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Abstract

The lack of progress in finding an efficient vaccine for a human immunodeficiency virus (HIV) is daunting. In fact, this
search has spanned nearly four decades without much success. There are several objective reasons for such a failure, which
include the highly glycosylated nature of HIV-1, the presence of neotopes, and high mutation rates. This article argues that
the presence of highly flexible and intrinsically disordered regions in both human anti-HIV-1 antibodies and the major
HIV-limmunogen, its surface glycoprotein gp120, represent one of the major causes for the lack of success in utilization of

structure-based reverse vaccinology.

Structure-based reverse vaccinology [52, 63] represents
an important constituent of rational vaccine design, where
an attempt is made to produce a vaccine using information
from the observed crystallographic structure of neutralizing
monoclonal antibodies (mAbs) bound to their complemen-
tary epitopes. Such structural vaccinology is believed to rep-
resent a way to facilitate rational design of better antigens
able to act as vaccine immunogens. Computer-based reverse
engineering methodology utilizes the available structures
of pathogenic proteins and antigen-antibody complexes and
uses docking and modeling studies to predict epitopes to
reconstruct an epitope capable of mAb binding, where the
structure of mAb is used as a template in a process similar to
rational drug design, where the 3D structure of a biological
target is used for designing molecules capable of the selec-
tive binding to and specific inhibition of the biological activ-
ity of a target molecule [12]. It should be noted that mAbs
used in this context must have been shown to be broadly
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neutralizing (in vitro). Here, an assumption is made that
such an antigen “rationally” designed to fit the mAb would
have the desired immunogenic potential and would be able
to induce polyclonal antibodies (Abs) that would possess
neutralizing properties similar to those of the mAb used as
the template for the computational reconstruction of the anti-
gen. Alternatively, one can utilize available information on
the whole genomes/proteomes of various pathogens and use
computational approaches to identify the bacterial/viral sur-
face antigens that are most likely to be vaccine candidates.
The rationale of this approach is based on the assumption
that virtually all of the proteins of the pathogenic micro-
organisms are likely to contain antigenic sites that can be
predicted by computational means. Here, the entire bacterial
or viral proteome is subjected to in silico analysis in order
to find all of the antigens that a bacterial or viral pathogen
is able to express [52, 63]. Again, structural vaccinology is
utilized here for prediction and characterization of structural
epitopes of immunogenic antigens. At the next stage of both
approaches, the ability of individual antigens to elicit immu-
nity in animal models is tested [13, 65].

There is no doubt that reverse vaccinology has open new
horizons, and this is supported by multiple research stud-
ies and dedicated reviews that emphasize the strengths and
successes of this approach for rapid targeted identification
of novel vaccine antigens as well as for improving the immu-
nogenicity and safety of vaccine antigens [12, 13, 52, 63,
65]. Examples include development of strongly immuno-
genic vaccine candidates based on the respiratory syncytial
virus (RSV) glycoprotein and the spike protein of Middle
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East respiratory syndrome coronavirus (MERS-CoV) [39,
59]. Broadly neutralizing antibodies (bNAbs) against the
influenza virus hemagglutinin stalk and the dengue virus
envelope protein were discovered using structure-guided
design and high-throughput in vitro assays [38, 66, 76]. The
culmination of the success of this strategy is the successful
development of designer antigens, where structural informa-
tion pertaining to existing bNAbs-antigen complexes was
utilized to design linear and discontinuous HIV epitopes that
were grafted onto computationally designed scaffolds [5, 6].

Despite all these and many similar success stories of the
application of rational vaccine design, and despite the fact
that several broadly neutralizing anti-HIV-1 Abs have been
found (e.g., IgG1 b12 targeting the HIV-1 envelope glyco-
protein gp120 of the viral spike [95] and IgG 2G12, which
recognizes a carbohydrate epitope on gp120 [92]), not a
single promising HIV vaccine has been found after nearly
40 years of research utilizing various approaches, including
structure-based reverse vaccinology [22, 27, 28, 91]. Among
the accepted explanations for these failures are the high gly-
cosylation level of the HIV surface (e.g., HIV is the most
glycosylated virus known [87], with glycans composing up
to half of the only surface HIV-1 protein, the Env protein
[49]) and the presence of rather recently described neotopes
(or neo-antigenic sites) in HIV-1 gp120 (neotopes have been
described in many viruses since 1966 [85], but only recently
in HIV [34]). Here, neotopes are novel transient epitopes
that are not present in the viral protein monomers but arise
from the quaternary structure of a multimeric assembly of
identical subunits of viral proteins, either from the juxta-
position of residues in neighboring subunits that are rec-
ognized by Abs as a single epitope or from conformational
changes induced in the protein by intersubunit interactions
[56]. Curiously, although the term neotope was coined by
Prof. Marc H. V. van Regenmortel in 1966 [85], for a long
time, this phenomenon was mostly studied by plant virolo-
gists studying the serological properties of plant viruses. In
the field of animal/human viruses, the importance of neo-
topes became commonly recognized much later [86]. As a
result, until quite recently, vaccine designers looked only at
the monomeric forms of pathogen-derived proteins, despite
the recognition that the neotope can be formed via several
mechanisms. For example, complex-specific, neo-antigenic
sites that are not detectable on monomeric proteins but are
found in complexes of target proteins with receptors are
rather common [83, 84]. The neo-epitopes can also appear
due to the dissociation of the native oligomeric forms of pro-
teins into free subunits (e.g., C-reactive protein, CRP [69]).
Another common mechanism of neotope formation includes

@ Springer

specific cleavage of target proteins by proteases [11]. Also,
neotopes can originate due to specific posttranslational
modifications of target proteins [1, 4]. Finally, neotopes can
be generated as a result of structural perturbations of target
proteins induced by free radicals and oxidative damage [30,
73], as is the case in autoimmune rheumatoid disease [30,
73]. It is also implied that HIV infection typically promotes
an immune response against highly variable immunodomi-
nant epitopes (e.g., the V1, V2, and V3 loops of the enve-
lope glycoprotein gp160) that does not provide protection
against diverse HIV strains [65]. Like other retroviruses,
HIV utilizes an error-prone polymerase for replication, and
the resulting high rate of mutation accounts for many of the
difficulties in the search for the HIV vaccine [27, 28, 91]. It
seems that this situation is similar to that of influenza virus,
which serves as a well-known illustration of the correlation
between high mutation rates and difficulties in finding effec-
tive vaccines [27]. However, the influenza vaccine analogy
is not strictly applicable to HIV, since the efficacy of the
correctly anticipated influenza vaccine mix can be as high as
69-83% [58], whereas the maximal efficacy of an HIV vac-
cine has so far reached only about 30% [22]. This is an inter-
esting observation taking into account that, since the late
1980s, more than 100 candidate prophylactic vaccines have
been tested in phase 1 clinical trials but only a few of those
have advanced to the stage of phase 2b or phase 3 efficacy
studies [22], of which only one candidate vaccine, ALVAC,
has shown modest efficacy of 31.2% [4, 22, 75]. Recently,
a modified version of this partially effective HIV vaccine
failed to show efficacy in preventing HIV, and the corre-
sponding $100 million clinical trial HVTN 702 in South
Africa evaluating it has been stopped early (https://www.
niaid.nih.gov/news-events/experimental-hiv-vaccine-regim
en-ineffective-preventing-hiv). Importantly, not all retrovi-
ruses are without vaccines, as effective vaccines for equine
infectious anemia virus (EIAV) have been developed [19, 50,
51, 55, 82, 89, 90], whereas there are still no vaccines for
the non-retroviral RNA virus hepatitis C virus (HCV) or the
DNA virus herpes simplex virus (HSV) [7, 10].

The major immunogens of HIV-1 are trimeric spikes
formed by Env heterodimers of gp41 and gp120 originat-
ing during Env maturation as a result of cleavage of the
full-length gp160 protein by a protease. The surface of the
virus is decorated by 14 such spikes [9, 72]. Although many
bNADs to the Env protein of HIV-1 interact directly with gly-
cans (e.g., the aforementioned IgG 2G12, which recognizes
a carbohydrate epitope on gp120 [92]), some of the bNAbs
do interact with the proteinaceous part of gp120 (e.g., IgG1
B12 [45, 95]). Let us consider some structural aspects of
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such antigen-Ab interactions, which constitute the founda-
tion of structure-based reverse vaccinology and rational
structural vaccinology in general.

We will start with a brief description of the Ab struc-
tural organization. Although there are five different classes
of Abs, which are commonly known as immunoglobulins,
IgM, IgD, IgG, IgA, and IgE, they all have a comparable
structural organization of functional units, and we will focus
here on IgG. A well-recognized image of a typical Ab is a
Y-shaped molecule consisting of three equal-sized parts that
are connected by flexible linkers (Fig. 1 A) and have different
functions, with the arms (or variable [V] regions, since they
vary among different antibody molecules, or antigen-binding
fragment, F,;) being involved in specific antigen binding,
and with the stem part (or constant fragment, F_) being less
variable and responsible for interactions with various effec-
tors. Importantly, since in the Abs, the “arms” are connected
to the “stem” via flexible linkers, the resulting Y-shaped
molecules are highly flexible (with the hinge regions con-
necting the F,, fragments to the F, domains being especially
mobile), and therefore, known Ab crystal structures can
only be considered “snapshots” of the broad range of con-
formations available to these proteins in solution [71]. This
high conformational flexibility of the hinges connecting F,;,
fragments with the F, fragment represents a major reason
for the sparsity of resolved crystal structures of full-length
immunoglobulins.

Zooming in to the “active sites” of Abs reveals that they
have two identical binding clefts located within the N-ter-
minal regions of their H and L chains. Each of these bind-
ing clefts is made up of 50-70 hypervariable residues and
includes several overlapping paratopes; i.e., binding sub-
sites of 10 -20 residues, which are structurally and chemi-
cally complementary to the epitopes; i.e., certain patches
of residues present at the surface of the target protein [29].
These paratopes are built from short stretches of residues
located on six complementarity determining regions (CDRs,
L1, L2, L3 on the light chain and H1, H2, and H3 on the
heavy chain) that form discontinuous binding sites. There-
fore, these six CDRs of each Ab arm are able to come into
contact with the antigen. One should keep in mind, though,
that although as many as all six CDRs can contribute amino
acid residues to the contact surface with the antigen, often,
fewer than six CDRs actually do so, and as few as four CDRs
might contribute to contact with the antigen. Furthermore,
the effectiveness of camelid V-only antibodies suggests that
perhaps fewer than four CDRs could be involved in contact-
ing antigen in some complexes. Typically, the antigen-bind-
ing sites of anti-protein Abs are relatively flat. However, H3

loops (which are located in the center of the binding site) in
human Abs are often extended [8, 41, 70, 71], allowing them
better access to the canyons and clefts on the antigen surface
[71, 77]. Many of these H3 loops in human Abs are charac-
terized by unique structural features [64]. This is illustrated
by an important study of known 3D structures of human Abs
(1,779 structures with 4,989 chains), which revealed that
the H3 loops contain on average 10 times more unique con-
formations than the other loops, with more than a thousand
four-residue-long fragments of H3 adopting conformations
not seen in any other structure [64]. This enormous poly-
morphism of the available structures of the H3 loop is likely
a reflection of its highly flexible or even disordered nature
in solution, where this loop exists as a highly dynamic con-
formational ensemble, and each crystal structure represents
a snapshot showing one member of this ensemble. In line
with these considerations are the results of an analysis of
the predisposition for intrinsic disorder in both the H and L
chains of a typical IgG (human antibody IgG1 B12) (Fig. 1B
and C, respectively). This analysis revealed that both chains
contain several intrinsically flexible or disordered regions
(i.e., regions with a predicted disorder score (PDS) > 0.5
or 0.15 < PDS < 0.5, respectively), with the CDRs being
predicted to be either flexible or disordered. This strongly
suggests that the information about conformational plasticity
is encoded in the amino acid sequences of these important
regions. Figure 1B and C show another interesting feature of
the H and L chains, namely the presence of redox-sensitive
regions (i.e., cysteine-containing regions capable of under-
going disorder-to-order or order-to-disorder transitions in
response to changes in the redox state of the environment
[54D).

Figure 2 shows that, in different anti-HIV Abs of human
or bovine origin, the H3 loop length can vary over a very
wide range, from four residues in the non-neutralizing
HIV antibody 13H11 (PDB ID: 3MO1) to 16 residues in
the broadly reactive and potent HIV-1-neutralizing human
antibody PG9 (PDB ID: 3U1S; [53]), and to 60 residues
in the potent HIV-1 bNAb NC-Cow1 (PDB ID: 6000;
[81]). Importantly, the overall close resemblance of these
structures is determined by their high sequence similar-
ity (sequence identity of these chains ranges from 48.33%
to 88.61%). Furthermore, a multiple structural alignment
revealed that these 10 structures, ranging in length from 215
to 273 residues, can be aligned over the region of 98 residues
(corresponding to the N-terminal domain of the Vy; i.e., the
V domain of the H chain) with a root-mean-square deviation
(RMSD) of 0.83 A, and the region of the successful struc-
tural alignment (with an RMSD below 1 A) can increase

@ Springer



1286 V. N. Uversky

A

Redox sensitive disorder score =—— Minus = Plus

Score

Position
Redox sensitive disorder score =—— Minus — Plus
1
0.8 3
06
s Iy
5 ]
S J
@ ]
" W
02 ]
0 T T T T t T T T T t T T T T t T T T T t T
0 50 100 150 200
Position

@ Springer



Protein intrinsic disorder and HIV vaccine design

1287

«Fig. 1 Structure and disorder in human IgG. A. Crystal structure
of the intact human IgG B12 with broad and potent activity against
primary HIV-1 isolates (PDB ID: 1HZH) [71]. This Y-shaped struc-
ture originates from the specific packing of four protein chains, two
identical heavy (H) chains (blue and cyan structures) and two iden-
tical light (L) chains (red and orange structures), each composed of
variable and constant regions located at the N- and C-terminal parts
of the chains, respectively. In IgG, each L chain is made up of two
independent domains with a typical immunoglobulin fold, whereas
each H chain has four such domains. The antigen-binding V region
of the Ab (the F,, fragment) is made of the variable V domains of
the H and L chains (V; and V|, respectively), whereas the Ab con-
stant region (the F, fragment) is made of the constant C domains of
the H and light L (Cy; and C;, respectively). The overall structure is
maintained not only by specific chain-chain interactions but also by
a network of disulfide bonds that link the two H chains to each other
in the F_ region and also link each H chain to an L chain in each F,
region. Utilization of the two identical H chains and the two identi-
cal L chains to form a Y-shaped structure results in the formation
of two identical antigen-binding sites in any given immunoglobulin
molecule, which are able to simultaneously interact with two identi-
cal structures. B. Intrinsic disorder predisposition and the presence
of redox-sensitive regions (i.e., cysteine-containing regions capable
of undergoing disorder-to-order or order-to-disorder transitions in
response to changes in the redox state of the environment) in a heavy
chain of the human antibody IgG1 B12. A redox-sensitive region is
shown with dark red shading. C. Intrinsic disorder predisposition
and the presence of the redox-sensitive regions in a light chain of
the human antibody IgG1 B12. Profiles shown in plots B and C were
generated using the [UPred2A platform [54]

to more than 220 residues if the structures are aligned in a
pairwise manner. In these pairwise alignment experiments,
the only region that fails to align is the CDR H3 loop, and
these loops are the most variable regions in the image show-
ing a multiple structural alignment (see Fig. 2). Figure 2 also
shows that the exceptionally long disulfide-rich CDR H3 of
NC-Cow]1 forms a mini-domain (knob) on an extended stalk
[81]. In a crystal structure of the F,;; NC-Cow1 in complex
with the HIV Env trimer BG505 SOSIP, this knob on the
stalk “navigates through the dense glycan shield on Env to
target a small footprint on the gp120 CD4 receptor binding
site with no contact of the other CDRs to the rest of the
Env trimer” [81]. Curiously, it has been pointed out that the
length of a CDR H3 loop may play a role in the neutraliza-
tion potential of a given Ab, with the long CDR H3 loops
being among the most important structural features found
in broadly neutralizing antibodies (bNAbs) [62, 97]. This is
likely because long CDR H3 loops can penetrate the dense
glycan shield of HIV Env to access the protein surface of
this viral glycoprotein [35, 97]. From this perspective, the
“knob on an extended stalk” structure of an extra-long CDR
H3 loop found in ~10% of bovine immunoglobulins, includ-
ing the potent vaccine-induced anti-HIV-1 bNAb NC-Cowl1

[81], might serve as a perfect “penetrator” that can navigate
through the glycan shield on Env. In fact, in bovine immu-
noglobulins, the length of such extra-long CDR H3 loops
can reach 70 residues [15, 68, 88], which is almost twice
as long as the longest CDR H3 loop (38 residues) found in
human bNAbs [97]. As a result, these extra-long CDR H3
loops can protrude up to 40 A above the tips of the other
CDR loops [81]. It is likely that such a structural organiza-
tion of the CDR H3 loop defines the functionality of the
broadly neutralizing bNAb NC-Cow1, which exhibits 72%
neutralization breadth against a 117-virus panel, with a half-
maximal inhibitory concentration (ICs;) of 0.028 pg/ml [79].

Figure 3A shows that despite the high content of
cysteine residues, this CDR H3 of NC-Cowl is predicted
to be rather flexible, whereas Figure 3B suggests that this
region is characterized by a strong redox-sensing potential
and is expected to undergo an order-to-disorder transition
when disulfides are reduced. Figure 3C and D illustrate
that the CDR H3 loop of different Abs shown in Figure 2
are all predicted to be flexible or disordered, with the
degree of disorderedness increasing with the length of the
H3 loop. One should also keep in mind that with a very
high probability, the observed structures of these long F,;,
appendices are stabilized (or even induced) by interaction
of the Ab with antigens or by the crystal lattice. Here, “a
protein crystal lattice consists of surface contact regions,
where the interactions of specific groups play a key role
in stabilizing the regular arrangement of the protein mol-
ecules” within a crystal [94]. Obviously, some of these
interactions between specific groups in the surface contact
regions of proteins within the crystal lattice can reduce
conformational flexibility and induce structuration. These
observations strongly suggest that conformational flexibil-
ity and intrinsic disorder are crucial for the functionality
of anti-HIV-1 Abs (or at least for the binding efficiency of
their H3 loops).

It is time now to consider intrinsic disorder-related fea-
tures of the major immunogen of HIV-1, its gp120 protein,
which is a constituent of the trimeric spikes of this virus and
which attaches the virus to the host lymphoid cell by binding
to the primary receptor CD4. Figure 4A shows the disorder
profile of the full-length gp120 of HIV-1 group M subtype
B (isolate YU-2), which is a 467-residue-long surface pro-
tein containing variable regions V1 through V5 (residues
98-122, 123-160, 260-293, 348-373, and 416-426), which
are the most genetically diverse regions of the entire HIV-1
genome, as well as a CD4-binding loop (residues 327-337).
All of these functional regions of gp120 are located within
or in close proximity to disordered regions. It is of interest to
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Fig.2 Structural diversity of the H chains of anti-HIV Abs of human
or bovine origin, illustrating that the length of the H3 loop can vary
over a very wide range. The illustration shows the H chain of the non-
neutralizing HIV antibody 13H11 F,, fragment (PDB ID: 3MO1:B);
the H chain of the broadly neutralizing anti-HIV-1 antibody 2F5 in
complex with a gp41 17mer epitope (PDB ID: I1TII:H) [57]; the H
chain of human Fab PGDM 1400, a broadly reactive and potent HIV-1
neutralizing antibody (PDB ID: 4RQQ:B) [78]; the H chain of human
F,, PGT144, a broadly reactive and potent HIV-1 neutralizing anti-
body (PDB ID: 5UY3:H) [47]; the H chain of human Fab PGT145,
a broadly reactive and potent HIV-1 neutralizing antibody (PDB ID:
3U1S:H) [53]; the ultralong H chain of bovine F, E03 (PDB ID:
5IJV:H) [80]; the H chain of bovine F, B11 (PDB ID: 5IHU:H)

note that, in the majority of the crystallization experiments,
various shorter forms of the protein were used instead of
the full-length gp120. The disorder profiles for two illus-
trative examples of these so-called gp120 core forms are
shown in Figure 4B (the extended gp120 core, 376 residues)
and Figure 4C (the gp120 core from the HXBc2 laboratory-
adapted isolate, 306 residues). Comparison of the disorder
profiles shown in Figure 4 clearly indicates that some dis-
ordered/flexible regions had been removed from the gp120
core constructs used in the crystallization experiments. For
example, in the extended gp120 core, these removed regions
are residues 90-165, and 265-288 of the full-length gp120,
which clearly correspond to its variable regions V1, V2,
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[80]; the H chain of bovine antibody BLV5BS8 with ultralong CDR
H3 (PDB ID: 4K3E:H) [88]; the H chain of bovine F,, AO1 (PDB
ID: 5ILT:H) [80]; and the H chain of a vaccine-induced cow antibody
with broad HIV neutralization capability (PDB ID: 6000:H) [81].
Structures are shown as ribbon diagrams. In the middle of the figure
is a multiple structure alignment of the indicated structures (SIHU,
273 residues; 5ILT, 271 residues; 6000, 268 residues; 4K3E, 262
residues; S1JV, 246 residues; 4RQQ, 239 residues; 3U1S, 238 resi-
dues; 1TIJI, 236 residues; SUY3, 229 residues; 3MO1, 215 residues)
that was made using the MultiProt algorithm (http://bioinfo3d.cs.tau.
ac.il/MultiProt/) [74]. The alignment of 98 residues achieved an
RMSD of 0.83 A

and a significant part of V3, whereas in the gp120 core from
the HXBc2 laboratory-adapted isolate, the removed regions
are residues 1-50, 96-159, 264-293, and 448-467, which, in
addition to the N- and C-tails, include the variable regions
V1, V2, and V3. To illustrate the structural variability of the
gp120 cores utilized in crystallographic experiments, Fig-
ure 5 shows the results of multiple structural alignment for
10 such chains ranging in length from 288 to 343 residues
and shows that these structures can be accurately aligned
over the region of 234 residues with an RMSD of 0.66 A.
This analysis shows that although 70 to 80% of these struc-
tures are very similar, the remaining parts of each chain
show unique structural features.
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Similar to other rational structure-based drug discovery
approaches, rational structural vaccinology uses the known
3D structure of an Ab to find epitopes that would form
specific epitope-paratope complexes. However, the data
considered in this article indicate that both partners that
are used in such structure-based rational design of anti-
HIV vaccines (gp120 and Abs) are characterized by high
conformational plasticity and have regions with consider-
able intrinsic disorder. This raises serious doubts about
the overall applicability of such computational methods in
this case. In fact, structure-based rational design is based
on considering complexes (protein-ligand, protein-protein,
protein-nucleic acid or antigen-antibody, as in this par-
ticular case) in terms of rigid, motionless structures with
steric complementarity to each other. This approximation
goes back to the famous lock-and-key model of enzyme
catalysis proposed by Hermann Emil Fischer [23, 48] and
the “side-chain theory” suggested by Paul Ehrlich for
antigen-antibody complexes more than a century ago [18,
21, 33, 46]. However, protein-protein binding involves a
process of induced complementarity and fit resulting from
the mutual adjustments of the two partners that involve
important side-chain movements and changes in the back-
bone conformation, as in the flexible keys and adjustable
locks model that was proposed by Edmundson et al. in
1987 [20] based on the induced-fit model suggested earlier
by Daniel Edward Koshland for enzyme catalysis [37]. In
this induced-fit model, the fit between an active site and a
substrate is brought about by substrate binding, since the
spatial positioning and the 3D relationship of the amino
acids at the active site of an enzyme can be changed by
binding of the substrate, and such substrate-induced struc-
tural changes bring the catalytic groups into the proper
orientation for the reaction, which does not occur with a
non-substrate [37]. This also indicates that a binding site
is a relational entity, undergoing "fine tuning" in response
to interaction with a partner, and it is not solely defined by
intrinsic structural features that are identifiable indepen-
dently of the relationship with a particular partner. Obvi-
ously, these considerations apply to all partners involved
in complex formation, since their binding sites are engaged
in mutual tuning. One should also keep in mind that the
scale of such mutual tuning can range from rather minimal
structural adjustments to global binding-induced folding.

Finally, there is another intrinsic-disorder-related angle
in the mystery of the HIV-1 vaccine failure. It has been
pointed out that the HIV-1 matrix protein (p17) is expected
to be highly disordered [25]. In fact, based on computational
analysis, it was concluded that, depending on a strain, the

percentage of intrinsic disorder (PID, which is the percent-
age of residues with PDS > 0.5) in p17 can be as high as
70%, a level encountered very rarely in the outer shell of
other viruses [25, 26]. This is further supported by an analy-
sis of the shell disorder status of over 300 viruses in the
publicly available database [24, 28], which indicates that, in
addition to HIV-1, the outer-shell proteins of herpes simplex
virus (HSV) and hepatitis C virus (HCV) are highly disor-
dered as well [27]. Curiously, successful vaccines have not
been established for these three viruses (HIV-1, HSV, and
HCV) with highly disordered outer shells, suggesting that
the motions arising from the disordered outer shell might
lead to the inability of antibodies to bind tightly to the poly-
saccharides on the viral surface proteins or to the viral sur-
face proteins themselves, rendering the immune response
inadequate [27]. Therefore, the failure of vaccines based
on the HIV glycoprotein gp120 and other vaccines can be
traced back to a lack of understanding of the important role
of shell disorder in immune evasion by such viral shape-
shifters [27].

Recently, the results of a systematic analysis of the
intrinsic disorder in shells of various viruses in relation
to vaccine development were reported [27]. It was shown
that successful vaccines have been developed for influenza,
smallpox, rabies, polio, and yellow fever, all of which
are caused by viruses characterized by a relatively low
level of intrinsic disorder in the outer shell. On the other
hand, there are no efficient vaccines against EIAV, HIV-1,
HIV-2, HSV-1, HSV-2, or HCV, all of which show higher
intrinsic disorder in their shells. In line with these consid-
erations is the recent success with the development of the
anti-SARS-CoV-2 vaccines. In fact, although the maximal
proportion of intrinsically disordered residues in the outer
shells of HIV-1, HCV, and HSV reaches 70, 53, and 63%,
respectively, in SARS-CoV and SARS-CoV-2, the corre-
sponding values are much lower: 8 and 6%, respectively
[27].

One should keep in mind that in accounting for the lack of
success to date in the quest for an HIV-1 vaccine, it is impos-
sible to determine, even roughly, the relative contributions of
the high mutation rate of HIV or the specific structural fea-
tures of gp120, such as its heavily glycosylated state, and the
appearance of quaternary-structure-dependent neotopes ver-
sus the contribution of conformational flexibility or the pres-
ence of intrinsically disordered regions. This is because all
of these seemingly structure-related features are intertwined
with intrinsic disorder and structural flexibility. In fact, in
viral proteins (and proteins in general), mutations most com-
monly occur in flexible or disordered regions. Quaternary
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«Fig. 3 Intrinsic disorder predispositions of the H chains of human and
bovine F,s. A. Multifactorial analysis of the intrinsic disorder pre-
disposition of the H chain of the potent HIV-1 bNAb NC-Cow1. The
disorder profile was generated using a DiSpi web crawler designed to
aggregate the results from a number of well-known disorder predic-
tors: PONDR® VLXT [67], PONDR® VL3 [61], PONDR® VLS2
[60], PONDR® FIT [93], IUPred2 (Short), and IUPred2 (Long) [16,
17]. This tool enables the rapid generation of disorder profile plots for
individual polypeptides as well as arrays of polypeptides. Positions
of various secondary structure elements in the mini-domain (knob)
located at the tip of the long CDR H3 are shown. Here, f-strands are
found at residues 111-113, 128-130, and 142-143, whereas a-helices
are located at residues 116-121, 131-133, and 139-141. In reference
82, it was pointed out that “the knob domain begins with a conserved
CPED motif (CPDG in the germline) containing a type I p-turn
around PEDY, followed by three very short, antiparallel B-strands
(D6-D8, D23-D25, and D37-D38) with two intervening loops of 14
and 11 residues. Loop 1 forms a single turn of helix, while loop 2
has two small helical turns. The knob has three disulfide bonds with
1-4, 2-5, and 3-6 connectivity (D2-D23, D12-D32, and D21-D37).”
B. Evaluation of the redox sensitivity of the H chain of the potent
HIV-1 bNAb NC-Cowl (i.e., the presence of the cysteine-containing
regions capable of undergoing disorder-to-order or order-to-disorder
transitions in response to changes in the redox state of the environ-
ment) of the H chain of the potent HIV-1 bNAb NC-Cow1. A redox-
sensitive region is shown with dark red shading. C. Aligned intrinsic
disorder profiles of the H chains of various human and bovine F s
generated using PONDR® VLXT [67]. D. Aligned intrinsic disorder
profiles of the H chains of various human and bovine F,;s generated
using PONDR® VSL2 [60]. Gaps in these plots correspond to gaps in
the multiple sequence alignment of the corresponding chains

structure formation is frequently associated with folding
upon binding events; i.e., flexible or disordered regions of
protomers undergo a transition to a more ordered state as a

result of oligomerization or complex formation. Therefore,
at least some neotopes originate due to this binding-induced
folding. Finally, the sites of many posttranslational modifica-
tions (glycosylation included) are located within disordered,
or at least flexible, regions.

All of these considerations suggest that attempts to use
rational structure-based design for the development of HIV
vaccines are rather spurious. In fact, since neither the Ab
nor gp120 (nor, as a matter of fact, any other antigen) has a
static rigid structure, the use of such rational structure-based
design in these cases resembles searching in vain under the
streetlight for keys lost in a dark alley. Curiously, intrinsic
disorder is considered the major reason for the existence of
the dark proteome comprising proteins that are not amenable
to experimental structure determination by existing means
and that are inaccessible to homology modeling [40]. These
considerations are very important, cannot be ignored, and
clearly should be taken into account while thinking about
novel approaches to HIV vaccine design. It is time to move
away from playing with the motionless toys. Reality is more
complex than the static “lock-and-key”. In fact, it is even
more complex than the “flexible keys and adjustable locks”
model.
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Fig.5 Structure of gp120 in different bound forms. Comparison of
the gp120 structures complexed with the CD4-binding-site antibody
F105 (PDB ID: 3HI1:G) [14]; complexed with CD4 and the induced
neutralizing antibody 17B (PDB ID: 1G9N:G) [44]; complexed with
CD4 and the induced neutralizing antibody (PDB ID: 1RZK:G) [31];
complexed with CD4M33, a scorpion-toxin mimic of CD4 and anti-
HIV-1 antibody 17B (PDB ID: 1YYL:G) [32]; unliganded HIV-1
gp120 core (PDB ID: 3TGQ:A) [42]; in complex with Fab 48d and
NBD-557 (PDB ID: 4DVR:G) [43]; complexed with CD4-mimetic
miniprotein M48U1 (PDB ID: 4JZW:G) [3]; in complex with the
CD4-mimetic miniprotein M48U1 and the llama single-domain,
broadly neutralizing, co-receptor binding site antibody JM4 (PDB
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ID: 4LAJ:A) [2]; bound to CD4 and 17B F,, (PDB ID: 4RQS:G)
[36]; and in a complex with VH1-46 germline-derived CD4-binding
site-directed antibody SANC131 (PDB ID: 4RWY:A) [96]. Struc-
tures are shown as ribbon diagrams. In the middle of the figure is a
multiple structure alignment of the indicated structures (4LAJ, 343
residues; 4JZW, 339 residues; 4RWY, 337 residues; 3TGQ, 336 resi-
dues; 1RZK, 306 residues; 1GI9N, 306 residues; 1YYL, 301 residues;
4RQS, 295 residues; 3HI1, 289 residues; 4DVR, 288 residues) that
was made using the MultiProt algorithm (http://bioinfo3d.cs.tau.ac.il/
MultiProt/) [74]. The alignment of 234 residues achieved an RMSD
of 0.66 A
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