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a b s t r a c t

The human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (Env) mediates host cell
infection by binding to the cellular receptor CD4. Recombinant Env bound to CD4 has been explored for
its potential as an HIV vaccine immunogen as receptor binding exposes otherwise shielded, conserved
functional sites. Previous preclinical studies showed an interchain disulphide linkage facilitated between
Env and 2dCD4S60C generates an immunogenic complex that elicits potent, broadly neutralizing anti-
bodies (bNAbs) against clinically relevant HIV-1. This study investigated conformational dynamics of
2dCD4WT and 2dCD4S60C bound to an HIVe1C SOSIP.664 Env trimer using hydrogen-deuterium exchange
mass spectrometry. The Env:2dCD4S60C complex maintains key contact residues required for MHCII and
Env/gp120 binding and the residues encompassing Ibalizumab's epitope. Important residues remaining
anchored, with an increased flexibility in surrounding regions, evidenced by the higher exchange seen in
flanking residues compared to Env:2dCD4WT. While changes in Env:2dCD4S60C dynamics in domain 1
were moderate, domain 2 exhibited greater variation. Lack of stability-inducing H-bonds in these allo-
steric sites suggest the improved immunogenicity of Env:2dCD4S60C result from exposed CD4 residues
providing diverse/novel antigenic targets for the development of potent, broadly neutralizing
Ibalizumab-like antibodies.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

Human Immunodeficiency Virus type 1 (HIV-1) is composed
inter alia of the envelope glycoproteins (Env) extracellular gp120
and transmembrane gp41 components non-covalently associated
as heterodimeric trimers into the viral lipid bilayer [1]. HIV-1 in-
fects host cells by initially binding of gp120 to the CD4 receptor on
the surface of CD4þ T-cells. CD4 binding induces considerable
conformational changes in gp120, enabling binding to CCR5 or
CXCR4 [2]. From a therapeutic and vaccine development perspec-
tive, these co-receptor binding site epitopes as well as other CD4-
er of differentiation 4; CD4bs,
change mass spectrometry;
C, High performance liquid
Da; MHCII, major histocom-

n).
induced (CD4i) sites are favourably exposed in the CD4-bound
state.

Vaccine constructs based solely on Env monomers, trimers or
SOSIP.664 trimers have poor immunogenicity in preclinical and
human trials [3e9]. This is largely attributed to the extent of anti-
body somatic hypermutation required to generate potency and
breadth over time, an invariably strong feature of HIV-1 bNAbs not
yet replicable in a vaccine context. Thus, novel immunogen stra-
tegies and immunization protocols are being interrogated. While
soluble CD4 (sCD4) in various forms has been investigated as
candidate vaccines and therapeutics [10,11], a noteworthy vaccine
strategy involves the use of Env:CD4 complexes. Covalently cross-
linked complexes of Env to sCD4 did not generate autoimmunity
but generated neutralizing antibodies against primary HIV-1 iso-
lates following immunization of NHPs [12]. Similarly, we reported
vaccine immunogens based on gp120 or gp140 conformations
covalently complexed to a S60Cmutant (2dCD4S60C) eliciting bNAbs
targeting the more neutralization-resistant (Tier-2 and -3) viruses
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in New Zealand white rabbits [13]. Interestingly, the bNAb activity
was largely directed towards Env:2dCD4S60C, whereas the matched
Env:2dCD4WT showed a less efficient antibody response [13]. As
determined by computational modelling, the substituted cysteine
in 2dCD4S60C enables a targeted disulphide exchange with the
Cys126-Cys196 disulphide bridge on gp120, forming a Cys60-
Cys126gp120 bond [14], which likely locks Env:2dCD4S60C com-
plexes in a conformation displaying conserved or novel epitopes. To
understand the mechanisms underlying the improved antigenicity
of the Env:2dCD4S60C, we need to interrogate its conformational
dynamics.

Thus, this study elucidated differences in conformational dy-
namics of SOSIP.664 trimers non-covalently bound to 2dCD4WT or
covalently bound to 2dCD4S60C to provide conformational insights
contributing to improved immunogenicity of Env:2dCD4S60C in the
context of 2dCD4, as determined by amide hydrogen-deuterium
exchange coupled to mass spectrometry (HDX-MS).

2. Materials and methods

2.1. Hydrogen-deuterium exchange mass spectrometry (HDX-MS)

Differences between the non-covalently bound HIVe1C
SOSIP.664gp140:2dCD4WT complex (hereafter referred to as
Env:2dCD4WT) and covalently bound Env:2dCD4S60C were
compared by HDX-MS, using the automated LEAP PAL HDX system
(Leap Technologies) coupled to an Agilent 1100 HPLC system and
Sciex 6600 TripleTOF mass spectrometer. The amide hydrogen-
deuterium exchange reaction was initiated by mixing 4 ml of
Env:2dCD4WT or Env:2dCD4S60C with 16 ml 100% deuterated water
at 4 �C. Three labelling time-points were used between 15 and
3600 s of exchange, after which 20 ml of the reactionmix was added
to 30 ml of 1.7 M guanidium hydrochloride with 20 mM TCEP and
0.1% (v/v) formic acid to quench the reaction. Non-deuterated
controls included substituting deuterated water with MilliQ wa-
ter, and fully deuterated controls included proceeding with the
exchange reaction overnight. Quenched samples were passed
through a Poroszyme pepsin column (Life Technologies)
(2.1 � 5 mm; flow rate, 100 ml/min) for proteolytic digestion, and
the peptic fragments were desalted and separated on a Aeris pep-
tide XBC18 column (2.1 � 5 mm) (linear gradient of 10e40%
acetonitrile at a flow rate of 200 ml/min for 10 min). Eluted peptides
were analysed on the AB Sciex 6600 TripleTOF mass spectrometer.
For peptide identification the 6600 TripleTOF was operated in Data
Dependant Acquisition (DDA) mode while for deuterium labelling
only a precursor scan was collected. In DDA mode precursor scans
were acquired from m/z 360e1500 using an accumulation time of
250 ms followed by 30 product scans, acquired from m/z
100e1800 at 100 ms each, for a total scan time of 3.3 s. Charge ions
(1þ - 5þ, that fall in the mass range 360e1500 m/z) were auto-
matically fragmented in Q2 collision cells using nitrogen as the
collision gas. Collision energies were chosen automatically as
function ofm/z and charge. Dynamic exclusionwas set to 15 s. HDX-
MS experiments were done in duplicate.

Data analysis and othermethods can be found in supplementary
methods.

3. Results

Partially deglycosylated HIVe1C SOSIP.664 gp140 was success-
fully expressed, purified and complexed to 2dCD4WT or 2dCD4S60C

(Supplementary Fig. S1), and the conformational dynamics of the
purified Env:2dCD4WT or Env:2dCD4S60C complexes were analysed
by HDX-MS. Sequence coverage of 87% from 55 unique peptides
were obtained for the 2dCD4 portion of the complexes
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(Supplementary Figs. S2 and S6). Conclusive analysis was not ach-
ieved for the Env portions of the complexes as the peptic fragments
obtained for Env were insufficient for detailed interrogation.

3.1. Minimal changes in D1 of Env:2dCD4S60C do not map to
functionally important residues

The 2dCD4 portion of the complexes displayed differences in the
rate of exchange between Env:2dCD4WT and Env:2dCD4S60C com-
plexes in D1, particularly over one peptide (47e56) (Fig. 1). In this
peptide, there was a 28% difference in deuterium incorporation
along residues Gly41 to Leu44 and a 58% difference in Gly47 with
the Env:2dCD4S60C displaying rapid exchange from the first (15s)
time-point compared to a more gradual deuteration in
Env:2dCD4WT (Supplementary Figs. S3 and S4). This implies that
these residues are relatively buried in the non-covalent complex
but patently solvent exposed in the covalent complex.

Some residues showed little to no difference between covalently
and non-covalently bound complexes. This was the case for the
mutated S60C residue having no deuteration for any of the time-
points (Supplementary Fig. S3), while Lys35-a residue essential
for MHCII binding-showed marginal deuterium uptake in both
2dCD4S60C and 2dCD4WT (0e16% and 11e29%, respectively)
(Supplementary Figs. S3 and S4). Overall, changes in D1 indicate
conformational differences resulting from a subtle loss of structural
integrity in a few residues.

Full deuteration was observed in Env:2dCD4S60C for the aro-
matic Phe43 residue (critical for Env binding) for all time-points
assayed, while this residue displayed high (but not full) deutera-
tion in Env:2dCD4WT (68% - 15s, 71% - 5 min, and 72% - 60 min)
(Supplementary Figs. S3 and S4). This lack of extensive differences
in deuterium uptake between Env:2dCD4S60C and Env:2dCD4WT in
D1 signals that the changes in dynamics are localised. Thus, the
shift from protection to exposure in and around b-strand C00, trig-
gered by the covalent bond formation between 2dCD4S60C and Env
is confined to the single peptide (47e56) notwithstanding a few
allosteric effects.

3.2. Changes in conformational dynamics of residues at the 2dCD4
D1 and D2 interface induced by the Cys60-Cys126gp120 bond reveal
how changes could be propagated across the domains

Within the interconnecting CD4 strand, where the G strand of
D1 leads into the A strand of D2, three peptides (96e106; 103e111;
and 105e113) show significant differences in deuteration (Fig. 1).
These changes were mapped to Phe98, Thr101, Ser104, Asp105 and
Gly111 (Fig. 2 and Supplementary Figs. S3 and S4). All these resi-
dues were fully deuterated for Env:2dCD4S60C from the earliest
timepoint and although all show 100% deuteration at the highest
timepoint (60 min) for Env:2dCD4WT, levels of deuteration varied
widely at 15s mark (0% for Phe98 and Gly111; 61% for Thr101)
(Supplementary Figs. S3 and S4). Other differences included Ser104
and Asp105, where there was no exchange for Ser104 except at
60 min (only 55%) in Env:2dCD4WT, in contrast to full deuteration
for all time-points in Env:2dCD4S60C and comparatively less ex-
change for Asp105 (41e61%) in Env:2dCD4WT (Supplementary
Figs. S3 and S4). Differences in deuterium uptake on these three
residues indicate this local environment experienced changes
allowing for greater solvent accessibility in Env:2dCD4S60C.

3.3. Covalent binding of Env:2dCD4S60C increases the flexibility of
CD4 D2

Several changes in deuteration levels was seen in D2, particu-
larly in and between strands A and B, strand E, and in the G strand



Fig. 1. Deuterium exchange profile of Env:2dCD4S60C and Env:2dCD4WT across all peptides. (A) Butterfly mirror and (B) difference plots comparing average deuterium
incorporation for each peptide after 15s (red), 5 min (blue) and 60 min (black) deuteration. Lines above zero show uptake in Env:2dCD4S60C while lines below zero show
uptake for Env:2dCD4WT. * denote peptides showing differences >2 Da. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

N.L. Tumba, P. Naicker, S. Stoychev et al. Biochemical and Biophysical Research Communications 612 (2022) 181e187
(Supplementary Figs. S3 and S4). Differences in the exchange rate of
the D2 residues was extensive but concentrated in three regions:
strands A and B with the loop between (region 1); strands C and E
and a few adjoining residues (region 2); and strand G (region 3)
(Figs. 1 and 3). Structurally, the amides in these residues do not
appear to be involved in hydrogen bonding outside of the sec-
ondary structures where they reside, as such, electrostatic effects
and solvent accessibility may be responsible for the protection seen
in Env:2dCD4WT. Noticeably, six peptides (117e130; 121e132;
138e146; 141e149; 150e157; and 161e167) displayed significant
heterogeneity between Env:2dCD4S60C and Env:2dCD4WT (Fig. 1).
Of these, 117e130 and 150e157 showed greater solvent exposure in
Env:2dCD4WT compared to Env:2dCD4S60C.

The first region encompasses some of the residues discussed in
the interdomain section above along with Leu116 whose solvent
exposure occurred more rapidly in Env:2dCD4WT than in
Env:2dCD4S60C (only at 15s), in contrast to the other changes seen
in D2 (Supplementary Figs. S3 and S4). In addition, Thr111 was fully
exposed (100% exchange) for the duration of the experiment in
Env:2dCD4S60C with full protection for this residue in the first two
time-points for Env:2dCD4WT (100% deuteration at 60 min). Simi-
larly, Leu114 also supported full protection in Env:2dCD4WT but
was solvent exposed at 60 min for Env:2dCD4S60C (Supplementary
Figs. S3 and S4). This indicates that Env:2dCD4WT sustained some
level of protection in this region whereas Env:2dCD4S60C exposed
these residues except for Leu116 which remained anchored.

The second region includes residues surrounding Cys130 (a
residue involved in a eRHstaple disulphide bond with Cys159
(Fig. 4) whose redox state dictates the functionality of CD4
[14,15,16]). No differences were seen for Cys130. Levels of deuter-
ation in Arg131 and Ser132 was higher for the first two time-points
in Env:2dCD4WT compared to Env:2dCD4S60C (Fig. 4), indicating
structural protection in the covalent complex. Peptic fragments
covering Cys159 were insufficient to conclusively determine its
level of deuteration. Ser145, Ser147, and Glu150 were fully
deuterated from 15s in Env:2dCD4S60C while all three residues
gained deuterons relatively slowly over time in Env:2dCD4WT
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reaching 78% (Ser145), 67% (Ser147), and 100% (Glu150) deuterium
uptake (Supplementary Figs. S3 and S4). This indicates
Env:2dCD4WT is protected in this D2 region whereas
Env:2dCD4S60C exposed these residues while maintaining the
adjoining F strand static/shielded (Fig. 4).

The third region contains D2 b-strand G where several peptides
show increased deuterium uptake in Env:2dCD4S60C relative to
Env:2dCD4WT (Figs. 1, 3 and 4). Predominantly, Lys167 and Ile172
were fully deuterated in Env:2dCD4S60C with gradual increases in
deuteration in Env:2dCD4WT. Leu177 displayed gradual deuteration
for both Env:2dCD4S60C and Env:2dCD4WT with the covalent
complex reaching full deuteration compared to the non-covalent
complex only reaching 14% deuteration at the highest timepoint.
Overall, the higher deuterium incorporation in the G strand on
Env:2dCD4S60C indicates higher solvent accessibility or enhanced
flexibility compared to Env:2dCD4WT. The lack of potential H-
bonding interactions in this region indicates a general trend to-
wards the G strand being less rigid or having a diminished burial
depth in the Env:2dCD4S60C.

From an immunological standpoint, Ibalizumab binds to CD4 D2
and of the four amino acids comprising the epitope (Glu77, Pro121,
Pro122, Gln163), only Gln163 showed differential exchange-
gradual deuteration in Env:2dCD4WT (39%, 42%, 75%) compared to
rapid exchange in Env:2dCD4S60C (Figs. 1 and 2). This indicates that
Gln163 is slightly more exposed in Env:2dCD4S60C. The lack of
difference in deuteration for the Ibalizumab epitope (aside from the
Gln163 residue) between the two 2dCD4 variants indicates that the
introduction of the covalent bond with 2dCD4S60C did not struc-
turally impede the presentation of the antigenic residues
comprising the Ibalizumab epitope.
4. Discussion

HIV-1 vaccine design studies encourage the presentation of
immunodominant epitopes that are conserved amongst clinically
relevant circulating HIV-1 subtypes worldwide. Our previous
studies revealed that covalently complexed Env:2dCD4S60C resulted



Fig. 2. Deuterium uptake differences between Env:2dCD4WT and Env:2dCD4S60C at the CD4 D1 and D2 interface. Relative deuteration (at 5 min) mapped onto the 2dCD4
crystal structure (PDB: 1CDJ). Some residues are shown as ball-and-stick and labelled with amino acid and residue number. Distances between Leu5 in D1 and the closest D2
residues are shown. A colour gradient was used where red and blue represent higher relative deuteration in Env:2dCD4WT and Env:2dCD4S60C, respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in highly desirable bNAb activity [13]. Whether the targeted epi-
topes are novel or presented differently in Env:2dCD4S60C versus
Env:2dCD4WT remains to be determined and may involve an in-
crease in the stability of the complex, a change in conformational
landscape, or epitope enhancement/diversification through an
undetermined mechanism.

This study compared the conformational dynamics of
Env:2dCD4S60C and Env:2dCD4WT. HIVe1C gp140 Env complexed
to 2dCD4S60C shows improved immunogenicity over the 2dCD4WT

complex in rabbits [13]. We hypothesised that the disulphide
linkage in Env:2dCD4S60C impacted structure-function by changing
specific states of the Env:2dCD4S60C complex thereby exposing
unique epitopes by inducing different conformational dynamics to
the Env:2dCD4WT.

2dCD4 has disulphide bonds in both D1 and D2. Reducing the
metastable, allosteric D2 disulphide is necessary for Env binding,
evidenced by the fact that it is impossible for Env to bind a CD4
molecule with an oxidized D2 disulphide [14,16]. Also, the D1
disulphide is a structural bond whose reduction has deleterious
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effects on CD4 structure [17]. The low concentration (1 mM) of b-
mercaptoethanol used to facilitate exchange and formation of the
Cys60-Cys126gp120 bond in Env:2dCD4S60C was unlikely to alter the
gp120 bound redox state of either D1 or D2 disulphides. If it had, a
reduced D1 disulphide would result in a conformationally dis-
rupted protein unable to interact with Env, while a reduced D2
disulphide was congruent with the binding of CD4 to gp120. Thus,
addition of 1 mM b-mercaptoethanol to Env:2dCD4S60C has not
incurred changes to the complex outside of facilitating the Cys60-
Cys126gp120 disulphide link.

Published studies examining dynamics and immunogenicity of
gp120:CD4 complexes have focused on gp120 [18e20]. By contrast,
this study evaluated the structural dynamics of 2dCD4 in the
context of covalent and non-covalent binding to an HIVe1C
SOSIP.664 gp140. Analysis did not extend to the Env portion due to
low peptide coverage for those regions. Another acknowledged
limitation in the experimental setup was the failure to include
unliganded 2dCD4WT/S60C as controls. Substantial information is
available on the conformational dynamics of unliganded 2dCD4,



Fig. 3. Deuterium uptake differences between Env:2dCD4S60C and Env:2dCD4WT after 5 min labelling mapped onto the 3D structure of 2dCD4. Regions with the highest
amount of variations in deuterium incorporation are boxed and labelled. Selected plots showing relative deuterium content for representative peptic fragments are shown.
The 2dCD4WT curves are shown in blue and 2dCD4S60C curves in red. Each replicate bullet point is represented. Position of S60C is shown in ball and stick. For the ribbon
structure, the colour scale represents change in percentage deuteration from Env:2dCD4S60C to Env:2dCD4WT with higher relative deuteration indicated in red in
Env:2dCD4S60C and blue in Env:2dCD4WT. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Deuterium incorporation differences in the C, F, and G strands of D2 for Env:2dCD4S60C and Env:2dCD4WT. b-strands (labelled C, F and G) are depicted with cysteine
residues making up the allosteric bond and the G-strand phenylalanine represented in ball-and-stick format. Also labelled are C-strand residues Arg131 and Ser132. Colours
show difference in deuteration according to the scale, with higher relative deuteration in red in Env:2dCD4WT and blue in Env:2dCD4S60C. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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including the effects of D1 and D2 disulphide ablation on the
structural conformation of 2dCD4 [14,17,21]. As such, this study
focused on the differences observed between Env:2dCD4WT and
Env:2dCD4S60C for the CD4 component, in the context of an intact
D1 disulphide and a reduced D2 disulphide.

Most functionally relevant residues displayed little to no change
between Env:2dCD4S60C and Env:2dCD4WT. This was the case for
Lys35 and Phe43 (a residue involved in binding gp120) had slight
differences in deuteration, although deuteration was high in this
residue for both Env:2dCD4S60C or Env:2dCD4WT. Thus, the for-
mation of the directed disulphide bond, likely does not affect the
integrity of interaction between gp120 and 2dCD4.

Most differences in dynamics between Env:2dCD4S60C and
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Env:2dCD4WT were seen in D2. D1 had minor differences observed
in a single peptide whose comparatively small fluctuations may be
indicative of changes prompted by the introduction of the cysteine
at position 60 and the resultant covalent linkage. These oscillations
were propagated through the network of interactions across the
length of the protein with changes in interdomain, bridging resi-
dues (Fig. 2). This assumedly resulted in the evident alterations
seen in D2. Changes in D2 were evidenced by its acquired solvent
exposure and deduced enhanced flexibility (Supplementary
Fig. S5).

The redox biology of CD4 in the context of Env binding is well
characterised [14,15,16]. D2 of CD4 has an unusual Cys130-Cys159
allosteric disulphide bond that connects adjacent strands [16,22],
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and is reduced natively by thioredoxin secreted on CD4þ T-cells
[15]. Reduction of the Cys130-Cys159 disulphide causes the b-
strands surrounding it to slightly collapse inwardly leading to a
spatially diminished, stable molecule with decreased dynamics
[21]. Both protein complexes were size-exclusion purified as
2dCD4-bound SOSIP.664 trimer complexes and as such, the D2
Cys130-Cys159 disulphide would have been reduced in both as
required for gp120 binding. The lack of dynamic changes for Cys130
in Env:2dCD4S60C, combined with the changes for the two residues
directly following, is interesting as it indicates that disruption by
the Cys60-Cys126gp120 covalent bond had no detectable effect on
Cys130 yet caused a shift in the network of residues directly
following Cys130. Thus the S60C-induced covalent bond may act as
a stabilizing disulphide, allowing the shielding of some residues
while exposing surrounding ones for a more dynamic presentation
of additional conformations. Thus Env:2dCD4S60C presents the
2dCD4 component in its reduced isoform (similar to Env:2dCD4WT)
but the covalent complex displays the increased dynamics of an
oxidized D2 disulphide, generating an attractive vaccine immu-
nogen target. Flexibility of D2 is well described in the context of
gp120 binding and the high dynamics of D2 observed in
Env:2dCD4S60C was fitting for this flexible domain. These changes
may be directly causative or may contribute to the difference in
immunogenicity of Env:2dCD4S60C compared to Env:2dCD4WT.

Results imply that covalently linking 2dCD4S60C with Env
resulted in effective stabilization of conformation(s) that, albeit
more transiently present in Env:2dCD4WT may cause prolonged
exposure of epitopes in Env:2dCD4S60C. The potent bNAb responses
from rabbits immunized with Env:2dCD4S60C were largely attrib-
uted to the 2dCD4-directed component [13], in agreement with the
abovementioned hypothesis. Thus, covalently linking the two
molecules further increases the dynamics and conformational
flexibility of D2 in 2dCD4, conducive with the generation of bNAbs
that are potentially directed against novel 2dCD4S60C epitopes.

Ibalizumab is a humanized Mab, a CD4-directed post-
attachment HIV-1 inhibitor that is FDA approved for use in
treatment-experienced adults with multidrug resistant HIV-1
infection. The Ibalizumab epitope is formed by amino acid resi-
dues in D2 of CD4: Leu96, Pro121, Pro122 and Gln163 as well as
Glu77 and Ser79 in D1, opposite the site where gp120 and the MHC
class II molecule bind in D1. We hypothesize the potent, bNAb ac-
tivity elicited by our Env:2dCD4S60C immunogen is Ibalizumab-like.
The HDX-MS data supports this hypothesis by confirming the stable
exposure of relevant Ibalizumab epitopes yet a disruption of net-
works surrounding this epitope in Env:2dCD4S60C. This result was
slightly unexpected as residues involved in intermolecular in-
teractions with binding partners tend to be solvent exposed,
enabling hydrogen binding and proton transfer. However, main-
taining the integrity of the Ibalizumab epitope and the interface for
binding partners such as HIV-1 gp120 and MHCII suggests the
immunogen would not likely cause immunosuppression.

We set out to determine differences in conformational dynamics
of Env:2dCD4S60C and Env:2dCD4WT. In this scenario, the S60C-
assisted covalent bond triggers a network of changes that slightly
disrupts D1 stability but increases the dynamics of D2 of 2dCD4.
These results highlight the conformational dynamics differences
between Env:2dCD4S60C and Env:2dCD4WT and reveal the struc-
tural mechanisms behind these novel CD4-bound immunogens
which consistently induced potent, HIV-specific bNAbs in preclin-
ical testing. Our findings provide important insights into the highly
immunogenic residues of our vaccine immunogens.
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