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Abstract

The co-evolution of the potential N-glycosylation sites of HIV Clade B gp120 was mapped
onto the coevolution network of the protein structure using mean field direct coupling analy-
sis (mfDCA). This was possible for 327 positions with suitable entropy and gap content.
Indications of pressure to preserve the evolving glycan shield are seen as well as strong
dependencies between the majority of the potential N-glycosylation sites and the rest of the
structure. These findings indicate that although mainly an adaptation against antibody neu-
tralization, the evolving glycan shield is structurally related to the core polypeptide, which,
thus, is also under pressure to reflect the changes in the N-glycosylation. The map we pro-
pose fills the gap in previous attempts to tease out sequon evolution by providing a more
general molecular context. Thus, it will help design strategies guiding HIV gp120 evolution
in a rational way.

Introduction

Coevolving positions in the amino acid sequences of proteins are studied most often in terms
of contact sites between or within protein molecules. Coevolution is considered also in terms of
epistasis when functionally interdependent sites are involved [1, 2]. Further, distant sites could
be bound by allosteric tracts [3, 4] and/or electrostatic interactions. The availability of large
databases of homologous sequences and of methods refined for the detection of direct interac-
tions (direct coupling analysis [5, 6]) are prerequisites for an increasingly reliable statistical
analysis of coevolution.

A sizable collection of sequences is available from the genome of the highly variable HIV
(http://www.hiv.lanl.gov/). Despite of a high rate of mutation the envelop proteinretains a
dense glycosylation covering most of the exposed surface of the spike trimer. This shield con-
sists of a relatively constant number of about 25 glycans per gp120 molecule [7] but almost
all of the corresponding N-glycosylation sites are highly variable hence—“evolving glycan
shield” [8].
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The evolving glycan shield is an evolutionary concept implying complex interactions
between N-glycosylation sites as part of an extensive network of structural interdependencies
[9]. A major reason for the existence of such a dynamic structure is the necessity to shield neu-
tralization epitopes on the protein surface within some structural constraints, e.g.—occlusion
of the receptor and co-receptor binding sites, protomer interactions, molecular motions, etc.
The immunological pressure is an evident but not isolated factor guiding the constant change
of the sequon set. To the best of our knowledge, the only comprehensive study of the coevolu-
tion of the numerous gp120 N glycosylation sequons is the one by Wei, et al. [10]. The authors
use a mutual information measure of coevolution with a level of significance determined by a
bootstrap procedure, which is not sufficient to offset the entropy dependence and does not
remove the chain effects. Consequently, the results are highly restricted and fail to demonstrate
the obvious coevolution couplings for instance of adjacent and contacting residues.

Most studies of the structural aspects of Env gp120 to date have focused on clade B ([11-16]
just to name a few). Utilizing this information, we studied the network of coevolving primary
structure positions in Clade B gp120 based on a set of sequences from the database maintained
at the Los Alamos National Laboratory (LANL) using mean field direct coupling analysis
(mfDCA) [17]. The results were mapped onto the common residues involved in the structure
2B4C, which is also based on a Clade B isolate and features the constant core with the V3 loop
in receptor and X5 antibody bound conformation. Previous studies using a different approach
confirmed the hypothesis that immune pressure should lead to strong inter sequon dependen-
cies [18] but failed to map inter sequon co-evolution onto the overall network of dependencies.
Not unexpectedly, we found N-glycosylation sites to be engaged in numerous couplings within
their network but also with other positions. Four positions often participating in sequons (E293,
D322, S364 and N396) were found to be dependent predominantly on other sequons while posi-
tions N130, S199, N234, N241 and N362 were predominantly coupled to non-sequon positions.
The rest of the sequons were dependent both on other sequon and non-sequon positions indi-
cating that the immune pressure on the evolving glycan shield has a major impact on the struc-
tural stability of the gp120.

Methods
Sequences and models

To reduce the phylogenetic and sequence bias artefacts, a multiple sequence alignment was
used that: 1) was restricted to one clade (B), 2) to one sequence per patient and 3) to sequences
with less than 80% homology to any other. Ensuring a relatively homogenous evolutionary dis-
tance between the sequences avoids the phylogenetic artefact caused by deep trees with few
main branches. This MSA (n = 984) is documented in S1 Dataset. In addition, positions were
retained if they were less than 99% conserved and contained less than 20% gaps—this MSA is
also part of S1 and S2 Datasets. The study was based on the clade B 2B4C crystal structure,
which presents also the V3 loop but has a truncated V1/V2 loop and the N terminal 53 amino
acids [13]. The final alignment contained 742 sequences and 327 positions with 64 sequons
and 94 sequon related positions (SRP: P1 -N or P3 -S/T), of which respectively 40 and 61 are
represented in 2B4C. The MSA was performed on the LANL server. The non-random occur-
rence of sequons was determined based on the hypothesis of random co-occurrence of N and S
or T and the respective marginal frequencies in the MSA yielding 16 instance for this set of
sequences. Thus, only those sequons were considered, which reoccurred 17 or more times at a
particular position. Molecular graphics were generated using the UCSF Chimera package. Chi-
mera is developed by the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco (supported by NIGMS P41-GM103311) [19].
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Mean field direct coupling analysis (mfDCA)

The method of mfDCA is described in detail elsewhere [5, 6, 17] and the algorithm in Matlab
implementation is available at http://dca.upmec.fr/DCA/DCA html. The essential property of
this algorithm is that by using mean field approximation rather than belief propagation it pro-
vides a faster algorithm for eliminating the chain covariance effects and detects only the direct
interaction between two positions in the sequence based on the observable covariances. Both
methods can be viewed as “inference engines” acting on the statistical information encoded in
large Bayesian networks [20]. The mfDCA results are found to outperform those generated by
simple covariance analysis as well as approximate Bayesian analysis [17]. The mfDCA algo-
rithm was applied to the Clade B MSA without change. The baseline mfDCA values were deter-
mined as the maximal mfDCA value for each position from 100 sequence alignments derived
from the original MSA after scrambling separately each column. This preserves the marginal
frequencies but destroys the inter position correlations (the script is in S2 File).

Graph visualization

The set of relations was further analyzed as an undirected weighted graph and visualized using
Gephi 0.8.2 software (www.gephi.org) [21]. For the graph analysis, the weight of the edges was
calculated as:

w;; = —logD, ,
where D;; is the mfDCA value of the significant couplings. Since 0<D<1, the lower weight cor-
responded to higher mfDCA value, which was necessary for the correct application of most of
the graph analysis algorithms. The layout was generated by applying first a circular layout
based on amino acid positions followed by ForceAtlas 2 algorithm (https://gephi.org/docs/
toolkit/org/gephi/layout/plugin/forceAtlas/ForceAtlasLayout.html) with the following parame-
ters: Dissuade Hubs, Prevent Overlap, Edge Weight Influence = 1.0, Scaling = 30, Gravity = 0.5,
Tolerance Speed = 1.0-10.0 (changed twice between the extreme values). Finally the layout was
Label Adjusted. The label sizes were scaled to the degree of the nodes. For the different presen-
tations, the labels were color coded according to 1) their modularity class or 2) their sequon
relation—first position (N), third position (S/T) or both when a variable site takes both values
in different sequences. The gephi file containing the graph layout and the data table with the
calculated graph parameters are available as supplement (S1 File).

Betweenness centrality and all shortest paths

The betweenness centrality was calculated by the Ulrik Brandes algorithm as implemented in
the Gephi suit [22] as well as by the David Gleich Matlab_BGL package based on the Boost
graph Library (https://www.cs.purdue.edu/homes/dgleich/packages/matlab_bgl/) both algo-
rithms giving the same result. The shortest paths were found using the Dijkstra algorithm as
implemented in the GraphTheory Matlab package.

Results
Mean field direct coupling analysis of HIV gp120 Clade B sequences

The network of coevolving positions was determined performing mfDCA on the multiple
sequence alignment of 742 sequences with 327 considered positions. The mfDCA derived cou-
pling values exceeding baseline (Fig 1) marked 969 significant of 53301 possible correlated
pairs. The 2B4C structure contained 4356 pairs of positions with distances between the Ca.
atoms of less than 12 A while the mfDCA algorithm highlighted 296 of those as functional
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Fig 1. Comparison between mfDCA coupling values for Clade B gp120 based on the observed MSA or
on the same MSA with scrambled columns. The amino acid residues in each column were randomly
reordered and 100 different MSA with scrambled columns were thus generated. The mfDCA was performed
on each of the 100 scrambled MSA and the maximal coupling values for each pair of positions (X) was related
to the value from the observed MSA (Y). The maximum coupling value obtained after 100 permutations for
each pair of positions was used as an upper limit of the random distribution of values for that pair. Thus, the
dots above the diagonal represent the couplings, for which the actual mfDCA values were above the 99
percentile of the random coupling distribution. These mfDCA were considered significant and were used
further in the analysis while the rest were replaced by zeros.

doi:10.1371/journal.pone.0128664.g001

couplings. As expected, the strongest interdependencies occurred for adjacent or nearby posi-
tions and also correlated inversely with the interatomic distances between the Co atoms in the
2B4C structure (Fig 2 and S2 Fig). Nevertheless, 298 relations found by this analysis involved
pairs at more than 12A distance.

The set of relations was further visualized as an undirected weighted graph with nodes rep-
resenting the sequence positions and edges representing the significant couplings (Fig 3A).
The graph consisted of a major component containing all analyzed positions except for 415 as
an isolated node and 241 and 496, which formed the minor component. The mean degree was
5.92 meaning that on the average each position was coupled to approximately 6 others. The
network diameter was 8. Thus, if the shortest paths between the aa positions in this direct
couplings graph represent potential allosteric paths the longest among them is a chain of 8
residues.

Visualization of the network of functional interactions

The visualization algorithm used—ForceAtlas2, is based on a classical force-directed layout
with improvements allowing for better illustration of modularity [23]. At the same time a
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Fig 2. mfDCA coupling overlaid on the contact map of 2B4C.G structure. Significant couplings are
marked with red dot to the background of gray level coded distances in angstroms. As expected, most of the
significant values were along the diagonal indicating both primary and tertiary structure proximity. Those of
highest intensity were aligned on the diagonal (not shown). A number of long range interactions (red dots in
white areas) are observed also.

doi:10.1371/journal.pone.0128664.9002

force-directed algorithm may be viewed as a very coarse simulation of molecular forces so the
layout has the advantage of roughly representing a 2 dimensional projection of the structure. It
only serves as an approximate layout, the spatial distribution of the nodes in which, resembling
the actual protein structure, may serve as a check point for the relevance of the mfDCA data.

Indeed, a good agreement between the variable and constant domains of gp120 and the par-
tition of residues in modularity classes of the graph was observed relating mostly to the capac-
ity of mfDCA to predict contact residues and tertiary structure [17]. The densely connected
positions in the variable loops formed cliques shown in the periphery of the graph (Fig 3).
Interestingly, the apparent discrepancy between the position of V3 in the graph and the 2B4C
structure can be explained by the bound conformation of the structure, while the coevolution
network registered the strong relation of these residues to the outer domain—contacts V3
probably makes in the free conformation [24-26].

Mapping the potential N-glycosylation sites

Relating position entropy to frequency of sequon related asparagine grouped the potential N-
glycosylation sites in 3 groups:—frequent (13 N and 10 S/T positions), rare (20 N and 14 S/T
positions) and highly variable (31 N and 6 S/T positions) (Fig 4A). Some N positions coincide
with S/T positions of an adjacent sequon so S/T positions are fewer. This classification omits
the highly conserved positions N88 and N262, which were filtered initially. Since all the
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Fig 3. Graph representation of the interacting pairs. (A) The layout was constructed using Force Atlas 2 algorithm (Gephi). The size of the label (amino
acid position number) correlates with the degree of the respective node in the graph. The modularity analysis of the graph yielded 7 modularity classes—
color coded. The mapping of the major modularity classes on the 2B4C gp120 structure (B—stereo view) shows a good agreement with secondary and
tertiary structure units. The V3 (green), V4 (red) and V5 (ochre) loops overlap with three separate classes, while V1/V2 fall into a class colored yellow. The
logic of the visualization algorithm pulls cliques to the periphery and in the case of gp120 these are represented most notably by V4 and V5 and, to a lesser
extent—V1/V2. Even the spatial relationships between these structures are marked although projecting on 2D plane distorts them. The only major
discrepancy is the position of the V3 loop, but it is important to note that 2B4C structure represents the bound conformation of gp120 and the V3 loop in the
unbound state seems to be positioned rather where the graph suggests. Thus the layout algorithm used reconstructed the main structural relations in gp120
based on the mfDCA coupling analysis.

doi:10.1371/journal.pone.0128664.g003

sequons represent only potential glycosylation sites from here on we shall omit the word poten-
tial but it will be implied all through this report. The complete list of the analyzed sequon posi-
tions is given in S1 Dataset. The variable positions are characteristic of the variable loops V1/
V2, V4 and V5. The rare sequons occur actually in the close vicinity of frequent ones not only
in the structure but also topologically in the graph. Therefore, most probably the rare sequons
represent functionally equivalent variants of the frequent ones (Fig 4B).

Mapping the sequon related positions on the coevolution graph reiterated their grouping in
variable loop and “constant” part ones (Fig 5A). The SRP alone formed a rather connected net-
work leaving out the V3 sequons (N301/ T303 and N302/R304) and the N386/T388 sequon
while the inner domain positions T49, T51, N130 and S199 were not dependent on any other
sequon. The sequon ego network (all positions immediately linked to a SRP) contained the
larger part of the non-sequon positions (144 of 233 nodes-Fig 5B) and represented a highly
connected network. Even the variable loop cliques are bound by numerous relations to the rest
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Fig 4. Distribution of potential N-glycosylation sites (sequons). Overall there were 94 positions, which represented less than 99% conserved sequon
related asparagine residues. This excluded the two highly conserved positions N88 and N262. The lower bound was 16 sequences with sequon at the site—
the threshold for random occurrence of sequons. As it has been demonstrated earlier, these sequons grouped further in several groups. Relating the
frequency of the sequon in each of those positions to the entropy (variability) of the site (A), it was possible to outline three distinct groups. Some sites were
represented more often than not by a sequon and were designated “Frequent”. Other, on the contrary, represented sequons in the minority of the sequences
(although not random) and were designated “Rare”. The third group represented high entropy sites, in which neither the sequon related N nor other residues
predominated—these were designated “Variable”. Mapping these three classes on the primary structure of gp120 (B) not surprisingly showed that “Variable”
sequons were found in the variable regions, “Frequent” and “Rare” sequons appeared mostly on the constant and the “Rare” sequons were very often in
close proximity to at least one sequon from the other classes.

doi:10.1371/journal.pone.0128664.g004

of the graph. The SRP that had relation to non-sequon positions were 85 of 94. Interestingly, 6
of 8 SRP that related only to other SRP were found in V1/V2 and the other two are S364 and
N406 in V4. The sequon unaccounted for is the isolated node T415. The sequons that had pre-
dominantly non-sequon dependencies were found on the constant part in close vicinity to the
loops (Fig 5C). These latter positions were also related to the most connected core of the co-
evolutionary network.

The central positions

The effect of the evolving glycan shield on the rest of the structure was studied also in the con-
text of the potential allosteric pathways. The latter were predicted as the shortest paths in the
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Fig 5. Mapping the sequon related positions of the potential N-glycosylation sites on the graph of mfDCA couplings. (A) “Variable’—ochre for N and
magenta for S/T, “Frequent—red —N, bordeaux —S/T and “Rare”—green—N, blue—S/T for. The P3 (S/T) positions appear less than the P1 (N) positions
because N was selected to represent the position when the P1 and P3 overlapped for adjacent sequons. Overall, the sequons formed two connected
subgraphs leaving out positions 49, 51, 130 and 199. The variable V1/V2, V4 and V5 regions represented tight cliques in the large subpgraph while p301-
304 formed the smaller subgraph. The ego network (all immediately connected positions) of the sequons (B), was a highly connected and included a large
part of the non-sequon positions. Therefore, it seems most of the sequons are closely interrelated but do not segregate from the rest of the structure. Even
the variable loops cliques are bound by numerous relations to the rest of the graph. (C)-The sequon related positions mapped on the 2B4C structure in
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stereo view are color coded for their epistatic coupling to other sequon positions (red), to non-sequon positions (blue) or to both equally (yellow). If the
proportion of sequon position related couplings is above 0.5 the color is orange, if less than 0.5 —gray. The predominantly sequon coupled positions are found
in V4 but mostly in V1/V2 (not shown) as well as 293 and 446 in the middle of the cluster on the outer domain. The most “structure related” sequon positions
are 130, 199, 304, 368, 467 and 241.

doi:10.1371/journal.pone.0128664.9005

co-evolutionary graph. Betweenness centrality (BC) measures the proportion of shortest paths
that a node lies on. In this way, BC can be used to predict the frequency with which a position
participates in allosteric paths. The highest BC values clustered in three groups (S1 Fig) and the
corresponding sites (3, 9 and 29 sites respectively) represented a core structure highly con-
nected to all other sites. Fig 6 (and S4 File) maps the 29 sites common with 2B4C color coded
for the group. In descending order of the centrality measure associated they represent: group 1
—V346, R192 and M426; group 2—D230, K178, V270, D474, L134, E429, G152, E275 and
$195 and group 3—V169, F317, D62, T236, Q170, N135, T63, E268, A219, N362, E106, F277,
1154, R419, V65, N99, V182, P369, E47, 1194, T140, G471, Q442, G379, M373, K232, R444,
E150 and T240. None of these sites lied on paths that connected less than 149 other sites and
10 (underlined) were on shortest paths connecting more than 300 sites. The sites considered
connected were those at the termini of the paths only and not the intermediates. Among the

positions with the top 41 BC values there were 10 SRP (bolded), a proportion not significantly
different from the overall. Neither did the distribution of SRP correlate with the classification
in 3 groups with top BC. Thus, being a sequon related position did not correlate with allosteric
centrality. Some SRP participated in the majority of the allosteric paths, e.g.—N362 (degree = 9)
sits on allosteric paths that connect all nodes in the main component of the graph (n = 323),
T236 (degree = 13) and N135 (degree = 12) each connect 297 nodes, etc. Other SRP, mostly
those in the V4 and V5, were only locally connected. The node degree, the number of terminal
positions of the paths involved and the BC values correlated only weakly. Interestingly, 12/41
top BC positions were found in V1/V2 region. It seems to have a central role in the structural
dependencies despite its disordered conformation and much more so than the other variable
regions. Group 1 and 2 of the top BC positions (n = 12) were found in the CD4 binding region,
some membrane proximal positions (D230, V270 and D275), V3 (F317) and the 02-helix
(V346—degree = 16, connects 289 sites, focuses most paths and is the most central position

D230 V346¥
' V270 -
—_— < )

Fig 6. Map of the sites with the highest betweenness centrality values on the 2B4C structure—a stereo view. Red—group 1, yellow—group 2, cyan—
group 3 (only positions in groups 1 and 2 are labeled). These positions are found in the membrane proximal part of the inner domain, the bridging sheet and
the CD4 binding site. The pseudo-bonds indicate the immediate mfDCA couplings (ego network) of the positions in the 3 groups. (The Chimera file is S4 File).

doi:10.1371/journal.pone.0128664.9006
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according to this graph). This set generally forms an intermediate region connecting allosteric
paths that span the inner and the outer domains.

Long range interactions and SRP

As expected, the mfDCA values decreased with the increase of the interatomic distances (Fig
7). SRP couplings decreased faster than the rest. The large radius of the glycans increases the
distance, at which direct contacts would affect fitness Thus, it seemed that SRP coevolution
was predominantly affected by direct contacts between amino acid residues or by the attached
glycans. At the same time, several long range interactions were found too (Fig 8, S3 File). These
included E293-N462, E293-N355, $334-D230, R444-D230, R444-Q363 and N197-N276.
Most of them involved the outer domain SRP E293, S334 and R444 and linked them to mem-
brane proximal regions (D230, N355 and N462), and the core near V4/V5 (Q363 and N355).
Although these long range interactions were few, they represented homotypic pairing between
low entropy positions (both frequent and rare) but not highly variable sequon positions (Fig 9
and Table 1). The long range homotypic frequent to frequent and rare to rare sequon pairings
together with much closer frequent to rare interdependencies confirmed that rare sequons
most probably are versions of the nearby frequent ones and probably have a similar role.
Homotypic coupling is predominant also for variable loops high entropy SRP, which are
mostly connected to their neighbors.

Discussion

Here we attempted to give as complete a description of the co-evolutionary dependencies in
HIV gp120 of Clade B as currently possible using the available sequences at the LANL and the
mean field direct coupling analysis. A special emphasis is laid on the network of interactions of
the potential N-glycosylation sites in the context of the immune aspects of the evolving glycan
shield [8, 27]. A description of their functional relations was considered of theoretical and vac-
cinological interest. In particular, it was interesting to delineate the homotypic interactions
between the sequons as shaped potentially by external pressure—mostly antibody neutraliza-
tion, was expected, a considerable number of sequon/non-sequon correlations were estab-
lished. What is more exciting—the set of SRP was found to be immediately linked to 62% of
the studied positions indicating that even if the immune pressure shapes the evolving glycan
shield, the consequences affect the entire structure.

Classifying the SRP according to their conservation demonstrated that the most variable
group (in the variable loops) as well as the more conserved ones both show abundance of homo-
typic SRP to SRP interactions. In the case of the SRP that are found on the core, these homotypic
interactions were predominantly at a long distance. One explanation for these findings could
be the ultimate necessity to preserve the glycan shield in the evolutionary process leading to
replacement of lost sequons. A leading cause for this preservation should be related to its anti-
body shielding function. On the other hand, long range direct dependencies cannot be explained
by immune pressure easily if shielding of the adjacent protein core epitopes is at stake. Alterna-
tively, they can be due to electrostatic interactions— or to interaction between the protomers in
the homotrimer. So far, only the interaction of the V1/V2 loop from the neighboring protomer
has been demonstrated indirectly [28]. It is possible that the neighboring V1/V2 interacts not
only with V3 but also with the adjacent area of the outer domain including the residues that
appear highly connected in betal3 and alpha2. It is not always easy to distinguish inter- from
intraprotomer masking with respect to V1/V2 and V3 as Liu et al. showed in an elegant experi-
ment [29]. Gycan interactions, on the other hand, can occur at much larger distance than amino
acid side chains because of their mobility and size. Previously Poon et al. described evolutionary
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Fig 7. Dependence of mfDCA values on distance. As expected, the magnitude of the mfDCA coupling
decayed with the increase of the distance between the pair of interacting positions. Both non-sequon related
(A) and sequon to non-sequon related interactions (B) showed a rather regular pattern of interaction strength
inversely proportional to the distance. Sequon to sequon interactions magnitude fell off with the distance
faster (C) and were almost entirely contained within a radius of 15A consistent with contact interactions
between glycans. A small group of inter-sequon interactions occurred at a distance more than 20 A.

doi:10.1371/journal.pone.0128664.g007
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Fig 8. The long range sequon to sequon interactions mapped onto the 2B4C structure. A—Stereo view perpendicular to the axis of the trimer, B—
stereo view form the membrane proximal region along the axis of the trimer. The sequence related positions are color coded for their frequency/entropy (rare
—qgreen, variable—yellow, frequent—red). For a more precise inspection see the Chimera file (S3 File).

doi:10.1371/journal.pone.0128664.9008

interactions between N-glycosylation sites [18]. The authors concentrated exclusively on the
potential N-glycosylation sites based on an alignment of 711 sequences from different clades.
The covarion model was used to evaluate variation over time in the site-specific rates that poten-
tial N-glycosylation sites were gained or lost. The authors concluded that nearby sequons were
linked by exclusive interactions (only one of the sites can contain sequon) while distant interac-
tions were positive (sequons co-occur). Comparing the mfDCA graph to the results from Poon
et al. shows that the results are in the same vein (Table 1). A number of interactions found by
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significant couplings were at shorter distances than the non-significant ones except for the homotypic pairs between frequent or rare sequons (F/F and R/R).
The interacting homotypic pairs F/F and R/R were also at a longer distance than all other interacting SRP pairs Overall, these results indicate that homotypic
interactions between frequent and rare SRP are at long distances and this is not because they are positioned distinctly in the structure since the mfDCA non-
significant pairs among them are not different from the rest.

doi:10.1371/journal.pone.0128664.9g009

Table 1. Ratio of actual over expected frequencies (based on marginal frequencies) of interactions (mfDCA) between different sequon related
positions. The interactions are distributed unevenly (X2, p<0.001). As expected there is a preference to N-S/T relationship obviating the epistatic link in the
individual sequons. Further, variable sequons are related mostly to themselves forming cliques in the variable loops. The preference of frequent for rare N
positions indicates that the rare sequons may be often variants of the frequent. At the same time S/T positions of variable sequons are related also to N posi-
tions of rare sequons.

N of Frequent N of Variable N of Rare S/T of Frequent S/T of Variable S/T of Rare Non-Sequon

N of Frequent 0.89

N of Variable 0.87 2.40

N of Rare 1.38 0.90 0.32

S/T of Frequent 2.00 1.11 1.04 0.28

SIT of Variable 1.18 2.31 1.63 0.44 1.39

SIT of Rare 0.65 1.06 2.24 0.73 1.15 0.21

Non-Sequon 0.92 0.66 0.92 1.00 0.65 0.94 1.11

doi:10.1371/journal.pone.0128664.t001
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the covarion method appear in the mfDCA graph often including one or more intermediates,
e.g.— T465-(V360)-N362, N295-(S446)-Q442, Q442-(R444)-D230, etc. Apart from the missing
general co-evolutionary context in the Poon et al. data, the differences may be due also to the
different sets of data as the authors looked at a more general picture of HIV evolution including
fewer sequences from all clades.

The statistical nature of the direct coupling scores necessitates caution and confirmation in
the interpretation of the functional bonds discovered. The overall agreement of our findings
with the structural data for Clade B gp120 as well as the previous successful application of
mfDCA for prediction of tertiary structure and contact residues across many protein families
[6, 17] argue in favor of the conclusions at a more general level. Several attempts were made to
describe co-evolutionary patterns of gp120 in the recent years. Early on Korber et al. [30] stud-
ied the covariance of mutations in the V3 loop of the envelop protein of HIV type 1. A group
of connected positions including S306, H308, A316, F 317, G321 and E322 was identified. A
good agreement was found between this data and the mfDCA network, which showed a highly
connected clique containing these and adjacent V3 residues. Korber at al. did not correct for
the entropy and chain effects but instead calculated statistical significance only by a bootstrap
procedure. It is possible that the clique type of connectivity allowed for an equivalence between
the two methods. Wei et al. analyzed separately B and C clade sequences and found consider-
able differences in the C terminal part, which evolves much faster in clade C [10]. The tech-
nique used to filter the noise tends to lose information resulting in unexpectedly low number
of co-evolving sites. Sethi et al. looked for allosteric coupling using correlated movement in the
gp120 structure subject to molecular dynamics simulation [31]. The emphasis of this approach
was the allostery, which is one of the possible sources of selection pressure resulting in epistasis.
The communities, the authors defined, partially correspond to the modularity picture pre-
sented in this report with the obvious consensus on variable loops but with less agreement in
the core of the gp120. The lack of V3 in the structure Sethi et al. used makes the comparison
even more difficult. Perhaps the most interesting parallel is the prediction of one particular
allosteric path. While the one end was chosen to represent a key residue in the CD4 binding
cite—position F353, the other end of the path in the C-terminal part of the o2 helix—P369,
seems chosen somewhat arbitrarily. The authors found a path of 5 positions (E466, V360,
N362, S364 and V372) that linked these two points. In the mfDCA graph the shortest path
between the two positions is represented by a single position—F277. There are also alternative
longer paths in the mfDCA graph that include the listed positions. An important factor that
may underlie the discrepancies is the highly truncated structure used for the molecular dynam-
ics simulations. It lacked glycans and variable loops. Interestingly, in the allosteric path F353,
E466, V360, N362, S364, V372 and P369 the underlined positions represent a sequon. In the
path F353, F277, P369 found by mfDCA none is SRP.

The glycan shielding of the gp120 from antibodies is not absolutely effective. For instance,
antibodies that bind epitopes on the glycans can be elicited. Although the intrinsic carbohy-
drate determinants are “self”, their arrangements in higher order structures (from adjacent gly-
cans) are identified as “non-self”. Thus, the evolutionary pressure does not come only as a
necessity for shielding the protein core but also to shuffle potentially epitopic higher order
structures [32, 33]. A number of studies exist describing in detail evolutionary events that affect
gp120 sequons [34-36]. Together they describe a supersite of vulnerability through glycans,
which participate in most of the broadly neutralizing anti-carbohydrate antibodies epitopes.
The prototype antibody 2G12 binds to glycans attached to (N295, N332, N339, N386, and
N392) [37], the antibody PGT135 has an epitope involving SRP N332, N386 and N392 [15]
and PGT128—N332 and N301 [38]. Analysis of the neutralizing capacity of lectins and the
resulting viral adaptations showed again a central role for positions N295, N332, N339 and
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N392 [35, 38, 39]. Thus, despite its unusual structure, 2G12 is not unique as specificity since
other broadly neutralizing anti-carbohydrate antibodies and carbohydrate binding proteins
bind to overlapping glycans and are similarly neutralizing. Dacheux et al. found that 2G12 epi-
tope appears late in the evolution of the virus in individual patients, suggesting that 1) the anti-
body activity to this epitope is preexisting or appears early in the disease causing loss of the
epitope and 2) the glycans involved are functionally important since the epitope is restored as
soon as the immune function declines [27]. The mfDCA analysis is in agreement with this
hypothesis. The SRP related to the sequons defining these N-glycosylation sites are of moderate
centrality for the graph of interactions, but they are immediately linked to other positions of
central role (participating potentially in a great many allosteric paths). For instance N332 is
linked to Q442 (also SRP) and through it to the top BC value site E429 (Fig 6) and 334 is linked
to another top BC value site D230, which is one of the most central positions according to the
present analysis. Furthermore, sequons N339/T341 and N295/T297 are mutually linked but
also depend on M426 and V270, which are two more top BC value sites. N295 itself is a top BC
value site. It seems several allosteric paths from the 02 \V4\V5 region may be passing through
N339 and N295. This puts constraints on these two sequons and can explain the tendency for
reverting to sequences which contain them.

Thus, a comprehensive map of the putative co-evolutionary dependencies in Clade B gp120
made obvious the strong interactions between sequon related positions, which is partially
explained by immune pressure on the evolving glycan shield. At the same time it mapped these
interactions to the overall network of functional dependencies showing the major effect any
evolutionary pressure on the glycan composition has on the protein core. These results,
together with previous in vitro data by Balzarini [36] and Witvrouw [35], provide a basis for
more efficient inhibitor strategies that force the virus in predetermined paths of adaptation.

Supporting Information

S1 Dataset. MSA, sequon list, significant mfDCA and Betweenness Centrality values as
Excel spreadsheets.
(XLSX)

S2 Dataset. MSA used as a text file. This file is referred to as R.txt in S2 File.
(TXT)

S1 Fig. Positions ranked by betweenness centrality values.
(PDF)

$2 Fig. mfDCA vs distances between Calpha atoms in 2B4C structure.
(PDF)

S1 File. A text file with the description of the graph of couplings in vna format.
(TXT)

S2 File. The Matlab script used for scrambling the columns of MSA.
(TXT)

S3 File. Chimera (Python) file of 2B4C structure with long range inter sequon relations as
pseudobonds.
(ZIP)

$4 File. Chimera (Python) file of the 2B4C structure with top betweenness centrality posi-
tions labeled and their couplings shown as pseudobonds.
(Z1P)

PLOS ONE | DOI:10.1371/journal.pone.0128664 June 25, 2015 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128664.s008

@’PLOS ‘ ONE

Coevolution of Clade B HIV gp120 Sequons

Acknowledgments

The authors gratefully acknowledge the critical discussions with Martin Weigt and Jordan
Dimitrov.

Author Contributions

Conceived and designed the experiments: AP SG. Performed the experiments: SG AP. Ana-
lyzed the data: AP SG TKE. Contributed reagents/materials/analysis tools: TKE SG. Wrote the
paper: AP SG TKE.

References

1.

10.

11.

12

13.

14.

15.

16.

Kowarsch A, Fuchs A, Frishman D, Pagel P. Correlated Mutations: A Hallmark of Phenotypic Amino
Acid Substitutions. PLoS Comput Biol. 2010; 6(9):e1000923. doi: 10.1371/journal.pcbi.1000923 PMID:
20862353

Gloor GB, Tyagi G, Abrassart DM, Kingston AJ, Fernandes AD, Dunn SD, et al. Functionally compen-
sating coevolving positions are neither homoplasic nor conserved in clades. Molecular biology and evo-
lution. 2010; 27(5):1181-91. doi: 10.1093/molbev/msq004 PMID: 20065119.

Gandhi PS, Chen Z, Mathews FS, Di Cera E. Structural identification of the pathway of long-range com-
munication in an allosteric enzyme. Proceedings of the National Academy of Sciences. 2008; 105
(6):1832-7. doi: 10.1073/pnas.0710894105 PMID: 18250335

Boehr DD, Schnell JR, McElheny D, Bae S-H, Duggan BM, Benkovic SJ, et al. A Distal Mutation Per-
turbs Dynamic Amino Acid Networks in Dihydrofolate Reductase. Biochemistry. 2013; 52(27):4605-19.
doi: 10.1021/bi400563c PMID: 23758161

Cocco S, Monasson R, Weigt M. From Principal Component to Direct Coupling Analysis of Coevolution
in Proteins: Low-Eigenvalue Modes are Needed for Structure Prediction. PLoS Comput Biol. 2013; 9
(8):61003176. doi: 10.1371/journal.pcbi. 1003176 PMID: 23990764

Weigt M, White RA, Szurmant H, Hoch JA, Hwa T. Identification of direct residue contacts in protein—
protein interaction by message passing. Proceedings of the National Academy of Sciences. 2009; 106
(1):67-72. doi: 10.1073/pnas.0805923106 PMID: 19116270

Myers G, Lenroot R. HIV glycosylation: what does it portend? AIDS Res Hum Retroviruses. 1992; 8
(8):1459-60. PMID: 1466982.

Wei X, Decker JM, Wang S, Hui H, Kappes JC, Wu X, et al. Antibody neutralization and escape by HIV-
1. Nature. 2003; 422(6929):307—12. PMID: 12646921.

Lunzer M, Golding GB, Dean AM. Pervasive Cryptic Epistasis in Molecular Evolution. PLoS genetics.
2010; 6(10):e1001162. doi: 10.1371/journal.pgen.1001162 PMID: 20975933

Wei B, Han N, Liu HZ, Rayner A, Rayner S. Use of mutual information arrays to predict coevolving sites
in the full length HIV gp120 protein for subtypes B and C. Virol Sin. 2011; 26(2):95-104. Epub 2011/04/
07. doi: 10.1007/s12250-011-3188-7 PMID: 21468932.

Thali M, Moore JP, Furman C, Charles M, Ho DD, Robinson J, et al. Characterization of conserved
human immunodeficiency virus type 1 gp120 neutralization epitopes exposed upon gp120-CD4 bind-
ing. J Virol. 1993; 67(7):3978-88. Epub 1993/07/01. PMID: 7685405; PubMed Central PMCID:
PMC237765.

Wyatt R, Kwong PD, Desjardins E, Sweet RW, Robinson J, Hendrickson WA, et al. The antigenic struc-
ture of the HIV gp120 envelope glycoprotein. Nature. 1998; 393(6686):705-11. PMID: 9641684.

Huang CC, Tang M, Zhang MY, Majeed S, Montabana E, Stanfield RL, et al. Structure of a V3-contain-
ing HIV-1 gp120 core. Science. 2005; 310(5750):1025-8. PMID: 16284180.

Julien JP, Sok D, Khayat R, Lee JH, Doores KJ, Walker LM, et al. Broadly neutralizing antibody
PGT121 allosterically modulates CD4 binding via recognition of the HIV-1 gp120 V3 base and multiple
surrounding glycans. PLoS Pathog. 2013; 9(5):1003342. Epub 2013/05/10. doi: 10.1371/journal.ppat.
1003342 PMID: 23658524; PubMed Central PMCID: PMCPmc3642082.

Kong L, Lee JH, Doores KJ, Murin CD, Julien JP, McBride R, et al. Supersite of immune vulnerability on
the glycosylated face of HIV-1 envelope glycoprotein gp120. Nat Struct Mol Biol. 2013; 20(7):796—803.
doi: 10.1038/nsmb.2594 PMID: 23708606.

Meyerson JR, Tran EE, Kuybeda O, Chen W, Dimitrov DS, Gorlani A, et al. Molecular structures of tri-
meric HIV-1 Env in complex with small antibody derivatives. Proc Natl Acad Sci U S A. 2013; 110
(2):513-8. Epub 2012/12/26. doi: 10.1073/pnas.1214810110 PMID: 23267106; PubMed Central
PMCID: PMC3545814.

PLOS ONE | DOI:10.1371/journal.pone.0128664 June 25, 2015 16/18


http://dx.doi.org/10.1371/journal.pcbi.1000923
http://www.ncbi.nlm.nih.gov/pubmed/20862353
http://dx.doi.org/10.1093/molbev/msq004
http://www.ncbi.nlm.nih.gov/pubmed/20065119
http://dx.doi.org/10.1073/pnas.0710894105
http://www.ncbi.nlm.nih.gov/pubmed/18250335
http://dx.doi.org/10.1021/bi400563c
http://www.ncbi.nlm.nih.gov/pubmed/23758161
http://dx.doi.org/10.1371/journal.pcbi.1003176
http://www.ncbi.nlm.nih.gov/pubmed/23990764
http://dx.doi.org/10.1073/pnas.0805923106
http://www.ncbi.nlm.nih.gov/pubmed/19116270
http://www.ncbi.nlm.nih.gov/pubmed/1466982
http://www.ncbi.nlm.nih.gov/pubmed/12646921
http://dx.doi.org/10.1371/journal.pgen.1001162
http://www.ncbi.nlm.nih.gov/pubmed/20975933
http://dx.doi.org/10.1007/s12250-011-3188-7
http://www.ncbi.nlm.nih.gov/pubmed/21468932
http://www.ncbi.nlm.nih.gov/pubmed/7685405
http://www.ncbi.nlm.nih.gov/pubmed/9641684
http://www.ncbi.nlm.nih.gov/pubmed/16284180
http://dx.doi.org/10.1371/journal.ppat.1003342
http://dx.doi.org/10.1371/journal.ppat.1003342
http://www.ncbi.nlm.nih.gov/pubmed/23658524
http://dx.doi.org/10.1038/nsmb.2594
http://www.ncbi.nlm.nih.gov/pubmed/23708606
http://dx.doi.org/10.1073/pnas.1214810110
http://www.ncbi.nlm.nih.gov/pubmed/23267106

@’PLOS ‘ ONE

Coevolution of Clade B HIV gp120 Sequons

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Morcos F, Pagnani A, Lunt B, Bertolino A, Marks DS, Sander C, et al. Direct-coupling analysis of resi-
due coevolution captures native contacts across many protein families. Proceedings of the National
Academy of Sciences. 2011; 108(49):E1293—-E301. doi: 10.1073/pnas.1111471108 PMID: 22106262

Poon AF, Lewis FI, Pond SL, Frost SD. Evolutionary interactions between N-linked glycosylation sites
in the HIV-1 envelope. PLoS Comput Biol. 2007; 3(1):e11. Epub 2007/01/24. 06-PLCB-RA-0404R2 [pii]
doi: 10.1371/journal.pcbi.0030011 PMID: 17238283.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25(13):1605—12.
doi: 10.1002/jcc.20084 PMID: 15264254,

Yedidia JS, Freeman WT, Weiss Y. Understanding belief propagation and its generalizations. In: Ger-
hard L, Bernhard N, editors. Exploring artificial intelligence in the new millennium: Morgan Kaufmann
Publishers Inc.; 2003. p. 239-69.

Bastian M, Heymann S, Jacomy M, editors. Gephi: an open source software for exploring and manipu-
lating networks. ICWSM; 2009.

Brandes U. A faster algorithm for betweenness centrality*. The Journal of Mathematical Sociology.
2001;25(2):163—77. doi: 10.1080/0022250X.2001.9990249

Jacomy M, Venturini T, Heymann S, Bastian M. ForceAtlas2, a Continuous Graph Layout Algorithm for
Handy Network Visualization Designed for the Gephi Software. PLoS ONE. 2014; 9(6):€98679. doi: 10.
1371/journal.pone.0098679 PMID: 24914678

Sattentau QJ, Moore JP. Conformational changes induced in the human immunodeficiency virus enve-
lope glycoprotein by soluble CD4 binding. J Exp Med. 1991; 174(2):407—15. Epub 1991/08/01. PMID:
1713252.

Hsu ST, Bonvin AM. Atomic insight into the CD4 binding-induced conformational changes in HIV-1
gp120. Proteins. 2004; 55(3):582-93. PMID: 15103622.

Liu SQ, Liu SX, Fu YX. Molecular motions of human HIV-1 gp120 envelope glycoproteins. J Mol Model.
2008; 14(9):857-70. Epub 2008/07/03. doi: 10.1007/s00894-008-0327-7 PMID: 18594881

Dacheux L, Moreau A, Ataman-Onal Y, Biron F, Verrier B, Barin F. Evolutionary dynamics of the glycan
shield of the human immunodeficiency virus envelope during natural infection and implications for
exposure of the 2G12 epitope. J Virol. 2004; 78(22):12625-37. PMID: 15507649.

Rusert P, Krarup A, Magnus C, Brandenberg OF, Weber J, Ehlert AK, et al. Interaction of the gp120
V1V2 loop with a neighboring gp120 unit shields the HIV envelope trimer against cross-neutralizing
antibodies. J Exp Med. 2011; 208(7):1419-33. Epub 2011/06/08. doi: 10.1084/jem.20110196 PMID:
21646396; PubMed Central PMCID: PMC3135368.

Liu L, Cimbro R, Lusso P, Berger EA. Intraprotomer masking of third variable loop (V3) epitopes by the
first and second variable loops (V1V2) within the native HIV-1 envelope glycoprotein trimer. Proc Natl
Acad Sci U S A.2011; 108(50):20148-53. Epub 2011/12/01. doi: 10.1073/pnas.1104840108 PMID:
22128330; PubMed Central PMCID: PMC3250183.

Korber BT, Farber RM, Wolpert DH, Lapedes AS. Covariation of mutations in the V3 loop of human
immunodeficiency virus type 1 envelope protein: an information theoretic analysis. Proc Natl Acad Sci
U S A. 1993; 90(15):7176-80. PMID: 8346232.

Sethi A, Tian J, Derdeyn CA, Korber B, Gnanakaran S. A mechanistic understanding of allosteric
immune escape pathways in the HIV-1 envelope glycoprotein. PLoS Comput Biol. 2013; 9(5):
€1003046. doi: 10.1371/journal.pcbi.1003046 PMID: 23696718; PubMed Central PMCID:
PMC3656115.

Pashov A, MacLeod S, Saha R, Perry M, VanCott TC, Kieber-Emmons T. Concanavalin A binding to
HIV envelope protein is less sensitive to mutations in glycosylation sites than monoclonal antibody
2G12. Glycobiology. 2005; 15(10):994-1001. PMID: 15917430.

Pashov AD, Plaxco J, Kaveri SV, Monzavi-Karbassi B, Harn D, Kieber-Emmons T. Multiple antigenic
mimotopes of HIV carbohydrate antigens: relating structure and antigenicity. J Biol Chem. 2006; 281
(40):29675-83. PMID: 16899462.

Pashov A, Perry M, Dyar M, Chow M, Kieber-Emmons T. Defining carbohydrate antigens as HIV vac-
cine candidates. Curr Pharm Des. 2007; 13(2):185-201. PMID: 17269927.

Witvrouw M, Fikkert V, Hantson A, Pannecouque C, O'Keefe B R, McMahon J, et al. Resistance of
human immunodeficiency virus type 1 to the high-mannose binding agents cyanovirin N and concanav-
alin A. J Virol. 2005; 79(12):7777—-84. PMID: 15919930.

Balzarini J. Targeting the glycans of gp120: a novel approach aimed at the Achilles heel of HIV. Lancet
Infect Dis. 2005; 5(11):726—-31. PMID: 16253890.

PLOS ONE | DOI:10.1371/journal.pone.0128664 June 25, 2015 17/18


http://dx.doi.org/10.1073/pnas.1111471108
http://www.ncbi.nlm.nih.gov/pubmed/22106262
http://dx.doi.org/10.1371/journal.pcbi.0030011
http://www.ncbi.nlm.nih.gov/pubmed/17238283
http://dx.doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://dx.doi.org/10.1080/0022250X.2001.9990249
http://dx.doi.org/10.1371/journal.pone.0098679
http://dx.doi.org/10.1371/journal.pone.0098679
http://www.ncbi.nlm.nih.gov/pubmed/24914678
http://www.ncbi.nlm.nih.gov/pubmed/1713252
http://www.ncbi.nlm.nih.gov/pubmed/15103622
http://dx.doi.org/10.1007/s00894-008-0327-7
http://www.ncbi.nlm.nih.gov/pubmed/18594881
http://www.ncbi.nlm.nih.gov/pubmed/15507649
http://dx.doi.org/10.1084/jem.20110196
http://www.ncbi.nlm.nih.gov/pubmed/21646396
http://dx.doi.org/10.1073/pnas.1104840108
http://www.ncbi.nlm.nih.gov/pubmed/22128330
http://www.ncbi.nlm.nih.gov/pubmed/8346232
http://dx.doi.org/10.1371/journal.pcbi.1003046
http://www.ncbi.nlm.nih.gov/pubmed/23696718
http://www.ncbi.nlm.nih.gov/pubmed/15917430
http://www.ncbi.nlm.nih.gov/pubmed/16899462
http://www.ncbi.nlm.nih.gov/pubmed/17269927
http://www.ncbi.nlm.nih.gov/pubmed/15919930
http://www.ncbi.nlm.nih.gov/pubmed/16253890

el e
@ : PLOS ‘ ONE Coevolution of Clade B HIV gp120 Sequons

37. Scanlan CN, Pantophlet R, Wormald MR, Olimann Saphire E, Stanfield R, Wilson IA, et al. The broadly
neutralizing anti-human immunodeficiency virus type 1 antibody 2G12 recognizes a cluster of alphal—
>2 mannose residues on the outer face of gp120. J Virol. 2002; 76(14):7306—21. PMID: 12072529.

38. Huang X, Jin W, Griffin GE, Shattock RJ, Hu Q. Removal of two high-mannose N-linked glycans on
gp120 renders human immunodeficiency virus 1 largely resistant to the carbohydrate-binding agent
griffithsin. J Gen Virol. 2011; 92(Pt 10):2367-73. Epub 2011/07/01. doi: 10.1099/vir.0.033092-0 PMID:
21715597.

39. Balzarini J, Van Laethem K, Hatse S, Froeyen M, Van Damme E, Bolmstedt A, et al. Marked depletion
of glycosylation sites in HIV-1 gp120 under selection pressure by the mannose-specific plant lectins of
Hippeastrum hybrid and Galanthus nivalis. Mol Pharmacol. 2005; 67(5):1556—65. PMID: 15718224.

PLOS ONE | DOI:10.1371/journal.pone.0128664 June 25, 2015 18/18


http://www.ncbi.nlm.nih.gov/pubmed/12072529
http://dx.doi.org/10.1099/vir.0.033092-0
http://www.ncbi.nlm.nih.gov/pubmed/21715597
http://www.ncbi.nlm.nih.gov/pubmed/15718224

