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Abstract

Broadly neutralizing antibodies (bNAbs) that target the trimeric HIV-1 envelope glycoprotein
spike (Env) are tools that can guide the design of recombinant Env proteins intended to engage the
predicted human germline precursors of bNADbs (gl-bNADs). The protein components of gl-bNAb
epitopes are often masked by glycans, while mature bNAbs can evolve to accommodate and/or
bypass these shielding glycans. The design of germline-targeting Env immunogens therefore
includes the targeted deletion of specific glycan sites. However, the processing of glycans on Env
trimers can be influenced by the density with which they are packed together, a highly relevant
point given the essential contributions under-processed glycans make to multiple bNAb epitopes.
We sought to determine the impact of the removal of 15 potential N-glycan sites (5 per protomer)
from the germline-targeting soluble trimer, BG505 SOSIP.v4.1-GT1 using quantitative, site-
specific N-glycan mass spectrometry analysis. We find that compared to SOSIP.664, there was
little overall change in the glycan profile but subtle increases in the extent of processing at sites
immediately adjacent to where glycans had been deleted. We conclude that multiple glycans can
be deleted from BG505 SOSIP trimers without perturbing the overall integrity of the glycan
shield.
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INTRODUCTION

Broadly neutralizing antibodies (bNAbs) with potent activity against the majority of
circulating human immunodeficiency 1 (HIV-1) strains emerge in a subset (~25%) of
infected people over a period of 2—4 years (1, 2). In virus challenge studies, bNAbs can
provide passive protection to macaques (3-5). The existence and characteristics of bNAbs
underpin the design of immunogens intended to elicit this category of antibody responses in
humans.

Like all neutralizing antibodies, bNAbs target epitopes on the trimeric HIV-1 envelope
glycoprotein (Env). This trimer is composed of three heterodimers of gp120 and gp41,
which together form tri-lobed spikes that are anchored onto the virion surface via the gp41
transmembrane domain (6-9). About half the mass of the trimer is accounted for by
typically 80-100 N-linked glycans, most of which are located on the gp120 subunits (10).
The glycans shield potentially immunogenic and antigenic regions of the underlying protein
surface from the humoral immune system (11, 12), but can themselves, perhaps
paradoxically, become components of multiple bNADb epitopes (8, 13-29). The high local
density of glycans on the trimer can sterically constrain their processing from oligomannose-
to complex-type forms by a-mannosidases in the endoplasmic reticulum (ER) and Golgi
apparatus during glycoprotein egress through the secretory pathway (30-32). Consequently,
there is a substantial abundance of under-processed, oligomannose-type glycans
(Mans_gGIcNAC,) on the trimer surface (32-39). The oligomannose-type glycans are
particularly clustered around the outer domain of gp120 as well as at the gp120-gp41
protomer interface, whereas more highly and variably processed glycans are present near the
apex and base of the trimer where there are fewer steric constraints to processing enzymes
(40, 41). These key details of glycan processing have emerged from analyses of
recombinant, soluble mimics of the native spike, exemplified by SOSIP.664 trimers of the
BG505 and other genotypes (28, 41, 42). The conserved population of oligomannose-type
glycans creates a target on the trimer that is more homogeneous and conserved than the
highly variable polypeptide surfaces. Hence, glycan composition is now recognized to be a
critical factor in the design of Env immunogens aimed at eliciting bNAbs (43). Given the
importance of glycosylation, it is now common practice to perform glycan and glycopeptide
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analysis on each new candidate Env immunogen (44), particularly those destined for clinical
evaluation (45). The importance of this approach is underscored by the observation that
presence of absence of individual glycans has been reported to influence the processing of
neighboring glycans in a context-dependent manner (31, 37, 41).

Various soluble, native-like Env trimers rooted in the prototypic BG505 SOSIP.664 design
are now platforms for the creation of Env immunogens aimed at inducing a broad and potent
B-cell response (9, 46). They have also facilitated an ever-increasing understanding of the
structure and function of the Env trimer and the multiple bNAb epitopes displayed on its
surface (6, 7, 28, 47, 48). Some SOSIP.664 trimers can induce strong NAb responses against
the autologous neutralization-resistant (Tier-2) primary viruses, which had been generally
difficult to achieve using earlier designs of Env proteins (46). The SOSIP.664 design can be
improved by introducing additional stabilizing changes to make SOSIP.v4.1 variants. These
modified trimers are less immunogenic for antibodies to the immunodominant gp120 V3-
region that neutralize sensitive Tier-1 viruses but not their more relevant Tier-2 counterparts
(49, 50).

A central goal of various Env vaccine development programs is to improve the breadth of the
elicited antibody response, a step in the path towards true bNADbs. Case studies have revealed
the maturation pathways in HIV-1 infected individuals that, over several years, drove the
emergence of bNAbs against epitope clusters involving the CD4-binding site (CD4bs), the
trimer apex, and the mannose patch (51-53). In general, sequential rounds of sequence
evolution in the virus and the responding B cells create first narrow specificity NAbs and
then virus escape mutants. This process is repeated over many cycles until some antibodies
mature sufficiently to be categorized as bNAbs that can target multiple virus variants. In
other words, viral diversification under immune selection pressure can gradually drive
substantial increases in the breadth and potency of an initially narrow and sometimes weak
initial NAb response (54). This knowledge of a natural process guides vaccination strategies
based on priming with an Env immunogen that is specifically designed to activate B-cell
receptors on naive cells in the germline (gl) so that they produce bNAb precursors (gl-
bNADbs). These initial responses can then be boosted with one or more engineered
immunogen(s) that sequentially guide the B-cells to mature and produce antibodies with a
bNADb-like phenotype (55-59).

An emerging approach in the development of gl-targeting immunogens is the creation or
expansion of holes in the glycan shield (60-62). We have specifically modified, and recently
described, a version of the BG505 SOSIP.v4.1 trimer, termed SOSIP.v4.1-GT1 (germline-
targeting trimer version 1; GT1 trimer for short) to confer the ability to bind multiple
different gl-bNADbs, specifically ones directed against the trimer apex and the CD4bs;
examples include the germline versions of PG9, PG16, CHO1 and several members of the
VRCO01-class (63). Compared to the SOSIP.v4.1 trimers, each protomer in the GT1 variant
contains 15 amino-acid substitutions and has a 7-residue deletion that truncates the V2 loop
and potentially reduces its flexibility; together these changes facilitate gl-bNAb binding
(63).
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Five of the above changes involve the elimination of potential N-glycosylation sites
(PNGSs), of which four are located in proximity to the CD4bs; their deletion removes
impediments to gl-bNAb binding (63-67). Several other changes in V2 enhance the binding
of gl-bNAbs to trimer-apex epitopes; here, deletion of 7 residues from V2 removes a PNGS
near the apex. Overall, the glycan shield of the GT1 trimer lacks 15 N-glycan sites (5 per
protomer). Three of the deleted sites (N197, N276 and N386) are highly conserved, as they
are normally present in more than ~85% across multiple HIV-1 strains (68).

Despite these modifications, the BG505 SOSIP.v4.1-GT1 trimer retains a native-like
structure and has biophysical and biochemical properties similar to the SOSIP.664 and
SOSIP.v4.1 versions from which it was derived (63). However, unlike these precursor
trimers, GT1 binds multiple gl-bNAbs and activates B cells expressing these /n vitro.
Furthermore, when tested as an immunogen in CD4bs-targeting (gl-VRCO01) and N332/V3-
directed (gl-PGT121) knock-in mouse models, GT1 triggers the production of epitope-
specific antibodies (63). The close relationship of the glycan shield of Env and the elicitation
of neutralization was recently shown supporting a strategy of selective deglycosylation for
immunization priming (69).

Here, we present a quantitative, site-specific N-glycosylation analysis of BG505
SOSIP.v4.1-GT1 trimers purified from a stable CHO cell line for comparison with a similar
analysis of the SOSIP.664 precursor trimer that was produced and purified in the same way.
Hence, we could assess the impact of the designed removal of 15 PNGSs on the overall
composition of the Env glycan shield. A key observation is that the overall processing state
of the N-glycans is remarkably stable, despite the ~20% difference in the total glycan
content of the two trimers. This result is in accordance with a previously published study
that analyzed the consequences of removing four glycans that surround the CD4bs (70).

We did find that GT1 trimer glycans in close proximity to deleted sites were slightly more
processed than on the SOSIP.664 comparator, but the effect was both modest and highly
localized. Thus, the major clusters of oligomannose-type glycans that wrap around the outer
domain of the trimer, and patches of complex-type glycans near the apex and base, are
almost identical on the GT1 and SOSIP.664 trimers. Of particular note is that the essentially
unchanged processing of the overall glycan shield leads to the preservation or increased
exposure of glycan-dependent epitopes for various mature and gl-versions of bNAbs (63).

In summary, the targeted removal of individual glycan sites on this rationally designed, gl-
bNADb targeting Env immunogen does not perturb the overall architecture of the glycan
shield, although it does lead to small shifts in the abundance of different oligomannose-type
glycans at specific sites. These findings not only support the further use of the GT1
immunogen design strategy but also highlight the relevance of assessing what happens to
Env trimer glycosylation when key glycan sites are deliberately eliminated.
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EXPERIMENTAL PROCEDURES

Expression and purification of SOSIP trimers

The BG505 SOSIP.v4.1-GT1 construct is described elsewhere (63). This GT1 trimer and its
SOSIP.664 counterpart were expressed from stable CHO cell lines as described previously
(71). Env trimers were purified from culture supernatants by 2G12-affinity chromatography
followed by SEC (9, 72).

Assessment of trimer quality and properties

The cleavage and homogeneity of purified trimers were assessed using sodium dodecyl
sulfate and blue native polyacrylamide gel electrophoresis followed by Coomassie blue
staining or western blotting using bNAb 2G12 (71, 73). Their thermostability was
determined using DSC and their morphology by NS-EM (9, 49, 74).

Analysis of total glycan profiles by HILIC-UPLC

N-linked glycans were enzymatically released from envelope glycoproteins via in-gel
digestion with Peptide-N-Glycosidase F (PNGase F), subsequently fluorescently labelled
with 2-aminobenzoic acid (2-AA) and analyzed by HILIC-UPLC, as previously described
(34, 41, 75). Digestion of released glycans with Endo H was used to measure the abundance
of oligomannose-type glycans (34).

Creation of a glycan library by tandem ion mobility-ESI MS

The total pool of glycans was released from trimers by PNGase F digestion and analyzed
using ion mobility MS, as described previously (41). Negative ion mass, collision-induced
dissociation (CID) and ion mobility spectra were recorded with a Waters Synapt G2Si mass
spectrometer (Waters Corp.) fitted with a nano-electrospray ion source. Waters Driftscope
(version 2.8) software and MassLynx™ (version 4.1) was used for data acquisition and
processing. Spectra were interpreted as described previously (76-79). The results obtained
served as the basis for the creation of sample-specific glycan libraries, which were used for
subsequent site-specific N-glycosylation analyses. Raw data files can be provided upon
request.

Site-specific N-glycosylation analysis
Before proteolytic digestion, trimers were denatured and alkylated by incubation for 1h at
room temperature (RT) in a 50 mM Tris/HCI, pH 8.0 buffer containing 6 M urea and 5 mM
dithiothreitol (DTT), followed by the addition of 20 mM iodacetamide (IAA) for a further
1h at RT in the dark, and then additional DTT (20 mM) for another 1h, to eliminate any
residual IAA. The alkylated trimers were buffer-exchanged into 50 mM Tris/HCI, pH 8.0
using Vivaspin columns and digested with either trypsin or chymotrypsin (Mass
Spectrometry Grade, Promega) at a ratio of 1:25 (w/w) or 1:30 (w/w), respectively,
according to the manufacturer’s instructions. Glycopeptides were selected from the protease-
digested samples using the ProteoExtract Glycopeptide Enrichment Kit (Merck Millipore).
Enriched glycopeptides were analysed by LC-ESI MS on a Q-Exactive Orbitrap mass
spectrometer (Thermo Fisher Scientific), as previously described (41), using higher energy
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collisional dissociation (HCD) fragmentation. Data analysis and glycopeptide identification
were performed using Byonic™ (Version 2.7) and Byologic™ software (Version 2.3;
Protein Metrics Inc.), as previously described (41). Searches were performed with the
following Byonic settings: semi-specific (trypsin), fully specific (chymotrypsin); maximum
of two (trypsin) and four (chymotrypsin) missed cleavages; 4 ppm precursor mass tolerance;
10 ppm fragment mass tolerance. Searches were performed against the GT1 and SOSIP.664
sequences in .fasta format and by using the personalized glycan library. The following
modifications were included: fixed carbamidomethylation, GIn to pyro-Glu conversion
(rare), Glu to pyro-Glu conversion (rare) and oxidation of methionine (rare). Manual
verification of identified all glycopeptides and their relative quantification was performed by
checking the correct identification of the monoisotopic peak, by assessing HCD
fragmentation spectra including the presence of the correct oxonium ions and by adjusting
the windows of the extracted-ion chromatograms. Where multiple charge states were
identified for the same glycopeptide, hits were validated separately. The abundance of
individual glycoforms was determined by adding up the intensities of the extracted-ion
chromatograms over all charge states. Relative abundances = [Intensity of one glycoform] /
[Intensities of all glycoforms identified on the same glycopeptide]. Raw data files can be
provided upon request.

Generation of a CHO cell line producing BG505 SOSIP.v4.1-GT1 trimers

The design and structure of BG505 SOSIP.v4.1-GT1 trimers has been described elsewhere
and is summarized in Figure 1A (63). We made a stable CHO cell line to express the GT1
trimers, using the same method as previously described for BG505 SOSIP.664 (71). The use
of a CHO cell line is relevant as this expression system has now been used to produce a
clinical grade preparation of the BG505 SOSIP.664 trimer (45). The vector system expresses
both Env and furin, resulting in the production of cleaved GT1 trimers at yields of 7-10
mg/L after purification by 2G12-affinity chromatography followed by size exclusion
chromatography (SEC). Visualization by negative-stain electron microscopy (NS-EM)
showed that 100% of the purified GT1 trimers adopt a native, propeller-like structure (Figure
1). Their midpoint of thermal denaturation ( 7,), as assessed by differential scanning
calorimetry (DSC), was 67.5 °C, which is very similar to the values derived for GT1 trimers
produced by transient transfection of human embryonic kidney (HEK) 293T cells, and for
BG505 SOSIP.664 and SOSIP.v4.1 trimers (Figure 1 and Table S1) (9, 63).

Glycan-depleted GT1 trimers retain the oligomannose glycan signature

We compared the overall glycan profiles of the BG505 GT1 and SOSIP.664 trimers. The N-
glycans were enzymatically released, fluorescently labeled and analyzed by hydrophilic
interaction chromatography-ultra-performance liquid chromatography (HILIC-UPLC). The
abundance of oligomannose-type glycans (Mans_gGIcNACc,) was determined by cleavage of
the labelled glycan pool with Endoglycosidase H (Endo H) (Figure 2 and Table S2). Both
trimers yielded very similar, oligomannose-dominated glycosylation profiles, as previously
reported for BG505 SOSIP.664 (34, 41). The overall oligomannose contents of the GT1 and
SOSIP.664 trimers were almost identical (57% and 59%, respectively). We do, however, note
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that the abundance of MangGIcNAC; in relation to MangGIcNACc, was elevated for GT1
(Figure 2, Table S2), similar to what was found when the same GT1 trimers were produced
in HEK 293T cells (63). The abundance of MansGIcNAc, was also slightly elevated for
GT1 compared to SOSIP.664 (8% and 5%, respectively; Figure 2, Table S2). This small but
detectable producer-cell independent increase in overall a-mannosidase processing for GT1
presumably reflects the elimination of five glycans that are present on the SOSIP.664 trimer
and the consequent exposure of some nearby sites (see below). The glycan profile of the
GT1 trimer gp41 subunit is almost exclusively dominated by complex-type glycans, whereas
oligomannose-type glycans are somewhat more abundant on gp41 from SOSIP.664 (4% on
GT1 vs. 12% on SOSIP trimers) (Figure 2, Table S2). This shift may reflect subtle changes
in the local environment of individual glycans neighboring the gp120 glycans (see below).

Glycan libraries from BG505 SOSIP.v4.1-GT1 and SOSIP.664 trimers

To probe the influence of glycan depletion on the glycan shield in greater detail, we
performed site-specific N-glycosylation analyses on CHO cell-derived GT1 and SOSIP.664
trimers. We first generated a database of all identified glycan structures by ion mobility-
electrospray ionization mass spectrometry (IM-ESI MS), both to characterize the range of
different N-linked glycans and then to facilitate a subsequent site-specific N-glycan analysis
(Figure 3, Table S3). Negative ion fragmentation was used to accurately assign the structure
and major isomers of the glycans (81). The IM-ESI MS spectrum shows that the gp120
subunit of the GT1 trimer has a significant population of oligomannose-type glycans (Figure
3A), which is consistent with the HILIC-UPLC glycan analysis (Figure 2).

Compared to BG505 SOSIP.664 trimers produced in stable HEK 293T cells (41), we found
a less diverse range of complex-type glycans on the same trimers produced in CHO cells.
This kind of variation reflects the different glycan-processing activities in the two cell types.
For example, CHO cells do not express a functional N-acetylglucosaminyltransferase 111
(84), which generates bisecting glycans. No glycans with terminal sulfates, GalINAcs, or
terminal a.2,6-sialic acids were identified on the CHO cell-produced trimers. A higher
degree of sialylation on CHO cell-derived proteins, compared to HEK 293, has been
reported previously (85). Consistent with that report, we found a high abundance of
sialylated glycans on the CHO cell-produced GT1 trimers, as determined by a
neuraminidase digest of the glycan pool (Figure S1). The sialic acid moieties on these
trimers are entirely a.2,3-linked, as indicated by the absence of the characteristic /7/z 306 ion
from the tandem ion mobility fragmentation spectrum (Figure 3E) (82). The dominance of
under-processed, oligomannose-type Mang.gGICNAC, glycans is, nevertheless, well
conserved between the two different producer cells. Overall, the glycome analyses of CHO
cell-derived BG505 SOSIP.664 and GT1 trimers and HEK 293T cell-derived BG505 SOSIP.
664 trimers described here and elsewhere concur: protein-directed glycosylation events yield
the predominant oligomannose glycoforms, and cell type-dependent events create sub-
populations of complex-type glycans (34, 41). The conserved oligomannose patches include
the epitopes for multiple bNAbs and are one of the key properties of Env immunogens that
need to be preserved when trimers are further engineered.
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Quantitative site-specific N-glycosylation analysis reveals a robust oligomannose-patch

To better understand the effect of eliminating selected sites on the overall glycan shield of
the GT1 trimer, we performed a quantitative, site-specific N-glycosylation analysis on
protease-digested glycopeptides. This method, which uses coupled, in-line liquid
chromatography-electrospray mass spectrometry (LC-ESI MS), has been described and
validated elsewhere (41).

We quantified the relative abundance of specific glycan structures on individual N-
glycosylation sites by summing the ion intensities of the corresponding glycopeptides. The
site-analysis data show that the overall ratio between oligomannose- and complex-type
glycans is highly similar for CHO cell-produced SOSIP.664 and GT1 trimers (Figure 4; inset
pie charts). However, a detailed inspection of the underlying profiles reveals several
examples of elevated trimming within the oligomannose glycan series on the GT1 trimer
compared to SOSIP.664, exemplified by a drop in MangGIcNAc, and a higher abundance of
Mans_gGIcNAC,. This phenomenon is particularly evident at the N234, N363 and N392 sites
where the MangGIcNAc, to MangGIcNAc, ratio inverts (i.e., MangGIcNACc, is predominant
at these sites on SOSIP.664, but MangGIcNAc, on GT1).

The implication of these observations is that a-mannosidase processing occurs to a greater
extent at these sites on the GT1 trimer, which is understandable as these three sites are very
close to positions from which PNGSs were deleted (Figure 5). For example, it is likely that
mannose trimming at N392 is impeded by the presence of the nearby N386 glycan on the
SOSIP.664 trimer, but can occur more readily on GT1, which lacks N386. Of note is that,
despite the deletion of three surrounding glycan sites (N386, N462 and N197), the N363
glycan on the GT1 trimer was slightly more trimmed compared to SOSIP.664 but still
remained oligomannose-type. The implication is that there are still significant impediments
to the further processing of this glycan, such as the N392 glycan and/or ones located in V2
(Figure 1). Hence, there may be significant redundancy among the various steric factors that
impede a-mannosidase trimming at sites within the intrinsic and trimer-associated mannose
patches where oligomannose glycans are particularly densely clustered.

Elevated processing toward smaller oligomannose-type glycans was also seen at the N156
and N160 sites in the V1-V2 region of the GT1 trimer. This may again reflect the reduction
in the local glycan density caused by the removal of the nearby N190c and N197 glycans.
The 7 amino-acid deletion that shortens V2 could also be contributory. Our model of the
glycosylated trimer, presented in Figure 5, implies that the steric restriction to the processing
of the N160 glycan may be driven by the inter-protomer clustering of the three N160 glycans
where they converge at the trimer apex. Evidence for clustering is provided by cryo-EM and
X-ray crystallography structures of BG505 SOSIP.664 trimers (6, 7) and has been shown to
limit a-mannosidase processing by comparison of the native-like BG505 SOSIP.664 N160
glycans (68% oligomannose-type glycans) to those of monomeric (9% oligomannose-type
glycans) and uncleaved gp140 pseudotrimers (34% oligomannose-type glycans) (42).

We note that the N295 glycan site (and, to a much lesser extent, N332) was more highly
processed towards smaller oligomannose-type glycans on the SOSIP.664 trimer compared to
GT1. Although this outcome may be rooted in differential conformational and steric
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constraints, we cannot fully explain the underlying mechanism using the currently available
models.

The design of the GT1 trimer involved eliminating three glycans proximal to the CD4bs
(N197, N276 and N462). While we have noted the moderate impact these changes have on
the nearby N363 glycan, the processing of the other CD4bs-proximal glycans (N262 and
N448) is little changed. This finding is consistent with there being multiple locally
stabilizing factors that influence the accessibility of glycans to processing enzymes. Thus,
the N262 glycan is known to form extensive interactions with the polypeptide chain (6, 86);
and the N448 glycan is presumably protected by its immediate neighbors (N295 and N262).
Glycan N301 is also very close to the CD4bs, but we were unable to obtain quantitative data
on this site. Overall, our data confirm and extend how local glycan clustering can be
sufficient to protect a glycan from processing (31).

DISCUSSION

The preservation of site-specific processing of the SOSIP.v4.1-GT1 trimer glycans has
substantive implications for our understanding of the glycan shield and for Env immunogen
design. That glycan processing is little changed despite the elimination of 15 PNGSs from
the trimer reveals the considerable redundancy in how the local environment of each glycan
acts to limit the processing activity of a-mannosidases. In other words, the loss of one
glycan from a local cluster does not usually eliminate the steric constraints on the processing
of its neighbors.

Our observations are consistent with and hence reinforce a recent, temporally overlapping,
study of a sequential deglycosylation strategy involving glycan site deletions around the
CD4bs (70). Specifically, deletion of the N197, N276, N301 and N386 sites had a minimal
impact on the overall glycosylation profile of the BG505 SOSIP.664 trimer. Of those four
sites, all but N301 were also eliminated from the GT1 trimer (and two more; N190c, N462),
so it is encouraging that the two sets of findings were generally concordant. In the wider
context of our own study with the GT1 trimer, what we have found will help in
understanding the antigenicity and structural properties of this gl-bNADb targeting
immunogen and the future design of improved variants based on the BG505 and other
genotypes (63).

The quantitative methodology we have used in this study is clearly capable of revealing
quite subtle changes in the composition of the glycan shield, particularly in respect of the
abundance of different oligomannose-type glycans; this is a topic that has not been
addressed previously. Our findings are also in accordance with the preservation of the
mannose patch across the HIV-1 clades despite variation in its precise composition (33).
They also support the hypothesis that local glycan processing is largely preserved when the
glycan shield evolves over time in infected people, as part of the immune evasion process
(87). An additional implication is that the presence of oligomannose-type glycans will be a
fundamental feature of virion-associated Env proteins despite the extensive variation in their
amino-acid sequence. By extension, variation in the location of individual glycans seems
unlikely to compromise other properties that oligomannose-type glycans confer on HIV-1,
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such as lectin-mediated virion trafficking (88) and complement activation through the
Mannose Binding Protein. Modulation of the oligomannose-triggered innate immune
response, for example by the capture of cell-surface complement regulators during viral
budding (89-91), may also be a fundamental property of HIV-1. This latter hypothesis is
supported by the vulnerability to complement of virions artificially devoid of such regulators
(92).

The sensitivity of a-mannosidase processing to local steric factors is governed by the
extensive substrate recognition interface that is revealed by X-ray crystallography, when the
relative sizes of the enzyme and the trimer are factored in (31, 93). Previously, we used a
steric-clash model based on the cryo-EM structure of a fully glycosylated trimer and the
crystal structure of an enzyme inhibitor complex to reveal the extent to which the N332
glycan was sterically protected; this glycan is located near the center of the intrinsic
mannose patch on the gp120 subunit of the trimer, and plays a core role in many bNAb
epitopes (31). Consistent with the underlying concept, there was no processing of N332-
containing glycopeptides beyond MangGIcNAc, among a panel of recombinant gp120
mutants that lacked various proximal glycans (31). Our site-specific observations on the
GT1 trimer show that, even in regions of the trimer where the local glycan density is lower
than in the outer domain, the glycan clusters are similarly protected, albeit with some
trimming evident beyond MangGIcNAc, (Figure 4). It was notable that glycan composition
changes to the glycan-depleted GT1 trimer, compared to the parental trimer, were modest by
the standards of what was found in an earlier study of individual glycan site deletions from
monomeric gp120 proteins (31). The different behavior of the glycan-clusters in the two Env
protein contexts is likely to be attributable to the much greater conformational and steric
constraints that apply to native-like trimers (28, 94, 95).

The robustness of the mannose patch on glycan-depleted trimers has implications for
immunogen design. Thus, in the example examined here, localized engineering around the
predicted epitopes of gl-bNAb expressing B-cells does not adversely influence glycan
processing in any global way. Hence, many glycan-dependent epitopes will be present or
almost fully assembled at the earliest stages of immunization. The preservation of glycan-
dependent, or glycan-influenced epitopes despite engineered changes that affect the
surrounding glycans may be a key element in understanding how to manipulate the B-cell
response when the goal is to preserve or tolerate the trimer’s glycan shield.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and properties of CHO-cell produced BG505 SOSIP.v4.1-GT1 trimers
(A) Schematic representation of the BG505 SOSIP.v4.1-GT1 construct. The constant (C1—

C5) and variable (V1-V5) regions of gp120 are highlighted in light and dark grey,
respectively. The stabilizing substitutions present in the SOSIP.664 are shown in black, with
modifications that create the SOSIP.v4.1-GT1 construct in orange. Of note is that the E64K
and A316W mutations were introduced to create the BG505 SOSIP.v4.1 trimer (49).
Detailed information on the GT1 construct, including a 7 amino acid deletion in V2, are
described elsewhere (63). The SOSIP.664 glycans are shown as black icons, with the ones
deleted from the GT1 construct colored blue. Glycan N188 (orange) in the altered V2 region
is equivalent to glycan N190 on the prototype BG505 SOSIP.664 version, and thus
represents neither a glycan introduction nor a deletion. (B) The glycans deleted from the
GT1 trimer are highlighted in marine blue on a model of the fully glycosylated BG505
SOSIP.664 trimer (the remaining glycans are in light blue). The approximate location of the
CD4bs is highlighted in yellow. The model was constructed using PDB ID 5ACO (80) as
previously described (41). (C) DSC analysis of 2G12 plus SEC-purified GT1 trimers, with
the 7y, value indicated (see Table S1 for additional relevant 7, values). (D) NS-EM analysis
of the same purified GT1 trimers, which were 100% native-like.
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Figure 2. Glycosylation profiles of BG505 SOSIP.v4.1-GT1 and SOSIP.664 trimers
HILIC-UPLC profiles of PNGase F-released and fluorescently-labelled N-linked glycans

from BG505 SOSIP.v4.1-GT1 (left) and SOSIP.664 (right) trimers produced in CHO cells
and purified by 2G12-affinity chromatography followed by SEC. Gp140 trimer (A & D);
gpl20 (B & E); gp41 (C & F). Oligomannose-type and hybrid glycans (green) were
identified by their sensitivities to Endo H digestion. Peaks corresponding to complex glycans
are depicted in pink. The pie charts summarize the quantification of the glycan processing
states, as determined by integration of the chromatogram. The corresponding percentages
are listed in Table S2. Glycan sequencing data derived by exoglycosidase digestion of the
GT1 trimer are shown in Figure S1.
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Figure 3. lon mobility mass spectrometric analysis of BG505 SOSIP.v4.1-GT1 glycans
Negative ion electrospray spectra of N-glycans enzymatically released from the gp120

subunit of CHO cell-produced BG505 SOSIP.v4.1-GT1 trimers. (A) Mobility-extracted
singly charged negative ions found on gp120. The corresponding singly charged ions are
encircled with the yellow oval in the DriftScope image (/7/z against drift time) in Panel B.
(B) Mobility extracted doubly charged negative ions found on gp120. The ions are encircled
with a blue oval in the DriftScope image. (C-E) Collision-induced dissociation spectra for
three distinct glycans derived from the transfer region of the Synapt G2Si instrument. The
insets to panels C, D and E show the corresponding glycans as well as the numbering of the
fragments. Panel E shows only the low mass region to emphasize the missing //z 306 ion,
the absence of which is diagnostic of a2,3-linked sialic acids (82). The numbering scheme

J Proteome Res. Author manuscript; available in PMC 2019 March 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Behrens et al.

follows that proposed elsewhere (83). The glycan symbols are shown on panel A. The
complete glycan libraries of the SOSIP.664 and GT1 trimers are shown in Table S3.
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Figure 4. Quantitative site-specific N-glycosylation analysis

Relative quantification of N-glycosylation sites on the BG505 SOSIP.v4.1-GT1 and SOSIP.
664 trimers. Quantitative data could be obtained for 16 and 21 glycan sites of (23 and 28) for
the SOSIP.v4.1-GT1 and SOSIP.664 trimers, respectively. The trimers were digested with
trypsin or chymotrypsin, enriched for glycopeptides and analysed by LC-ESI MS. For
SOSIP.v4.1-GT1, the bar graphs represent the means of two analytical replicates, for SOSIP.
664 one analysis was performed. The pie charts summarize the quantification of
oligomannose-type (green) and complex/hybrid glycans (pink) on individual sites. The
analysis was based on a glycan library generated by ion mobility ESI mass spectrometry
(Table S2). Relative quantifications for individual sites are based on the peak lists shown in
Table S4. The abundances of individual species in different categories have been combined
according to the oligomannose series (M5 to M9; MansGIcNAc, to MangGIcNAC,), hybrids
(H) and fucosylated hybrids (FH), and by the number of branching antennae (A) of
complex-type glycans. An = number (n) of antennae (e.g., A3 = triantennary); Gn = number
(n) of galactose residues; an F before the name indicates the presence of a core fucose.
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Figure 5. Processing of glycans on the glycan-depleted GT1 trimer
(A) The model is based on the one presented in Figure 1B, but with the glycans deleted from

the GT1 trimer now shown in “ghost” form (i.e., light blue with a white border). The
remaining glycans are color-coded according to their processing state (see key on the
figure). (B) Magnification of three sites (N160, N234 and N363) to highlight the effects of
the reduction in local glycan density on the GT1 trimer. Underneath these images are
difference plots of the % change in glycan abundances for GT1 compared to SOSIP.664.
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