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. The HIV-1 envelope (Env) glycoprotein is the primary target of the humoral immune response and a

. critical vaccine candidate. However, Env is densely glycosylated and thereby substantially protected

. from neutralisation. Importantly, glycan N301 shields V3 loop and CD4 binding site epitopes from

. neutralising antibodies. Here, we use molecular dynamics techniques to evaluate the structural
rearrangements that maintain the protective qualities of the glycan shield after the loss of glycan
N301. We examined a naturally occurring subtype Cisolate and its N301A mutant; the mutant not
only remained protected against neutralising antibodies targeting underlying epitopes, but also
exhibited an increased resistance to the VRCO1 class of broadly neutralising antibodies. Analysis

. of this mutant revealed several glycans that were responsible, independently or through synergy,

. forthe neutralisation resistance of the mutant. These data provide detailed insight into the glycan

. shield’s ability to compensate for the loss of a glycan, as well as the cascade of glycan movements on

. aprotomer, starting at the point mutation, that affects the integrity of an antibody epitope located at

. the edge of the diminishing effect. These results present key, previously overlooked, considerations for

. HIV-1Env glycan research and related vaccine studies.

© A key scientific challenge in the field of HIV-1 vaccine development is the design of immunogens that elicit
antibodies capable of neutralising the wide range of HIV-1 isolates in circulation, despite its immense global
. diversity'. Due to immune-mediated selection pressure, the majority of this diversity is in the viral envelope gene
: that encodes the Env proteins on the surface of a virion?. The Env proteins facilitate viral entry to target cells
and are formed by gp120/gp41 heterodimers that non-covalently associate, forming a trimer of heterodimers™*.
. Even though the majority of HIV-infected individuals mount an immune response targeting these Env trimers,
. within-host diversity ensures that certain strains continue to evade recognition and neutralisation®=®.
: Large sections of the Env trimers are covered by dense glycosylation and roughly half of its molecular mass
* is made up by glycans®!°, which have been suggested to protect the virus from antibody binding and neutralisa-
. tion'-15. Changes in these glycosylation patterns can therefore have a large impact on its ability to escape from
: immune attack. Once HIV infiltrates the host cells, it takes advantage of host cellular biosynthetic pathways for its
own benefit, which includes protein glycosylation as one of the main post-translational modifications'®. N-linked
glycosylation occurs in the endoplasmic reticulum and Golgi apparatus, where glycans are attached to asparagine
residues within an Asn-X-Ser/Thr motif (X is any amino acid except proline'®). The attached glycans, initially
assumed to be immunologically inert “self” molecules, were until recently considered a largely insurmountable
challenge for antibody recognition; hence termed, the “glycan shield”®!”.
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Figure 1. Distribution of potential N-linked glycosylation sites (PNGSs) for the CAP45.G3 strain (blue) relative
to the PNGSs of the HIV-1 reference strain, HXB2 (orange). The gp160 conserved (C1-C4), variable (V1-V5)
and gp41 sequence regions are labelled and shaded to indicate the borders of each region.

However, some HIV-1 infected individuals develop potent and broadly neutralising antibodies (bNAbs) that
specifically target, or find ways to bypass, the glycan shield'>!8-21. These bNAbs are characterised by their target
region, and are generally defined by particular monoclonal antibodies that target specific regions: the CD4 bind-
ing site??, the membrane proximal external region of gp41%, the glycan outer domain (typified by mAb 2G12)%,
the V1V2 apex region around glycan N160%, the V3 base around glycans N301 and N3322%, and the gp120/gp41
interface”. Despite the presence of such bNADs in the serum of infected individuals, circulating plasma viruses
generally escape, resulting in continued infection?®%. This escape from bNADbs has been linked to shifting glyco-
sylation sites or mutations in the protein sequence surrounding specific glycans''2. For example, Lynch et al.!!
showed that the mutation introducing a glycan at position N276 lead to partial VRCO1 resistance, and Moore et
al.*? reported that the shift of glycan N332 to position N334 resulted in PGT128 resistance.

To quantify the impact of glycans on the effectiveness of neutralising antibodies, previous in vitro studies
have used targeted de-glycosylation to compare the neutralisation of a range of viral strains with and without a
specific glycan'*~>, For example, the removal of glycan N301 (HXB2 numbering throughout), which is highly
conserved®"*? amongst HIV strains, has been shown to expose V3 loop and CD4 binding site epitopes®~%".
However, Moyo et al.!* described a subtype C strain, CAP45.2.00.G3 (referred to herein as CAP45.G3), in which
removal of the glycan at position 301 unexpectedly did not result in increased sensitivity to to a large proportion
of sera (61/64 panels) from chronically infected individuals'®, despite its central role in protecting other isolates
from neutralisation'>!%!833343637 Furthermore, the N301A mutant had increased resistance to the CD4 binding
site bBNAb VRCOI, and other VRCO1-like bNAbs, when the neutralisation profile was compared to that of the
wild-type®®. The authors suggested that this virus typified a subset of viruses that could tolerate the loss of glycan
N301 while largely maintaining the protective qualities of the glycan shield. The mechanism of compensation for
the loss of a glycan, in this case glycan N301, as well as the development of increased resistance to VRCO01, was
not understood.

Here, we explored glycan conformations in silico to explain these findings. We analysed two molecular dynam-
ics simulations of glycosylated Env trimers: the CAP45.G3 wild-type and the CAP45.G3 N301A mutant, which
removes the glycosylation site at residue 301, to establish whether the models replicated the in vitro compensation
of the glycan shield observed previously". Subsequently we describe, in detail, the structural changes of glycans
N442, N446 and N262 that bear the burden of compensation, how this burden is distributed, and the differences
observed between the protomers of each model. We show that by determining the glycan nearest to each protein
residue over time, we can clearly illustrate how changes in glycan conformations impact their ability to protect
certain residues of the underlying protein. Finally, our study demonstrates how a cascade of events could contrib-
ute towards the increased resistance to antibodies targeting an epitope distal to the point mutation, in this case the
N301A mutation and the VRCO1 epitope. These in silico data provide a detailed investigation of the glycan shield’s
ability to compensate for the loss of a glycan as well as the associated cascade of events that affect a distal epitope,
which provides further important considerations and avenues of exploration for vaccine studies focussing on the
HIV-1 Envelope.

Results

The CAP45.G3 subtype C virus was used to model the wild-type and N301A mutant trimer structures, compris-
ing of protomers A, B and C, for molecular dynamics (MD) simulations. The CAP45.G3 Env sequence has 29
potential N-linked glycosylation sites (PNGSs, Fig. 1) and although we could not computationally glycosylate
each PNGS, given the extent of variation seen during glycan occupancy studies**-*°, the generated model rep-
resents one possible form of the wild-type glycosylated model (Fig. 2). The N301A mutant model matched the
wild-type model, except the asparagine at position 301 was replaced with alanine and the glycan excluded. The
systems were equilibrated for the first 20 ns of the simulation and analyses were performed on the remaining
500ns.

Region-specific changes in the average antibody-accessible surface area (AASA) between the
wild-type and N301A mutant viruses. To investigate how the glycan shield compensates for the loss
of glycan N301 in CAP45.G3, we calculated the antibody accessible surface area (AASA) of the wild-type and
N301A mutant models using a 10 A probe (as an approximation of the size of an antibody®!) with Naccess*.
When directly comparing AASA values between the wild-type and mutant simulations, there are differences
due to underlying protein movement (particularly in the loop regions) and as a result of the loss of a glycan. In
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Figure 2. 3D representation of the N-linked glycosylation sites of the (a) CAP45.G3 strain (computationally
determined) and the clade A BG505 strain®® (crystal structure). The protein and glycan residues are shown as
surfaces and the glycans are labelled according to HXB2 numbering. The depicted orientation is such that the
lipid membrane is located at the top and the V1/V2-loop regions are at the bottom of the figure.

[l Statistically significant but not important

Figure 3. N301A mutant model with different orientations (a-c, 120° increments) to show each protomer
(different shades of tan) and the residues with statistically significant increases in their average AASA ratios
relative to the wild-type simulation (difference in average AASA <10% is orange (not important), >10% is
blue (important)). A statistically significant increase was evaluated at a 5% significance level using a bootstrap
approach (see Methods). The V3 (pink) and CD4 (green) regions are outlined. The depicted orientation is such
that the lipid membrane is located at the top and the V1/V2-loop regions are at the bottom of the figure.

order to isolate the effect of the glycan loss, we divided the AASA of each residue by its AASA when all glycans
are removed from the same simulation. The non-glycosylated value represents the “maximum” possible AASA
for a residue. We next compared these AASA ratios between the wild-type and N301A mutant simulations using
a bootstrap approach (see Methods section) to calculate which residues displayed a statistically significant (5%
significance level) increase in the average AASA ratios between the wild-type and N301A mutant simulations.
From the statistically significant subset (Fig. 3, blue and orange residues), we distinguished those residues with
a considerable increase in their AASA ratios, i.e. an average increase of 10% or greater, which we define as ‘sub-
stantial’ (Fig. 3, blue residues), to further isolate those residues that were most affected by the loss of glycan N301.
Residues identified in this manner were observed across all protomers and a total of 14, 42 and 18 residues were
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Sub-region [Env region] residues
V3 [V3] 303-305, 321-322, 323, [C4] 440
CD4 [C2] 198, [C3] 365, 367, 368, [V5] 460, 462, 464

Table 1. Residues with significantly different AASA values between the wild-type and N301A mutant

simulations.
Protomers
A B C
WT M WT M WT M
CD4 sub-region 30 30 |8 33 |20 4
V3 sub-region <1 0 <1 14 <1 <1

Table 2. Average antibody accessible surface area (AASA) ratios (%) of the residues for the wild-type (WT) and
N301A mutant (M) viruses that form part of the CD4 sub-region and V3 sub-region.

found for protomers A, B and C, respectively. Two clusters, one within the V3 region (Fig. 3, pink and outlined)
and one within the CD4 binding site region (Fig. 3, green and outlined), were apparent.

These clusters (Fig. 3(a,b), blue clusters) with a substantial increase in their AASA ratios (average increase of
10% or greater) surround the N301A mutant site, and since the clusters fall within the V3 loop and CD4 binding
site regions, we defined each cluster as the “V3 sub-region” (including residues 303-305, 321-322, 323, and 440)
and “CD4 sub-region” (including residues 198, 365, 367, 368, 460, 462, and 464) (Table 1).

For these V3 and CD4 sub-regions, we calculated the average AASA ratios over time (glycosylated region
total, over non-glycosylated total averaged over time) for the protomers of the wild-type and N301A mutant mod-
els (Table 2). Apart from the CD4 sub-region on protomer A, the average AASA values are substantially higher
for the N301A mutant sub-regions on protomer B (33% for the CD4 sub-region and 14% for the V3 sub-region,
N301A mutant virus) than for the other N301A mutant or wild-type protomers.

Because the laboratory study showed that the N301A mutant strain had increased resistance to VRCO01, and
VRCO1-like, antibodies compared to the wild-type strain, we also calculated the AASA ratios for the residues
that form part of this epitope (residues [C1] 123, 128, 129, [C2] 276, 278-283, [C3] 365-368, 371, [C4] 427-430,
455-459, [V5] 460-461, 463, 465-467, 469, 471, [C5] 472, 474, 476°%). Apart from protomer C, where there was
a substantial decrease in the AASA ratio for the N301A mutant model (wild-type: 11% and N301A mutant: 2%),
the wild-type and N301A mutant ratios remained relatively unchanged for protomers A (wild-type: 11% and
N301A mutant: 16%) and B (wild-type: 10% and N301A mutant: 14%).

Glycan conformational changes around the N301A mutation. As shown in previous studies!!*!%,
and evident from the AASA ratio results focussing on glycan N301, glycosylation shields the underlying protein.
To fully understand the shielding capacity of any glycan, it is important to establish which glycans are capable,
and most likely given their proximity, to affect the AASA of a particular protein residue. To achieve this, we
determined the nearest glycan to each protein residue by calculating the distances between its atoms and all the
atoms of each of the glycans for the wild-type and N301 mutant trimer models. Since the systems are dynamic, the
nearest glycan can vary between frames and we defined each glycan’s ‘neighbourhood’ as the region that includes
all the protein residues nearest to that glycan in the majority of the frames. For example, the protein residues
surrounding glycan N442 form the neighbourhood of glycan N442 and can be represented on the 3D structure.
These calculations allow us to determine which glycans shield the residues of the sub-regions identified during
the AASA calculations (Table 1).

We specifically focus on comparing the neighbourhoods of the N301A mutant protomers to their wild-type
counterparts, since the starting structures are identical and thus the differences in glycan neighbourhoods are
likely to be due to the loss of glycan N301. To further visualise and interpret the 3D representation of the gly-
can neighbourhoods, we also calculate the average centre of mass position (to illustrate the directionality of the
change), throughout the simulation, for each glycan. The results are described for the two sub-regions surround-
ing the N301A mutation, CD4 and V3, identified during the AASA calculations.

CD4 sub-region. Our neighbourhood calculation determined which glycans were nearest to each of the residues
within each sub-region. For the C3 residues (CD4 sub-region, Table 1), glycan N386 was the nearest to these res-
idues for all wild-type protomers, as well as for protomers A and B of the N301A mutant, whereas glycan N197
was the nearest on protomer C of the N301A mutant (Table 3). To further investigate how glycan N197 replaces
glycan N386 as nearest glycan to the C3 residues, we represent their 3D neighbourhoods on all protomers (Fig. 4).
There is a clear difference in the conformation of glycan N197 (protomer C; N301A mutant) when compared to
its wild-type counterpart, and this conformational change results in a shift in the residues contained in its neigh-
bourhood (Fig. 4(a,b), protomer C). A large proportion (29%) of the neighbourhood of the wild-type glycan
N197 (protomer C) contains residues from the V3 region of protomer B. However, the neighbourhood of glycan
N197 of the N301A mutant includes a large proportion (31%) of CD4 binding residues from protomer C and five
fewer V3 residues of protomer B than the wild-type.
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CD4 sub-region:

Wild-type N386, N463 N386, N355 N276, N386, N463
N301A mutant N276, N386 N386, N463 N197,N276, N463

V3 sub-region:

Wild-type N156, N262,N442 | N156, N197,N301, N442 | N156, N197, N262, N301
N301A mutant N156, N262,N442 | N156, N442 N156, N262

Table 3. The glycans nearest to the two protein clusters, with a statistically significant and substantial (>10%)
increase in their average AASA ratio (CD4 and V3 sub-region), for the three protomers (A, B and C).
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Figure 4. Neighbourhoods of the (a) wild-type and (b) N301A mutant glycans nearest to the CD4 sub-region
for the three protomers (A, B, and C): glycans N197 (orange), N301 (blue, only present in the wild-type), and
N386 (pink). Horizontal lines represent residues that are in different neighbourhoods when comparing the
wild-type and N301A mutant. The arrows originate from the Co atom of the Asn and end at the average centre
of mass position for the selected glycans. The representations are cropped around the CD4 binding site of each
protomer and the surface representation of residues on adjacent protomers are shown as opaque.

Also, for protomer C of the N301A mutant, a change in the conformation of glycan N386 is associated with the
change in conformation of glycan N197 (Fig. 4(b) protomer C), which causes the exclusion of any CD4 binding
residues from glycan N386’s neighbourhood. Conversely, glycan N386 of the N301 A mutant protomer A also
undergoes a conformational change (Fig. 4(b) protomer A), but this change results in the inclusion of an equiva-
lent number of CD4 binding residues as its wild-type counterpart.

V3 sub-region. The neighbourhoods of the glycans nearest to the V3 sub-region, N156, N262 and N442
(Table 3), are shown in Fig. 5. Additionally, the neighbourhood of glycan N446 is included because its neigh-
bourhood is itself enclosed by the abovementioned V3 sub-region glycan neighbourhoods (Fig. 5(a) protomer
B). There are marked differences between the conformations of glycans N442 and N446 of the N301A mutant
model on protomer A, and to a lesser extent those on protomers B and C, when compared to their wild-type
counterparts (Fig. 5).
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Figure 5. Neighbourhoods of the (a) wild-type and (b) N301A mutant glycans nearest to the V3 sub-region for
the three protomers (A, B, C): glycans N156 (orange), N262 (yellow), N301 (blue, only present in the wild-type),
N442 (pink), and N446 (green). Horizontal lines represent residues that are in different neighbourhoods when
comparing the wild-type and N301A mutant. The arrows originate from the Co atom of the Asn and end at the
average centre of mass position for the selected glycans. The representations are cropped around the V3 region
of each protomer and the surface representation of residues on adjacent protomers are shown as opaque.

Glycan N442 (N301A mutant) re-orientates towards the N301A site in all the protomers to varying degrees,
with the largest shift occurring on protomer A (Fig. 5(b) protomer A) and only a slight movement on protomer
C (Fig. 5(b) protomer C). Comparatively, glycan N446 (N301A mutant) re-orientates towards the N301A site
on protomers A and C only (Fig. 5(b) protomers A and C), while for protomer B, the glycan shifts away from
the N301A site (Fig. 5(b) protomer B). Finally, glycan N262 on protomer C (N301A mutant) also re-orientates
towards the N301A site (Fig. 5(b) protomer C).

Protomer-specific glycan conformational changes that compensate for the loss of glycan
N301. Since glycans N197, N262, N386, N442 and N446 were identified as the glycans nearest to the protein
residues that had increased AASA ratios and showed conformational changes, we investigated whether these
conformations were viable when glycan N301 was present, i.e. whether or not they caused large conformational
clashes with any of the wild-type glycans, which would imply that the N301A mutant glycan conformations are
impossible in the wild-type model. Hence, we superimposed the N301A mutant glycan conformations of each
protomer onto its wild-type counterpart and directly compared each time point. For each of these N301A mutant
glycans, we calculated the proportion of frames where an atomic overlap was observed with any of the wild-type
glycans, as well as the average number of atoms with an atomic overlap with wild-type glycans (Table 4). Due to
differences between the results, each protomer is described separately.

Protomer A.  The glycan with the largest and most frequent overlap with glycan N301 (protomer A; wild-type)
was glycan N442 (N301A mutant). In 99% of the frames, glycan N442 occupies the same space as glycan N301
does in the wild-type simulation with an average of 226 overlapping atoms per frame (Table 4). A Man-9 glycan
(described in the Methods section) has a total of 244 atoms; 226 clashes therefore imply that almost all of the
atoms overlap with glycan N301 and that glycan N442 (N301A mutant) occupies most of the space vacated by
glycan N301 for practically the entire duration of the trajectory. Similarly, glycan N262 (protomer C; N301A
mutant) occupies some (22 clashes per frame) of the space vacated by glycan N301 for a large (77%) proportion
of the trajectory (Table 4).

Concurrently, the space vacated by glycans N442 and N262, is in turn occupied by glycan N446 (N301A
mutant). This is evident from the large proportion of frames with an atomic overlap, as well as a large average
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N133 539%? 45°
N156¢ 86%; 58 68%; 46 <1%;2
N197 N160 33%; 30
N301 21%; 37 10%; 25 12%; 27
N386 55%; 25 <1%;6 94%; 115
N301 77%; 22 3%;7 97%; 58
N262 N334 <1%; 1 16%; 6
N442 90%; 42 12%; 13 67%; 26
N446 6%; 9 99%; 175 85%; 23
N137 9%; 5 17%; 67
N386 N197 11%; 13 1%; 14 6%; 7
N463 13%; 33 22%; 20 8%; 43
N133 34%; 14
N137 13%; 49 59%; 43
Na©2 N156 21%; 33 7%:; 43
N262 52%; 9 2%; 13 1%; 6
N301 99%; 226 29%; 28 19%; 14
N446 31%; 45 36%; 19
N137 15%; 13 1%; 12
N262 >99%; 80 88%; 86 24%; 9
N446 N301 22%; 18 <1%; 16 66%; 36
N334 24%; 56 3%; 49
N442 95%; 148 6%; 16 96%; 125

Table 4. Overlap calculations between the N301A mutant glycan substitute and any wild-type glycan. *The
proportion of frames with a clash (%). The average number of overlapping atoms in those frames with a clash.
Wild-type glycans are omitted if the proportion of frames with an overlap is below 10% on all protomers. ‘Wild-
type glycans on a different protomer from that of the N301A mutant glycan are shown in bold.

number of overlapping atoms per frame (Table 4), observed between glycan N446 and glycans N442 (95%, 148
overlapping atoms) and N262 (>99%, 80 overlapping atoms).

Protomer B.  None of the glycans on protomer B have noticeably large overlap with glycan N301 on the wild-type
protomer B, which suggests that the wild-type glycan conformations are maintained on the N301A mutant pro-
tomer B.

Protomer C. The largest overlap with glycan N301 were observed for glycan N262 (N301A mutant), where 97%
of the frames have an atomic overlap with glycan N301, with an average of 58 overlapping atoms per frame, and
for glycan N446 (N301A mutant; 66%, 36 overlapping atoms; Table 4).

Lastly, the nearest glycan results highlighted the conformational change of glycan N197 (protomer C; N301A
mutant). This shifted conformation appeared to occupy the space where glycan N386 of the wild-type is located,
which is confirmed here by the large overlap observed between glycan N197 (N301A mutant) and glycan N386
(wild-type). Only a small overlap is observed for glycan N386 (protomer C; N301A mutant) with glycan N301,
which suggests that the adjusted conformation for this glycan is viable in the presence of glycan N301. The con-
formation of glycan N197 (protomer C; N301A mutant), however, has moderate overlap with glycan N301 (12%,
27 overlapping atoms). Further investigation revealed that glycan N197 overlaps with glycan N301 at two specific
time intervals (14-35 ns and 346-500 ns) and not throughout the simulations. This suggests the ‘new’ conforma-
tion for glycan N197 can coexist with glycan N301.

Domino effect of glycan conformational changes: how changes propagate and taper off.
During the investigation of the protomer specific conformational changes, we observed that the space generated
by removing glycan N301 is occupied by another glycan, which in turn leaves a new space that is then occupied by
yet another glycan. To extend the investigation of glycan conformational changes beyond those glycans nearest to
the N301A mutation site, while maintaining the relevance of the changes (i.e. the changes associated with the loss
of the N301 glycan), we compare the frequency of the hydrogen bonds that form between glycans in the wild-type
and N301A mutant. Substantial changes in the hydrogen bond network allude to changes in the conformations of
glycans adjacent to those glycans near the N301A mutation site. For each of the identified glycans, we calculated
the average centre of mass position, throughout the simulation, for the wild-type (Fig. 6(a), orange arrows) and
N301A mutant (Fig. 6(a), blue arrows).
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Figure 6. Domino effect of glycan conformational changes on the three protomers. (a) Structures illustrating
the location of glycans. The arrows originate from the Cc atom of the Asn and end at the average centre of
mass position for the selected wild-type (orange) and N301A mutant (blue) glycans identified by the hydrogen
bond analysis for protomers A, B and C. Curved arrows indicate the degree of change in directionality, e.g.

the large movement for glycan N399 on protomer C. The representations are cropped around the V3 region of
each protomer and the surface representation of residues on adjacent protomers are shown as opaque. (b) Each
schematic - protomer A, B and C - shows the hydrogen bond network starting from glycan N442 (first node) on
protomer A, B and C, respectively. Solid borders around glycan nodes and broad arrows represent glycans and
interactions that form part of the domino effect considered, whereas dotted borders and fine arrows indicate any
glycans and interactions outside the considered domino effect. The arrows connecting glycan nodes distinguish
interactions that are either greater on the wild-type (WT; orange) or on the N301A mutant (M; blue).

Protomer A.  'The conformational change domino effect is clear on protomer A, where the conformations of six
glycans (N442, N446, N137, N133, N386 and N463) are affected. In the wild-type, these glycans are interlinked
by sequential hydrogen bonds. However, the interlinked nature of these glycans is broken in the absence of glycan
N301, and two glycan clusters exist on the N301A mutant. The first cluster includes glycans N442, N446 and
N137, and the second glycans N133, N386 and N463.
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Glycan N442 occupies the space vacated by glycan N301 (Fig. 6(a) protomer A). In turn, the space vacated by
glycan N442 is occupied by glycans N446 and N137 (Fig. 6(a) protomer A). These rearrangements result in an
increased interaction between glycans N442 and N446 (9% wild-type vs. 20% N301A mutant; Fig. 6(b) Protomer
A). Glycan N137 on the other hand, no longer interacts with glycan N442 (33% wild-type vs. 0% N301A mutant;
Fig. 6(b) Protomer A) but instead has an increased interaction with glycan N446 (14% wild-type vs. 59% N301A
mutant; Fig. 6(b) Protomer A). The second cluster is separated from the first by the change in conformation of
glycan N137 (Fig. 6(a) protomer A), which eliminates the interaction between glycans N137 and N133 (13%
wild-type vs. 0% N301A mutant; Fig. 6(b) Protomer A). This reduced structural hindrance near glycan N133
may allow for its re-orientation (Fig. 6(a) protomer A) and subsequent increased interaction with glycan N386
(5% wild-type vs. 30% N301A mutant; Fig. 6(b) Protomer A), as well as with glycans N463 (2% wild-type vs. 16%
N301A mutant; Fig. 6(b) Protomer A). There is also an increased interaction between glycan N386 and N463 (0%
wild-type vs. 17% N301A mutant; Fig. 6(b) Protomer A). Other changes in the hydrogen bond network quickly
taper off to glycans located at the protein apex (Fig. 6(b) Protomer A).

Protomer B.  Apart from glycans N156, N197, N262, N386, N442 and N446, which were previously investigated
on protomer B during the neighbourhood and subsequent overlap analyses, the hydrogen bond network further
identifies interaction with glycan N334 (N301A mutant; Fig. 6(b) Protomer B). However, glycan N334 shows no
movement when compared to its wild-type counterpart (Fig. 6(a) protomer B), which indicates that there was
almost no domino effect.

Protomer C. The domino effect was similar to that of protomer A, however, glycans N446 and N463 (N301A
mutant) are not implicated, whereas glycan N399 is. The hydrogen bonds between glycans N137 and N133 per-
sist, although at a reduced scale compared to the wild-type (76% wild-type vs. 56% N301A mutant; Fig. 6(b)
Protomer C). The hydrogen bonds between glycans N133 and N386 were not present in the wild-type and are
substantial in the N301A mutant (0% wild-type vs. 39% N301A mutant; Fig. 6(b) Protomer C). The persistent
interaction between glycans N133 and N137 results in all these interlinked glycans collectively moving closer to
the gap left by the N301A mutation on the N301A mutant model (Fig. 6(a) protomer C). In our model, this move-
ment, coupled with the increase in interaction between glycans N133 and N386, likely contributes to the ‘new’
conformation of glycan N197 (protomer C; N301A mutant).

Discussion

Here, we analysed two 500 ns molecular dynamics simulations (CAP45.G3 wild-type and CAP45.G3 N301A
mutant) and show that the systems imitate in vitro neutralisation data - the glycan shield restores itself and
retains its ability to protect key epitopes after the removal of glycan N301"3. This was in contrast to a second
isolate, Du156.12, where the laboratory results showed that this N301A mutant virus had increased sensitivity
to a panel of sera from chronically infected individuals'?, and where the in silico simulations of the Du156.12
wild-type and N301A mutant models were vastly different to that of the CAP45.G3 models (Supplementary File
1). The key observation during our initial, in silico, comparative analysis was that the conformational differences
of the glycans on the wild-type models, as well as the landscapes around each of these glycans, likely affected
the ultimate changes in the glycan shields. The importance of this collective behaviour of glycans on the Env
surface was previously noted by Lemmin et al. describing several, relatively stable, glycan microdomains™. Since
Moyo et al."® speculated that the CAP45.G3 virus typified a subset of viruses where the loss of glycan N301 was
tolerated, i.e. the protective qualities of the glycan shield, or perhaps the glycan microdomain, were retained, the
focus of our manuscript was on providing a thorough account for the suggested compensation. Therefore, for the
CAP45.G3 modelled systems, we describe, in detail, the change in the glycan landscape, and cascade of events,
that may have contributed towards the maintenance of the glycan shield for this viral isolate. The only structural
difference between the model simulations is the presence or absence of the N-linked glycan at position 301 and
the stability of the distinct glycan interactions throughout each simulation suggests that the observed differences
are meaningful.

We observed clear evidence of compensation for two of the three N301A mutant protomers (A and C) within
the trimeric protein structures. The antibody accessible surface area (AASA) ratios of these two protomers are
equivalent to their wild-type counterparts, despite the lack of glycan N301. However, unexpectedly, there are
differences in the particular glycans compensating for the loss. Glycan N442 bears the bulk of the compensation
burden on protomer A, whereas glycans N446 and N262 share the burden on protomer C. However, even though
glycan N442 bears the compensation burden on protomer A, its ‘new’ conformation was considerably influenced
by glycan N446 on the same protomer. The spatial pressure from glycan N446 resulted in a glycan N301-like con-
formation observed for glycan N442 (protomer A; N301A mutant). Therefore, this suggests that in our model,
glycan N446 is essential for maintaining the glycan shield by not only directly bearing a part of the compensation
burden, but also through its substantial influence on the conformation of glycan N442. Although we are currently
unaware of studies describing the influence of glycan N446 on epitopes accessibility, there have been reports on
glycan N442 and its role in shielding epitopes of the CD4 and gp41 regions'®. This suggests that glycan N446 may
also influence the availability of epitopes in these regions.

In contrast to protomers A and C, we found ambiguous evidence of compensation for protomer B (N301A
mutant), where increased AASA ratios were observed for various residues. The apparent lack of compensation
for protomer B can be, in part, attributed to the lack of conformational change in glycan N442, as well as the sub-
stantial change in the conformation of glycan N197 on protomer C (adjacent to protomer B), which is commonly
reported as shielding the CD4 and V3 regions'*'.

We also identified specific glycan conformational changes that have a direct impact on the accessibility of the
modelled protein surface. The conformational change of glycan N197 (protomer C; N301A mutant) has drastic
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implications for the AASA ratios of the residues of the CD4 sub-region and VRCO1 epitope on protomer C. Both
the residues in the CD4 sub-region (Table 1) and the residues of the VRCO01 epitope show decreased AASA ratios
for protomer C of the N301A mutant model. Glycan N386 (protomer A; N301 mutant) also plays a role in main-
taining the AASA ratio of residues that form part of the CD4 sub-region (Table 1); however, in comparison, the
conformational change of glycan N386 does not lead to a decrease in the AASA ratio of the VRCO1 epitope, but
instead, the removal of glycan N301 leads to a slight increase in AASA for this region (protomer A). Thus, based
on the AASA results, glycan N386 may not contribute to the increased resistance observed to the VRC01 bNAb
(unlike glycan N197), which is contrary to evidence of this glycan shielding the CD4 binding site®*>.

Despite the popularity of calculating the AASA®"*°%" as a predictor of whether residues are accessible by
antibodies, it remains to be seen whether they are useful, and accurate, for describing the contact between HIV-1
gp160 and antibodies. For example, there are considerable differences between the conformation of particular
HIV-1 envelope glycans co-crystalised with VRCO1 compared to an unliganded crystal structure®®. Additionally,
Stewart-Jones et al.*® showed that substantial overlap occurred between broadly neutralising antibodies and one
or more glycan/s throughout 500 ns trajectories, suggesting that known broadly neutralising antibodies likely
need to accommodate at least one glycan during the binding process. Given this evidence, the passive nature of
AASA calculations is likely to result in an underestimation of the accessibility of residues in regions where the
“shielding” glycans can be flexible. This may be the case for glycan N386 (protomer A; N301A mutant), where
the flexibility of glycan N133 (protomer A; N301A mutant) increased the structural hindrance near glycan N386.
This, in turn, reduced the freedom of movement of glycan N386 resulting in slightly higher AASA ratios around
this glycan in our model, but potentially still leading to increased VRCO1 resistance due to its reduced flexibility
to accommodate the antibody. However, complete resistance to VRCO01 was not observed for the CAP45.G3
N301A mutant and it is unknown if glycan N386 plays a role, or whether the conformation of glycan N197 is
solely responsible for, the observed increase in VRCO1 resistance.

Due to the potential caveats associated with AASA, we extended the analyses to examine the capacity for each
glycan to act as a shield to its surrounding protein residues by determining which glycan was the nearest to each
protein residue across time. A benefit of this analysis is the ability to generate leads in the cases where the binding
site of a particular antibody is known and point mutations that would reduce resistance are sought. The analysis
also provides an intuitive and easy representation of the glycan positions over time. For example, the large change
in the conformation of glycan N197 (protomer C; N301A mutant) is apparent and easily related to a change in the
conformation of glycan N386 (protomer C; N301A mutant; Fig. 4(b)).

The nearest glycan approach also presents certain disadvantages; small differences are easily overlooked and,
since the crowded nature of the HIV glycan shield can result in large conformational differences that change the
glycan neighbourhood only slightly, small changes could be an important consideration. Additionally, the nearest
glycan may not necessarily be the shielding glycan, which is the case when glycans are buried and therefore rela-
tively inflexible. Glycan N262, where a large neighbourhood was observed, presents one such case. Visual inspec-
tion suggested that other glycans, only slightly further away, may have greater capacity to shield certain residues
assigned to glycan N262. However, due to its static, buried, nature, these residues were consistently assigned to
glycan N262, and therefore removing it prior to the analysis might be prudent.

The length of the trajectory (MD simulation), which relates to the uncertainty associated with observing
enough of the sample space during the simulation is a key, and ongoing, problem of molecular dynamics research
of large structures. We would expect that, on a long enough time scale, the glycans would populate similar vol-
umes across the protomers. However, the glycans of each protomer adopt distinct conformations that do not
interconvert during our simulation. Unlike the protomer scissoring reported by Lemmin et al.>*, we did not
observe this effect for either the wild-type or N301 mutant model simulations, but did identify small scale, pro-
tomer specific, protein movements (data not shown). Nonetheless, despite the differences, the data for each
protomer is self-consistent and stable; i.e. although the effect of glycosylation on the AASA is different across
protomers, the effect is constant in each protomer throughout the simulation. A possible solution to this issue is
to use replicate exchange (which should explore greater proportions of the potential energy surface) but requires
more study. Yang et al.>® used replicate exchange and described enhanced sampling for glycosylated Env trimers;
it would be worthwhile for future studies to compare the degree of convergence in the observed glycan shapes
between different protomers in the different approaches. The advantage of the molecular dynamic protocol used
here is that it clearly shows that there are glycan-glycan and glycan-protein interaction networks that extend
across the Env surface and persist on at least a 500 ns timescale. Although the lack of convergence between pro-
tomers is concerning for drawing statistically strong conclusions, it is interesting, and important, to note that the
interactions driving the observed differences occur at longer time scales than 500 ns.

Finally, our modelling results suggest that the loss of a glycan, due to a point mutation, can result in a cas-
cade of events on the same protomer (intra-protomer) that could contribute towards increased resistance to
epitopes distal to the location of the initial sequence mutation causing the cascade of events - in this case the
VRCO1 epitope. We initially speculated that this epitope would be influenced directly by the N301A mutation via
cross-protomer interactions (through the additional space created), since it has been shown that the N301 glycan
overlaps with VRCO1 on an Env crystal structure bound to this antibody®®. However, here we present evidence for
intra-protomer conformational rearrangements of specific glycans, which we believe contributed to the increased
resistance of the CAP45.G3 N301A mutant to VRCO01, and other VRCO01-like, antibodies.

It is unlikely that the glycan shield of the CAP45.G3 isolate is unique in its ability to compensate for a loss of
a glycan, however, the particular glycan distribution and clustering meant that the absence of glycan N301 was
not crucial for the maintenance of its protective qualities as a whole. The further implication is that different viral
Env glycoproteins will likely each have their own set of glycans that are, individually, either dispensable or indis-
pensable in forming, and maintaining, the glycan shield. This argument extends to the asymmetrical effects seen
across protomers; the degree of glycan conformity, both in terms of site occupancy and glycan type, between the
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three protomers of an Env trimer is currently unknown and largely unacknowledged in HIV-1 Env studies. It is
completely plausible that the HIV-1 glycans of Env trimers vary across their protomers and that these differences
affect the neutralisation efficiency of glycan-dependent antibodies in different ways. This ties in with the knowl-
edge that antibodies are not always present on all three protomers, and that glycan heterogeneity is one likely
cause of this finding>.

Despite the caveats associated with molecular dynamics simulations, as well as the immense potential vari-
ation in the Env glycan shields of HIV-1 isolates, this study provides a detailed investigation of how the loss of
a single HIV-1 Env glycan does not result in a hole, but rather results in a cascade of events that may have led to
the maintenance of the glycan shield and increased resistance to a broadly neutralising antibody observed for the
viral isolate. Given the focus on Env glycans within HIV-1 vaccine research, and the importance of these glycans
for bNAD binding, we hope the techniques and results presented here will encourage further in-depth considera-
tion of the virus-specific glycan landscapes. Future investigations, both in vitro and in silico, focussing on different
glycan point mutations and including systems composed of a variety of glycan forms, will demonstrate to what
extent these results translate, and are predictive, across viral isolates and subtypes.

Methods

Structural modelling and molecular dynamics simulations. System preparation. We used
MODELLER®"? to generate the protomer structures. The CAP45.G3 (Genbank accession number DQ435682)
sequence was used as the target, and three reference structures, PDB IDs 4ANCO®, 4TVP>! and 2B4C* were used
as starting templates. The modelling was repeated ten times and models were ranked according to their DOPE
scores®®. The model with the lowest DOPE score was then selected, triplicated, and the three copies were aligned
to the protomers of the 4NCO trimer structure to generate the trimeric model. Potential N-linked glycosylation
sites (PNGSs) were determined by identifying the NXT/S motifs, where X is any amino acid except a proline. For
each PNGS on the trimer homology model, we attempted to attach a Man9GIcNAc2 glycan (Manal-2Manal-
6[Manal-2Manal-3]Manal-6[Manal-2Manal-2Manal-3]Manf31-4GlcNAcB31-4GIcNAcB1-). The glycans
were generated using the carbohydrate builder available at Glycam-Web® and were attached using a prototype
tool under development for the Glycam-Web suite of web tools that explores the most populated rotamers of the
Asn-GlcNac linkage®” and then, if clashes are observed between previously added glycans or the protein, itera-
tively rotates the Asn sidechain and glycosidic linkages within reasonable bounds. Two of the glycosylation sites,
N335 and N678, were not glycosylated; site N335 occurs in an NNST motif and we were specifically interested in
the positioning of glycan N334 in the context of bNAbs'? and due to its relative abundance compared to N335%,
and N678 falls outside the modelled domain. For the remaining 81 PNGSs, 79 were computationally glycosylated.
During the first round, glycosylation of sites N160 (protomer C), N399 (protomer B), and N386 (protomer C)
failed. However, after a 30 ns simulation (according to the steps described below), we retried glycosylating these
three sites; only site N386 (protomer C) was successfully glycosylated, whereas sites N160 (protomer C) and N399
(protomer B) remained unglycosylated. It is unknown whether, but unlikely that, the three protomers of an Env
trimer will always have matching glycosylation profiles; although position N160 is widely known as a conserved
PNGS, researchers have used mass spectrometry to quantify the presence of glycans at PNGSs of 94 cross-clade
HIV-1 gp120 proteins and the results show that glycosylation at N160 is not absolute®®. Furthermore, the depend-
ence of a glycan at this position for effective neutralisation has been shown to be variable'?, and the particular
binding characteristics of bNAbs PG9 and PG16 to glycan N160 does not necessitate trimer specific glycosylation,
i.e. the antibodies recognise a single N160 glycan®. Therefore, although we could not glycosylate each PNGS of
the model (positions N335 and N678, and positions N160 on protomer C and N399 protomer B), each viral clone
will have varied glycosylation patterns and our ‘fully’ glycosylated model represents one form of the CAP45.G3
Env glycoprotein. We continued with this fully glycosylated model to create the N301A mutant by replacing the
asparagine residue at position 301 (HXB2 numbering) with an alanine residue and removing the glycan.

The systems were created using the tLEaP package contained in AmberTools 147°. The ff14SB”! force field
was used for the protein and the GLYCAMO6j-17* force field for the glycans. The wild-type and N301A mutant
systems were immersed in a truncated octahedron water box containing TIP5P7® water molecules, since TIP5P
was found to produce the best quantitative agreement with experimental data’. The box size was set such that all
protein and glycan atoms were 15 A from the edge of the box. Chloride ions were added to neutralise the system.

Simulation. 'The molecular dynamics simulations were produced using AMBER 147°. The systems were mini-
mised by running 10,000 steps of steepest descent and 10,000 steps of conjugate gradient minimisation. During
minimisation restraints were placed on all non-hydrogen protein and glycan atoms. The systems were equil-
ibrated by running 0.4 ns simulations under nPT (1 bar, 300K) on a CPU cluster. During the first equilibra-
tion stage, Cartesian restraints (5.0 kcal/mol) were placed on all non-hydrogen protein and glycan atoms. The
restraints were removed, and the equilibration was extended by another 1 ns on a GPU cluster to ensure stability
across clusters before the production run started on the GPU cluster. The 520 ns production runs were generated
on a GPU cluster using AMBER GPU acceleration pmemd”® and 0.002 ps time steps, with coordinates written to
the trajectory file every 10,000 steps.

Analyses. Root Mean Square Deviation to determine system equilibrium. The conformational stability of
the protein during the simulation was assessed by calculating the root mean squared deviation (RMSD) between
the protein backbone atoms (C, C-alpha, N, O) and the starting structure of the production run. Conformational
stability was achieved after 20 ns (data not shown) and this section of each trajectory was therefore discarded; the
remaining 500 ns simulations were used for further analyses.
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Antibody-accessible surface area for different regions and residues. ~To investigate the efficiency with which the
glycan shield compensates for the loss of glycan N301, we calculated the antibody accessible surface area (AASA)
using a 10 A probe (as an approximation of the size of an antibody®') with Naccess®? for both the wild-type
and N301A mutant simulations. The van der Waals radii of the glycan atoms were defined as described for the
GLYCAMO6j-17* force field. The AASA was calculated for 2,500 evenly spaced frames across the 500 ns trajectory.

Differences between the wild-type and N301A mutant AASA values could be attributed to either the protein
and/or glycan movements and we, therefore, normalise the values to remove changes in the AASA due to protein
movements. To do this, we determined the “base/maximum” AASA by removing the glycans and re-calculating
the AASA for these non-glycosylated frames. The final AASA ratio, per frame, is the ratio of the glycosylated and
non-glycosylated AASA values, calculated by dividing the AASA of the glycosylated protein by the AASA of the
non-glycosylated protein. Averages were calculated using these AASA ratio over time.

We compared the mean AASA ratio, per residue, of the N301A mutant simulation to that of the wild-type to
determine whether there was a statistically significant increase. The AASA ratio distribution of each residue under
the null-hypothesis (wild-type and N301A mutant means are equal) was assessed by using 100 moving-blocks
bootstrap replicates. The AASA ratio datasets for each model were mean normalised to satisfy the null-hypothesis
before bootstrap replicates were drawn. The 50 ns blocks were defined such that each block could only start on
whole nanoseconds for adequate sampling of the whole trajectory. There were, therefore, 450 possible blocks,
with ten random blocks required for each bootstrap replicate. Variance normalisation was not performed due to
numerous residues with average AASA ratio over time equal to zero. We further filtered the significant residues
to include only those where the difference between the average AASA ratio for the wild-type and N301A mutant
over time was 10% or greater. We opted for moving-blocks bootstrap above a normal bootstrap approach to con-
serve the correlation between sequential observations.

Nearest glycan calculation for all protein residues.  Since the AASA results revealed that some residues have
increased AASA ratios in the N301A mutant when compared to the wild-type simulation, we wanted to under-
stand the shielding capacity of the surrounding glycans and determine which glycans are the most likely to affect
the AASA ratio of particular protein residues. To achieve this, we calculated, for each residue, the distances
between its atoms and all the atoms of the glycans. Each residue is subsequently assigned a nearest glycan based
on the calculated distances. The nearest glycan for each residue was calculated for 25 evenly spaced frames across
the 500 ns trajectory. The glycan that was most frequently the nearest to a particular residue throughout the tra-

5>«

jectory, was defined as that residue’s “nearest glycan”

Overlap between wild-type glycans and specific glycans from the N301A mutant model. 'The nearest glycan calcu-
lation revealed which glycans were nearest to the protein residues that had increased AASA ratios, and showed
conformational changes, during the N301A mutant simulation compared to that of the wild-type. In order to
determine if these conformational changes were specifically due to the additional space generated from the
absence of glycan N301, we investigated whether the changes were viable when glycan N301 was present, i.e.
whether or not the identified glycans caused large conformational clashes with any of the wild-type glycans.
Hence, we iteratively removed the identified nearest glycans from the wild-type model trajectory and replaced
each with the N301A mutant model trajectory equivalent. One glycan was analysed at a time and then restored
before the next N301A mutant glycan’s overlap calculations were performed. All the frames of the wild-type and
N301A mutant models were aligned to the first frame of the wild-type trajectory before the analysis was carried
out. The overlap was calculated using UCSF Chimera” for 2,500 evenly spaced frames across the 500 ns trajec-
tory. The default values were used for the van der Waals overlap (0.6 A) and potential hydrogen bonding between
clashing pairs (subtract 0.4 A).

Tree representation of hydrogen bonds between glycans to illustrate the cascade of events after the loss of a gly-
can. In order to determine which further glycans were affected by the absence of glycan N301, but not imme-
diately adjacent to the N301A mutation, we calculated and compared the hydrogen bonds that formed between
glycans in the N301A mutant and wild-type simulations. The number of hydrogen bonds that formed between
any two glycans was calculated for all 25,000 frames. The proportion of the total frames in which there was a
hydrogen bond between any two glycans was calculated and rounded to the nearest percentage. The analysis was
performed using the hbond function in cpptraj” contained in AmberTools 14, using the default cut-off values for
the distance between the heavy atoms (3 A) and the angle between the acceptor and donor atom (135 degrees).
The glycans that showed a change of 10% or greater in the frequency of the interaction between the wild-type and
N301A mutant simulations were represented on tree graphs. The analyses tree graphs were generated using R”’
and, where necessary, the trajectory data was parsed into R using the Bio3D package’®. Visual representation of
the protein structures were generated using UCSF Chimera’.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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