop of VRC01 is marked with an asterisk. The gp120 
subunit of the BG505 SOSIP.664 trimer is displayed as white ribbons. The glycans depicted were limited to 
the components resolved in the crystal structures (GlncNAc1 for Asn362, GlncNAc2Man1 for Asn386 and 
GlncNAc2Man6 for Asn392 in the PGT135-gp120 structure; GlncNAc2 for Asn362, GlncNAc2 for Asn386 and 
GlncNAc2 for Asn392 in the BG505 SOSIP.664 trimer structure), and hence their sizes are underestimated 
compared to trimers produced in 293F cells or present on viruses.
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EMD-5779 (19)). This suggests that the Asn363 glycan may have a limited range of 
conformations that are permissive for binding of CD4bs antibodies.
 The unexpected nonreciprocal competition between 8ANC195 and CD4bs 
bNAbs, particularly VRC01, 3BNC60, 3BNC117 and NIH45-46, can also now be explained 
on structural grounds. The 8ANC195 epitope spans both the gp120 and gp41ECTO 
subunits but is dependent on the Asn276 glycan that borders the membrane-proximal 
side of the CD4bs (Fig. 5E). Deleting this glycan increases the neutralization potency 
of VRC01 but, when present, the VRC01 light chain binds to it (38). We hypothesize 
that when VRC01, 3BNC60, 3BNC117 or NIH45-46 bind the trimer, the Asn276 glycan 
is reoriented in a way that 8ANC195 can no longer recognize it. However, because 
Asn276 is not an critical component of the epitopes for some (e.g., VRC01), but not all 
(i.e., 3BNC117) CD4bs bNAbs (39) (Fig S7B), the competition is non-reciprocal. The 
enhanced binding of 3BNC117 by 8ANC195 may be related to dependency of Asn276 
for 3BNC117 binding. Thus, 8ANC195 might reorient this glycan in such a way that it 
becomes more accessible to 3BNC117. Other CD4bs bNAbs such as CH103 and CH106 
bind to the membrane-distal side of the CD4bs and have a steeper angle of approach 
than VRC01; these antibodies probably do not reorient the Asn276 glycan in a way that 
precludes 8ANC195 binding (Fig. 5E). 

Conclusions
Using a bNAb cross-competition ELISA, supported by SPR data and structural analyses, 
we have defined the steric and allosteric relationships among the known antigenic sites 
on the HIV-1 Env trimer. We have also identified four mechanisms by which bNAbs 
can interfere with one another’s binding (Fig. 7): 1) direct overlap of epitopes (many 
examples); 2) steric inhibition (PGT151 inhibition of 8ANC195); 3) allosteric inhibition 
(PGT145 inhibition of 1NC9, 8ANC195, PGT151 or CD4); 4) glycan reorientation 
(PGT135/PGT136 inhibition of CD4bs bNAbs, and CD4bs bNAb inhibition of 8ANC195). 
Whether competition between bNAbs is or is not reciprocal can also be influenced by 
both binding affinity (competition in ELISA is likely to be influenced substantially 
by bNAb off-rates) and stoichiometry (whether 1, 2 or 3 copies of a bNAb bind the 
trimer). Overall, based on our current observations, the binding of bNAbs to the trimer 
can involve local remodeling of loops or glycans, as well as triggering long-distance 
allosteric effects. 
 The platform for our experiments is the soluble, recombinant BG505 SOSIP.664 

Figure 7. Four mechanisms of bNAb binding interference. (1) Direct overlap of epitopes; (2) Steric 
inhibition; (3) Allosteric inhibition; (4) Reorientation of glycans. See text for details.
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trimer, a highly stable native Env spike mimetic While we are confident that these 
soluble trimers closely resemble the native spike, as shown by the strong correlation 
between antibody binding in ELISA and neutralization of the corresponding virus (12), 
differences may need to be considered when comparing an engineered stabilized soluble 
protein versus the wild-type membrane-associated protein. However, we suggest that 
such differences are more likely to be manifested at the qualitative than the quantitative 
level, for example in the rates and extent of antibody-induced conformational changes 
to the trimer and any subsequent allosteric effects. One seemingly common belief 
about the trimer until recently was that it has only a few sites of vulnerability. That 
view emerged in a period when not many bNAbs were known (40–43). A re-evaluation 
now seems to be warranted. The availability of entirely new families of bNAbs and 
identification of their epitopes on the structure of the trimer reveals many weaknesses 
in Env’s defenses against antibodies. Additional novel bNAbs are still likely to be 
isolated that may expose more. Thus, instead of just a few distinct sites of vulnerability 
there are many; and they overlap with one another. Computational modeling what is 
now known about the antigenic surface of the trimer allows one to take a virtual walk 
over the trail of partially overlapping epitopes that span the entire trimer from top to 
bottom. An example of the route mapped out from apex-to-base involves the following 
epitopes PG9-PGT122-PGT128-2G12-PGT135-CH103-1NC9-8ANC195-35O22 (Fig. 
4B and C; Fig. 5). The overlap between these sites suggests that there is an almost 
continuous antigenic surface that can be recognized by one or more known bNAbs. Key 
questions now might be: does the human immune system target some vulnerable areas 
more frequently, or more effectively, than others? Does the development of an antibody 
response against one epitope influence the development of antibodies against other 
sites and, if so, how (44, 45)?
 The existence of indirect interference mechanisms for bNAb binding has 
implications for the use of competition ELISAs, or similar assays, for mapping the NAb/
Ab specificities in sera from Env-immunized animals or HIV-1-infected people. For 
example, if an anti-Env serum inhibited the trimer binding of a CD4bs bNAb such as 
VRC01, it would not necessarily mean that VRC01-like antibodies were present in the 
serum as the inhibitory effect could be indirect (46). 
 Our detailed antigenic map of the BG505 SOSIP.664 trimer may assist in the 
design of vaccines aimed at inducing bNAbs, and for mapping responses in sera from 
infected individuals or from recipients of Env vaccines. This information may also be 
useful for designing cocktails of bNAbs for therapeutic use. For example, only antibodies 
with mutually reinforcing and not competing properties should be used together. 
Finally, the competition matrix can be considered the benchmark for analysis of where 
newly discovered bNAbs target the Env trimer. 

Methods

Env trimers
The design of BG505 SOSIP.664 trimers, including the D7324-epitope tagged version, 
has been described extensively elsewhere, as have the methods to produce and purify 
them (12, 14, 18, 19). 2G12-affinity and size exclusion chromatography (SEC)-purified 
BG505 SOSIP.664-D7324 and SOSIP.664-His trimers were used for the ELISAs and SPR, 
respectively. For EM reconstructions, 2G12-affinity and SEC-purified BG505 SOSIP.664 
trimers without the D7324 epitope tag were used. In the experiments in Fig. S2, BG505 
SOSIP.664-D7324 trimers were purified via PGT145-affinity chromatography without 
SEC.
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Antibodies and Fabs
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 
(3BNC60, 3BNC117, NIH45-46, NIH45-46W, 1NC9, 8ANC195, 3BC315); Barton Haynes 
(CH31, CH103, CH106,); James Robinson (17b). MAbs were biotin labelled using the 
Pierce EZ-Link Sulfo-NHS-Biotinylation kit (product code #21425) and Fabs were 
produced with the Pierce Fab purification kit (product code #44685), in both cases 
according to the manufacturer’s instructions.

D7324-capture ELISA using BG505 SOSIP.664 trimers
The D7324-capture ELISA has been described elsewhere (12). For the detection of 
biotinylated MAbs, horseradish peroxidase (HRP)-labeled streptavidin (Sanquin, The 
Netherlands) was used.

D7324-capture competition assay using BG505 SOSIP.664 trimers
Microlon-600 96-well, half-area plates (Greiner Bio-One, Alphen aan den Rijn, The 
Netherlands) were coated overnight with Ab D7324 (Aalto Bioreagents, Dublin, Ireland) 
at 10 μg/ml in 0.1 M NaHCO3, pH 8.6 (50 µl/well). After washing and blocking steps, 
purified, D7324-tagged BG505 SOSIP.664 trimers were added at 300 ng/ml in TBS/10% 
FCS for 2 h. A 25-µl aliquot of TBS (150 mM NaCl, 20 mM Tris) plus 2% skimmed milk 
containing the competitor MAbs/Fabs (10 μg/ml of each in a 50 µl final volume) was 
added to each well of a separate plate. Unbound Env proteins were washed away from 
the test plate before the competitor MAbs were added and incubated for 30 min. A 
25-µl aliquot of the biotinylated MAbs/IgG, at a concentration giving 50-70% of the 
maximum binding signal, was then added for 2 h followed by 3 washes with TBS. HRP-
labeled streptavidin (Sanquin, The Netherlands) or HRP-labeled Goat anti-Human IgG, 
Fcγ fragment specific (Jackson Immunoresearch, Suffolk, England) were added for 1 h 
at a 1:3000 dilution in TBS/2% skimmed milk, 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, Zwijndrecht, The Netherlands), 0.01% 
H2O2, 100 mM sodium acetate and 100 mM citric acid. Color development was stopped 
using 0.8 M H2SO4 when appropriate, and absorption was measured at 450 nm.

Surface Plasmon Resonance
An anti-histidine antibody (GE Healthcare Bio-Sciences) was immobilized onto CM5 
chips by amine coupling. His-tagged BG505 SOSIP.665 trimers were captured in 
amounts corresponding to 500 RU except in experiments with 8ANC195 in which 100 
RU as used because of the NAb’s slow association. Also PGT151 and 35O22 were used at 
500nM, 8ANC195 at 1.5uM. SPR was performed under conditions previously described 
with modifications as follows (35).  In a new SPR competition format, two analytes 
(NAbs) were sequentially injected in a single cycle. The first analyte was injected and 
then after 200 s of the association phase, the second analyte was injected, also for 200 
s, both at flow rates of 30 ml/min. After the second injection, dissociation was followed 
for 400 s. For comparison, each analyte was also injected on its own at the indicated 
concentrations. After each complete cycle, the chip surface was regenerated with a 
single pulse of 10mM Glycine (pH2.0) for 120s at a flow rate of 30 ml/min.

Electron microscopy
BG505 SOSIP.664 gp140 trimers in complex with Fabs were analyzed by negative stain 
EM after overnight incubation at room temperature (6 molar excess of Fab to trimer). 
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A 3 µL aliquot containing ~0.03 mg/mL of the Fab-trimer complex 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 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 2.05Å 
at the specimen plane. Images were acquired with a Tietz TemCam-F416 CMOS camera 
using a nominal defocus range of 1000 nm.

Image processing and 3D reconstruction
Data processing methods were adapted from those used previously (9, 12). Particles 
were picked automatically using DoG Picker and put into a particle stack using the 
Appion software package (47). Initial, reference-free, two-dimensional (2D) class 
averages were calculated using particles binned by two via Iterative MSA/MRA and 
sorted into classes (48). Particles corresponding to complexes were selected into a 
substack and binned by two before another round of reference-free alignment was 
carried out using the Iterative MSA/MRA and Xmipp Clustering and 2D alignment 
software systems (49).
 For Fab-containing complexes, an ab initio common lines model was calculated 
from reference-free 2D class averages in EMAN2 (50) using 3-fold symmetry. EMAN 
(51) was used for all 3D reconstructions, and all maps were refined using 3-fold 
symmetry. In total, 39,259 particles were included in the final reconstruction for the 
3D average of BG505 SOSIP.664 trimer complex with CH103; 27,144 for the complex 
with CH106; 11,235 particles for the complex with 1NC9; 14,956 for the complex with 
3BNC117; and 7,861 for the complex with VRC01.
 To estimate the percentage of the HIV-1 Env surface covered by bnAbs, various 
EM models [PGT128 (EMDB 1970), PGT122 (EMDB 5624), PG9 (EMDB PG9), PGT135 
(EMDB 2331), 2G12 (EMDB 5982), PGV04 (EMDB 5779), PGT151 (EMDB 5918), 
8ANC195 (EMDB 2625) and 35O22 (EMDB 2672)] were loaded into the Chimera 
software package (52). These models were then fit into the map of full-length JR-FL Env 
(i.e., including the transmembrane region) in complex with PGT151 (EMDB 5918) after 
removal of the PGT151 density. The contact area between various Fab densities and the 
trimer was estimated and the sum divided by the total surface area of the trimer. The 
surface area of each bNAb footprint is an estimate based on docking Fab X-ray structures 
into their respective EM reconstructions, and then coloring a zone on the Env surface 
that is within 4 Å of the Fab atoms. The 2G12 Fab footprint is colored within 8 Å of the 
docked Fab structure because it binds to the tips of several high mannose glycans that 
are not resolved in the low-resolution model. To account for surface area at the bottom 
of the trimer that is inaccessible due to the cell/virus membrane, the trimer volume 
was segmented and the surface area for a small portion in the transmembrane region 
was subtracted from the total trimer surface area. In addition, the contact area between 
2G12 and the trimer was doubled to allow a more accurate measurement, taking into 
account that a gap between the Fab and trimer densities in the EM model arises from 
the high-mannose glycan patch (including the 2G12 epitope) not being resolved in the 
negative-stain reconstruction.
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Supplemental Information
Table S1. Concentrations and binding parameters of the 
bNAbs in the cross-competition assay.

Midpoint binding titers (EC50 values; second 
column) are taken from reference [12]. 
The analyte and competitor concentrations 
used here are given in the third and fourth 
column, and the molar ratio between the 
analyte and competitor antibodies are listed 
in the last column. Note that the molar 
ratios for Fab competitors (see asterisks) 
were halved to reflect the monovalency 
of the combining site compared to IgG.

Figure S1. bNAb 
c r o s s - c o m p e t i t i o n 
pilot experiment and 
standard error (%) of 
the cross-competition 
matrix. (A) Detection 
of biotinylated versions 
of 2G12 or NIH45-
46 in the presence of 
escalating amounts of 
IgG competitors. (B) 
The extent of the error 
between individual 
data points is depicted 
by color-coding: Green, 
orange and red indicate 
small, intermediate and 
large standard errors 
between the individual 
data points, respectively.

50.  Tang G, Peng L, Baldwin PR, Mann DS, Jiang W, Rees I, Ludtke SJ. 2007. EMAN2: an extensible image 
processing suite for electron microscopy. J Struct Biol 157:38–46.

51.  Ludtke SJ, Baldwin PR, Chiu W. 1999. EMAN: semiautomated software for high-resolution single-
particle reconstructions. J Struct Biol 128:82–97.

52.  Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE. 2004. UCSF 
Chimera--a visualization system for exploratory research and analysis. J Comput Chem 25:1605–12.
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Figure S2. ELISA using 2G12/SEC- and PGT145-purified 
BG505 SOSIP.664 trimers to determine whether allosteric 
changes induced by PGT145 were reversible. The 2G12 
bNAb was used as a loading control and 1NC9 and PGT151 
were used to probe the allosteric changes are still present in 
the PGT145 purified trimers. Because the binding of 1NC9 
and PGT151 to 1G12/SEC- and PGT145-purified trimer is 
similar, we infer that the PGT145-induced allosteric changes 
that inhibit 1NC9 and PGT151 binding (Fig. 1) are reversible.

Fig S3. Cross-competition analysis for bNAb 
binding to BG505 SOSIP.664 trimer by SPR. (A) 
Competitions between PG16, PGT128 and VRC01. 
Association-dissociation curves of the individual 
binding experiments were overlaid with the second 
association phase to detect competition. 0 on the 
y axis is the baseline for the single comparator 
injection and for the same analyte as the second in 
the double injection. Thus, all three responses can 
be read on the same scale, although the value for the 
first analyte in the double injection will be negative. 
(B) Competition between PGT121 and VRC01.
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Fig S4. Negative stain EM data of CH103, CH106, 1NC9, 3BNC117 and VRC01 Fabs in complex 
with BG505 SOSIP.664 trimers. Shown are the 2D class-averages of complexes of the trimers 
with (A) CH103 Fabs; (B) CH106 Fabs; (C) 1NC9 Fabs; (D) 3BNC117 Fabs; and (E) VRC01 
Fabs. For reconstructions of the unliganded BG505 SOSIP.664 trimer, see references (12,14).

Fig S5. 3D-reconstruction of CH103, CH106, 1NC9, 3BNC117 and VRC01 in complex with BG505 
SOSIP.664 trimers. (A) EM reconstruction of trimers in complex with CH103, CH106, 1NC9 3BNC117 
and VRC01 Fabs, with a fit of the CH103 complex map into the 1NC9 complex map shown at center. 
(B) Cross-correlation coefficients from map fitting of the four BG505 SOSIP.664-Fab complexes.
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Fig S6. Fourier shell correlation curves for BG505 
SOSIP.664-Fab complexes. (A) BG505 SOSIP.664 in 
complex with CH103 Fab (FSC 0.5 ~ 15Å); (B) BG505 
SOSIP.664 in complex with CH106 Fab (FSC 0.5 ~ 
19Å); (C) BG505 SOSIP.664 in complex with 1NC9 Fab 
(FSC 0.5 ~ 18Å); (D) BG505 SOSIP.664 in complex 
with 3BNC117 Fab (FSC 0.5 ~ 20Å) and (E) BG505 
SOSIP.664 in complex with VRC01 Fab (FSC 0.5 ~ 22Å).

Fig S7. Binding of 1NC9 and 8ANC195 to 
BG505 SOSIP.664 mutant trimers. (A) 
Representative binding curves for 2G12, VRC01, 
PGV04, CH103, 3BNC117, 1NC9 or 8ANC195 to 
the BG505 SOSIP.664 trimer and the D368R 
mutant. (B) Representative binding curves for 
2G12, VRC01, PGV04, CH103, 3BNC117, 1NC9 
or 8ANC195 to the BG505 SOSIP.664 trimer 
and N234S, N276S and N234S+N276S mutants.
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Summary
The HIV-1 envelope glycoprotein complex (Env) initiates viral entry into target cell 
and is the main target for neutralizing antibodies (NAbs). The Env trimer is heavily 
glycosylated with N-linked glycans comprising ~50% of its mass. These glycans are 
essential for protein folding, infectivity and immune evasion. While it has long been 
thought that glycans protect Env against broadly neutralizing antibodies (bNAbs), 
many bNAbs have recently been isolated that use glycans as essential elements in 
their epitopes. N-linked glycans are attached to asparagines in the amino acids motifs 
N-X-T/S, where X can be any amino acid except P. However, the probability of glycan 
occupancy depends on the specific sequence and context. In particular the nature of 
the third amino acid (T or S) has a pronounced influence on glycan attachment. In this 
study, we determined the effect of the third amino acid of N-X-T/S motifs. We generated 
gp160 and recombinant native-like Env trimers bearing only N-X-T or only N-X-S 
motifs and studied the effect on Env expression, trimerization, viral infectivity and 
neutralization. The N-X-S virus was not infectious and the trimer was not expressed, 
indicating the decreasing the probability of glycan occupancy is deleterious for Env 
folding and function. In contrast, the N-X-T virus was highly infectious but was more 
resistant to a number of glycan-dependent bNAbs. The N-X-T trimer was produced 
efficiently and had a native-like glycan composition. Since the N-X-T trimer should have 
more consistent and homogeneous glycan occupancy, i.e. lacking holes in the glycan 
shield, it could be a useful immunogen for focusing the humoral immune response on 
glycan-dependent bNAb epitopes.
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Introduction
The HIV-1 envelope glycoprotein spike (Env) initiates viral entry in its host cell and is the 
target for neutralizing antibodies (NAbs). Env is a trimeric protein complex composed 
of three gp120 and three gp41 subunits that are held together by weak non-covalent 
interactions (1, 2). During the infection cycle, Env is synthesized as a gp160 polyprotein 
precursor which is posttranslationally cleaved in its gp120 and gp41 subunits. During 
synthesis the protein is decorated by N-linked glycans that comprise approximately 
50% of its total mass (3–5). The gp120 subunit contains approximately 20-35 potential 
N-linked glycosylation sites (PNGS) and gp41 contains an additional 3-5 PNGS, yielding 
up to 120 PNGS per trimer. Most of these PNGS are attachment points for N-linked 
glycans using the host cell glycosylation machinery (6). Although O-linked glycans can 
be attached to gp120 expressed recombinantly, they are not found on functional Env on 
HIV-1 viral particles (7). The N-linked glycans play various essential roles in the viral 
life cycle, e.g. in protein folding, infectivity by binding to lectin receptors on immune 
cells, and immune evasion (8–13). 

The extensive glycosylation was long thought to create an immunologically 
“silent face” and act as a “glycan shield” to protect the underlying Env protein domains 
against NAbs (14, 15). Paradoxically, many broadly neutralizing antibodies (bNAbs) 
have been isolated from HIV-1-infected individuals that actually target this glycan shield. 
The first known bNAb that primarily targets glycans is 2G12 and it was long thought 
that such glycan-dependence would be extremely rare (16). More recently, many more 
bNAbs have been isolated that target glycans on Env. The glycan-dependent epitopes of 
these bNAbs map to different sites. A “supersite of vulnerability” centered on the N332 
glycan can be subdivided in a V3-glycan epitope cluster targeted by bNAbs PGT121-
123, PGT125-128,  PGT130, 10-1074 and an outer domain (OD)-glycan epitope cluster 
targeted by 2G12, PGT135-137 (17–22). A second site of vulnerability comprises a 
conserved quaternary-structure dependent epitope cluster within the V1/V2 involving 
the glycans at N156 and N160 and is targeted by PG9, PG16, PGT145-PGDM1400, CH01-
04 and VRC26 (17, 23–29). More recently the discovery of glycan-dependent bNAbs 
PGT151, 35O22 and 8ANC195 targeting quaternary-structure dependent epitopes, 
has revealed the gp120-gp41 interface as another site of vulnerability (30–34). The 
discovery of all these glycan-dependent bNAbs shows that the “silent face” of Env is not 
so silent after all and that glycans play an essential role in epitope recognition by these 
bNAbs (35). Nevertheless, inducing NAbs against the glycan shield by vaccination is a 
challenge.

N-linked glycans are attached co-translationally to asparagines located in N-X-
T/S motifs where X can be any amino acid except P. N-linked glycans are attached as 
glucosylated oligommanose glycans and processed in the endoplasmatic reticulum 
and Golgi apparatus. By default, mannose moieties are trimmed to yield Man5GlcNAc2 
and N-acetylglucosamine transferase I then initiates the conversion to a hybrid form 
which serves as a substrate for the further modifications to complex glycans that can 
be rather heterogeneous in composition (36–38). Most glycoproteins contain only 
complex glycans, but as a result of the high density of glycans on Env, many immature 
oligomannose glycans are found (8). This is the case with soluble monomeric gp120, but 
even more so with native virus-derived trimers, or soluble native-like trimers (39–45). 
The presence of a mixture of oligomannose and complex glycans is thought to represent 
a balance between viral transmission and antigen degradation by dendritic cells (46). 
The heterogeneous glycosylation has also been implicated in unusual neutralization 
effects (28, 30, 31, 47). 

A previously unappreciated source of Env glycosylation heterogeneity involves 
the 3rd amino acid in the N-X-T motif, where the N-X-T motif has a two to three fold 
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higher probability to become glycosylated compared to N-X-S. Furthermore, in the 
context of N-X-S the 2nd position (the X) contributes substantially to determining the 
probability of glycosylation (48). We have previously shown that in HIV-1 infected 
individuals, the presence of a specific amino acid at the 2nd position of the N-X-S motif of 
the N332 glycan correlates with the development of bNAbs (49). Thus, when an N-L-S 
motif was present in early env sequences, individuals developed bNAbs significantly 
more frequently compared to when an N-I-S motif was present (49). An N-L-S motif 
has a 2-fold lower probability of becoming occupied by a glycan compared to an N-I-S 
motif (48). In a second study, we found that the probability of glycosylation at the N332 
motif as determined by the 2nd position of the motif, increased over time, both within 
infected individuals as well as at the population level over de course of 20 years of HIV-
1 epidemic (50). These studies suggest that the probability of N332 PNGS occupancy 
affects HIV-1 neutralization, the development of bNAbs and HIV-1 evolution. 

In this study, we studied the effect of the probability of N-linked glycosylation 
as determined by the 3rd amino acid of N-X-T/S motifs on Env at the global level. Thus, 
we generated gp160 and native-like (SOSIP) gp140 containing only N-X-S or only N-X-T 
motifs. N-X-S-only Env was not infectious, and was not expressed efficiently, suggesting 
that reducing the probability of glycosylation interfered with protein folding. In 
contrast, N-X-T-only Env was fully infectious and produced well-formed trimers with 
native-like glycan composition. N-X-T virus was more resistant to neutralization by a 
number of glycan-dependent bNAbs such as PGT145, PGT130 and CH01, suggesting 
that several bNAb epitopes were affected by the more consistent glycan occupancy. The 
more homogeneous glycan occupancy on the N-X-T trimer could limit the presence of 

Figure 1. Design, infectivity, expression and trimerization of WT, NxT and NxS Env. (A) Linear 
representation of the BG505 gp160 and SOSIP.v4.1-D7324 Env proteins. The stabilizing E64K and A316W 
are indicated (51, 54), as are the SOSIP changes (51). The glycans are indicated and the glycan compositions 
are based on a recent study dissecting the glycan composition of BG505 SOSIP.664 (45) Estimates for glycan 
occupancy can be found in Table 1 and (52). Glycans with an N-X-T motif are indicated with *. (B) Infection 
of TZM-bl reporter cells by WT, NxT and NxS viruses. (C) Reducing SDS-PAGE analysis of WT, NxT and NxS 
trimers expressed in 293T cells, blotted with the CA13 (ARP3119) MAb. (D) BN-PAGE analysis of WT, NxT and 
NxS trimers, blotted with the 2G12 bNAb. The trimer, dimer and monomer bands are indicated. (E) D7324-
capture ELISA analyzing binding of the bNAbs 3BNC60, PGT126, PGT151 and PGT145 to the WT, NxT and 
NxS trimers.



129

The role of the third position in N-linked glycosylation on HIV-1 Env trimers 

6

holes in the glycan shield, thereby focusing the immune system on glycan-dependent 
bNAb epitopes. 

Results

BG505 virus and BG505 SOSIP trimer PNGS mutants
The BG505 Env sequence was modified compared to the original BG505 sequence to 
contain a PNGS at position N332 (previously denoted BG505.T332N (51)). The BG505.
T332N sequence contains 28 PNGS of which 16 have the N-X-T consensus sequence 
and 12 the N-X-S sequence (Fig. 1A). BG505 usage of N-X-S vs. N-X-T matches that 
of most isolates in the Los Alamos database (Table 1). Thus, when an N-X-S motif is 
present in most isolates, BG505 also has an N-X-S motif at that particular position. The 
estimated glycan occupancies for individual sites on BG505 SOSIP.664 trimers, derived 
from Guttman et al. (2014)(52) are listed in Table 1. We designed two BG505.T332N 
Env variants in which we changed all PNGS to either N-X-T or N-X-S and generated 
infectious molecular clones (IMCs; Fig. 1A). In parallel, we generated both N-X-T-only 
and N-X-S-only variants of recombinant, stabilized BG505 SOSIP.v4.1 trimers (51, 53, 
54). The BG505 SOSIP.v4.1 protein variants contained the D7324 epitope tag for the 
oriented immobilization of the trimers on ELISA plates (Fig. 1A) (51). The unmodified 
Table 1. BG505 N-X-T/S usage in comparison with Env sequences 
found in the Los Alamos database and BG505 SOSIP.664 PNGS 
occupancy.
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BG505.T332N virus and BG505 SOSIP.v4.1 are designated wild-type (WT) and the two 
PNGS mutants are designated NxT and NxS.

NxT Env is expressed efficiently and functional, while NxS Env is not
The WT NxT, and NxS viruses were generated and virus production was measured 
by p24 ELISA. For all three viruses p24 was present, indicating that the viruses were 
produced efficiently. Next, we performed an infectivity assay using the TZM-bl cell-

Figure 2. Virus neutralization of the WT and NxT viruses by bNAbs. (A) Midpoint neutralization 
concentrations (IC50; in ng/ml) were derived from single cycle infection experiments using TZM-bl cells. 
The IC50 values are average values based on 2-4 independent titration experiments. The fold-difference of 
NxT virus neutralization over WT virus neutralization is given in de right column with the following color 
coding: red: >10-fold difference; orange: 3-10-fold difference; no color: 0.3-3.0-fold difference; blue <0.3-
fold difference. (B) Representative neutralization curves of the WT and NxT virus and the PGT145, CH01, 
PGT128 and PGT130 bNAbs. (C) Correlation between WT virus neutralization and NxT virus neutralization. 
The midpoint neutralization concentrations (IC50) were plotted and the Spearman’s correlation coefficient, 
r, was calculated using Prism software version 5.0. Outliers PGT145, CH01, PGT128, PGT130 and PGT151 are 
indicated.
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based assay to assess whether the NxT and NxS viruses were infectious (Fig. 1B). 
The WT control virus was highly infectious and so was the NxT virus, suggesting that 
increasing the glycosylation probability does not affect virus infectivity. In contrast, the 
NxS virus was not infectious, suggesting that decreasing the glycosylation probability is 
detrimental for virus infectivity. 
 The WT SOSIP.v4.1 trimer and the NxT and NxS trimer mutants were expressed 
transiently in HEK293T cells in the presence of exogenous Furin to increase the level 
of cleavage (51, 55). SDS-PAGE and BN-PAGE analyses were performed to determine 
expression and trimer formation (Fig. 1C and D). The NxT protein was expressed 
efficiently and formed trimers, although the levels were somewhat lower than for the 
WT trimer. No expression was observed for the NxS trimer. These results were verified 
by D7324-capture ELISA and using bNAbs 3BNC60, PGT126, PGT151 and PGT145 to 
detect Env (Fig. 1E). No binding to any of the bNAbs was observed for the NxS trimer. In 
contrast, 3BNC60, PGT126 and PGT151 bound efficiently to the NxT trimer, confirming 
that this trimer was expressed and folded into a proper quaternary structure. However, 
the NxT trimer interacted less efficiently with the glycan-dependent V2 apex bNAb 
PGT145 compared to the WT trimer which might be a result of changed structure of the 
trimer apex or a change in local glycosylation. That almost no expression was observed 
for the NxS trimer is probably a result of the absence of glycans that are important for 
proper folding of the trimer in the ER (13). 

NxT virus is less sensitive to a subset of glycan-dependent bNAbs
We tested NxT virus sensitivity to a panel of bNAbs. Most of the test Abs are dependent 
on glycans and include ones directed against the quaternary-structure dependent V1/
V2 epitopes (PG9, PG16, PGT145 and CH01), the N332-glycan dependent epitope cluster 
(PGT121-123, PGT125-128, PGT130, 2G12 and PGT135), and the quaternary-structure 
dependent epitopes at the gp120-g41 interface (PGT151 and 35O22). As a control we 
also tested a bNAb that is not dependent on glycans: VRC01, which is directed against 
the CD4bs.

The NxT virus was neutralized less efficiently by bNAbs against the V1/V2 
epitope cluster. The difference was ~3-fold for PG9 and PG16, and ~6-fold for CH01 
(Fig. 2A). The strongest decrease was seen for PGT145 (45-fold; a representative curve 
is shown in Fig. 2B). The latter result was consistent with the reduced binding to the 
NxT trimer in ELISA (Fig. 1E). While no substantial differences between WT and NxT 
were observed for PGT125 and PGT126, the NxT virus became ~5-fold more sensitive 
to PGT128 neutralization. In contrast, the NxT virus became ~12- fold more resistant 
to family member PGT130. The differences in neutralization sensitivity of the WT and 
NxT viruses for bNAbs of this family are discussed below. As expected there was no 
difference in neutralization between the WT and NxT virus using VRC01 (Fig. 2A), nor 
were there substantial differences for PGT121, PGT122, PGT123, 2G12 and PGT135. 
There was also no substantial difference in sensitivity to 35O22, but the NxT virus was 
slightly (~3-fold) more resistant to PGT151. 

The 50% inhibitory concentrations (IC50s) of the NxT virus correlated strongly 
with those of the WT virus (Spearman r=0.85, P=<0.0001), the main outliers being 
PGT145, CH01, PGT128 PGT130 and PGT151 (Fig. 2C). In summary, enhancing the 
probability of glycan occupancy of PNGS motifs substantially alters neutralization 
sensitivity to glycan-dependent bNAbs PGT130 and PGT145, and to a lesser extend also 
PGT128 and CH01.

NxT trimers have slightly altered glycan composition compared to WT trimers
Next, we transiently expressed the soluble WT and NxT trimers in HEK293F cells in 
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the presence of excess Furin. The secreted Env trimers were affinity-purified using a 
column based on the PGT145 bNAb, which positively selects for native-like trimers 
(54, 56). We note that this might result in a selective bias towards trimers with a high 
affinity for PGT145. Non-reducing SDS-PAGE analysis followed by Coomassie staining 
revealed a single gp140 band for both WT and NxT trimers (Fig. 3A), while the reducing 
SDS-PAGE analyses showed a single gp120 band, indicating that the trimers were fully 
cleaved (Fig. 3A). The NxT trimer migrated subtly slower through the gel than the WT 
trimer, which may be a result of the more extensive glycosylation at the NxT motifs. A 
BN-PAGE analysis followed by Coomassie blue dye staining showed a single trimer band 
for both WT and NxT with no evidence of aggregation or dissociation of the trimers (Fig. 
3B). Again the NxT trimer migrated slightly slower than the WT trimer.
 To study the morphology of the NxT trimers we made use of negative stain 
electron microscopy (NS-EM) (Fig. 3C). The 2D-class averages of the WT and NxT 
trimers showed that both are predominantly in a closed native-like conformation. 
Differential scanning calorimetry (DSC) was used to assess the thermal stability of the 
NxT trimer. In the DSC profile a single unfolding peak was observed with a midpoint 

Figure 3. Biochemical and biophysical 
characterization of the WT and NxT 
trimers. (A) Non-reducing and reducing 
SDS-PAGE analysis of the PGT145-
affinity purified WT and NxT trimers, 
followed by Coomassie blue staining. (B) 
BN-PAGE analysis of the same trimers, 
followed by Coomassie blue staining. 
(C) Negative stain EM analysis of the 
PGT145-affinity purified WT and NxT 
trimers. The 2D class-averages of both 
trimers are shown. (D) DSC analysis of 
the PGT145-affinity purified NxT trimer. 
The raw melting data is shown in blue 
and the fitted curve from which Tm was 
obtained is plotted in grey. (E) Glycan 
profiling of the WT and NxT trimers. 
HILIC-UPLC profile of N-linked glycans 
released from the WT and NxT trimers. 
The Man5-9GlcNAc2 series is labelled 
M5-M9 and highlighted in light green 
and the remaining peaks correspond to 
hybrid- and complex-type glycans. The 
percentages of M5-M9 are given in the 
table below the graphs.



133

The role of the third position in N-linked glycosylation on HIV-1 Env trimers 

6

of thermal denaturation (Tm) of 68.4°C (Fig. 3D), which is slightly lower than the 
previously determined Tm of the WT SOSIP.v4.1 trimer (69.5°C)(54), suggesting that 
increasing glycosylation probability destabilizes the Env trimer. To study the glycan 
composition of the WT and NxT trimer we made use of hydrophilic interaction liquid 
chromatography-ultra performance liquid chromatography (HILIC-UPLC) (39, 40). 
The trimers were loaded on a SDS-PAGE gel and the N-linked glycans were released 

Figure 4. Antigenicity of WT and NxT trimers by ELISA. (A) Representative binding curves of bNAbs that 
target the CD4bs (VRC01), quaternary dependent V1/V2-glycan cluster (PG9, PG16, PGT145 and CH01), V3-
glycan cluster (PGT121-123, PGT125-128 and PGT130), OD-glycan cluster (2G12 and PGT135) and the qua-
ternary dependent gp120-gp41 interface (PGT151 and 35O22). Note that the scales on the y-axes and x-axes 
vary between MAbs. (B) Half-maximal binding concentrations (EC50; in ng/ml) were derived from D7324-
capture ELISAs. The values represent the averages of 2–4 independent single titration experiments as shown 
in panel A. The color coding is the same as in Fig. 2A. (C) The EC50 values of the WT and NxT trimer were 
plotted and the correlation was calculated using Spearman’s correlation coefficient, r, using Prism software 
version 5.0.



134

Chapter 6

from the gp140 subunits by treatment with protein N-glycosidase F (PNGase F). HILIC-
UPLC is a quantitative method for the analysis of complex glycan mixtures and is not 
biased by the glycan composition. Oligomannose species were quantified using the 
HILIC-UPLC spectra together with digestions of the fluorescently labelled glycan pool 
with Endo H. The HILIC-UPLC chromatogram of the WT trimer reveals a high content 
of oligomannose species (73%) and most of them are Man8 or Man9 glycan species 
(Fig. 3E). These results are consistent with previous studies (40, 52). The NxT trimer 
showed a reduction in the oligomannose content (60%) and a concomitant increase 
in hybrid and complex glycan species (Fig. 3E). One explanation for this result is an 
increase in glycan attachment to PNGS motifs that become occupied with complex 
glycans. Thus, although WT and NxT trimers are similar in many ways, their relative 
glycan composition is somewhat different.

WT and NxT trimers have a similar antigenic structure
Next, we assessed the antigenic structure of the NxT trimers using ELISA. The PGT145 
affinity purified D7324-tagged WT and NxT trimers were immobilized on ELISA plates 
(51), and we assessed the binding of the same panel of bNAbs that was used for the 
neutralization assays (Fig. 4 and 5A). The immobilized WT and NxT trimers were equally 
reactive with all bNAbs (<3-fold difference in EC50s). As a result the correlation between 
binding to WT and NxT trimer was extremely strong (Spearman r=0.92, P=<0.0001) 
(Fig. 5B). These results seem at odds with the neutralization results, but the positive 
selection using PGT145-affinity columns was expected to select for a population of 
trimers with good PGT145-binding properties and this might have favored trimers with 
a particular antigenic profile. Furthermore, the ELISA technique might not be adequate 
to detect subtle differences in bNAb binding kinetics. 

Discussion
In this study, we sought to explore the role of the third position of PNGS motifs on 
HIV-1 Env, expression, trimerization, conformation, glycan composition, function, 
bNAb recognition, and neutralization. Therefore we changed all PNGS to either N-X-T 
(12 S-to-T changes) or N-X-S (16 T-to-S changes), noting that N-X-S motifs have a 2-3-
fold lower probability of becoming occupied by a glycan compared to N-X-T motifs 
(57, 58). We found that changing the glycan motifs to exclusively N-X-S abrogated 
Env expression and virus infectivity. In contrast, changing all 12 N-X-S motifs to N-X-T 
preserved efficient expression, trimer formation, and viral infectivity. NxT trimers had 
a slight increase in complex glycans, and the neutralization sensitivity to some glycan-
dependent bNAbs was altered. These effects were most pronounced for PGT145 and 
PGT130 (45-fold and 12-fold decreased sensitivity, respectively) and less so for CH01 
(6-fold decreased sensitivity) and PGT128 (6-fold increased sensitivity). 

The lack of expression and infectivity when all the PNGS motifs are changed 
to N-X-S, is most likely the result of a decrease in glycosylation. N-linked glycosylation 
is essential for correct folding of the Env trimer (13), and reducing or abrogating 
glycan occupancy at any of the 16 N-X-T motifs by changing them to N-X-S probably 
causes an abrogation of trimer folding. One study showed that glycans play a role in 
the correct folding of the V1/V2 domain (59). Comparing the PNGS in the BG505 Env 
sequence with the Env sequences found in the Los Alamos database (Table 1), reveal 
that PNGS are highly conserved as either the N-X-T or N-X-S motif. The PNGS at N160 
is an N-X-T motif in 89% of the sequences and changing it to N-X-S, thereby reducing 
its glycosylation probability, might cause incorrect folding of the V1/V2 domain and 
contribute to the defects of N-X-S-only Env. Although the roles of many individual PNGS 
in protein folding are not clear, the conservation of 16 N-X-T motifs suggests that they 
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are important. Individual N-X-T to N-X-S changes could reveal the roles of glycosylation 
probability of individual sites in Env folding and expression.

In contrast to the NxS trimer, the NxT trimer was expressed efficiently and 
the corresponding virus was highly infectious. Focusing again on the V1/V2 domain, 
the PNGS at N156 has been implicated in the correct pairing of C157 with C131 (59). 
Changing the motif to N-X-T in N-X-T-only Env might favor proper folding of this 
C131-C157 disulfide bond. The WT trimer has a thermal denaturing midpoint (Tm) of 
69.5°C and the NxT trimer of 68.4°C. This subtle decrease in thermostability is surprising 
because glycans usually play a role in protein stabilization (60, 61). However, a recent 
study by Gavrilov et al. (2015), suggested that glycans can actually destabilize a protein 
by interacting with the protein domains (62). Alternatively, one or more of the 12 S-to-T 
changes might affect trimer stability. 

Neutralization by bNAbs that target the V1/V2-glycan domain was 
substantially reduced when the N-X-S motifs were changed to N-X-T. The strongest 
effect was observed for PGT145 (45-fold more resistant). The N-X-S to N-X-T change 
at N156 mentioned above might affect the conformation and/or glycan composition 
at the V1/V2 apex, thereby affecting PGT145 binding and neutralization. Alternatively, 
it has been shown that deletion of the N190 glycan results in increased neutralization 
by bNAbs PG9 and PG16 (28, 63). In BG505 an N-X-S motif is present at this location 
and it has been reported to be occupied only in 42% of the cases (Table 1)(52). An 
increased glycosylation probability by converting the N-X-S motif to an N-X-T motif 
may explain the PGT145-neutralization resistance of the NxT virus. The reduced 
PGT145-sensitivity of the NxT virus was corroborated by reduced binding of unpurified 
recombinant trimer in ELISA (Fig. 1E). After positive selection by PGT145, however, the 
antigenic structure of the WT and NxT trimers was very similar. It will be interesting to 
investigate the antigenic structure of NxT trimers that have not been positively selected 
by PGT145, but have been purified by unbiased purification methods, such as 2G12-
affinity chromatography followed by size-exclusion chromatography (51). 

Neutralization by most of the bNAbs that target the V3-glycan domain was 
unaffected by converting the N-X-S motifs to N-X-T, but the bNAbs PGT128 and PGT130 
were exceptions. The NxT virus was more sensitive to the PGT128 bNAb (by ~6-fold). 
The PGT128 bNAb engages two different glycans at the oligomannose patch, N301 and 
N332 (18), and preferentially neutralizes viruses that contain the N332 glycan (64). 
Changing the N-X-S motif at position N332 may increase the glycan occupation at this 
position and hence PGT128 sensitivity. In contrast, the NxT virus was more resistant to 
the PGT130 bNAb (by ~12-fold). The PGT130 bNAb preferentially neutralizes viruses 
that have a glycan at position 334 rather than 332, but neutralization is also dependent 
on the N301 and N295 glycans (22). In the BG505 Env sequence, both N301 and N295 
PNGS are present as N-X-T motifs and are therefore unchanged in the NxT virus (Table 
1). Removal of the PNGS at positions N137, N144 and N151 can increase PGT130 
sensitivity (65), but in the BG505 sequence only the N-X-T motif is present for N137 
which is also unchanged in the NxT virus. Thus, there are no obvious PNGS changes that 
can readily explain the PGT130 resistance of the NxT virus, although we cannot exclude 
a role for the changed N332 motif itself. An alternative explanation might be found in 
the sensitivity of PGT130 to very specific glycan compositions, For example, PGT130 
cannot tolerate large Man9GlcNAc2 glycans very well, especially at position N301 (64). 
It is possible that enhancing the occupancy of PNGS in the vicinity of N301 might reduce 
mannose trimming and thereby explaining the impact on PGT130 neutralization.

Several studies revealed that some bNAbs can display unusual virus 
neutralization curves with non-sigmoidal slopes and neutralization plateaus <100%. 
Some of these observations have been linked to glycan heterogeneity (25, 28, 47), and 
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could be caused by heterogeneity of the glycoforms present at some PNGS (66), or they 
could be linked to heterogeneous glycan occupancy. One study suggested that all PNGS 
are occupied in all molecules (67), but most studies suggested that several PNGS are not 
always occupied (52, 68). Our data are in line with the latter as the WT trimer migrated 
faster through the SDS-PAGE and Native-PAGE gels compared to the NxT trimer (Fig. 
3A and B). 
 How incomplete PNGS occupancy might affect trimer immunogenicity is 
unknown. It has recently been shown that holes in the glycan shield may result in the 
elicitation of strain-specific NAb responses against neutralization-resistant (Tier-2) 
viruses (69). Whether such responses can be broadened needs to be investigated, but 
ensuring full PNGS occupancy by changing all N-X-S motifs to N-X-T, thereby limiting 
the presence of holes in the glycan shield as a result of PNGS under occupancy (8), could 
be beneficial for focusing the humoral immune system on glycan-dependent bNAb 
epitopes. 

Methods

BG505 infectious molecular clones
The BG505.T332N gp160 sequence is described elsewhere (70). The infectious 
molecular clone of LAI was used as the backbone for creating an infectious molecular 
clone containing BG505.T332N gp160 (71). This clone contains a unique Sal1 restriction 
site 434 nucleotides upstream of the env start codon and a unique BamH1 site at the 
codons specifying amino acids G751 and S752 in LAI gp160 (HXB2 numbering). A DNA 
fragment containing the LAI sequences between the Sal1 site and the env start codon, 
followed by the BG505.T332N env sequences up to the BamH1 site, was synthesized 
(Genscript, Piscataway, NJ) and cloned into the LAI molecular clone backbone using 
Sal1 and BamH1. The resulting molecular clone encodes the complete BG505.T332N 
gp160 sequence, except for the C-terminal 106 amino acids of the cytoplasmic tail, 
which are derived from LAI gp160. The sequence was verified before the clone was 
used in virus infectivity and neutralization assays. The resulting virus was able to infect 
TZM-bl cells and replicate in PBMCs (not shown). 
 The BG505.T332N sequence was modified by mutating all PNGS to either N-X-T 
(NxT virus) or N-X-S (NxS virus). As described above, the resulting env sequences, 
between the Sal1 and BamH1 sites, where obtained from Genscript in a pUC57 cloning 
vector. The Sal1 and BamH1 BG505-NxT and BG505-NxS sequences were amplified 
by PCR, using In-Fusion cloning (Clontech), as described by the manufacturer. After 
the PCR, 0.5 µl DpnI (NEB) was added to each reaction and incubated for 1 h at 37 °C. 
Next, the PCR products were purified using a PCR clean-up kit (Macherey-Nagel) and 
the DNA concentrations were measured. The LAI env sequences between the Sal1 and 
BamH1 sites in the pLAI expression plasmid (71), were replaced by the BG505-NxT 
or BG505-NxS PCR fragments using the In-Fusion enzyme (Clontech) as described by 
the manufacturer. Plasmid DNA (5 µg) of the molecular clones was transfected into 
HEK293T cells as described previously to generate infectious virus stocks (51).

BG505 Env trimers
The design of BG505 SOSIP.664 and BG505 SOSIP.v4.1 trimers, including the D7324-
epitope tagged versions, has been described extensively elsewhere, as have the methods 
to produce and purify them (51, 54, 72–74). BG505 SOSIP.v4.1 expression constructs in 
which all PNGS were mutated to either N-X-T (NxT trimer) or N-X-S (NxS trimer) were 
obtained from Genscript and cloned in the pPPI4 expression vector. The Env trimers 
were purified via PGT145-affinity chromatography (54, 56).
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Antibodies
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); Dennis Burton (PG9, PG16, PGT121-123, PGT125-
128, PGT130, PGT135, PGT145 and PGT151); Barton Haynes (CH01); Polymun Scientific 
(2G12); Mark Connors (35O22); Ms C. Arnold (CA13 (ARP3119)), EU Programme 
EVA Centralized Facility for AIDS Reagents, NIBSC, UK (AVIP Contract Number LSHP-
CT-2004-503487).

SDS-PAGE and Blue Native-PAGE
Env proteins were analyzed using SDS-PAGE and BN-PAGE, blotted and detected by 
using the CA13 (ARP3119) and 2G12 MAbs or stained using Coomassie blue (75, 76).

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 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 SOSIP.664 gp140 trimers 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 reconstruction
Data processing methods were adapted from those used previously (51, 77). Particles 
were picked automatically using DoG Picker and put into a particle stack using the 
Appion software package (78). Initial, reference-free, two-dimensional (2D) class 
averages were calculated using particles binned by two via Iterative MSA/MRA and 
sorted into classes (79). 

Glycan profiling using HILIC-UPLC
Glycan profiling using HILIC-UPLC has been described in detail elsewhere (39). In 
short, N-linked glycans were released from gp120 in-gel using PNGase F (New England 
Biolabs). The released glycans were subsequently fluorescently labelled and excess 
label was removed using Spe-ed Amide-2 cartridges. Fluorescently labelled glycans 
were separated by HILIC-UPLC, fluorescence was measured and difference plots were 
generated in MATLAB (The MathWorks). The abundance of oligomannose glycans 
was measured by digestion with Endoglycosidase H (Endo H; New England Biolabs). 
Digested glycans were cleaned using a PVDF protein-binding membrane plate before 
HILIC-UPLC analysis. The abundance of oligomannose-type glycans was calculated, as a 
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relative percentage, by integration of the HILIC-UPLC chromatograms before and after 
Endo H digestion, following normalization. The magnitude of change was calculated as 
a % change in abundance, relative to wild-type.
Neutralization assays
The neutralization assay using the TZM-bl reporter cell line has been described 
elsewhere (51). One day prior to infection, 1.7 X 104 TZM-bl cells per well were seeded 
on a 96-well plate in Dulbecco’s Modified Eagles Medium (DMEM) containing 10% FCS, 
penicillin and streptomycin (both at 100 U/ml), and incubated at 37°C in an atmosphere 
containing 5% CO2. A fixed amount of virus (2.5 ng/ml of p24-antigen equivalent) was 
incubated for 30 min at room temperature with serial 3-fold dilutions of each test MAb 
(51, 80, 81). This mixture was added to the cells and 40 mg/ml DEAE, in a total volume 
of 200 µl. Three days later, the medium was removed. The cells were washed once 
with PBS (150 mM NaCl, 50 mM sodium phosphate, pH 7.0) and lysed in Lysis Buffer, 
pH 7.8 (25 mM Glycylglycine (Gly-Gly), 15 mM MgSO4, 4 mM EGTA tetrasodium, 10% 
Triton-X). Luciferase activity was measured using a Bright-Glo kit (Promega, Madison, 
WI) and a Glomax Luminometer according to the manufacturer’s instructions (Turner 
BioSystems, Sunnyvale, CA). All infection measurements were performed in duplicate. 
Uninfected cells were used to correct for background luciferase activity. The infectivity 
of each mutant without inhibitor was set at 100%. Nonlinear regression curves were 
determined and 50% inhibitory concentrations (IC50) were calculated using a sigmoid 
function in Prism software version 5.0. 

D7324-capture ELISA 
The D7324-capture ELISA has been described in detail elsewhere (51). 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). Purified 
trimer proteins (5 µg/ml) were subsequently captured on the 96-well ELISA plate and 
tested for Ab binding. Abs were detected with the goat-anti-human HRP-labeled Ab 
(Jackson Immunoresearch).
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Abstract
All previously characterized broadly neutralizing antibodies to the HIV-1 envelope 
glycoprotein (Env) target one of four major sites of vulnerability. Here, we define and 
structurally characterize a unique epitope on Env that is recognized by a recently 
discovered family of human monoclonal antibodies (PGT151-158). The PGT151 
epitope is comprised of residues and glycans at the interface of gp41 and gp120 within 
a single protomer and glycans from both subunits of a second protomer and represents 
a neutralizing epitope that is dependent on both gp120 and gp41. As PGT151 binds only 
to properly formed, cleaved trimers, this distinctive property, and its ability to stabilize 
Env trimers, has enabled the successful purification of mature, cleaved Env trimers 
from the cell surface as a complex with PGT151. Here we compare the structural and 
functional properties of membrane-extracted Env trimers from several clades with 
those of the soluble, cleaved SOSIP gp140 trimer.
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Introduction
Over the past five years, many new broadly neutralizing antibodies (bnAbs) have been 
isolated from HIV-1 infected humans that are able to neutralize diverse panels of HIV-
1 in vitro (1–8). These advances have reinvigorated the pursuit of both active and 
passive HIV-1 vaccine strategies (9–13). The sole target for bnAbs are native, functional 
envelope glycoprotein (Env) trimers on the virus surface. These trimers of gp120 and 
gp41 heterodimers assemble after endoproteolytic cleavage of the gp160 precursor. 
Immune selection pressures, combined with a high replication rate and an error-prone 
reverse transcriptase, create hypervariable HIV-1 Env proteins. The trimer surface is 
also shielded by an extensive array of glycans. Nonetheless, sites of vulnerability on the 
virus do exist and four bnAb epitope clusters have been characterized: a linear region 
of gp41 close to the viral membrane (the membrane proximal external region or MPER) 
(2, 14, 15); the CD4 binding site on gp120 (5, 8, 16–18); an N332-dependent epitope 
cluster on the glycosylated face of gp120 (6, 19); and a site including the N160 glycan 
on V2 at the trimer apex (6, 7, 20, 21). Another suspected bnAb site on gp120 has also 
been partially characterized (22–25). All known bnAbs characterized to date bind to 
one of these sites, raising the question of whether all broadly neutralizing epitopes on 
Env have already been identified. 
 Analyzing human responses to viral infection by direct functional screening (6, 
7, 26) has led to the isolation of several potent bnAbs, including a set now designated 
as the PGT151 family (27). Here, we identify and structurally define the complex 
quaternary epitope targeted by PGT151 family members and show that it is present 
only on native-like, cleaved forms of Env. The stability provided to native Env by 
PGT151 binding creates an opportunity to isolate and purify these trimers from the 
cell membrane for structural and functional studies. Along with high resolution X-ray 
crystal structures of the fragment, antigen binding (Fab) of PGT151 and PGT152, 
we present single particle electron microscopy (EM) reconstructions at ~19-25 Å 
resolution of complexes of PGT151 Fab with cell membrane-extracted Env from three 
different HIV-1 isolates (clade A BG505, clade B JR-FL, and clade C IAVI C22) and 
compare them with soluble, cleaved SOSIP.664 trimers (19, 20, 28, 29). Analyses of 
the four PGT151-Env structures, in conjunction with higher resolution models of Env 
(30, 31) and mutagenesis data, reveal that PGT151 binds an epitope that involves both 
inter- and intra-protomer contacts with the trimer and is dependent on a subset of 
fully processed glycans. We also show that PGT151 binds with a unique stoichiometry 
of 2 Fabs per trimer that is likely linked to its quaternary preference. Thus, PGT151 
binds an extensive epitope spanning multiple protein subunits and enables, for the first 
time, high fidelity assessment and isolation of properly formed HIV-1 Env trimers from 
membranes.

Results

PGT151 family bnAbs bind only cleaved, trimeric Env and require a complex gly-
can 
In ELISA studies, PGT151 bound strongly to soluble, cleaved BG505 SOSIP.664 trimers 
expressed in HEK293T cells (Fig. 1A). These engineered trimers are stabilized by 
introduction of a disulfide bond between position 501 in gp120 and position 605 in 
gp41 (termed SOS), along with an isoleucine to proline substitution at position 559 
(termed IP). The SOSIP trimers have a native-like conformation and glycosylation profile 
that includes both high mannose and more complex structures (20, 29, 32). PGT151 
does not bind monomeric BG505 gp120 and reacts inefficiently with HEK293S cell-
expressed trimers that bear only high mannose glycans (Fig. 1A). The latter observation 
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is consistent with the preference of PGT151 and PGT152 for tri- and tetra-antennary 
N-linked glycans in a microarray study (27). Here, we show that PGT151 and PGT152 
react only weakly (KD ≈ 1 mM) with tri-antennary N-linked glycans in an isothermal 
titration calorimetry (ITC) solution-phase assay (Fig. 1B). 
 The PGT151 family of bnAbs is highly specific for cleaved, and thus native-like 

Figure 1. PGT151 and PGT152 Binding to SOSIP gp140 Env Trimer Is Dependent on Glycosylation 
and Cleavage and Requires the Prefusion Conformation of gp41 (A) PGT151 binds strongly to BG505 
SOSIP.664 gp140 trimers produced in untreated HEK293T cells but not to the same trimers produced in 
HEK293S cells (Man5-9 glycans only) or in HEK293T cells treated with kifunensine (kif) (Man9 glycans only). 
PGT151 also does not bind BG505 gp120 monomers. 2G12, which binds high-mannose glycans, served as 
a control mAb. 2G12 binding to trimers produced in kifunensine-treated 293T cells or in 293S cells was 
modestly increased as a result of the elevated amount of high-mannose glycans. The data were derived with a 
Ni-NTA ELISA and His-tagged Env proteins. Data are representative of at least two independent experiments.
(B) In an ITC assay, PGT151 and PGT152 Fabs bind with low affinity (KD ≈ 1 mM) to complex type asialo-tri-
antennary glycans. The raw binding (top) and integrated titration (bottom) curves are shown.(C) PGT151 
binds His-tagged BG505 SOSIP.664 and BG505 IP.664, but not to BG505 WT.664, as shown by Ni-NTA-capture 
ELISA. Binding of the anti-gp120 MAbs VRC01 and 2G12 to the BG505 IP.664 and BG505 WT.664 variants 
is greatly reduced (left). The anti-gp41 MAbs F240 and 7B2 do not bind to SOSIP.664 trimers because their 
epitopes on gp41 are occluded by the gp120 subunits, but they do bind to IP.664 and WT.664 proteins from 
which gp120 has dissociated (middle). PGT151 binds the SOSIP.664 trimers and the IP.664 proteins, but does 
not bind cleaved WT.664 (right). These data suggest that the PGT151 epitope is present only in the prefusion 
conformation of gp41. Data presented here were chosen from two to six independent experiments. Each 
experiment was done in duplicate and averaged values are shown.
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trimers, whether soluble BG505 SOSIP.664 or embedded in cell membrane (JR-FL) (27), 
implying that cleavage causes rearrangements in Env quaternary structure. To explore 
this property further, we first tested PGT151 binding by ELISA to the His6-tagged BG505 
IP.664 construct, which lacks the stabilizing disulfide bond between gp120 and gp41 
and, hence, is prone to gp120 dissociation, leaving primarily gp41 immobilized in a 
trimeric pre-fusion conformation on Ni-NTA ELISA plates (33). Compared to SOSIP.664, 
IP.664 exhibited much less VRC01 and 2G12 binding, but increased binding of F240 and 
7B2 (Fig. 1C). These non-neutralizing gp41 epitopes are only exposed when gp120 
dissociates. PGT151 was still able to bind IP.664, albeit less efficiently than to intact 
SOSIP.664 trimers. However, when the I559P mutation, which stabilizes the pre-fusion 
trimeric conformation of gp41 by impeding transition to the 6-helix bundle post-fusion 
form (32, 34, 35), was also reversed in the WT.664 construct, PGT151 binding was 
eliminated (Fig.1C). These findings suggest that PGT151 reactivity requires gp41 to be 
in a trimeric pre-fusion conformation, and that gp120 contributes to the epitope. 

Crystal structures of PGT151 and PGT152 Fabs
To characterize the paratope of this class of bnAbs, we solved crystal structures of 
PGT151 and PGT152 Fabs at resolutions of 1.86 Å and 1.83 Å, respectively (Table 1; Fig. 
2A and B). Their overall structures are highly similar although we could not compare 
the heavy-chain complementarity determining region 3 (HCDR3) because 8 residues in 
the long PGT152 HCDR3 (26 residues) were disordered (Fig. 2B). A long HCDR3 loop 
is a feature common to most other glycan-binding bnAbs (19, 21, 28, 36). Moreover, 
PGT151 and PGT152 have an unusually long, 16-residue light-chain CDR1 (LCDR1); 
only 10% of human light chain sequences in the Abysis database (http://www.bioinf.

Table 1. Data Collection and Refinement Statistics for 
PGT151 and PGT152

Values in parentheses throughout are for highest-resolution shell.
a5% of reflections not used for refinement were used to calculate Rfree.
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Figure 2. Crystal Structures of PGT151 and PGT152 Fab and Use of PGT151 and PGT145 to Purify and 
Characterize JR-FL and BG505 EnvΔCT Trimers from Cell Membranes (A) Variable domain from the crystal 
structure of PGT151 Fab. The HCDR loops 1–3 are labeled and colored blue, red, and magenta, respectively, 
and the LCDR loops 1–3 are labeled and colored green, yellow, and cyan, respectively. The long 26-residue 
CDR3 towers above the combining site. (B) Superposition of crystal structures of PGT151 Fab (cyan) and 
PGT152 Fab (orange). See also Table 1 for data statistics. (C) Scheme for purification of JR-FL EnvΔCT from 
membranes via PGT151. (D) SEC profile of the purified JR-FL EnvΔCT: PGT151 complex; fractions containing 
the Fab-trimer complex are labeled in blue. (E) SDS-PAGE (reducing and nonreducing) and BN-PAGE analysis 
of the purified JR-FL EnvΔCT: PGT151 complex. (F) Immunoblot analysis of cell surface expressed BG505 
EnvΔCT and JR-FL EnvΔCT trimers, after incubation with PGT151, cell lysis, and fractionation on a reducing 
SDS-PAGE. gp120 was detected on an immunoblot to assess the amount of Env captured by PGT151. The cell 
lysate and protein A flow through (FT) fractions are compared (from step 3 in the purification scheme in C). 
Band intensities were analyzed by densitometry in the panels below the gel lanes (absolute intensities, black 
numbers; relative percentages, blue numbers). Overall, ∼10% of the total gp120 detected (cell surface and 
intracellular) was captured on protein A as a PGT151-trimer complex, and the remaining ∼90% was in the FT 
fractions and, hence, nonreactive to PGT151. (G) Blue native PAGE analysis showing the relative stability of JR-
FL EnvΔCT or BG505 EnvΔCT complexes with either PGT151 Fab or PGT145 Fab after incubation at 4°C. From 
left to right: JR-FL EnvΔCT: PGT151 is stable for 40 days (40d) with no dissociation; JR-FL EnvΔCT: PGT145 
partly dissociates after 7 days (7d) and is fully dissociated after 40 days (40d); and BG505 EnvΔCT: PGT151 is 
stable for 30 days (30d), whereas BG505 EnvΔCT: PGT145 is partly dissociated. (H) BN-PAGE assessment of 
the stability of JR-FL EnvΔCT in complex with either PGT151 Fab or PGT145 Fab after incubation at different 
temperatures for 1 hr (left and middle). In a densitometric analysis, the intensities of the trimer bands are 
normalized against the total Env protein content of each lane (right).
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org.uk/abysis/index.html) have an LCDR1 of 16 or more residues. 

PGT151 stabilization facilitates purification of stable, cleaved cell-surface 
expressed Env trimers
To investigate the PGT151-trimer interaction, we developed a method to extract fully 
cleaved trimers from the membrane of transiently transfected HEK293F suspension 
cells using PGT151 IgG. The cleavage-competent Env constructs (JR-FL, BG505, and IAVI 
C22) contain the gp41 transmembrane helices but lack the cytoplasmic domain and are, 
therefore, referred to as EnvΔCT. PGT151 IgG-treated cells were lysed with non-ionic 
detergent and Env-PGT151 complexes were purified on a Protein A column (Fig. 2C and 
2D). SDS and Blue Native PAGE (BN-PAGE) showed that only cleaved, trimeric Env was 
purified (Fig. 2E and S1A). For all three isolates, only ~10% of the total Env content (Fig. 
3F) could be purified in this way, suggesting that only a small proportion of cell surface 
Env could be extracted in the form of cleaved, native trimers with PGT151-reactive 
glycans. This proportion is likely larger than 10% on the cell surface, since the method 
used to quantitate total Env content includes extraneous intracellular, unprocessed Env 
that is released from within the cell upon lysis. 
 We tested PG9, PGT128 and 2G12, but these bnAbs did not enable Env trimers 
to be purified efficiently, or in large quantities, from the cell membrane. The quaternary-
specific bnAb PGT145 (6) did facilitate purification of some JR-FL EnvΔCT trimers, 
but the yield was lower. The PGT145-trimer complexes were also substantially less 
stable than the corresponding PGT151 complexes, which did not detectably dissociate 
during multi-week storage at 4°C (Fig. 2G). To further characterize the stabilizing effect 
of PGT151, we incubated the JR-FL EnvΔCT PGT151 and PGT145 complexes for 1 h 
at 4°C, 37°C, 42°C or 65°C and evaluated the degree of dissociation using BN-PAGE. 
The PGT145-trimer complex dissociated into dimers and monomers at 42°C, whereas 
the corresponding PGT151 complex was stable at this temperature (Fig. 2H). Both 
complexes disintegrated completely at 65ºC (Fig. 2H). Taken together, these data 
illustrate that quaternary-specific antibodies, particularly PGT151, stabilize the highly 
labile Env trimer structure. 

Membrane-extracted Env trimers from clades A, B and C are structurally similar 
to soluble SOSIP.664 trimers
EM reconstructions of PGT151 Fabs in complex with Env∆CT trimers from clades A 
(BG505), B (JR-FL) and C (IAVI C22) were determined at resolutions of ~22 Å, ~19 Å 
and ~25 Å, respectively (Fig. 4A-C). All three reconstructions were highly similar, with 
the following correlation coefficients between maps: JRFL: BG505 = 0.97, JRFL: IAVI 
C22 = 0.96 and BG505: IAVI C22 = 0.96. Whereas the EM reconstructions were refined 
without imposing symmetry, the three fold lobes characteristic of the virion-associated 
Env trimer (37) were readily apparent.Two dumbbell-shaped densities indicative of 
Fabs emanated radially from the trimer. The Env trimer in the EM reconstruction also 
resembled the unliganded BaL Env tomogram (EMDB ID: 5019), which contained the 
full gp120 and gp41 ectodomain as well as the transmembrane region (Fig. 3E). For all 
three Env sequences, we did not observe more than 2 PGT151 Fabs bound per trimer. 
This finding is consistent with densitometric analysis of the SDS PAGE of the purified 
complexes and the sub-stoichiometric binding between the PGT151 Fab and the BG505 
SOSIP.664 trimer in ITC and SEC-MALS (Fig. 3F-G and S1B). 
 The EM reconstructions of membrane-derived BG505 Env∆CT complexes 
with PGT151 Fab allowed a direct comparison with PGT151 complexes formed with 
recombinant, soluble, cleaved BG505 SOSIP.664 gp140 trimers (Fig. 3D). The two 
reconstructions were highly similar overall (correlation coefficient of 0.96), as were 
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the mode and orientation in which the Fab interacts with these two versions of the 
BG505 trimer (Fig. 3B and 3D). Thus, despite the engineered deletion of the MPER 
and transmembrane regions and introduction of the SOS and I559P trimer-stabilizing 
changes, the soluble BG505 SOSIP.664 trimers are structurally similar to cell membrane 
derived trimers at the moderate resolution obtained here; in particular, both trimer 
forms contain the highly complex, quaternary and glycan-dependent PGT151 epitope.

Figure 3. Membrane-Derived, PGT151-Purified Env Trimers from Clades A, B, and C All Share 
Similar Structural Features with Soluble, Cleaved SOSIP Trimers and Are Bound by PGT151 in a 
Substoichiometric Manner (A–C) Top (left) and side (right) views of three different EnvΔCT: PGT151 
Fab EM reconstructions, showing two Fabs bound per trimer. The Env trimers are (A) BG505 (clade 
A), (B) JR-FL (clade B), and (C) IAVI C22 (clade C). (D) For comparison, top and side views are shown for 
the BG505 SOSIP.664: PGT151 Fab complex reconstruction. (E) Comparison of the PGT151-liganded JR-FL 
EnvΔCT trimer reconstruction (pink; same as B) with the cryo-electron tomographic reconstruction of the 
unliganded BaL-1 virion-associated Env spike (EMDB ID: 5019) on the viral surface (gray). See also Fig. S4 
and Table S1. (F) ITC analysis of high-affinity PGT151 binding to BG505 SOSIP.664 trimers. The affinity and 
stoichiometry (N) were calculated from an average of two experiments. The N = 1.3 value is higher than the 
previously reported stoichiometry of N = 0.6–0.8 for one PG9 binding to the BG505 SOSIP.664 trimer (20) and 
lower than the N = 2.3–2.4 for PGT121, PGT128, and 2G12 binding to the same trimer (29). The inference is 
that ∼2 PGT151 Fabs are bound per trimer. Data analysis was carried out by means of a single-site binding 
model. The ITC data do not fit a 2-site model, which argues against a cooperative binding modality. The KD 
was determined as an average from three measurements. Binding affinity was further assessed by bio-layer 
interferometry in comparison with two other bnAbs (Fig. S1C). (G) Densitometric analysis of a reducing SDS-
PAGE of JR-FL EnvΔCT trimers purified from cell membranes via either PGT151, PGT128, or PGT145. The 
black numbers denote the respective peak intensities. The blue numbers in brackets indicate the relative 
intensity of the respective peak compared to the corresponding peak on the PGT151 panel. Although the 
intensities of the gp120 bands are comparable (0.94–1.0) in each case, the relative intensities of the Fab 
bands are 0.6 and 1.5 for the PGT145 and PGT128 purifications, respectively, indicating that the PGT151 
stoichiometry lies between PGT145 (which binds with a stoichiometry of 1 per trimer; (6, 21, 29)) and 
PGT128 (which binds with a stoichiometry of 3 per trimer; (36)). Note that PGT128 allowed for extraction of 
only a very small amount of Env, which was only sufficient for SDS-PAGE. Neither the yield nor the purity of 
the sample was in the range of that achieved with PGT151 or PGT145.
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 In contrast to JR-FL and BG505 Env∆CT, which both bound two PGT151 
Fabs, ~60% of the IAVI C22 trimers bound only one, as observed by EM. Of note is 
that PGT151 neutralizes the IAVI C22 virus to a maximum extent of only 60%, whereas 
JR-FL and BG505 viruses are both neutralized to 100% (27). These two observations 
may be linked mechanistically, but understanding this relationship will require further 
experiments. The BG505 SOSIP.664 trimers also varied in their binding of PGT151. 
EM studies revealed that approximately 50% of the trimers bound two Fabs while the 
other 50% only bound one Fab, even when a 6-fold molar excess of Fab was present 
(data not shown). The underlying basis for this variation with SOSIP trimers remains 
to be determined but is perhaps rooted in some heterogeneity in glycan composition in 
the SOSIP trimers, as previously postulated (31). Based on our collective observations, 
PGT151 recognizes intact Env trimers across different clades in a similar manner and 
binds with a stoichiometry of no greater than two per trimer.

Figure 4. The PGT151 Epitope on BG505 SOSIP.664 Trimer Consists of Residues from gp141 and gp120 
(A) PGT151 binding, assessed by Ni-NTA ELISA, is reduced when His6-tagged BG505 SOSIP.664 variants 
contain certain substitutions in the C5 region of gp120. In the control, 2G12 binding is only mildly affected by 
the same substitutions. (B) PGT151 binding, assessed by ELISA, is reduced when BG505 SOSIP.664 variants 
contain certain substitutions in gp41. Point substitutions of N611 and N637 that eliminate glycan sites are 
shown in the lower panel. For comparison, most substitutions had no effect on 2G12 binding, although the 
K601A and N607K changes did cause a modest reduction. Assays were done with His- or D7324-tagged 
BG505 SOSIP proteins (as indicated in the figure). (C) Summary of substitutions in BG505 SOSIP.664 trimers 
that affect PGT151 binding. Binding ability is scored on a scale from no binding (−) to strong binding (++++). 
The analysis is derived from mean values of 3–5 experiments for each of the variants. Color code is as follows: 
red, weak to no binding; yellow/orange, moderate binding; green, strong binding. Trimerization and cleavage 
were comparable to WT SOSIP as assessed by SDS-PAGE and BN-PAGE (data not shown). We cannot exclude 
the possibility that mutations proximal to the SOS disulfide bond (residues 501 and 605) change the local 
stability of the trimer and, therefore, binding by PGT151. Both direct and indirect effects are consistent with 
PGT151 interactions at the gp120-gp41 interface.
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PGT151 binds a quaternary inter- and intra-protomer epitope on SOSIP trimer 
From analysis of the EM structure, we designed and screened several BG505 SOSIP.664 
trimer variants containing single and double amino-acid substitutions for PGT151 
Fab binding by ELISA. Residues from gp120 and gp41 both influence binding to, and 
formation of, the PGT151 epitope, including several in the gp120 C5 region (K490, T499, 
R500, R503) and gp41 (K601, N607, N611 and N637) (Fig. 4, residues listed conform to 
HXB2 numbering). However, mutation of T499, R500 and K601 residues had no effect 
on PGT151 neutralization on the JR-CSF strain (R503S renders the virus inactive and 
K490 and N607 mutants were not tested), whereas mutation of T499 and neighboring 

Figure 5. Modeling of the PGT151 Epitope in the Context of the High-Resolution EM Structure of 
the Soluble, Cleaved BG505 SOSIP.664 Trimer. (A) Top and side view of the reconstruction of the JR-FL 
EnvΔCT: PGT151 Fab complex, fitted with the atomic-level EM model of the BG505 SOSIP.664 trimer (PDB ID: 
3J5M) (31). The gp120 protomers are in gray and the gp41 HR1 and HR2 helices in purple. On the two copies 
of PGT151 Fab, the heavy chain (HC) is in dark blue and the light chain (LC) in light blue. (B) Top view as in 
(A). The PGT151 LC is predicted to interact with glycans from two gp120 protomers (labeled gp120 A and B) 
and amino acid residues from one gp120 protomer. The putative interacting glycans are depicted as spheres 
in shades of yellow, and the glycosylation site position (Asn) is shown in orange. LCDR coloring is shown as in 
Fig. 2A. (C) The same view as in (B), showing regions of C1 that could potentially interact with LCDR1. In light 
pink are residues 56–63, and dark pink 75–82 (D) In a side view as in (A), putative PGT151 HC interactions 
with one gp120 protomer (gray) and two gp41 protomers (purple) are shown. The map shows a single gp120 
and the gp41 trimer, segmented from the high-resolution EM structure 3J5M. The HR helices of gp41 B are 
depicted as purple ribbons. HCDR3 appears to interact with gp140 protomer A at the gp41-gp120 interface, 
near the fusion peptide proximal region (FPPR) shown in brown. The N637 glycosylation site from protomer 
B shown in orange is in close proximity to the PGT151 HC. (E) The glycan at residue N637 is modeled as a 
tetra-antennary GalNac complex glycan that was shown to interact with all members of the PGT151 family 
(27). The EM density in cyan, not modeled in the high-resolution structures, is predicted to encompass the 
putative location of the HR2 residues 611–624 as depicted by the dotted line. The orange circle and arrow, 
respectively, indicate the putative position and orientation of N611 and its glycan based on the neutralization 
assay. See also Fig. S2 and Movie S1.
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residues did have a weak effect on neutralization in the context of the LAI strain (27), 
indicating that these gp120 residues might influence the PGT151 epitope indirectly and/
or only in certain Env subtypes. The N611Q and N637Q substitutions (glycosylation 
sites in wild type) in gp41 resulted in significantly reduced PGT151 binding to BG505 
SOSIP.664 trimers, and the double substitution led to a complete loss of PGT151 
binding (Fig. 4B). The corresponding mutations in the JR-CSF virus also markedly 
reduced PGT151 neutralization (27). Hence, these canonical N-linked glycosylation 
sites, believed to harbor complex glycans (38), likely comprise part of the PGT151 
epitope. The subtle effects (and isolate differences) in both the neutralization (27) and 
ELISA assays highlight the difficulty in characterizing complex epitopes. The glycan 
promiscuity, as seen previously in PGT135, PGT121, and PGT128 binding, introduces 
further complexity in defining a single epitope (19, 39). The direct visualization with 
the structural data is extremely valuable to define the location, nature and extent of 
the PGT151 epitope. The exact extent of this epitope may be slightly different between 
isolates as PGT151 can accommodate some variability and single point mutations (27).
 Fitting the crystal structure of the PGT151 Fab and the EM and x-ray structures 
of the BG505 SOSIP.664 trimers (31), PDB ID: 3J5M; (30), PDB ID: 4NCO)) into the 
reconstruction of the JR-FL Env∆CT: PGT151 Fab complex showed that the epitope 
involves regions of both gp120 and gp41 (Fig. 5A). This conclusion is consistent with 
the absolute requirement for a fully native trimer conformation (27). The correct 
orientation of the Fab in the reconstruction was determined using cytochrome B562RIL 
(BRIL) engineered into the antibody LC that added extra density to one side of the 
Fab (Fig. S2). In this orientation, the light chain CDR loops are in close proximity to 
and possibly interact with gp120 glycans N262 and N448 from one protomer, while 
LFR3 may contact N276 from the adjacent protomer (Fig. 5B). The LCDR1 is in close 
proximity to the C1 region of one gp120 protomer and may contribute weakly to 
antibody affinity (Fig. 5C). The long HCDR3 reaches into the interprotomer cavity at 
the interface between gp120 and gp41 (Fig. 5D-E). In the high resolution SOSIP.664 
x-ray and EM structures (30, 31), this region contains additional unmodeled density 
that likely corresponds to the fusion peptide proximal region of HR1 and the fusion 
peptide. Additionally, the back face of the HCDR loops contacts the adjacent gp41, in 

Figure 6. PGT151 Binds to a New Site of Vulnerability that Does Not Overlap with Any Other bnAb 
Epitopes. The JR-FL EnvΔCT: PGT151 Fab reconstruction of the new PGT151 epitope compared with the 
docking of representative Fabs that recognize three of the four previously known bNAb epitope clusters (V1/
V2 plus N160 glycan, N332 glycan, CD4bs). We cannot exclude the possibility that access to the CD4bs might 
be blocked partly by the two bound PGT151 Fabs; accordingly, PGV04 binding to the CD4bs is shown on the 
third protomer interface that does not have PGT151 bound The PGT151 binding site on the open face is also 
shown in blue for reference, with the PGT151 Fab density removed for clarity (right panel). A similar analysis 
of BG505 SOSIP.664 trimers produces nearly identical results. See also Figures S3 and S4.
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a region of HR2 containing glycans at N637 and potentially N611 (Fig. 5D). Overall, 
these data illustrate that PGT151 binds a complex quaternary epitope that involves the 
gp120-gp41 interface of one protomer and one or more glycans that are attached to 
the gp41 HR2 region of the adjacent protomer. This epitope does not overlap with any 
previously identified bnAb epitopes on the Env trimer (Fig. 6). 

Discussion
The weak, non-covalent association between gp41 and gp120 has made structural 
studies of either soluble or full-length cleaved Env trimers extremely challenging. 
Furthermore, uncleaved forms of Env are highly prone to adopting non-native 
conformations, particularly when expressed as soluble proteins but also when present 
on the cell surface (33, 40). In the context of the BG505 genotype, SOSIP mutations 
enable the production of soluble, cleaved trimers that are close antigenic (29) and 
structural (30, 31, 41) mimics of native Env. Here, we show that the PGT151 bnAb not 
only selectively recognizes cleaved SOSIP trimers, but also stabilizes pre-fusion native 
Env trimers extracted from the cell surface, thereby preventing dissociation of gp120 
from gp41. Thus, it appears that the engineered SOS disulfide bond between gp120 
and gp41 and binding of PGT151 to an epitope proximal to that region are different 
ways to stabilize the gp120-gp41 interaction within trimers. Accordingly, this property 
of PGT151 creates a new and highly specific method for extracting native trimers 
for multiple subtypes (roughly 60% of Env sequences, based on the neutralization 
breadth, (27) from the membranes of Env-expressing cells; the non-native, and 
probably more abundant, forms of trimer that are also present on the membranes are 
not recognized by PGT151 and, hence, are eliminated during the purification process. 
The broadly neutralizing epitope that we describe here also has implications on the 
mode and mechanism of neutralization by PGT151. Since CD4 is still able to bind the 
Env-PGT151 complex, PGT151 likely neutralizes the virus by stabilizing the gp41 pre-
fusion conformation and the gp120-gp41 interaction, thus precluding CD4- and/or co-
receptor-induced conformational changes required for membrane fusion. 
 Overall the PGT151 epitope is quite complex and requires gp160 cleavage, a 
properly formed quaternary gp120-gp41 interface, and fully processed gp41 glycans 
(i.e., complex forms). Accordingly, PGT151-reactivity may represent one of the best 
ways to identify and evaluate native, functional Env trimers. No known bnAb has such 
a complex reactivity profile, although various antibodies with trimer preference (PG9) 
(7, 20), cleavage preference (VRC06) (42), and that may involve both gp120 and gp41 
moieties (M43) (18) have been reported.  It was not possible under any conditions 
that we tried to generate an Env trimer complex with three Fabs bound. A detailed 
mechanistic explanation for binding of less than three Fabs per trimer remains to be 
determined, but we postulate that binding of the first and second Fabs may induce 
subtle allosteric effects on the Env structure through inter-protomer interactions, 
rendering the third epitope of the trimer unavailable or not properly configured for 
PGT151 binding.  
 The Env-PGT151 complex may also be useful for antigenicity and 
immunogenicity studies because PGT151 does not block the CD4 binding site, the 
N332 supersite of vulnerability, or the N160 antigenic site (27), on at least one, if not 
all protomers. Similarly, as passive administration of bnAbs can suppress infection 
and lower viral titers to undetectable levels for the duration of treatment, members 
of the PGT151 family may also be useful constituents of bnAb combinations that are 
being considered for antiviral therapy, in view of the non-overlap between this epitope 
and others (9, 11, 12, 43). Thus, this described fifth site of vulnerability expands our 
understanding of the antigenic surface of Env and offers another opportunity for 
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combating HIV-1.

Methods

Expression and purification of PGT151, 152, 145, 128 antibodies
IgG and Fab fragments of all antibodies were expressed in HEK293F suspension cells as 
previously described (36). 
Crystallization and Data collection
Crystallization trials with PGT151 and PGT152 Fab were set up using the IAVI/Joint 
Center for Structural Genomics (JCSG)/TSRI CrystalMation robotic system (Rigaku), at 
a concentration of 13 mg/ml in 50 mM Tris-Cl, 150 mM NaCl, pH 7.5. Initial crystals 
of the PGT151 Fab fragment were obtained in 40% PEG 600, 0.1M phosphate-citrate, 
pH 4.2. To improve crystallization of PGT152 Fab, a glycan was removed by a light-
chain N107K mutation (PGT152ΔGlyc). Crystals for PGT151 and PGT152 Fabs were 
optimized by microseeding, which improved crystal formation under several conditions 
in an optimized screen developed at the JCSG (Deller et al., in preparation). Data were 
collected at APS 23ID-B and at CLS 08ID-1. 

Structure determination and refinement
Structures were solved using PHASER (44) with an unrelated Fab  (PDB: 2FX7) as a 
search model for PGT151 Fab. For the PGT152ΔGlyc Fab, the PGT151 Fab structure 
was used as search model. Data reduction and scaling was performed using HKL-2000 
(45). COOT (46) and PHENIX (47) were used for model building and refinement. Data 
collection and refinement statistics are reported in Table 1. 

Expression and purification of JR-FL EnvΔCT, BG505 EnvΔCT and IAVI C22 EnvΔCT 
proteins
HEK 293F suspension cells were transfected with a pSVIIIenv plasmid expressing either 
JR-FL EnvΔCT E168K (referred to here as JR-FL EnvΔCT, since the E168K mutation is 
required for the PG9 epitope but does not affect PGT151 binding) or IAVI C22 EnvΔCT. 
Alternatively, cells were transfected with a phCMVIII plasmid containing a codon-
optimized sequence for either BG505-EnvΔCT or JRFL-EnvΔCT under the control of a 
CMV promoter. In all cases, the cells were co-transfected with a plasmid expressing the 
Tat transactivator protein to enhance Env expression. For BG505 EnvΔCT and IAVI C22 
EnvΔCT expression, the cells were additionally co-transfected with pcDNA3.1 Furin to 
enhance gp160 cleavage. The cells were harvested after 40 h, washed and resuspended 
in PBS before incubation with 100 µg/ml of PGT151 IgG (1 h, 4°C). The cells were 
then washed to remove excess IgG and resuspended in lysis buffer (PBS, 0.5% Triton 
X-100, protease inhibitors (Roche)) before cell debris was removed by centrifugation 
(30,000xg, 30 min). The supernatant was loaded onto a protein A column, followed 
by extensive washing and subsequent on-column IgG cleavage with Ficin (20 µg/ml) 
in 50 mM Tris, pH 7.0, 2 mM EDTA, 150 mM NaCl, 0.1 % DDM for 4 h at RT. The Env-
PGT151Fab complex was then eluted by gravity flow and analyzed by SEC. The same 
procedure was used for purification of Env-PGT145 and Env-PGT128 complexes.

Expression and purification of BG505 SOSIP.664
The BG505 SOSIP.664 construct as well as expression and purification were exactly as 
described previously (29–31, 33). BG505 IP.664 does not carry the SOS gp120-gp41ECTO 
disulfide bond, and BG505 WT.664 additionally lacks the I559P mutation (used in 
Figure 1C). 
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Ni-NTA-capture and D7324-capture ELISAs for BG505 Env proteins 
SOSIP trimer ELISAs were performed as described previously (29) using raw 
supernatants from cells transiently expressing BG505 SOSIP.664 His- or D7324-tagged 
BG505 Env proteins, except for Figure 1A, where purified Env trimers were used. 
The percentage of all Env proteins present in trimeric form was always >60% in the 
supernatants used for ELISA assays.

Isothermal titration calorimetry (ITC)
MicroCal iTC200 and Auto-iTC200 instruments (GE Healthcare) were used to perform 
ITC measurements as described previously (20).For the PGT151:BG505 SOSIP.664 
titration experiment, the Env trimer was deposited in the cell at concentrations 
between 4.4 and 4.7 µM, and the Fab was in the pipette at concentrations between 79 
and 102 µM. In the glycan: PGT151 titration experiments, PGT151 Fab was added to 
the cell at 100 µM with glycans in the pipette at 4-5 mM (for synthesis of glycans, see 
Supplemental Experimental Procedures). Data analysis was carried out with Origin 7.0 
software using a single-site binding model.

Electron microscopy and sample preparation 
Grids for single particle EM were prepared as described previously (19). Data for 
the JR-FL EnvΔCT: PGT151 complex were collected using an FEI Tecnai F20 electron 
microscope operating at 120 keV coupled with a Gatan US4000 4k x 4k CCD camera 
at a magnification of 100,000x resulting in a pixel size of 1.09 Å at the specimen plane. 
All other complexes were imaged on an FEI Tecnai T12 electron microscope operating 
at 120 keV coupled with a Tietz TemCam-F416 4k x 4k CMOS camera via automated 
data collection using the LEGINON interface. The imaging magnification was 52,000x 
with in a pixel size of 2.05 Å at the specimen plane. All data were collected as described 
previously (19) using an electron dose of 25 – 28 e-/Å2. For the random conical tilt 
(RCT) method with JR-FL EnvΔCT: PGT151, the sample was prepared as before using 
a carbon-coated C-Flat 400 mesh grid. The data were collected using the Leginon RCT 
data collection interface (48) on a Tecnai F20 electron microscope at 120 keV, with the 
tilt pairs at 0° and -50°, using a nominal defocus of 1 um. Micrographs were collected on 
a Gatan 4k x 4k camera at a magnification of 62,000x and pixel size of 1.75 Å. 

Image processing
Particle picking and classification was carried out as described previously (20). 
Template-based particle picking was carried out on the 60 RCT tilt pairs using 7 
representative classes from the single particle reference-free class averages. Picks were 
automatically aligned via Appion and then assessed manually, yielding 3,152 particle 
tilt pairs, which were subject to reference-free 2D classification using Xmipp Maximum 
Likelihood Alignment (49, 50). Five RCT models were generated from these data, each 
resulting from approximately 200 particle tilt pairs. Two of the models generated that 
had well-defined trimer and Fab densities were used as the initial model for projection 
matching refinement with a template stack of 60 images for 90 iterations. The resulting 
two models were further refined using a bin 4 substack of 5,798 particles from the 
single particle dataset for 29 iterations after which the two models were nearly identical 
(Figure S4). Additional data were collected for the single particle analysis and sorted as 
stated above. One of these models was selected as the initial model for the final raw 
particle refinement. Models other than the JR-FL Env: PGT151 trimer were refined from 
independently generated by common lines in the EMAN2 package using reference-free 
2D class averages (51). No symmetry was applied to any of the projection matching 
refinements, which were carried out with the EMAN software package (52). Refinement 
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parameters and final resolution for each EM reconstruction are summarized in Table 
S1.
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Supplemental Information

Figure S1. PGT151 binding properties (related to Fig. 2 and 3). (A) Densitometric analysis of reducing SDS 
PAGE of JR-FL EnvΔCT: PGT151 Fab complex and BG505 SOSIP.664 trimers. The numbers in brackets indicate 
the relative intensity. The ratio of band intensities for gp120 and gp41 is the same for the extracted EnvΔCT 
trimer as for the stabilized SOSIP trimer, indicating that no subpopulation of gp41 trimers was extracted 
from the membrane. (B) Size exclusion chromatography (SEC) profile of the PGT151Fab: BG505 SOSIP.664 
complex in the presence of excess PGT151 Fab (red profile) overlaid with the molar mass data plot (blue line) 
determined by SECUV/MALS/RI. Molecular Mass values (MM) for the protein fraction (after subtraction of the 
glycan fraction) are shown for the start and end of the peak containing the PGT151-trimer complex. The protein 
mass of unliganded BG505 SOSIP.664 is 218 kDa and the mass of a Fab is 50 kDa. The majority of the complexes 
within the peak exhibit a molecular weight of 315kDa, corresponding to trimers in complex with two Fabs [(218 
kDa) + 2 x PGT151 Fab (100 kDa)], while there is also a small population at 255kDa, corresponding to a trimer 
bound to a single Fab [(218 kDa) + 1 x PGT151Fab (50 kDa)]. (C) Comparison of binding affinities of PGT128 
Fab, PGT151 Fab, and PG16 Fab to BG505-SOSIP.664, measured by bio-layer interferometry (Octet RED). The 
KD of all three Fabs lies within the same range. All show a very slow dissociation rate. We note that there is 
a difference in absolute values between these data and the KD obtained by ITC. We observe this difference 
for other antibodies as well, but further experimentation will be necessary to explain this phenomenon.

Table S1. Statistics for EM reconstructions (related to Fig, 3).
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Figure S3. PGT151 and sCD4 bind non-competitively to BG505 SOSIP.664 trimers (related 
to Fig. 6). A soluble 2-domain CD4 construct (sCD4) was added to a pre-formed BG505 SOSIP.664: 
PGT151 Fab complex (with PGT151 Fab in excess). (A) SEC profile (Superose 6 10/300 GL (GE 
Healthcare)) of the Env trimers in complex with PGT151 Fab and sCD4 compared to the trimers 
alone. (B) Non-reducing SDS PAGE of peak-1 (pk1, blue (A)) and peak-2 (pk2, grey (A)) of the SEC-
purified BG505 SOSIP.664: PGT151Fab: sCD4 complex, showing stoichiometric binding of sCD4 to the 
pre-formed BG505 SOSIP.664: 151 Fab complex. In other words, a ternary complex can be formed.

Figure S2. Orientation of Fab PGT151 in the BG505 SOSIP.664 trimer complex and paratope analysis 
(related to Fig. 5). (A) The orientation of the Fab in the Env trimer complex was determined by using an 
engineered version of Fab PGT151, in which cytochrome B562RIL (BRIL), an 11 kDa globular protein, was 
inserted into a loop (between residues G200 and L201) in the light-chain constant region. The extra density on 
the side of the light chain enabled the unambiguous determination of one of the two possible orientations for the 
Fab when bound to the BG505 SOSIP.664 trimer. The figure shows top (upper) and side (lower) views of an EM 
reconstruction of a BG505 SOSIP.664 trimer in complex with the engineered PGT151 Fab. The heavy chain of the 
Fab is colored dark blue (HC), the light chain (LC) is light blue. Residues G200-L201 in the LC are shown in orange 
at the location where BRIL is present as a covalent insertion into the light chain. The density corresponding to 
BRIL is shown in yellow and, hence, defines the orientation of the Fab (inset on right). (B) Sequence alignment 
of HC and LC variable regions of PGT151 family members Residues are labeled in shades of blue according to 
their level of conservation (white: not conserved, dark blue: identical). Residue numbers with insertions are 
indicated above the alignment according to the Kabat scheme and CDR loops are labeled with orange boxes.
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7Figure S4. Validation of EM models (related to Fig. 3). (A) Representative reference-free 2-D class 
averages of the BG505 Env∆CT: PGT151 Fab complex. The scale bar shown represents 10 nm. (B) The 
Fourier shell correlation (FSC) curve of the final iteration of BG505 Env∆CT: PGT151 Fab model. (C) As 
in (A), but for the JR-FL Env∆CT: PGT151 Fab complex. (D) As in (B), but for the JR-FL Env∆CT: PGT151 
Fab complex. (E) As in (A), but for the IAVI C22 Env∆CT: PGT151 Fab complex. (F) As in (B), but for the 
IAVI C22 Env∆CT: PGT151 Fab complex. (G)As in (A), but for the BG505 SOSIP.664: PGT151 Fab complex. 
(H) As in (B), but for the BG505 SOSIP.664: PGT151 Fab complex. (I) Top views of two independent 
RCT models of the JR-FL Env∆CT: PGT151 Fab complex showing a stoichiometry of 2 Fabs per trimer

For Movie S1 and remaining supplemental information, see Blattner et 
al. 2014. Immunity, 40(5), 669-80
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Abstract
A challenge for HIV-1 immunogen design is inducing neutralizing antibodies (NAbs) 
against neutralization-resistant (Tier-2) viruses that dominate human transmissions. 
We show that a soluble recombinant HIV-1 envelope glycoprotein trimer that adopts a 
native conformation (BG505 SOSIP.664) induced NAbs potently against the sequence-
matched Tier-2 virus in rabbits and similar but weaker responses in macaques. The 
trimer also consistently induced cross-reactive NAbs against more sensitive (Tier-1) 
viruses. Tier-2 NAbs recognized conformational epitopes that differed between animals 
and in some cases overlapped with those recognized by broadly neutralizing antibodies 
(bNAbs), whereas Tier-1 responses targeted linear V3 epitopes. A second trimer, B41 
SOSIP.664, also induced a strong autologous Tier-2 NAb response in rabbits. Thus, 
native-like trimers represent a promising starting point for developing HIV-1 vaccines 
aimed at inducing bNAbs.
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Introduction 
A major goal of HIV-1 vaccine development is to identify immunogens capable of inducing 
protective titers of broadly neutralizing antibodies (bNAbs) against circulating viruses 
with a Tier-2 or higher resistance profile (1). Viruses with these characteristics are the 
most commonly transmitted strains of HIV-1, and hence they dominate new infections. 
The humoral immune response of infected individuals creates antibody-mediated 
selection pressure on the virus, which can generally only persist and be transmitted if it 
is antibody resistant. A successful vaccine must, then, be able to induce antibodies that 
are able to counter the virus’s evolved resistance mechanisms. In addition, the global 
sequence diversity among HIV-1 strains is so great that vaccine-induced antibodies 
should target relatively conserved sites and thereby possess breadth of action. A vaccine 
with the required properties must be based on the envelope glycoprotein (Env) as the 
gp120-gp41 trimer on the virus surface is the only bNAb target. After two or more years 
of HIV-1 infection, ~20% of individuals develop bNAbs, which can serve as templates 
for vaccine design by exposing vulnerabilities in the viral defense mechanisms (1). As 
bNAbs usually evolve from strain-specific autologous NAbs via multiple cycles of viral 
escape and antibody affinity maturation (reviewed in (2, 3)), it is unlikely that bNAbs 
can be raised against any single Env protein of fixed antigenic composition. However, 
the induction of autologous NAbs to a Tier-2 virus would be an excellent starting point 
for iterative vaccine design (4–6).

One or more of the bNAb epitopes present on native, virion-associated trimers 
are also found on various Env-based immunogens, including soluble, monomeric 
gp120s and multimeric gp140s that contain both the receptor-binding gp120 and 
fusion-enabling gp41-ectodomain (gp41ECTO) subunits. These various forms of Env are 
all derived from the viral gp160 precursor protein, which is proteolytically cleaved 
into the gp120 and gp41ECTO subunits when it is processed within the cell and forms 
membrane-associated trimers. For practical purposes, all Env-based immunogens are 
made as soluble proteins by eliminating the membrane-spanning domain of gp160 and 
creating entities known as gp140s. In some cases, the gp41ECTO domain is also removed 
to make a monomeric gp120 protein. The soluble gp140s oligomerize via interactions 
between their gp41ECTO components. However, the oligomers are very unstable unless 
the construct is stabilized, either by eliminating the cleavage site between gp120 and 
gp41ECTO to make a standard uncleaved gp140 protein, or by introducing specific trimer-
stabilizing changes into the properly cleaved form of gp140. We have favored the latter 
strategy, by making stabilized, cleaved trimers that are designated SOSIP.664 gp140s; 
the SOS term denotes an intermolecular disulfide bond engineered to link the gp120 
and gp41ECTO subunits, while IP signifies an I559P point substitution that maintains the 
gp41ECTO components in their pre-fusion form.

Here, we have evaluated the immunogenicity of a SOSIP.664 trimer based 
on the BG505 clade A virus, which was isolated from a 6-week old infant that later 
developed a bNAb response within ~2 years of infection (7, 8). We have also tested, 
in less detail, a second SOSIP.664 trimer based on a clade B adult infection founder 
virus, B41 (9). The BG505 and B41 SOSIP.664 trimers display multiple bNAb epitopes, 
but few non-neutralizing Ab (non-NAb) epitopes that may serve as immunological 
distractions (9, 10). The integrity and native-like appearance of the BG505 SOSIP.664 
trimer, including its complex quaternary epitopes, was confirmed when high resolution 
structures were recently generated by cryo-electron microscopy (cryoEM) and X-ray 
crystallography, the high resolution depictions of the HIV-1 Env trimer (11–13). In 
this study, we conducted animal immunization experiments to determine which NAb 
specificities can be induced by two different, native-like SOSIP.664 trimer mimics of the 
native Env spike, and we performed comparisons with gp120 monomers and standard 
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designs of uncleaved gp140 immunogens.

Results

Immunogenicity of BG505 SOSIP.664 trimers in rabbits 
The various immunogens tested in this study are depicted schematically in Fig. 
S1A along with their conformations, which are based on negative-stain EM images that 
are strongly supported by antigenicity, biophysical and glycan composition data (Figs. 
S2, S3) (10–12, 14–19). Five different experiments were performed, 4 in rabbits and 1 
in macaques (Fig. S1B). In general, the immunization scheme was based on two closely 
separated initial doses (weeks 0 and 4), followed by a third after a prolonged rest period 
of, usually 16-weeks (20). The first study, in rabbits, compared the immunogenicity 
of clade A BG505 SOSIP.664 trimers and gp120 monomers, both of which were 
produced in 293S GnT−/− cells (10, 12, 19) (Fig. S1A). To assess whether trimer 
glycosylation affected immunogenicity, we immunized three groups of rabbits with 
BG505 SOSIP.664 trimers produced in 293T cells (natural glycosylation), 293S GnT-
/- cells (oligomannose-only glycans (12, 21)), or 293S GnT−/− cells followed by EndoH 
treatment (glycan-depleted (12, 22)). In rabbit experiment-1, as well as the BG505 
gp120 monomer comparator proteins, we also tested a clade-B YU2 uncleaved gp140 
protein containing a Foldon trimerization domain that was produced in 293T cells (YU2 
gp140-Fd) (15). In rabbit experiment-3, we compared BG505 SOSIP.664 trimers with 
the uncleaved, non-native BG505 sequence-matched WT.SEKS gp140 protein (14, 16). 
The goal of the comparisons with the YU2 gp140-Fd and BG505 WT.SEKS proteins was 
to explore whether a native-like trimer conformation is beneficial for immunogenicity. 
Proteolytic cleavage of gp120 from gp41ECTO is critical for soluble gp140 trimers to 
maintain native-like structures; standard uncleaved gp140 proteins based on multiple 
different sequences, including YU2 gp140-Fd and BG505 WT.SEKS, are now known 
to predominantly adopt aberrant, non-native conformations that can be clearly 
distinguished from the native-like, cleaved SOSIP.664 trimers (14–17) (Fig.S1A). Thus, 
when viewed by EM the standard uncleaved gp140s have an irregular and non-native 
configuration; frequently seen images represent splayed-out, semi-dissociated gp120 
subunits linked by the uncleaved inter-subunit strand to a central core comprising the 
gp41ECTO components (14–17). In contrast, the BG505 and also B41 SOSIP.664 trimers 
are consistently regular, tri-lobed, propeller-shaped structures (10, 14, 23). Finally, in 
experiment-4, which will be described in more detail elsewhere, we assessed the ability 
of SOSIP.664 trimers based on the clade B41 genotype and produced in CHO cells (23) 
to induce NAb responses agains the autologous Tier-2 B41 virus.
The anti-gp120, anti-gp41 and anti-trimer binding antibody titers induced over time 
by the various Env proteins are summarized in Fig. S4. To quantify the NAb responses 
two-weeks after the third immunization (i.e., at week-22 or, for some rabbits, week-
26), we used the TZM-bl cell assay, which is based on transactivation of a luciferase 
reporter gene by an infecting virus (Fig. 1; Table S1). We were particularly interested 
in assessing the NAb response to the autologous (i.e., sequence-matched) BG505.
T332N virus as it has a neutralization-resistant Tier-2 phenotype. Although almost all 
Env protein immunogens (e.g., gp120 monomers, uncleaved gp140s) can raise NAbs 
against various neutralization-sensitive Tier-1 viruses, inducing NAbs that are able to 
counter a Tier-2 virus, even an autologous one, has been challenging. Could a native-
like trimer do better? We found that all 20 sera from the BG505 SOSIP.664 trimer-
immunized rabbits neutralized the autologous (i.e., sequence-matched) Tier-2 virus 
BG505.T332N (10), with titers that ranged from 39 to 7840 (median 570; Fig. 1A). 
There was no discernible difference in the magnitude of the autologous NAb responses 
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to the three different trimer glycosylation variants (Fig. 1A, groups 4–6). Sera from the 
BG505 gp120 monomer recipients also neutralized the autologous virus, although with 
a lower median titer of 270 (Fig. 1A, group 2). BG505 gp120 is unusual as it was selected 
to bind PG9 and is known to be atypically immunogenic (24). It may also be relevant 
that BG505 gp120 was purified via a bNAb column (in this case 2G12), which may select 
for more native-like forms of gp120 compared to other methods. The uncleaved BG505 
WT.SEKS gp140 induced no NAbs against the autologous BG505.T332N virus (median 
titer <20) (Fig. 1A, group 8), while the uncleaved YU2 gp140-Fd induced NAbs against 
the autologous, clade-B YU2 virus only weakly (median titer 36) (Fig.1D, group 3). 

Figure. 1. Induction of autologous tier 2 and heterologous tier 1 NAb responses in rabbits and 
macaques. (A to D). Each panel shows the 50% neutralization titers (IC50; TZM-bl cell assay) for sera from 
every immunized rabbit, arranged in the groups outlined in fig. S1. For convenience, all 20 BG505 SOSIP.664 
recipient rabbits (groups 1 and 4 to 7) were combined into one group. The dotted lines separate groups that 
were included in the same immunization experiment. Each panel lists the test virus, its tier classification, and 
the location of the testing laboratory (59) (see Materials and Methods for performance site abbreviations). 
For additional neutralization data on rabbit sera, see tables S1 and S2. (E to H) Each panel shows the 50% 
neutralization titers for individual macaque sera (TZM-bl assay; DUMC) against the specified virus for sera 
from all eight animals (organized by group) at week 26, and also from the four trimerimmunized animals 
(group 9) at week 54. The group 10 animals received no further gp120 immunizations after week 24. 
For additional neutralization data on macaque sera, see table S4. Note that the scales used for the 50% 
neutralization titers sometimes vary between panels. Negative-stain EM images of the gp140 immunogens 
are shown in fig. S2 and are the basis for the cartoon depictions shown in brown (BG505 Env) or yellow/
blue (YU-2 gp140-Fd). The ISCOMATRIX adjuvant had no detectable adverse effects on the antigenicity of 
the trimers, assessed by ELISA, or on their appearance in negative-stain EM images (fig. S3). *P < 0.05, ***P < 
0.0005 by two-tailed Mann-Whitney test.



172

Chapter 8

The difference between the autologous Tier-2 NAb responses to the native-like BG505 
SOSIP.664 trimer and the non-native WT.SEKS gp140 was significant (P = 0.029 for the 
intra-experiment (n=4 vs. n=4) comparison; P = 0.0002 when all 20 BG505 SOSIP.664 
trimer recipients were included; two-tailed Mann-Whitney test) (Fig. 1A). The 
poor responses to the WT.SEKS and YU2 proteins are consistent with 
multiple reports that various uncleaved gp140s are not able to induce NAbs that can 
neutralize autologous Tier-2 viruses consistently in the TZM-bl cell assay (25–29). The 
lack of an autologous NAb response to the BG505 WT.SEKS proteins implies that the 
BG505.T332N virus is not an atypically sensitive Tier-2 virus that is vulnerable to any 
BG505 Env binding antibodies. The inferiority of WT.SEKS gp140 to gp120 monomers 
may be because of formation of aberrant intra- and inter-subunit disulfide bonds in 
uncleaved gp140s that create non-native gp120 moieties (9, 30). We conducted an 

Figure. 2 Comparative depiction of the autologous tier 2 NAb responses elicited in rabbits or guinea 
pigs by various Env proteins. (A) Each data point represents the IC50 neutralization titer for serum derived 
from an individual animal immunized with the stated gp140 protein (some of which incorporated an Fd 
trimerization domain) when tested in the TZM-bl cell assay against the sequence-matched (i.e., autologous) 
tier 2 virus. The plotted values are taken from the following papers: 92UG037.8 gp140-Fd [(25); n = 15], 
Q461e2 gp140 [(26); n = 6], Q168a2 gp140 [(26); n = 6], YU2 gp140-Fd (this paper; n = 4; table S1), CZA97.012 
gp140-Fd [(25); n = 15], BG505 gp140 (WT.SEKS; this paper; n = 4; table S1), BG505 SOSIP.664 (this paper; 
n = 20; table S1), and B41 SOSIP.664 (this paper; n = 10). To minimize the impact of cross-study variables, 
we restricted the comparison to immunization of small animals (rabbits and guinea pigs), to Env proteins 
based on tier 2 viruses, and to data generated using the TZM-bl assay under broadly similar conditions. In 
the rightmost two columns, all the data points for each of the uncleaved gp140s (red symbols) are plotted to 
allow a statistical comparison with the combined BG505 and B41 SOSIP.664 trimer groups (blue symbols). 
The difference in the median values is highly significant (P < 0.0001 by two-tailed Mann-Whitney test). The 
dotted and dashed lines denote titers of 105 and 329 that are reported to confer 50% and 80% protection, 
respectively, to macaques in passive transfer experiments (31). (B to E) Various binding antibody and 
NAb responses at week 22 (week 26 for experiment 3) from all 20 BG505 trimer-immunized rabbits from 
experiments 1 to 3 were cross-compared as follows: (B) SF162 NAbs versus MN.3 NAbs; (C) BG505.T332N 
NAbs versus SF162 NAbs; (D) trimer-binding Abs versus BG505.T332N NAbs; (E) gp120-binding Abs versus 
SF162 NAbs. The NAb data are the reciprocal of the serum dilution giving 50% inhibition (IC50), the binding 
Ab data are the reciprocal of the serum dilution giving 50% of the maximum signal in ELISA (EC50). The 
Spearman r and P values for the respective correlations are given. Additional correlation analyses as well as 
details on the statistics are presented in fig. S5.
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additional rabbit immunogenicity experiment involving a second native-like trimer, 
B41 SOSIP.664, based on a clade B Tier-2 transmitted/founder virus (Fig. S1) (23). 
Eight of 10 animals given these trimers responded by generating an autologous NAb 
response, with a median titer of 2535 (Fig. 2A). Heterologous Tier-1, but not Tier-2, 
NAb responses were induced in all ten rabbits (data not shown). Hence the rabbit 
response to the B41 trimers is qualitatively similar to what was induced by their BG505 
counterparts. The median autologous titers against these two versions of fully native-
like SOSIP.664 trimers (BG505, 570; B41, 2535; combined group, 1199) exceeded those 
reported to confer 50% and 80% protection (105 and 329 respectively) in macaque 
passive-transfer experiments (31) (Fig.2A). Rabbit immunization experiments were 
conducted several years ago using earlier generations of SOSIP.681 trimers based 
on the JR-FL and KNH1144 genotypes (32, 33). Autologous Tier-2 NAbs were only 
inconsistently induced in those experiments. However, those trimers, although cleaved, 
were either not fully native-like (JR-FL) or prone to aggregate formation (KNH1144), 
which may account for their poor immunogenicity.

To gain an additional perspective on the magnitude of the autologous NAb 
titers to the BG505 and B41 SOSIP.664 trimers, we compared them with previously 
reported animal immunization data derived using four uncleaved gp140 proteins based 
on env sequences from the Tier-2 viruses 92UG037.8, Q461e2,Q168a2 and CZA97.012 
(25, 26) (Fig. 2A). We also included the autologous NAb titers for the YU2 gp140-Fd and 
BG505 WT.SEKS immunogens shown in Fig. 1A. The four additional uncleaved gp140s 
were of standard designs that are known or expected to resemble the negative stain 
EM images of the uncleaved YU2 gp140-Fd and BG505 WT.SEKS gp140s shown in Fig. 
S2 (14, 15, 18). The autologous NAb titers induced by the BG505 and B41 SOSIP.664 
trimers were greater than the corresponding responses to any other Env protein. When 
the combined SOSIP.664 trimer groups (median titer 1199, range 20–38598; n = 30 
rabbits) were compared with the combined uncleaved gp140 groups (median titer 
<20, range <20–55; n = 50 animals), the difference was highly significant (P < 0.0001, 
two-tailed Mann-Whitney test). The magnitude of the difference between the response 
to the SOSIP.664 trimers and the other Env proteins is so great that immunization 
protocol variations such as dosing, schedule, the use of priming vectors and the identity 
of the adjuvant are unlikely to be responsible. Thus, such variables typically influence 
Tier-1 NAb titers by a few-fold, but do not make the immunogens capable of inducing 
autologous Tier-2 NAbs.

Sera from BG505 SOSIP.664 trimer-immunized rabbits were usually ineffective 
against heterologous, neutralization-resistant Tier-2 viruses, although we did see some 
sporadic neutralization at low IC50 titers of 30–100 (Fig. 1D, tables S1 and S2). The 
rabbit sera did, however, consistently neutralize more sensitive heterologous, Tier-1 
viruses from different clades, including the ultra-sensitive Tier-1A viruses MW965.26 
(clade C; Fig. 1B), SF162 and MN (both clade B; Fig. 1C, Table S1), and the Tier-1B 
viruses BZ167, BaL, 6535.3 (all clade B; Table S1) and 93IN905 (clade C; Table S1). The 
TZM-bl assay titers in the 1000s and 100s for the Tier-1A and -1B viruses, respectively, 
are comparable with, or greater than, titers reported from multiple animal studies of 
various monomeric gp120 or uncleaved gp140 proteins, as are the negligible titers 
against heterologous Tier-2 viruses (15, 25–29, 34). Overall, the Tier-1 NAb responses 
to the BG505 SOSIP.664, gp120 and WT.SEKS gp140 immunogens were generally 
similar (Fig. 1B and C; Table S1). Hence, what distinguishes the native-like SOSIP.664 
trimers from the other two Env immunogen designs is not their ability to induce an 
antibody response per se, but rather elicitation of a consistent and strong NAb response 
against the autologous Tier-2 virus.
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Tier-1 and Tier-2 NAb titers do not correlate 
To gain an understanding of why the native-like trimers differed from the other Env 
proteins, we analyzed various aspects of the antibody responses. First, we compared the 
emergence of heterologous Tier-1 (MN, SF162; clade B) and autologous Tier-2 (BG505.
T332N) NAbs with anti-gp120 and anti-trimer binding antibodies (i.e., ELISA titers) in 
the BG505 SOSIP.664 trimer-immunized rabbits over time (Fig. S5A and B). The trimer-
binding responses were initially lower than those to gp120, but became comparable 
after four immunizations. Autologous Tier-2 NAbs were detected only rarely and weakly 
after two, but strongly and consistently after three immunizations (Fig. S5B). The NAb 
titers then declined with kinetics comparable to the binding antibody responses, but 
were boosted again after the fourth immunization. The Tier-1 and autologous Tier-2 
NAb responses waxed and waned with broadly similar kinetics (Fig. S5B).
 The NAb titers to the three Tier-1 viruses (MN.3, SF162 and MW965.26) 
induced in the 20 rabbits two weeks after the third immunization with BG505 SOSIP.664 
trimers strongly correlated with one another (Fig. 2B, Fig. S5C and D). In contrast, the 
autologous Tier-2 titers did not correlate significantly with the heterologous Tier-1 titers 
induced in the same rabbits at the same time (Fig. 2C, Fig. S5E and F). The correlation 
plots suggest that different NAb specificities mediate the Tier-1 and autologous Tier-2 
responses, which is confirmed experimentally below. One implication is that inducing 
a Tier-2 response will not be achieved simply by increasing the titer of Tier-1 NAbs, as 
entirely different antibody specificities and B-cell subsets are probably involved. We 
also sought associations between NAb and binding antibody titers in the same set of 
20 rabbits. The autologous Tier-2 NAb titers were correlated with the anti-trimer titers 
(Fig. 2D; r = 0.66, P =0.0015), but not the anti-gp120 titers (Fig. S5K). Conversely, the 
Tier-1 NAbs were strongly correlated with the anti-gp120 titers, but not at all or only 
very weakly with the anti-trimer titers (Fig. 2E, Fig. S5 H-J, L, M). The anti-gp120 and 
anti-trimer titers were not significantly correlated (Fig. S5G). The data trends suggest 
that Tier-1 NAb responses are associated with strong binding antibody responses to 
gp120 monomers. The significant correlation between the BG505.T332N NAb titer and 
the anti-trimer titer, but not the anti-gp120 titer, again implies that the quaternary 
structure of a native-like trimer is beneficial for inducing Tier-2 NAbs. The non-native 
WT.SEKS gp140 induced anti-gp120 antibodies efficiently, but anti-trimer antibodies 
very poorly (Fig. S4A-C).

Autologous Tier-2 and heterologous Tier-1 Nabs target different epitopes
We used multiple techniques to gain insights into the various epitopes targeted by the 
Tier-1 and Tier-2 NAbs in sera from the BG505 SOSIP.664 trimer-immunized rabbits. 
First, we performed neutralization assays in the presence of several antigens that could 
potentially bind and thereby deplete various NAb specificities. These competitors 
included linear peptides derived from the first, second and third (V1, V2 and V3) variable 
loops of Env, a V3-Fc construct, a V1V2-scaffold, a gp41 protein, CD4-binding defective 
gp120-D368R monomers and SOSIP.664-D368R trimers and the resurfaced stabilized 
core 3 (RSC3) CD4 binding site (CD4bs)-mimetic protein (Table 1). The gp120-D368R 
monomers and SOSIP.664-D368R trimers absorbed the autologous NAbs comparably 
and completely, implying that the target epitope(s) is well presented on the isolated 
gp120 subunit (Table 1; Fig. S6). As residue D368 is a key element of the CD4bs, the 
inhibitory effect of the two Env-D368R mutants, combined with the lack of effect of 
the RSC3 protein, implies that the autologous NAbs are unlikely to target the CD4bs 
directly (Table 1). Truncated gp120-D368R variants lacking the V1, V2, V3 or V1V2 
domains were effective competitors for the autologous NAbs, but the variable loop-
based peptides or protein constructs and the gp41 proteins were generally inactive 
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(Table 1). While the V1/V2 and V3 regions are not generally the targets for autologous 
NAbs, a noteworthy exception was rabbit 1412. Here, the NAb-depleting effect of 
the gp120-D368R monomer was completely lost when any of the V1, V2, V1V2 or 
V3 regions was deleted, but the linear V1, V2 and V3 peptides and the V1V2-scaffold 
protein were ineffective competitors (Table 1). Hence, the relevant epitope seen by 
serum 1412 is not present on simple mimics of the V1, V2 and V3 regions (i.e., peptides 
and scaffolds), but its formation requires that all three variable regions are present on a 
gp120 monomer or the gp120 subunits of the native trimer. Peptide serology confirmed 
that some anti-trimer antibodies recognized the V3 region (Fig. S7A). Env trimers 
undergo conformational transitions that expose V3 both on the virus and on their 
engineered SOSIP.664 counterparts in vitro (10, 23, 35). Such “breathing” events are 
likely to render V3 immunogenic in vaccinated animals. The linear BG505 V3-peptide 
consistently reduced (by >10-fold) titers against the Tier-1 viruses MN.3, SF162 and 
MW965.26 when tested against eight sera from trimer-immunized rabbits (Fig. S7B,C,D) 
(34). This peptide also depleted the Tier-1 NAbs induced by the WT.SEKS protein (Fig. 
S7C,D), consistent with reports that such responses to uncleaved gp140s are typically 
V3-dominated (34, 36). Deleting the V3 region consistently reduced the ability of the 
gp120-D368R protein to deplete trimer-induced Tier-1 Nabs, but not autologous NAbs 
(Fig. S7B,C,D; Table 1). We conclude that V3 peptide-reactive antibodies raised against 
the clade-A trimer cross-neutralize Tier-1 viruses, but do not neutralize the autologous 
Tier-2 virus, which is consistent with the lack of correlation between Tier-1 and Tier-2 
NAb titers (Fig. 2B; Fig. S5C and D) and the resistance of BG505.T332N to V3 MAbs that 
neutralize Tier-1 viruses (10). 
 To gain further insights into the autologous NAb response, sera from the nine 
trimer-immunized rabbits with the highest titers against BG505.T332N were tested 
against 109 mutants of this virus with single alanine point substitutions of gp120 
residues. We sought variants with reduced neutralization sensitivities as a result of 
sequence changes that affected key epitope(s). The neutralization profile across the 
virus panel was unique for each serum, showing that the autologous response was 
different, wholly or in part, in each animal (Table S3). The data derived from the mutant 
panel for all nine rabbits were mapped onto the BG505 SOSIP.664 trimer structure (Fig. 
3). Multiple alanine substitutions affected BG505.T332N neutralization. In general, the 
substitutions with the most impact were clustered at the trimer apex and the gp120 
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outer domain (OD), including the periphery of the CD4bs, an exception being that 
serum 1257 was sensitive to the loss of the glycan at C1 residue N88 (Fig. 3, side views). 
Among individual rabbits, 1274 was affected by mutations in V1, V2, C3 and V5; 1410 
by C2, C3, V4 and C5 substitutions; and 1412 by V1, V2 and C5 changes. Among the most 
frequent and largest effects (>5-fold titer reduction for >5 sera) were changes at L125 
(C1); R166 and K168 (V2); P299, R304 and K305 (V3 base); and I420, K421 and Q422 
(C4). Autologous NAbs present in seven of nine rabbit sera were sensitive to changes in 
one or both of the basic R166 and K168 residues in V2 β–strand C. These residues are 
important for forming the epitopes targeted by the bNAbs PG9, PG16 and VRC26 (6, 37), 
but it is possible they have more distant effects on the conformation of other epitopes. 
In rabbit 1412, the autologous response was directed against a conformational epitope 
involving all three of the V1, V2 and V3 regions and also influenced by N137, N156 
and K168 (Tables 1 and 2; Table S3). This sensitivity pattern is akin to a PG9/16-like 
response, except for the lack of dependency on glycan N160 at the trimer apex. Hence 
the autologous NAb response in rabbit 1412 may involve narrow-specificity, PG9/16-
like or VRC26-like antibodies. The gp120 OD, particularly residues in C3 and C4, was 

Figure. 3 Autologous tier 2 NAb responses in sera from BG505 SOSIP.664 trimer-immunized rabbits 
mapped onto the trimer structure. Neutralization data derived when sera from the indicated rabbits were 
tested against a panel of BG505.T332N virus mutants are shown in table S3. Residues in gp120 where Ala 
substitutions reduce neutralization by a factor of 5 to 10 and by a factor of >10 are colored orange and red, 
respectively, on the BG505 SOSIP.664 crystal structure (PDB ID: 4TVP). Each rabbit serum, denoted by a four-
digit number, is mapped individually. In each case, the first row is a top view of the trimer, the second row 
a side view. The glycosylation sites that affect neutralization by rabbit sera 1257, 1274, 1410, and 1412 are 
labeled. For comparison, the bottom two panels illustrate the positions of glycans (red), the glycans resolved 
in the crystal structure (green), the seven amino acid substitutions that were under selection pressure in the 
BG505 infant (7C3, red), and the footprints (within 3 Å) of the bNAbs VRC01 and CH103 (both to the CD4bs), 
PG9, and PGT135 (all side views, except for PG9, top view).
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targeted in several rabbits. The depletion experiments with the 7C3 gp120-D368R 
protein also implicate C3 residues 354–363 as direct or indirect influences on the 
epitope(s) recognized by the autologous NAbs in rabbit sera 1254, 1256, 1274, 1283 
and 1285 (Table 1, Fig. 3). Of note is that BG505.T332N neutralization was adversely 
affected by mutations that eliminated various OD glycan sites including N185, N301 
and N462 (rabbit 1274); N332, N392 and N398 (rabbit 1410); N137, N156 and N386 
(rabbit 1412). We are not aware of the induction of NAbs to glycan-dependent epitopes 
by gp120 monomers or non-native gp140 proteins.
 We used a competition ELISA to study whether the BG505 SOSIP.664, WT.SEKS 
gp140 or gp120 proteins had induced Abs that could block the trimer binding of 
various bNAbs (38). Several sera from SOSIP.664 or gp120 recipients reduced the 
binding of CD4bs bNAbs CH103 and VRC01, and also CD4-IgG2, by >50% whereas sera 
from WT.SEKS gp140 recipients had no such effect (Fig. S8A). The inhibition of CH103 
and VRC01 binding correlated with BG505.T332N neutralization, suggesting that at 
least some serum antibodies mediating the autologous response do so by impeding 
access to the CD4bs (Fig. S8B). However, taken together, the virus mutant data and 
neutralization-depletion experiments with the RSC3 and gp120-D368R proteins imply 
that such antibodies do not target the CD4bs directly (Table 1). We note that when 
the PGT135 bNAb binds to its V3-glycan dependent epitope on the trimer, it reorients 
other glycans so that they now occlude the CD4bs (38, 39). The PGT135 epitope on the 
trimer is proximal to residues implicated in the autologous NAb responses for rabbits 
1274, 1410 and 1412 (Fig. 3, Fig. S8A). Narrow-specificity NAbs with broadly similar 
properties to PGT135, including glycan dependency, that indirectly impede access to 
the CD4bs may be present in some rabbit sera. The competition ELISA also showed that 
sera from some trimer-immunized rabbits inhibited the binding of bNAbs 35022 and 
3BC315 to their trimer epitopes at the gp120-gp41 interface or gp41, while sera from 
gp120- or WT.SEKS-immunized rabbits did not (Fig. S8A). Some autologous NAbs may 
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therefore directly or indirectly occlude epitopes near the bottom of the trimer. Overall, 
the competition ELISA data confirm that multiple epitopes on the BG505 SOSIP.664 
trimer are immunogenic in rabbits, and imply that the trimers were generally more 
efficient than gp120 and WT.SEKS gp140 proteins at inducing Abs capable of inhibiting 
bNAb-trimer interactions (Fig. S8A).

Comparison with the NAb response induced by the BG505 virus in the infected 
infant
As our long-term goal is to devise an immunization regimen that can induce bNAbs, 
we compared the autologous NAb response against the BG505 SOSIP.664 trimers in 
rabbits with the much broader response that developed in the infant from whom the 
BG505 virus was isolated (8) (see Supplemental Methods). The infant’s week-14 serum 
weakly neutralized the BG505 virus, but not BG505.T332N, and completely lacked 
heterologous neutralization activity even against the Tier-1A virus SF162 (Table 3). 
However, a strong cross-neutralization response against Tier-1 and Tier-2 viruses, 
including BG505 and BG505.T332N, had developed by month-27. In a direct comparison, 
week-22 sera from four BG505 SOSIP.664 trimer-immunized rabbits (1256, 1257, 1274, 
1284) neutralized BG505 and BG505.T332N viruses more strongly than the early infant 
sera, but lacked the neutralization breadth present in the month-27 serum (Table 3). 
Thus, the recombinant trimers induced NAb responses in rabbits that are similar, but 
not identical to, the primary infection response of the human infant; autologous NAbs 
were present in both species.
 To guide immunogen design, we studied how BG505 Env sequences evolved 
in the infant. As expected, the month-27 sequences were highly divergent (9%) from 
week-6. In particular, multiple changes within a 10-residue stretch of C3 (residues 
354–363) imply a strong selection pressure on this region (Fig. S9). The predominant 
month-27 sequence had seven C3 changes: G354E, Δ356, T357K, I358T, R360I, A362T 
and N363K (which removed a glycan site). A gp120-D368R variant containing all seven 
changes (termed 7C3) was unable to deplete autologous NAbs from sera of five of the 
13 test rabbits (numbers 1254, 1256, 1274, 1283, 1285), but was active against the 
other eight (Table 1). This variant also did not deplete autologous NAbs from gp120-
immunized rabbit sera 1267 and 1268. These findings underscore similarities in how 
the humoral immune systems of the two species respond to BG505 Env.
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Immunogenicity of BG505 SOSIP.664 trimers in rhesus macaques
In a pilot study, we compared the immunogenicity of BG505 SOSIP.664 trimers and 
gp120 monomers in rhesus macaques (Fig. S1). Three of four sera neutralized the 
autologous BG505.T332N virus at week-26 (median titer, 78), while none of four sera 
from gp120-immunized animals did so (Fig. 1E; Table S4). By week-54, the median 
autologous titer in the macaques approached that in the rabbits at week 22–26, i.e., 
203vs. 570 (Fig. 1E; Table S4, cf. Fig. 1A). As the anti-gp120 and anti-trimer ELISA titers 
in the macaques were ~5-fold lower than in the rabbits (Fig. S10,A and B, cf. Fig. S4A), a 
stronger adjuvant might be advantageous. NAb titers against Tier-1 viruses MW965.26 
and MN.3 were similar at week 26 and 54 time points, and did not differ markedly 
between trimer and monomer groups at week-26 (Fig. 1F and G). None of the eight sera 
neutralized the heterologous Tier-2 clade C virus Ce1176 (Fig. 1H).

In the competition ELISA, sera from trimer-immunized macaques induced 
stronger bNAb-blocking responses than gp120 recipients, including Abs that reduced 
access of CH103 and VRC01 to the CD4bs and, to a lesser extent, of PGT145 to the trimer 
apex (Fig. S8A). In addition, the BG505 gp120-D368R protein but not its 7C3 variant 
depleted BG505.T332N NAbs from rh1987 sera (Table 1) suggesting that, as in some 
rabbits, the C3 region is involved in this autologous response.

Conclusions
Inducing high titers of autologous Tier-2 NAbs may be a necessary first step in the 
elicitation of bNAbs (3–6). The strong and consistent autologous response to the BG505 
and B41 SOSIP.664 trimers reflects their native-like structure, homogeneity, stability 
and antigenicity, as well as the immunogenicity of the BG505 virus in the infected 
infant (8, 10–12, 14, 16, 23). Taken together, the mapping studies show that multiple 
specificities contribute to the autologous NAb responses against the BG505 trimers, 
including antibodies that recognize glycan-influenced epitopes. If a polyspecific 
response could be achieved in humans, it might provide broader coverage against 
circulating viruses, but a human vaccine must generate a more broadly neutralizing 
response than we report here. The native structure of SOSIP.664 trimers allows 
candidate immunogens to be rationally redesigned to try to improve immunogenicity.
Among relevant but not mutually exclusive strategies include: introducing sequence 
changes to increase the stability of the trimer apex and associated bNAb epitopes while 
reducing the antigenicity of V3 and other non-NAb epitopes that may be immunologic 
distractions; immunizing with sequential SOSIP.664 trimers based on later-arising 
BG505 sequences or cocktails of different trimers (e.g., from clades A, B and C, etc.) 
(23); priming with trimer variants that trigger germline responses (4, 5, 32, 40). Overall, 
our results strongly validate the concept of using native-like trimers and structural 
information to create an HIV-1 vaccine that induces bNAbs.

Methods

Immunogens and Immunizations
The BG505 SOSIP.664 trimers, gp120 monomers and WT.SEKS uncleaved gp140 
proteins were all produced and purified as reported previously (10, 14, 19). Unless 
specified, the proteins were expressed in HEK293T cells by transient transfection and 
purified via a 2G12 MAb-affinity column followed by size-exclusion chromatography 
(SEC). Protein purities and properties were comparable to those described elsewhere 
(10, 14, 19). BG505 SOSIP.664 trimers were also expressed in HEK293S cells that 
lack N-acetylglucosaminyltransferase I (GnTI−/−). The resulting Env proteins bear 
glycans that are not fully processed and remain in oligomannose form (21, 22). Samples 
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of the 293S cell-derived trimers were treated with the EndoH glycosidase, as previously 
described, to reduce their total glycan content (22). The clade B B41 SOSIP.664 and B41 
SOSIP.664-D7324 trimers were produced from stable CHO cell lines that were cultured 
in 0.5% serum (23). The trimers were purified by 2G12 affinity chromatography 
followed by SEC, as described elsewhere; the extent of V3-clipping was negligible (23). 
The YU2 gp140-Fd protein was made in HEK293T cells under contract for IAVI by Dr. 
Guillaume Stewart-Jones (University of Oxford, Oxford, UK), as described elsewhere 
(41). Rabbit immunizations and blood sampling were carried out under subcontract 
at Covance (Denver, PA) according to the schedule presented in Fig. S1B. Female New 
Zealand White rabbits (usually 4 per group) were immunized intramuscularly with 30 
µg of the various Env proteins (40 µg in experiment 3). The proteins were formulated in 
75 Units of ISCOMATRIX™, a saponin-based adjuvant obtained from CSL Ltd. (Parkville, 
Victoria, Australia) (42). Macaque immunizations and blood sampling were carried out 
at the Wisconsin Primate Center according to the schedule in Fig. S1B. Rhesus macaques 
(4 per group) were immunized intramuscularly with 100 µg of BG505 SOSIP.664 or 
gp120 proteins formulated in 75 Units of ISCOMATRIX™.

MAbs and human sera
The MAbs used here were provided by the following individuals: CH103 and CH31, 
Dr. Barton Haynes (Duke University, Durham, NC); VRC01, Drs. Peter Kwong and John 
Mascola (NIH/VRC, Bethesda, MD); NIH45–46, NIH45–46W, 3BNC60, 3BNC117, 12A12, 
12A21, Dr. Michel Nussenzweig (Rockefeller University, New York); various MAbs used 
for tier classification, Dr. Susan Zolla-Pazner (New York University School of Medicine, 
New York). MAbs 2G12 and 2F5 were obtained through the NIH AIDS Reagent Program, 
Division of AIDS, NIAID, NIH from Dr. Hermann Katinger. The serum samples used 
for the neutralization sensitivity (i.e., Tier) classification of BG505.T332N have been 
described elsewhere (43). Sera obtained from individuals chronically infected with 
clade-A HIV-1 strains were gifts from Dr. Barton Haynes and Dr. Aine McKnight (Barts 
& The London Medical School, London, UK). MAb ARP3119 used for western blotting 
was acquired from the Programme EVA Centre for AIDS Reagents.

BG505 viruses and serum
The BG505 infant was HIV-1 DNA-negative at birth, but DNA-positive six weeks later, 
suggesting that infection occurred within this window (8). The sequence of a week-
6 clone is the basis of the BG505 SOSIP.664 protein construct, in which a T332N 
substitution was made to restore bNAb epitopes that require the N332 glycan (7, 8, 
10, 24). The same change was made to create the BG505.T332N variant of the week-6 
BG505 virus (10). Serum samples were available from week-6, week-14 and month-27.

ELISA reagents and procedures
The D7324-epitope-tagged version of BG505 SOSIP.664, referred to as SOSIP.664-D7324, 
and BG505 gp120 with a reconstructed D7324 epitope in C5, were made as described 
previously (10). JR-CSF gp120 was prepared by Diane Kubitz at the Scripps Center 
for Antibody Development and Production (La Jolla, CA) using transient transfection 
of HEK293F cells, and purified by Galanthus nivalis lectin (Vector Labs, Burlingame, 
CA) affinity chromatography followed by SEC using a Sephacryl S200HR column. Anti-
gp120 and anti-trimer ELISAs using the above proteins as antigens were performed 
as described previously (10). The C-terminal His-tagged BG505 SOSIP.664-His trimer 
was prepared as described previously (16, 38). His-tagged BG505 gp41 (gp41-His) was 
produced as follows: A His-tagged version of the BG505 IP.664 gp140 protein, which 
is based on the SOSIP.664 construct but with the SOS disulfide bond omitted (14), was 
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expressed in the presence of excess furin in 293F cells. The protein was purified via the 
His-tag using Ni-NTA chromatography with elution using 250 mM imidazole, followed 
by three rounds of negative selection using a 2G12 bNAb column to remove any residual 
gp120 or uncleaved gp140 proteins. The purified gp41 protein bound the gp41-specific 
non-NAb F240 efficiently, but did not bind 2G12 or VRC01, indicating that contaminant 
gp120 or gp140 proteins were not present (data not shown). The gp41 protein also 
did not bind the PGT151 or 3BC315 bNAbs, suggesting that it was not in a pre-fusion 
conformation (not shown; (38, 44). Ni-NTA ELISAs using His-tagged trimers and the 
gp41 protein were performed as described elsewhere (38).

For bNAb competition ELISA experiments, rabbit or macaque sera (1:100 
dilution) were incubated with D7324-captured BG505 SOSIP.664-D7324 trimers for 
1 h. A biotinylated bNAb was then added at a concentration sufficient to give ~80% 
of the maximum binding signal, as assessed in a prior titration experiment (i.e., with 
no competitor present). The bound bNAb was detected using horseradish peroxidase 
(HRP)-labeled streptavidin. As the PGT151, 35O22 and 3BC315 bNAbs, and also CD4-
IgG2, could not be biotinylated without impairing their binding activity (38) we detected 
unlabeled human bNAbs using an HRP-labeled donkey anti-human IgG conjugate that 
was minimally cross-reactive with rabbit IgG (Jackson Immunoresearch, Westgrove, 
PA). The latter assay format was unsuitable for macaque sera because the anti-human 
antibody cross-reacted with macaque IgG. As a result, it was not possible to test the 
macaque sera for inhibition of PGT151, 35O22, 3BC315 or CD4-IgG2 binding to the 
trimer.

To analyze the relative titers for serum antibody binding to conformational vs. 
linear epitopes, trimers (0.1 μg/ml) or monomers (0.03 μg/ml) were denatured by 
heating for 5 min at 99°C in 50 μl of TBS/10% FCS/1% SDS/50 mM DTT (sodium 
dodecyl sulfate, SDS; dithiothreitol, DTT). The samples were then diluted 140-fold in 
TBS/10% FCS to prevent SDS and DTT from interfering with the ELISA. The use of 
both SDS and DTT ensures that the Env proteins are fully denatured by heat treatment 
(45). The native or denatured proteins were then used in a D7324-capture ELISA, 
essentially as described elsewhere (10, 45). The relative reduction of binding to the 
denatured vs. native Env proteins was calculated using the half maximal binding values 
(EC50).

Neutralization assays
TZM-bl cell neutralization assays using Env-pseudotyped viruses were performed at six 
sites. For additional information on the assay and all supporting protocols see: http://
www.hiv.lanl.gov/content/nab-reference-strains/html/home.htm. The performance 
sites were as follows: HMS, Harvard Medical School, Boston, MA and DUMC, Duke 
University Medical Center, Durham, NC (for methodology see (46)); IAVI, International 
AIDS Vaccine Initiative, Brooklyn, NY (for methodology see (24)); AMC, Academic 
Medical Center, Amsterdam (methodology see (10)); WCMC, Weill Cornell Medical 
College, New York, NY (methodology see (47)); FHCRC, Fred Hutchinson Cancer 
Research Center, Seattle, WA (methodology see (8)); TSRI, The Scripps Research 
Institute (methodology see (48)). The Env-pseudotyped viruses and their Tier 
classifications have been described elsewhere (8, 49–52), as have the BG505.T332N 
and BG505 Env-pseudotyped viruses (8, 10, 24). The BG505.T332N Env-pseudotyped 
virus was used except when the test virus is specifically stated to be BG505 (i.e., without 
the T332N substitution). Also note that the MN Env-pseudotyped virus used at DUMC 
is designated MN.3. We did not use the A3R5 cell assay because of our concerns that it 
produces false-positive, and hence misleading, detection of NAbs to Tier-2 viruses.

Tier categorization of the BG505.T332N and B41 Env-pseudotyped viruses 
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was based on the neutralization sensitivity to a panel of MAbs directed against various 
epitopes as well as a panel of sera from humans infected with clade-A viruses, in 
comparison with previously tiered viruses (49). Data on BG505.T332N sensitivity 
to another panel of 50 MAbs can be found elsewhere (10). For both viruses, the tier 
classification experiments were performed at DUMC. We constructed a set of BG505.
T332N alanine mutants for mapping NAb responses (Table S3).

Neutralization depletion experiments
Proteins for neutralization depletion experiments (BG505 gp120-D368R and variants; 
BG505 SOSIP.664-D368R; RSC3 (53)) were expressed transiently in HEK293F cells 
and purified by 2G12-affinity chromatography. All reagents were based on the BG505 
sequence, except for the RSC3 protein. The D368R change was introduced to ensure 
that the gp120 or SOSIP.664 gp140 proteins do not bind to CD4 on the cell surface 
and thereby inhibit HIV-1 infection competitively. ELISA experiments confirmed that 
the D368R substitution strongly reduced the binding of CD4 and several CD4bs bNAbs 
to BG505 gp120 (data not shown). The gp120-D368R 7C3 reagent contains 7 amino 
acid changes in C3 (G354E, Δ356, T357K, I358T, R360I, A362T and N363K) based 
on the month-27 sequences from infant BG505 (Fig. S9). Substitutions and deletions 
were made using the Quickchange mutagenesis kit (Agilent, Santa Clara, CA). The 
plasmid expressing RSC3 (donated by Drs. Kwong and Mascola; NIH/VRC, Bethesda, 
MD) has been described elsewhere (53). The basis for the design of the BG505 V1V2-
scaffold protein has also been described (54). The protein was expressed in HEK293S 
GnTI−/− cells and purified via its C-terminal 6xHis tag using Ni-NTA chromatography 
and NiCl2 elution, followed by SEC on a Superdex 200 column. The theoretical MW of 
the scaffold, including glycans, is ~25 kDa. BG505-derived peptides with the following 
sequences were purchased from Genscript (Piscataway, NJ):

•	 V1: TNVTNNITDDMRGELKN;
•	 V2 (5 overlapping peptides): MTTELRDKKQKVYSL, DKKQKVYSLFYRLDV, 

YSLFYRLDVVQINEN, LDVVQINENQGNRSN, ENQGNRSNNSNKEYR;
•	 V3: TRPNNNTRKSIRIGPGQAFYATGDIIGDIRQAH;
•	 C1-V1: VKLTPLCVTLQCTNVTNNITDDMRGELKN.

To characterize the specificities of NAb responses induced in the rabbits, competitor 
Env proteins or peptides were incubated with appropriately diluted sera (total volume 
25 µl) for 1 h at 37 °C. The competitor Env proteins were present at a concentration 
of 40 µg/ml except for the V1V2-scaffold protein (20 µg/ml). The competitor peptides 
were also used at 40 µg/ml, except that each individual component of a cocktail of 5 
overlapping V2 peptides was present at 20 µg/ml. The Env-pseudotyped virus was then 
added to the serum-competitor mixture for 1 h before infection of TZM-bl target cells 
was initiated. The rest of the assay was carried out as described above and elsewhere 
(10). Neutralization titers were expressed as the reciprocal serum dilution that caused 
50% inhibition of virus infection (IC50). The extent of neutralization depletion by the 
added competitor was expressed as the fold-reduction in the IC50 value.

Pepscan analysis
15-mer peptides, overlapping by 14 residues, from the BG505 SOSIP.664 as well as 
the unmodified BG505 gp140 sequences, were synthesized by Fmoc coupling on the 
solid support of a Pepscan hydrogel (55). The peptide libraries were probed with heat 
inactivated human sera, at a 1:1000 dilution. After extensive washing, a goat anti-
human HRP conjugated secondary antibody was added, followed by color development 
using 2,2’-azino-bis(3–ethylbenzothiazoline-6-sulphonic acid). A charge-coupled 
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device camera was used to quantify the absorbance at 405 nm. For every individual 
Pepscan dataset, the data were normalized to the average signal intensity derived from 
the overall analysis.

Negative stain electron microscopy
The BG505 WT.SEKS, BG505 SOSIP.664 and YU2 gp140-Fd proteins, as well as 
ISCOMATRIX™ adjuvant-formulated BG505 SOSIP.664 trimers, were analyzed by 
negative stain electron microscopy (EM). Samples were prepared for analysis as 
previously described (10, 14). Briefly, a 3 µL aliquot containing ~0.01 mg/mL of 
protein 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 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 2.05Å at the specimen plane. Images were acquired with a 
Tietz TemCam-F416 CMOS camera using a nominal defocus range of 900 to 1300 nm.

Data processing methods were adapted from those used previously (10, 14). 
Particles were picked automatically using DoG Picker and put into a particle stack 
using the Appion software package (56). Initial, reference-free, two-dimensional (2D) 
class averages were calculated using particles binned by two via Iterative Multivariate 
Statistical Analysis (MSA)/Multi-reference Alignment (MRA) and sorted into classes 
(57). Particles corresponding to trimers were selected into a substack and binned by 
two before another round of reference-free alignment was carried out using Iterative 
MSA/MRA and Xmipp Clustering and 2D alignment algorithms (58).
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In this thesis we described the antigenic structure of the HIV-1 envelope glycoprotein 
(Env) trimer mimetic BG505 SOSIP.664. We also showed how the trimer performed as 
an immunogen in vaccination studies in rabbits and macaques. In the research described 
in chapters 2, 3, 4, 5 and 7 we focused on determining the detailed antigenic structure 
of the BG505 SOSIP.664 trimer and how these trimers can be used in determining 
epitopes for quaternary-structure dependent broadly neutralizing antibodies (bNAbs). 
In chapter 6 we assessed the influence of glycosylation probability as determined by 
the second position of potential N-linked glycosylation sites (PNGS) on the BG505 
SOSIP.664 glycan shield. In chapter 8 we determined the immunogenicity of the BG505 
SOSIP.664 trimer by vaccinating rabbits and macaques.

The driving hypothesis of this thesis is that a good mimic of the HIV-1 Env 
glycoprotein trimer should be more efficient at inducing neutralizing antibodies (NAbs) 
compared to other Env forms. This hypothesis originates from research performed  
more than two decades ago, when it was found that neutralization correlates better 
with antibody (Ab) binding to the native trimer than Ab binding to monomeric gp120 
(1, 2). However, creating a soluble, stable mimetic of native Env trimers has proven to 
be a challenge. The BG505 SOSIP.664 trimer described in this thesis is the first bona 
fide antigenic and structural mimic of the native Env trimer (3–8). Furthermore, testing 
the BG505 SOSIP.664 trimer as an immunogen in rabbit and macaques indicated that 
it induced a strong NAb response against autologous neutralization resistant (Tier-
2) viruses (9), something that has not been achieved by any other HIV-1 vaccine 
immunogen. Although the BG505 SOSIP.664 protein induced a strong autologous Tier-
2 NAb response, which may be a necessary step towards the induction of bNAbs, no 
such bNAbs were induced. Moreover, strong Ab responses against non-neutralizing 
epitopes such as the V3 domain were observed. Thus, the BG505 SOSIP.664 trimer 
might represent a first step in the development of bNAbs but it is certainly not the “holy 
grail” and will require additional improvements. Here we discuss different routes that 
can be taken to achieve the goal of broadening the NAb response in vaccination studies.

Further stabilization of the pre-fusion Env trimer
The BG505 SOSIP.664 trimer, like the native Env trimer, conformationally fluctuates 
between the closed pre-fusion state and more open conformations (10–12). This 
flexibility results in the binding of some non-NAbs to the V3 domain, a CD4 induced 
(CD4i) epitope and a subset of CD4bs epitopes that are not accessible on the native 
Env trimer (3). Furthermore, the BG505 SOSIP.664 trimer induces high levels of V3-
directed non-NAbs in rabbits (9). Whether the conformational flexibility negatively 
affects the performance of BG505 SOSIP.664 as an immunogen by the induction of 
unwanted, possibly distracting non-NAbs such as V3, is not known. A recent study made 
a first attempt to address this (13). Several mutations, E64K/H66R and A316W, were 
introduced in the gp120 subunit of the BG505 SOSIP.664 trimer and other SOSIP.664 
trimers. These substitutions kept the SOSIP.664 trimers in the closed, pre-fusion state 
and reduced the binding of non-NAbs that target the V3 and CD4i epitopes. In in vivo 
studies, a reduction of  V3 directed non-NAbs was observed without compromising 
neutralization of the autologous virus. However, despite the reduction of V3-directed 
non-NAb responses, no increased breadth was observed. The question if non-NAb 
responses are really distracting the immune system was thus not answered and needs 
further research. Nevertheless, this research showed that these stabilized SOSIP.664 
trimers, termed SOSIP.v4 trimers, are interesting new vaccine candidates and further 
improvement and formulation of these SOSIP trimers may result in a vaccine that 
induces broader NAb responses. A second study made use of antigenicity-guided 
structural design to determine the appropriate conformation Env and fix the desired 
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target shape (14). The efficacy of bNAb binding and induction of conformational 
changes was analyzed together with an in-depth analysis of structural compatibility. 
Introduction of a disulfide bond between residues 201C and 433C in the bridging sheet 
of gp120 fixed the BG505 SOSIP.664 trimer in the ligand-free closed conformation. 
Whether these trimers induce NAb responses has yet to be evaluated. 

The SOSIP design is not the only strategy to produce soluble and homogeneous 
Env mimics. Sharma et al. (2015) describes an uncleaved Native Flexibility Linked 
(NFL) trimer (15). The Furin cleavage motif REKR was replaced by a Glycine-Serine 
based (G4S) flexible peptide linker which covalently links the gp120 and gp41 subunits.  
Together with the gp41 helix-destabilizing I559P mutation, this allowed the formation 
of native-like, well-ordered Env trimers. A study by Guenaga et al. (2015) used the 
structural information on the BG505 SOSIP trimer to generate improved NFL trimer 
variants of the subtype B JR-FL isolate and the subtype C 16055 isolate (16). Important 
stabilizing elements found in the BG505 sequence were transferred to the JR-FL and 
16055 NFL trimers, resulting in enhanced homogeneity and thermostable trimer 
variants. The analysis also revealed three regions that determine Env stability: the 
gp120-gp41 interface, the pre-bridging sheet and the V2V3 interface. Introduction of 
the above described disulfide bond further improved the NFL trimers and allows one 
to explore the hypothesis that stabilized immunogens will elicit better NAb responses.

A different approach to stabilize the Env trimer in the pre-fusion conformation 
was described by Cheng et al. (2015) and involves using bNAbs that fix this particular 
conformation (17). As mentioned above the BG505 SOSIP.664 trimer can under some 
conditions expose the immunogenic V3 epitope. To reduce this exposure, the BG505 
SOSIP.664 trimer was complexed with the antigen-binding fragment (Fab) domain 
of the PGT145 bNAb. This stabilized BG505 SOSIP.664 trimers in the pre-fusion 
conformation, increased the thermal stability and reduced V3 exposure. This complex 
also elicited reduced V3 directed non-NAb responses by ~100 fold in guinea pigs, 
but the NAb responses against the autologous BG505 virus was similar as the BG505 
SOSIP.664 trimer and no breath was observed. Even so, an improved immunogenicity 
was seen by the reduction of V3 directed non-NAbs and the use of bNAbs to stabilize the 
pre-fusion state of Env is an interesting approach that merits further experimentation.

Multivalent vaccination using different SOSIP.664 trimers
The sequence diversity of the HIV-1 subtypes presents a major challenge in the 
development of an HIV-1 vaccine (18). One approach to broaden NAb responses to 
tackle thise Env sequence diversity is the development of multivalent vaccination. 
The idea for this vaccination strategy originates from influenza vaccine field, where 
the most commonly used form is a trivalent inactivated vaccine (TIV) (19). This 
vaccine is composed of the 3 current circulating seasonal influenza strains; comprising 
2 influenza A types (H1N1 and H3N2) and 1 influenza B type. The vaccine provides 
immunity through the induction of NAb but the vaccine regiment has to be adjusted 
every year because influenza virus changes rapidly (19). A second licensed multivalent 
vaccine is the pneumococcal vaccine (20). This novel conjugate vaccine makes use of 
capsular polysaccharides from the 7 most frequent pneumococcal serotypes causing 
pneumococcal disease in children <2 years of age (20, 21). The vaccine induces a B- 
and T-cell response, resulting in mucosal immunity and effectively protects against 
the invasive pneumococcal bacteria. Human papillomavirus (HPV) infection can cause 
cervical cancer in women and a prophylactic quadrivalent vaccine, using the L1 major 
capsid protein of HPV types 6, 11, 16 and 18, demonstrated an efficacy of 90% in a phase 
II efficacy trial (22). Women that received the vaccine developed higher detectable Ab 
responses to HPV compared to those that received a placebo or who experienced a 
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natural HPV infection. 
As HIV-1 invades via mucosal tissue, inducing such local immunity is highly 

desirable for an effective HIV-1 vaccine, thereby making multivalent vaccination a very 
interesting approach. A recent study characterized three acute clade C HIV-1 Env gp140 
trimers and used them singly or as cocktails in immunization studies in guinea pigs 
(23). The guinea pigs immunized with the cocktail elicited a greater magnitude of NAbs 
against a panel of Tier-1A and -1B viruses compared to a single Env trimer. Although the 
improved NAb response was against easy to neutralize (Tier-1) viruses, it represents a 
promising vaccine strategy when using native-like Env trimers. Since the discovery of the 
BG505 SOSIP.664 trimer, more native-like SOSIP.664 trimers have been identified after 
screening many env gene sequences. Recently described SOSIP.664 trimers are based 
on subtype B env sequences (B41 and AMC008) and subtype C env sequences (ZM197M 
and DU422), and additional env sequences are currently being screened to increase this 
number (12, 13, 24). In silico modelling of germinal centers predicted that a multivalent 
malaria vaccine, based on the highly polymorphic malaria apical membrane antigen-1, 
would select cross-reactive B-cells more efficiently than a monovalent vaccine (25). 
A second in silico study predicted a similar result for a multivalent gp120 vaccine, 
although the authors argued that sequential vaccination using different monomeric 
gp120s would be more advantageous (26). Even so, using native-like trimers like the 
SOSIP.664 trimers, a multivalent vaccine may work because these trimers expose less 
non-NAb epitopes compared to monomeric gp120. The efficacy of multivalent vaccines 
is currently being determined in rabbit vaccination studies. 

Sequential vaccination
The development of bNAbs occurs in approximately 20% of HIV-1 infected individuals 
and these bNAbs usually emerge 2-3 years after infection, although individuals have 
been described in which they developed after 1 year (27, 28). Thus, bNAbs do not 
develop instantly in response to a single antigen, but they are likely the product of 
continuous co-evolution of the immune-escaping viral quasispecies and renewed cycles 
of antibody affinity maturation. Hence it is unlikely that they will develop in response 
to a vaccine with a constant composition. In recent years, many bNAbs have been 
discovered and we are learning more about their developmental pathways, which can 
be translated into vaccine design strategies. Tomaras et al. (2011) describes various 
neutralization epitope specificities in 9 infected donors (29). In some individuals, 
breadth was mediated by 2 or more Ab specificities and the greatest neutralization 
breadth was mediated by Abs that target different epitopes in the gp120 subunit, 
including the CD4bs, a quaternary epitope in the V2 and V3 loops, or the outer domain 
(OD) epitope containing the N332 glycan. In a study of Wibmer et al. (2013) it was 
shown that the broad neutralizing potency in the plasma of patient CAP257 was due to 
a sequential, transient appearance of three distinct bNAb specificities (30). The study 
revealed the step by step viral escape mechanisms and the maturation response by the 
immune system that resulted in the different bNAb specificities. Other studies followed 
the affinity maturation of bNAbs that target the CD4bs. In one of these studies, the 
evolution of the bNAb response in the CH505 patient was documented and revealed 
the underlying mechanisms between viral escape and maturation of the CH103 
lineage (31). The viral escape mechanisms from VRC01-class bNAbs that also target 
a conserved epitope in the CD4bs was evaluated by Lynch et al. (2015) (32). To map 
the escape pathway induced by VRC01-like NAbs, they used Envs from donor 45 from 
whom the VRC01 bNAb was isolated. The early autologous viruses lacked the highly 
conserved N276 glycan and the introduction of this glycan by virus evolution may have 
triggered the affinity maturation of the highly potent VRC01 bNAb. A recent study by 
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Garces et al. (2015) described the affinity maturation of the PGT121 bNAb family (33), 
which  primarily focused on avoiding, accommodating or binding of the N137 glycan. 
These studies are very important in understanding the affinity maturation pathways of 
bNAbs and the escape mutations introduced by the virus. Native-like Env trimers, like 
the BG505 SOSIP.664 trimer, can be modified so that they mimic viral escape pathways. 
Longitudinal plasma samples of the BG505 patient are available and this plasma showed 
impressive neutralizing responses (34). This patient developed bNAbs relatively 
rapidly, and the evolutionary pathways can be delineated by isolating Env sequences 
from the BG505 patient over time. This sequence information can guide the design of 
SOSIP.664 trimers that mimic the bNAb induction pathway in vaccination studies. A 
similar approach can be followed by creating Env trimers that mimic the VRC01, CH103, 
PGT121, or other bNAb developmental pathways, from well-characterized individuals. 
This sequential immunization will hopefully lead to a mature bNAb responses and 
protection against infection by diverse HIV-1 strains.

Activating germline precursors of bNAbs
As described above, to generate bNAbs by vaccination it may be necessary to mimic 
the affinity maturation pathway of a particular bNAb (35). An important step in such 
an immunization strategy is that the initial immunogen activates the B-cells carrying 
the germline repertoire of such bNAbs (35). However, predicted germline precursors 
of bNAbs usually do not bind to Env proteins. For example the inferred germline 
version of the VRC01 bNAb exhibited no detectable affinity for viral Envs and most 
recombinant Env proteins do also fail to engage germline versions of CD4bs bNAbs 
(36, 37). Jardine et al. (2013) designed an immunogen (eOD-GT6) that was able to 
activate both germline and mature VRC01 B-cells in vitro (36). McGuire et al. (2013), 
showed that Env immunogens failed to engage the germline-reverted forms of known 
CD4bs bNAbs, but when they deleted the N276, N460 and N463 glycosylation sites, 
allowed Env binding to, and activation of, B-cells expressing the germline-reverted 
forms of VRC01 and NIH45-46 (38). A second study by McGuire et al. (2014) revealed 
a mechanistic explanation why recombinant Envs fail to induce bNAb responses (39). 
Germline-reverted B-cells expressing Abs that have a narrower neutralization breadth 
than bNAbs recognize diverse recombinant Envs, whereas B cells expressing bNAbs do 
not. This is most likely due to the fact that Abs with a narrower neutralization breadth 
have a higher affinity for recombinant Envs and are thus selected over bNAbs that 
have a lower affinity. Designing an immunogen that activates the germline B-cells of 
bNAbs is therefore desired. Sliepen et al. (2015) found that some inferred germline 
precursor bNAbs were able to bind recombinant trimers based on the SOSIP.664 design 
(40). This implies that trimers based on this platform can be used for structure-guided 
design improvements to target bNAb germline precursors. A recent study of Jardine 
et al. (2015) describes an improved version of the eOD-GT6 immunogen (eOD-GT8) 
(41). This immunogen binds to VRC01-class bNAb precursors but also binds germline-
reverted VRC01 heavy chains in immunized knock-in mice. Dosenovic et al. (2015) 
immunized knock-in mice bearing the predicted germline or mature heavy chain of 
the potent CD4bs bNAb 3BNC60 (42) with the eOD-GT8 immunogen. This immunogen 
was able to activate germline precursor B-cells of the 3BNC60 bNAb, where native-
appearing Env trimers failed, but it did not induce bNAbs. This study showed that a 
specifically designed immunogen can activate specific bNAb germline-bearing B-cells, 
but immunizations with related immunogens are needed to eventually elicit bNAbs. 

Presenting Env trimers on nanoparticles
Another very promising immunization strategy is presenting native-like Env trimers 
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on nanoparticles. Display of multiple copies of a specific antigen on nanoparticles 
induces B-cell receptor cross-linking and enhances Ab responses (43). Such vaccines 
are already used to protect against hepatitis B virus and papilloma virus infections 
(44). Nanoparticle vaccines are also tested for influenza and in one study they placed 
the influenza haemagglutinin (HA) protein on a ferritin nanoparticle of Helicobacter 
pylori (45). Immunization with this HA nanoparticle elicit antibody titers that were 
10-fold higher compared to licensed influenza vaccines. In a similar study, a H1 HA 
stem-only on a ferritin nanoparticle was used to immunize mice and ferrets (46). The 
vaccine elicited bNAbs that completely protected mice and partially protected ferrets 
against challenge with the lethal H5N1 influenza virus. This ferritin-based nanoparticle 
could be very interesting for an HIV-1 vaccine and a recent study presented the BG505 
SOSIP.664 trimer on ferritin-based nanoparticles (47). Immunizing rabbits with these 
particles significantly improved the NAb responses against most Tier-1A viruses and 
showed higher responses against Tier-1B viruses and the autologous Tier-2 virus 
compared to soluble trimers. Although this study did not improve Tier-2 breadth, it 
significantly improved Ab titers and is a very promising design concept to improve the 
overall immunogenicity of Env. In another nanoparticle-based strategy, rabbits were 
immunized with membrane-expressed JR-FL Env trimers and these virus-like particle 
(VLP) elicited Tier-2 NAb responses in several immunized rabbits (48). Studies are 
underway to present Env trimers from different HIV-1 clades on ferritin particles. 
Whether these particles will induce a broader response is not known yet, but it presents 
a novel approach for an HIV-1 vaccine.

bNAbs as therapeutics
An HIV-1 vaccine design should induce bNAbs to protect against infection but this 
goal has not yet been achieved. In recent years, many bNAbs have been discovered 
and multiple studies have shown that they protect against viral infection in macaques 
(reviewed in (49)). bNAbs may also be useful as therapeutic (50–53). A first-in-human 
dose escalation phase I clinical trial, using the potent CD4bs bNAb 3BNC117 in HIV-
1 infected and uninfected individuals, showed that the viral load was significantly 
reduced  for at least 28 days (54). Another bNAb, VRC01, was evaluated as a therapeutic 
in antiretroviral therapy (ART) treated and untreated HIV-1 infected individuals (55). 
The results of this study indicated that a single infusion of VRC01 significantly decreased 
the plasma viral load, but preferentially suppressed VRC01 sensitive viral strains. Using 
a single bNAb as therapeutic will not likely lead to sustained viral suppression, but a 
combination of bNAbs, as used in prophylactic studies, may do the trick.  

A different way to achieve protection by bNAbs may be through passive genetic 
immunization by the  transfer of genes encoding bNAbs and this approach is based on 
gene therapy (56). A proof-of-concept study injected mice with an adeno-associated 
virus (AAV) vector containing the gene encoding the b12 bNAb, which was detectable 
in the sera for over 6 month (57). Johnson et al. (2009) tested the antibody gene 
transfer immunization approach in macaques with artificial antibody-like molecules 
that bind simian immunodeficiency virus (SIV) Env protein on virion particles (58). 
Of the 9 immunized macaques, 6 remained uninfected after viral challenge and the 3 
that became infected did not suffer any AIDS-related symptoms. Balazs et al. (2012) 
designed a genetically altered AAV vector to deliver the genes of bNAbs into the leg 
muscle cells of mice (59). The transduced cells produced the antibodies at a maximum 
level around 12 - 16 weeks and stable production at a 2 – 3 fold lower level was 
maintained up to 64 weeks. The efficacy of this strategy was evaluated in humanized 
mice expressing the bNAb 2G12, 4E10, 2F5, b12 or VRC01. The animals expressing 
2G12, 4E10 or 2F5 were partially protected and the animals expressing b12 or VRC01 
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were completely protected against viral challenge. In a recent study, rhesus macaques 
were inoculated with an AAV based gene therapy vector expressing a CD4-Ig molecule 
(60). This molecule was expressed for more than 40 weeks and the macaques were 
protected against several viral challenges. Macaque humoral responses to the expressed 
CD4-Ig molecule and 4 AAV-expressed bNAbs, inoculated for a different study, was also 
measured. The anti-Ab responses to the bNAbs was markedly higher compared to the 
CD4-Ig molecule, although this anti-Ab response will most likely be lower in humans 
as these bNAbs were isolated from humans. The reduced immunogenicity of the CD4-
Ig molecule, compared to bNAbs, means that its concentration will be maintained at 
tolerated and protective levels. This protective vaccine design shows potential, but 
getting permission to use gene therapy in a clinical trial will be a major hurdle. Even so, 
using gene therapy to express the CD4-Ig molecule, or even multiple bNAbs, warrants 
further research because of its broad and potent neutralizing potency.
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Conclusions
An effective HIV-1 vaccine should induce high titers of bNAbs to protect against virus 
infection, but currently no vaccine candidate is able to do this. In approximately 20% 
of HIV-1 infected individuals, potent bNAb responses develop that target the Env 
glycoprotein complex. This finding suggests that induction of such bNAbs should be 
possible by creating immunogenic mimics of the Env complex. One approach is by 
creating stable, soluble mimics of the HIV-1 Env trimer. One such mimic is the BG505 
SOSIP.664 trimer, which is based on the transmitter/founder virus Env sequence 
BG505 that resembles the native Env spike, both structurally and antigenically. Rabbit 
and macaque vaccination studies revealed that BG505 induced a potent NAb response 
against the autologous Tier-2 virus, but this response lacked breath at the Tier-2 level. 
The results revealed that antigenic and structural mimics of the Env spike are able 
to induce NAb responses at the Tier-2 level, a result never achieved before. This is a 
major step forward in creating an effective HIV-1 vaccine but the design still needs 
to be improved to broaden this response. Different approaches are being pursued in 
order to achieve this goal, such as further stabilization of the pre-fusion state of Env, 
multivalent and sequential immunizations, activating germline precursor B-cells, and/
or presenting Env on nanoparticles. Some of these approaches already show very 
promising results, i.e. activating the precursor B-cells of bNAbs. This step is necessary 
in the development of bNAbs and the first results show that this is already possible by 
using the correct immunogen. Recreating the developmental pathways of bNAbs will be 
the second step. As we learn more about how bNAbs evolve in HIV-1 infected individuals 
by adaptation to viral escape variants, the SOSIP.664 trimer platform can be a valuable 
tool to apply this knowledge to vaccine design. Structural-design improvements can be 
applied to these trimers, so that they will mimic the step-by-step viral escape pathway, 
hopefully leading to the development of these types of bNAbs in vaccinated individuals. 
The results described in this thesis contribute to the understanding of the antigenic 
structure of Env trimers and shows that the native-like trimer design results in the 
induction of potent NAb responses and might be essential for the creation of an effective 
HIV-1 vaccine.  
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Summary
Despite more than 30 years of research no HIV-1 vaccine is available that induces 
protection, e.g. by means of broadly neutralizing antibodies (bNAbs). The only relevant 
target for bNAbs is the HIV-1 envelope glycoprotein (Env) complex on the outside of 
virion particles and as such this protein complex takes center stage in HIV-1 vaccine 
development. Approximately 20% of HIV-1 infected individuals develop bNAbs that 
have the ability to neutralize a wide range of HIV-1 subtypes, providing testimony to 
the idea that the human immune system is capable of inducing such Abs. Although the 
patients themselves do not benefit from these bNAbs, they do protect against HIV-1 
infection in macaque virus challenge models. bNAbs prevent infection by binding to 
the Env complex. Inducing these bNAbs by vaccination is therefore highly desirable but 
still an unachieved goal. Many immunogen design strategies to induce bNAbs through 
vaccination exploit the trimeric HIV-1 Env complex. One approach is to create mimics 
of the native Env trimer that expose as many bNAb epitopes as possible and occlude 
non-neutralizing antibody (non-NAb) epitopes. One such mimic is the soluble BG505 
SOSIP.664 trimer, based on a subtype A transmitter/founder virus Env sequence.
 Chapter 2 describes the design and properties of the soluble, cleaved BG505 
SOSIP.664 trimer. Using differential scanning calorimetry (DSC) we found that these 
trimers are highly stable, more so than their gp120 counterparts. Furthermore, they 
closely resemble the native Env spike as judged by electron microscopy (EM). Several 
techniques, such as ELISA and surface plasmon resonance (SPR), were used to assess 
the overall antigenicity of the BG505 SOSIP.664 trimer. The correlation between 
binding of monoclonal antibodies (MAbs) to the BG505 SOSIP.664 trimer, by ELISA, 
and neutralization of the corresponding virus was very strong. Virtually all the known 
bNAbs were able to bind the BG505 SOSIP.664 trimer, even the ones that are dependent 
on the quaternary structure (i.e. PG9, PG16, PGT145 and CH01). The non-NAbs that 
target the CD4 binding site (CD4bs) and a CD4 induced (CD4i) epitope did not react with 
the trimer, although their epitopes were present. However, non-NAbs that target a V3 
epitope reacted with the trimer in ELISA but not in SPR and EM. Overall, these stabilized 
Env trimers are useful for structural studies, for characterizing bNAb epitopes, and as 
immunogens. 
 In chapter 3 we describe the role of residue 559 in facilitating the formation 
of native-like HIV-1 Env trimers. As described in chapter 2, progress has been made in 
the design of stable, soluble Env mimics. This successful approach was by introducing 
a disulfide bond that covalently links the gp120 and gp41 subunits and an I559P 
mutation in gp41 that facilitates trimer formation. These mutations were discovered 
over a decade ago in a subtype B JR-FL SOSIP trimer but we know now that these trimers 
are substantially less stable than BG505 SOSIP.664. In this study, we re-assessed the 
role of residue 559 in trimerization of the BG505 SOSIP.664 trimer by testing trimer 
variants with all 20 natural amino acids at this position. Several substitutions resulted 
in trimer formation, particularly the helix-breakers Pro and Gly, the aromatic residues 
Trp, Phe and Tyr, and the charged amino acids Arg, Lys, Asp and Glu. Purifying these 
trimers by PGT145-affinity chromatography resulted in substantial lower trimer yields 
compared to the original Pro variant. The overall morphology of the different trimer 
mutants was very similar as judged by EM, except for the “wild-type” Ile trimers that 
were prone to dissociate. This dissociation was also observed in ELISA by reduced 
binding of the quaternary-structure dependent bNAbs PGT145 and PGT151. For the 
other trimer mutants the overall antigenicity was very similar. The Phe substitution 
resulted in substantially improved trimer stability as observed in DSC, but at the 
expense of reduced trimer yields. Overall, we found that the original I559P substitution 
remains the most suitable change at this residue in making stable, soluble native-like 
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Env trimers at high yields.
 In Chapter 4 we quantified Ab binding to different forms of BG505 Envs by SPR: 
cleaved SOSIP.664 trimer, cleaved gp120-gp41 protomer and gp120 monomer. Non-
NAbs that target the CD4bs bound weakly to the BG505 SOSIP.664 trimer but strongly 
to the BG505 gp120-gp41 protomers and gp120 monomers, but the CD4bs bNAb 
VRC01 bound strongly to all three forms. The V1V2 quaternary-structure dependent 
bNAbs PG9 and PG16 bound preferentially to the BG505 SOSIP.664 trimer whereas the 
PGT145 bNAb exclusively bound the trimer. The antigenic structure of six different Env 
forms was also explored. The binding of nine MAbs to BG505 SOSIP.664 (i.e. containing 
the SOSIP mutations and an optimal furin cleavage site), WT.SEKS (i.e. gp140 lacking 
the SOSIP mutations and the furin cleavage site), SOSIP.SEKS (lacking the cleavage site), 
SOS.664 (lacking the I559P mutation), SOS.SEKS (lacking the I559P mutation and the 
cleavage site) and IP.SEKS (lacking the SOS disulfide bond and the cleavage site) was 
studied and this revealed that proteolytic cleavage and the stabilizing modifications 
all contribute to the native-like antigenicity of the BG505 SOSIP.664 trimer. The 
kinetic profiles for several bNAbs to the BG505 SOSIP.664 trimer were determined 
and some featured extremely low off-rates which might be associated with the slow 
development of bNAbs through somatic hypermutations. Furthermore, high off-rates 
and low stoichiometry of bNAb binding were associated with high residual infectivity 
in neutralization experiments, highlighting the importance of these binding parameters 
for efficient virus neutralization.
 In Chapter 5 we generated an antigenic map of the BG505 SOSIP.664 trimer by 
bNAb cross-competition ELISA. A large panel of bNAbs was used that target different 
epitope clusters on the Env trimer; the V1V2 quaternary-structure dependent epitopes, 
the CD4bs, the Asn332-centered oligomannose patch, the quaternary dependent 
gp120-gp41 interface epitopes and gp41. The analysis identified the relationship 
among these epitope clusters. Key ELISA-derived observations were supported by 
SPR and we created new low resolution EM reconstructions of the BG505 SOSIP.664 
trimer in complex with the CH103, CH106, 1NC9, 3BNC117 and VRC01 bNAbs. These 
reconstructions, together with already published EM structures, allowed us to interpret 
the ELISA derived cross-competition data in a structural context, thereby generating an 
antigenic map of the BG505 SOSIP.664 trimer. This revealed four different mechanisms 
in which bNAbs can inhibit each other’s binding: 1) epitope overlap, 2) steric inhibition, 
3) allosteric inhibition and 4) reorientation of glycans. The detailed antigenic map 
provided by this research can be useful in mapping antibody responses in sera of 
infected individuals or recipients of Env vaccines, or the design of therapeutic bNAb 
cocktails. Furthermore, the antigenic map can be used as a benchmark for mapping the 
epitopes of newly discovered bNAbs on the HIV-1 Env trimer.

In Chapter 6 we studied altered the probability that potential N-linked 
glycosylation sites (PNGS) become occupied by glycan. This probability is substantially 
determined by the third amino acid in the specific asparagine motif N-X-S/T, where a 
Ser reduces the probability by 2-3-fold compared to Thr. In the context of BG505, we 
generated gp160s and SOSIP trimers with only N-X-T or only N-X-S glycan motifs. The 
virus containing N-X-S only Env was not infectious and the N-X-S only SOSIP trimer 
was not expressed efficiently, suggesting that reducing the probability of glycosylation 
interfered with correct protein folding. The virus containing N-X-T only Env was fully 
infectious and the corresponding SOSIP trimers were well-formed and had a native-
like glycan composition. The overall morphology and thermal stability of the N-X-T 
only SOSIP trimer was similar to the wild-type (WT) SOSIP. The N-X-T only virus was 
more resistant to neutralization by a number of glycan-dependent bNAbs, such as 
PGT145, PGT130 and CH01. The antigenic structure of the N-X-T only and WT SOSIPs 
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was very similar, as judged by ELISA. These different outcomes of neutralization 
and binding experiments may be the result of positive selection by PGT145-affinity 
column purification. The glycan occupancy in the N-X-T only trimers may be more 
homogeneous, thereby limiting the presence of holes in the glycan shield and focusing 
the humoral response on bNAb epitopes.
 Chapter 7 describes how the BG505 SOSIP.664 trimer was used to delineate 
a quaternary-structure dependent epitope at the gp120-gp41 interface. This epitope is 
recognized by the recently discovered family of bNAbs PGT151-158. The most potent 
member of this family, PGT151, recognizes residues and glycans at the interface of 
gp120 and gp41. This bNAb recognizes exclusively cleaved trimers and stabilizes the 
pre-fusion native Env trimers, thus allowing native Env trimers from multiple subtypes 
to be extracted from the cell surface. The neutralizing mechanism of PGT151 is probably 
by stabilizing the pre-fusion conformation and the gp120 and gp41 interaction, thereby 
blocking conformational changes down the fusion pathway. The specific reactivity of 
the PGT151 bNAb represents a way to identify and evaluate native, functional Env 
trimers. 
 In Chapter 8, the performance of the BG505 SOSIP.664 trimer as an 
immunogen was evaluated. We immunized rabbits with BG505 SOSIP.664 trimers, 
gp120 monomers or uncleaved BG505 WT.SEKS gp140 molecules, and also macaques 
with BG505 SOSIP.664 trimers or gp120 monomers. We found that the cleaved trimer 
induced potent NAb responses against the autologous neutralizing resistant Tier-
2 virus in rabbits and slightly weaker responses in macaques. Heterologous Tier-2 
viruses were not neutralized. Cross-reactive NAb responses were found against the 
neutralizing sensitive Tier-1 viruses and these NAbs targeted linear V3 epitopes. The 
Tier-2 NAb responses targeted conformational epitopes that differed between the 
animals. Multiple specificities contributed to the autologous NAb responses against the 
trimer and in some cases involved components of the glycan shield that are associated 
with bNAb responses. These immunization studies show that the BG505 SOSIP.664 
trimers are a promising starting point in the development of a protective HIV-1 vaccine. 

In the last Chapter (Chapter 9), we discussed different routes that can be taken 
to build upon the induction of autologous NAbs by BG505 SOSIP.664 and broaden 
the NAb response as a strategy for an effective HIV-1 vaccine. Approaches that are 
being pursued are further stabilization of the pre-fusion state of Env, multivalent and 
sequential immunizations, activating germline precursor B-cells, or presenting Env on 
nanoparticles. Furthermore, we discussed the use of bNAbs as therapeutics. Some of 
these approaches already show promising results and hopefully one or a combination 
of these strategies will ultimately lead to a protective HIV-1 vaccine.
 In this thesis we have evaluated the antigenicity and structure of the BG505 
SOSIP.664 trimer but also its performance as an immunogen. The most important 
observation in this thesis is that we have shown that good antigenic mimics of the 
HIV-1 Env spike can be made and that they induce potent NAb responses against the 
autologous neutralization resistant Tier-2 virus, a result not obtained previously with 
other Env immunogens. These autologous NAb responses are believed to be a good 
starting point in the development of bNAbs. The BG505 SOSIP.664 trimer achieved this 
first goal in HIV-1 vaccine development and opens up new paths to design vaccines that 
induce potent bNAb responses. Ultimately, such research should lead to an effective 
HIV-1 vaccine.
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Nederlandse samenvatting 
Na meer dan 30 jaar intensief onderzoek is er nog steeds geen effectief vaccin dat 
beschermt tegen besmetting met het humaan immunodeficiëntie virus 1 (HIV-1). Het 
doel van zo’n vaccin is dat het antilichamen opwekt die het virus binden en inactiveren, 
de zogenaamde breed neutraliserende antilichamen (bNAbs). Het enige eiwit 
waartegen virus-neutraliserende antilichamen kunnen worden opgewekt is het HIV-1 
envelop eiwit (Env) dat op het virusdeeltje zit. We weten dat ongeveer 20% van HIV-1 
geïnfecteerde patiënten zulke bNAbs maken. Het speciale van deze antilichamen, wat 
de naam al aangeeft, is dat ze de vele varianten (subtypen) van HIV-1 die wereldwijd 
circuleren kunnen uitschakelen. De HIV-1 geïnfecteerde patiënt heeft zelf geen baat bij 
de aanwezigheid van deze antilichamen omdat HIV-1 eraan ontsnapt, maar onderzoek 
heeft uitgewezen dat ze een naief individu wel kunnen beschermen tegen een HIV-1 
infectie. Helaas is het nog steeds niet gelukt om deze bNAbs op te wekken door middel 
van vaccinatie.
 Het Env eiwit zit verankerd aan de buitenkant van het virusdeeltje en is 
nodig om de infectie van een menselijke cel te faciliteren. bNAbs kunnen binden aan 
het Env eiwit en voorkomen hierdoor dat HIV-1 zijn gastheer cel kan binnendringen. 
Het eiwit is opgebouwd uit een gp120 eiwit dat vast zit aan een gp41 eiwit, en 3 van 
deze eiwit complexen vormen het actieve Env trimeer complex. De trimeer wordt bij 
elkaar gehouden door zwakke eiwit interacties, maar hierdoor is het complex ook erg 
instabiel en kan het snel uit elkaar vallen. De losse onderdelen wekken een heel sterke 
antilichaam reactie op, maar deze antilichamen kunnen HIV-1 niet neutraliseren, en 
worden non-NAbs genoemd. Dit komt omdat de bindingsplekken (epitopen) van deze 
antilichamen niet toegankelijk zijn op het actieve trimeer complex. Deze reactie werkt 
als een soort afleidingsmanoeuvre om het immuunsysteem op een dwaalspoor te 
brengen en de focus wordt weggehaald van de Env trimeer. Een theorie is dan ook dat 
alleen een goede imitatie van de Env trimeer in staat is om bNAbs op te wekken.
 De instabiliteit van de trimeer vormt tegelijkertijd een groot probleem om een 
goede Env imitatie te maken. Voor een vaccin wil je gebruik maken van een trimeer 
complex dat “oplosbaar” is in een vloeistof in plaats van dat het verankerd zit aan het 
virus. Bij het verwijderen van deze verankering wordt de trimeer nog instabieler en 
valt dan nog sneller uit elkaar. Om een stabiele, oplosbare vorm van de HIV-1 Env 
trimeer te maken heeft ons laboratorium in de loop der jaren een aantal stabiliserende 
veranderingen (mutaties) ontwikkeld. De verankering van Env is verwijderd en een 
zwavelbrug is geplaatst tussen de gp120 en gp41 onderdelen om deze aan elkaar 
vast te zetten. Deze mutatie wordt “SOS” genoemd, S is het symbool van zwavel. Een 
andere mutatie, genaamd IP, zorgt ervoor dat de 3 gp41 eiwitten bij elkaar blijven. 
Dit is een specifieke aminozuur verandering van isoleucine naar proline op positie 
559. De resulterende trimeer wordt SOSIP.664 genoemd. De huidige trimeer die door 
ons laboratorium wordt gebruikt heet BG505 SOSIP.664 en is gebaseerd op het HIV-
1 Env eiwit van een subtype A virus. In dit proefschrift beschrijven we de structuur 
en de antigeniciteit (binding van antilichamen) van de BG505 SOSIP.664 trimeer. Ook 
beschrijven we hoe deze trimeer presteert in vaccinatie studies in konijnen en makaken 
(een apensoort). 

In hoofdstuk 2 beschrijven we het ontwerp en de eigenschappen van de 
BG505 SOSIP.664 trimeer. De resultaten in dit onderzoek wezen uit dat de trimeer erg 
stabiel was bij hoge temperaturen, veel stabieler dan gp120 alleen. Dit is belangrijk 
want hoe stabieler het eiwit is bij hoge temperaturen, des te langer het intact blijft 
binnen het lichaam. Elektronen microscopie (EM) wees uit dat de structuur van 
de BG505 SOSIP.664 trimeer erg lijkt op het Env eiwit dat aanwezig is op het HIV-1 
virusdeeltje. We hebben verschillende technieken gebruikt om de antigene structuur 
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van de BG505 SOSIP.664 trimeer te bepalen. Praktisch alle bekende bNAbs waren 
is staat om aan de BG505 SOSIP.664 trimeer te binden, zelfs degene die afhankelijk 
zijn van de juiste trimeer structuur. Deze antilichamen zijn bijzonder omdat ze alleen 
kunnen binden als het Env eiwit perfect gevormd en gevouwen is. We hebben tevens 
laten zien dat de meeste antilichamen die HIV-1 niet neutraliseren ook niet binden aan 
de BG505 SOSIP.664 trimeer, terwijl hun epitopen wel aanwezig zijn. Dit onderzoek 
heeft aangetoond dat de BG505 SOSIP.664 trimeer erg lijkt op het HIV-1 Env eiwit, 
zowel kwa structuur als antigeniciteit. 

Hoofdstuk 3 beschrijft de eigenschap van de IP mutatie om SOSIP trimeren 
te stabiliseren. Deze mutatie is meer dan 10 jaar geleden beschreven in een andere 
SOSIP trimeer van een ander subtype. We weten nu dat deze SOSIP trimeer veel minder 
stabiel was in vergelijking met de BG505 SOSIP.664 trimeer. Uit het oorspronkelijke 
onderzoek bleek dat meerdere aminozuren op deze plek in staat waren om trimeren te 
stabiliseren. Nu we de betere BG505 SOSIP.664 trimeer hebben, waren we nieuwsgierig 
of andere aminozuren misschien nog beter zijn. In dit onderzoek introduceerden we 
alle 20 aminozuren op positie 559 en verschillende technieken werden gebruikt om 
trimeer vorming te bestuderen. Het bleek dat de oorspronkelijke IP mutatie op positie 
559 de meest geschikte mutatie was voor de productie van stabiele Env trimeren.

In hoofdstuk 4 kwantificeren we de antilichaam binding aan verschillende 
vormen van het BG505 Env eiwit. Dit onderzoek laat zien dat de structurele en antigene 
integriteit van de BG505 SOSIP.664 trimeer te danken is aan de individuele stabilisatie 
mutaties die zijn aangebracht in dit eiwit. De studie laat ook zien dat betere antilichaam 
binding aan de Env trimeer (kinetiek) mogelijk correleert met een trage ontwikkeling 
van bNAbs in een HIV-1 geïnfecteerde patiënt. Deze kinetische informatie kan belangrijk 
zijn voor de ontwikkeling van een goed vaccin. 

In hoofdstuk 5 beschrijven we in meer detail de antigene structuur van de 
BG505 SOSIP.664 trimeer. We hebben hier een zogenaamde antigene kaart van de 
trimeer gecreëerd die laat zien wat de relatie is tussen de epitopen van verschillende 
bNAbs. We hebben 4 mechanismen ontdekt waarmee deze antilichamen elkaars binding 
kunnen belemmeren. Deze observatie kan van grote invloed zijn wanneer antilichamen 
gebruikt gaan worden als therapeutische strategie om de HIV-1 infectie te bestrijden. 
Als er antilichamen gekozen worden die elkaars binding aan Env beinvloeden kan dit 
van grote invloed zijn op de effectiviteit van de therapie. De gedetailleerde antigene 
kaart verkregen in dit onderzoek kan ook behulpzaam zijn voor het bepalen van de 
epitopen van nieuw geïsoleerde bNAbs. Ook kan deze antigene kaart gebruikt worden 
voor het bepalen van specifieke antilichaam reacties in mensen die geïnfecteerd zijn 
met HIV-1 en kunnen we deze kaart gebruiken om te bepalen waar antilichamen 
binden, bijvoorbeeld in vaccinatie studies.

In hoofdstuk 6 hebben we gekeken naar de versuikering op de Env trimeer. 
Het Env eiwit camoufleert zich door middel van suikers, waardoor het minder snel als 
lichaamsvreemd wordt opgemerkt door het immuunsysteem. In het menselijk lichaam 
komen suikers voor op vele eiwitten, waardoor het immuunsysteem suikers niet snel 
als lichaamsvreemd beschouwd. Het HIV-1 Env eiwit is bedekt met heel veel suikers en 
wordt daarom niet snel als “vreemd” opgemerkt door het menselijk immuunsysteem. 
Dat een suiker geplaatst wordt op het Env eiwit wordt bepaald door de specifieke 
aminozuur motieven N-X-T/S. Het derde aminozuur in dit motief bepaald de kans op 
versuikering, die is 2 tot 3 keer groter met T dan met S. Doordat het Env eiwit beide 
motieven bevat is de versuikering nogal heterogeen, wat wil zeggen dat sommige 
plekken niet altijd bezet zijn door een suiker en er “gaten” ontstaan in het suiker schild. 
Onze theorie is dat deze gaten non-NAbs kunnen opwekken en het immuunsysteem dus 
afleidt, zodat de focus niet ligt op de bNAb epitopen. Daarom zou een meer homogene 
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versuikering gewenst zijn. Daarom hebben we virale Env eiwitten en SOSIP trimeren 
gemaakt die alleen het N-X-T of het N-X-S motief bevatten. Het virus met N-X-S was niet 
infectieus en de SOSIP trimeer werd ook niet geproduceerd. Het N-X-T virus was zeer 
infectieus en de SOSIP trimeer werd ook gemaakt. EM wees uit dat de structuur van de 
N-X-T SOSIP trimeer ook goed was en de versuikering was vergelijkbaar met die van de 
oorspronkelijke SOSIP trimeer. Het virus met de N-X-T Env was meer resistent tegen 
neutralisatie maar de antigene structuur was vergelijkbaar met die van de normale 
SOSIP trimeer. Of de N-X-T SOSIP trimeer beter is in het opwekken van bNAbs zal 
bepaald moeten worden in immunisatie studies.

In hoofdstuk 7 tonen we aan hoe de BG505 SOSIP.664 trimeer gebruikt kan 
worden om epitopen van bNAbs te ontrafelen. Dit werd gedaan voor het antilichaam 
PGT151, welk afhankelijk is van een perfect gevouwen Env trimeer. Dit antilichaam is 
ook bijzonder omdat het de Env trimeer stabiliseert in zijn natuurlijke vorm. Hierdoor 
kan PGT151 ook gebruikt worden om Env trimeren van het virus oppervlak te zuiveren 
om daarna de eiwit structuur te bepalen. Dit type onderzoek zal onze kennis vergroten 
met betrekking tot de structuur en functie van Env trimeren op het virus. Dit was eerder 
niet mogelijk omdat de trimeren erg snel uit elkaar vallen.

In hoofdstuk 8 hebben we de BG505 SOSIP.664 trimeer gebruikt in 
immunisatie studies in konijnen en makaken. Deze studies lieten zien dat BG505 
SOSIP.664 veel beter was in het opwekken van neutraliserende antistoffen (NAbs) dan 
gp120 alleen of andere Env varianten. Daarnaast hebben we NAbs opgewekt tegen het 
autologe virus (BG505 virus), welk moeilijk te neutraliseren is en daarom een Tier-
2 virus wordt genoemd. bNAbs kunnen deze virussen uitschalen maar het opwekken 
van deze antilichamen in vaccinatie studies is nog nooit gelukt. Voor het opwekken van 
bNAbs is het van belang dat er eerst NAbs worden opgewekt tegen het autologe virus 
(virus waarmee de patiënt besmet is geraakt). Ook deze stap is nog niet eerder gelukt 
in vaccinatie studies op Tier-2 niveau. Met de BG505 SOSIP.664 trimeer lukt het voor 
de eerste keer om NAbs op te wekken tegen het autologe Tier-2 virus en dit is een zeer 
belangrijke stap in de ontwikkeling van een effectief HIV-1 vaccin. Dit resultaat laat zien 
dat goede Env trimeer imitaties inderdaad NAbs kunnen opwekken. 

In het laatste hoofdstuk 9 bediscussiëren we verschillende routes die gevolgd 
kunnen worden om de opgewekte Nab respons tegen de BG505 SOSIP.664 trimeer te 
verbreden, iets wat nodig is voor een effectief HIV-1 vaccin. Sommige van deze routes 
laten al veelbelovende resultaten zien en hopelijk zal er één plan leiden tot een effectief 
HIV-1 vaccin. 

Het onderzoek in dit proefschrift beschrijft de gedetailleerde antigene 
structuur van de BG505 SOSIP.664 trimeer. We bewijzen dat deze trimeer een goede 
imitatie is van het HIV-1 Env eiwit en dat de BG505 SOSIP.664 trimeer zeer geschikt 
is om de epitopen te beschrijven van nieuw geïsoleerde bNAbs. Het belangrijkste 
resultaat uit dit proefschrift is dat - voor de eerste keer - NAbs zijn opgewekt tegen een 
autoloog, moeilijk te neutraliseren virus. Deze bevinding versterkt de theorie dat alleen 
perfecte imitaties van het Env eiwit hiertoe in staat zijn. De volgende stap zal zijn om de 
antilichaam reactie te verbreden en bNAbs op te wekken. Dit zal dan hopelijk leiden tot 
een effectief HIV-1 vaccin.
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AMC Graduate School for Medical Sciences

PhD Portfolio
Name PhD student:  Ronald Derking
PhD period:   November 2011 – November 2015
Name PhD supervisor:  dr. R.W. Sanders and prof. dr. Ben Berkhout

1. PhD Training Year Workload
   (ECTS)

General Courses      
- Infectious Diseases     2011  1.3

Specific Courses
- Mass spectrometry and protein analysis  2011  2.1
- Practical Biostatistics    2012  1.1

Seminars, workshops, and master classes
- Weekly department seminars   2011-2015 4.0
- Weekly PhD student meeting   2011-2015 4.0
- Journal Club     2013-2015 3.0

Presentations
Oral presentations

- Vaccine Symposium, Utrecht, the Netherlands 2013  0.5
- The Netherlands Conference on HIV Pathogenesis 2013  0.5
   Prevention and Treatment, NCHIV, Amsterdam,
  the Netherlands
- Laboratory of experimental virology mini-  2014  0.5
  symposium, Amsterdam, the Netherlands

Poster presentations
- What will it take to achieve an AIDS free world?, 2013  0.5
  San Francisco, United States
- Keystone Symposia on HIV-1 vaccines (X5), Banff, 2015  0.5
  Alberta, Canada
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2. Teaching Year Workload
   (ECTS)

Tutoring, mentoring
- Ankie An, Caya Beijer, Lisette Stam, Dirk Jan 2014-2015 0.5
  Reiding, Sigrid van Dorp and Nicole Guilonard.
  Stichting Imagine Life Sciences, Imagine School  
  Competition, Een vaccin tegen HIV
- Erik Groenendijk and Sjoerd Bootsma  2015  0.5
  U-Talent project, Utrecht University, Een vaccin
  tegen HIV

Supervising
- Lisianne Hoff Calegari, March 2014-June 2014 2014  1.0
  (3 months)
  Re-assessing position 559 in a native-like soluble,
  cleaved Env trimer.
- Sebas Pronk, February 2015-June 2015  2015  1.0
  (4 months)
  Investigating glycosylation of the HIV-1 envelope
  protein.

3. Parameter of Esteem Year

                       
Awards and Prizes

- Young Scientist Abstract Award   2013
   The Netherlands Conference on HIV 
   Pathogenesis Prevention and Treatment
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Curriculum Vitae
Ronald Derking was born on May 31st 1985 in Bussum. Here he completed the MAVO 
secondary school at Fontein Mavo. From 2001 to 2005, he studied Clinical Chemistry 
and Hematology at ROC Midden Nederland in Amersfoort. From 2005 to 2008, he 
studied Molecular Biology at HU University of Applied Sciences in Utrecht. To obtain 
his BSc degree, he completed an internship at Maastricht University at the Department 
Population Genetics where he studied Regulatory SNPs in promoter sequences of CSRP3 
and ATP2A1 under the supervision of dr. Torik Ayoubi. During his second internship at 
the Department of Molecular Genetics at the Netherlands Cancer Institute he worked 
on the identification of novel oncogenes collaborating with Erbb2 by insertional 
mutagenesis under the supervision of dr. John Hilkens. From 2009 to 2011, he studied 
Biomedical Sciences at the University of Amsterdam. As part of the study, he finished an 
internship at the Laboratory of Experimental Virology at the Academic Medical Center 
where he worked on optimizing the ChIP assay for assessing a possible association of 
DDX3 with Sp1 under the supervision of dr. Rienk Jeeninga. For his second internship 
at the Department of Antropogenetics at the Academic Medical Center he studied the 
role of MSX1 in neuroblastoma under the supervision of dr. Dirk Geerts. In July 2011 he 
received the MSc degree after which he started as a PhD student studying the antigenic 
structure of the HIV-1 envelope glycoprotein trimer at the Academic Medical Center 
(Laboratory of Experimental Virology) under the supervision of dr. Rogier Sanders and 
prof. dr. Ben Berkhout and the results of this research are described in this thesis.
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Dankwoord
Na bijna 5 jaar promoveren is het dan eindelijk zover, het harde werken zit er op en 
nu begint het schrijven van het meest belangrijke onderdeel van het proefschrift, het 
bedanken van de mensen die het mogelijk hebben gemaakt dat dit proefschrift tot stand 
is gekomen.

Als eerste natuurlijk Rogier, ontzettend bedankt voor de mogelijkheid die je me gaf om 
het promotietraject te doorlopen in je groep. Ik heb veel van je geleerd deze periode 
en de enthousiasme die je uitstraalt voor het HIV-1 vaccin onderzoek staat absoluut 
aan de basis van het succes dat je boekt binnen dit veld. Dat is ook wel gebleken met je 
recente promotie tot prof. Keep on the good work en hopelijk leidt dit uiteindelijk tot 
een werkend HIV-1 vaccin.

Ben, bedankt dat je me erop wees dat er een positie voor een PhD student beschikbaar 
was bij Rogier, wat uitendelijk geresulteerd heeft in dit proefschrift. Je deur stond altijd 
open als er vragen waren en zal uiteraard de gesprekken over Ajax en Feyenoord niet 
vergeten. En we weten beide uiteindelijk wel wie de betere club is ;-).

Carolien, dank je wel voor alle hulp bij het regelen van alle laatste loodjes voor de 
promotie. Zonder jou was het allemaal een stuk moeilijker geworden.

Naast het harde werken moet er ook veel lol gemaakt worden en uiteraard ook mooie 
reisjes gemaakt worden als je op congres bent. De mooiste en leukste tijd in het lab en 
de mooie reisjes heb ik voornamelijk te danken aan de volgende mensen, Kwinten, 
Steven en Thijs. Ja wat moet ik over jullie zeggen, dat is te veel. Heb een erg mooie tijd 
gehad met jullie, en de roadtrips in Amerika en Canada zal ik ook zeker niet vergeten. 
We hebben veel gezien daar en veel beleefd. Zal onze niet al te slimme actie in Oakland 
ook zeker niet vergeten. 

Albatros, ik schrijf het gewoon in het Nederlands want dit kan jij gewoon lezen. We 
hebben elkaar leren kennen toen je mijn “semi” student was, en uiteraard zeer terecht, 
werd je een nieuwe aanwinst voor de groep. Je was elke dag wel het zonnetje in huis en 
kan me eigenlijk geen dag herinneren dat je chagrijnig was (zelfs niet door mij). Helaas 
kan je niet aanwezig zijn op m’n promotie omdat je nu in San Diego zit, maar we zullen 
elkaar wel weer zien zodra je weer terug bent in Nederland. 

Ilja, onze super analist. Welke techniek kende jij niet op het lab? Als je een vraag had 
kon je altijd wel bij je terecht. In het begin hebben we niet veel samengewerkt, maar 
hoofdstuk 3 van dit proefschrift is mede tot stand gekomen door jou hulp en wat 
uiteindelijk ook een mooie publicatie gaat worden.

Max, your first day in the Netherlands, and of all people, I was the first one you met. It 
was a fun time and please keep on sending the nice pictures. Marit, de post-doc met 
verstand van alles virus gerelateerd. Je goede suggesties in de meetings hebben het 
onderzoek vaak verder geholpen. Marielle, de ex mede-Bussumer. Vele onderzoeken 
binnen de groep waren niet mogelijk zonder de vele liters 293F cellen die jij verzorgde. 
Judith, we hebben niet veel samengewerkt, maar dank je wel voor al je hulp op het ML3 
lab. Ik kwam daar niet veel en liep er meestal een beetje verdwaald rond en kon dan 
op je hulp rekenen om alles te vinden. Uiteraard ook bedankt voor het regelen van de 
borrels, Env retraites en etentjes. Het was altijd erg geslaagd. 
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This thesis would not have seen the light of day without our collaborations. I would 
like to thank all the co-authors for all their help. A few people I would like to thank 
in particular: John, your view on HIV-1 vaccine research, the time that you spend on 
reading and improving the chapters, helped to make this thesis how it is now. I enjoyed 
reading the very funny comments you made a lot of times and I am pleased that we have 
met each other at Keystone. Keep on the good work and hopefully this will eventually 
lead to an effective HIV-1 vaccine. Andrew and Gabe, without the collaboration with 
you guys we would probably not have the high class EM figures in basically all the 
chapters. The Keystone meeting was a lot of fun and hopefully we can drink a beer again 
in the future. Ian, your reviewers view on many of the manuscripts was invaluable. You 
always picked out things or made recommendations about things that we overlooked. I 
am glad that we have met here in Amsterdam and at the Keystone meeting. 

My (ex-)roommates, Anna, Cosimo, Alex, Alba, Wang Gang and Nancy, we always had 
a lot of fun in the room. Maybe that is one of the reasons why our room was seen as the 
coffee room for some people. For a long time, I was practically the only guy in the room 
but this changed when Cosimo and Wang Gang arrived. Sadly, our boyband “new five” 
never really kicked off but on the other hand, as a real boyband, we had our groupies 
in the room.

Monique en Alex, het borrel commitee (samen met Judith). Bedankt voor de feestjes en 
labuitjes die jullie geregeld hebben. Ze waren altijd geslaagd.

En uiteraard alle collega’s van het lab nieuw en oud; Dirk, Gaby, Emily, Renee, Julia, 
Martin, Marta, Bas, Lia, Margreet, Maarten, Nikki, Yme, Jeroen, Tonja, Marion, 
Brenda, Xiomara, Atze, Stefan, Mirte, Sylvie, Sasha, Lonneke, Maarten (microsoft), 
Elena, Zongliang, Victoria, Sabine, Sebastién, Rienk, Bill, Georgios. Bedankt voor 
de leuke tijd en hulp op het lab, en uiteraard voor de gezelligheid bij de borrels. Als ik 
iemand vergeten ben mijn excuses. Dat was niet mijn bedoeling uiteraard.

Mijn studentjes Lisiane, Sebas, en parttime student Stephanie. Jullie hebben mooie 
resultaten geleverd voor dit proefschrift en ik heb veel geleerd om jullie onder mijn 
hoede te hebben en te begeleiden.

Naast de mensen van het lab zijn er natuurlijk ook andere mensen om te bedanken. 
Te beginnen met mijn vrienden Laurens, Aster, Edan, Priscilla, Jack, Linda, Peter, 
Tara, Pim, Arman, Martijn en Angela. We hebben mooie tijden met elkaar beleeft en 
hoop dat we dat nog voor een lange tijd blijven doen. Er zijn een aantal mooie avonden 
voorbij gekomen wat begon als een rustig avondje, maar toch eindigde in een redelijk 
vreemde avond. De weekendjes weg en het donderdag avond biertje was voor mij toch 
echt even om stoom af te blazen en te relaxen. Aster, bedankt voor het maken van de 
mooie cover van dit proefschrift. Creativiteit op dit vlak is niet mijn sterkste punt, maar 
daar heb je me goed bij geholpen. De motorboys Laurens en Jack, onze mooie tripjes 
van elk jaar moeten we er zeker inhouden. Geniet er elk jaar weer van en was voor mij 
het moment om even te relaxen en tot rust te komen. 

Als laatste, maar zeker niet te minst belangrijke, mijn naaste familie Mam, Richard, 
Corlien, Hendrie, Sander en Sonja. Bedankt voor alle steun, gezelligheid en leuke 
vakanties die we samen hebben gehad. Vooral tijdens de laatste loodjes van mijn 
promotietraject was de steun erg nodig.


