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Abstract

The announcement of the outstanding performance of AlphaFold 2 in the CASP 14 protein structure pre-
diction competition came at the end of a long year defined by the COVID-19 pandemic. With an infectious
organism dominating the world stage, the developers of Alphafold 2 were keen to play their part, accu-
rately predicting novel structures of two proteins from SARS-CoV-2. In their blog post of December
2020, they highlighted this contribution, writing “we’ve also seen signs that protein structure prediction
could be useful in future pandemic response efforts”. So, what role does structural biology play in guiding
vaccine immunogen design and what might be the contribution of AlphaFold 2?

� 2021 Elsevier Ltd. All rights reserved.
Introduction

The value of structural biology in the fight against
a pandemic has been brought into stark focus this
past year by the way in which structural insights
have guided development of vaccines to tackle
COVID-19. Knowledge of the structure of the
SARS-CoV coronavirus spike protein allowed
design of mutants which stabilise the spike in the
pre-fusion conformation.1 As this is the form of the
spike found on virus particles, vaccine immunogens
which elicit antibodies that target this conformation
are likely to be most effective.1 As the SARS-CoV-
2 virus, which causes COVID-19, is closely related
to SARS-CoV2–4 this insight was transferable to
the new pandemic strain.2 As a result, the Pfizer/
BioNTech and Moderna vaccines, amongst others,
include spike-stabilising mutations in their effective
designs.5 This is just one example of a broader field
of ‘reverse vaccinology’, in which rational insight
into the structures of pathogen surface proteins,
and their complexes with neutralising monoclonal
antibodies, guide design of improved vaccine
immunogens.6–8 Structural biology clearly has a
td. All rights reserved.
part to play in tackling the pandemics of the present
and of the future. But, what level of structural insight
is required and how does this match the strengths of
Alphafold 2?
At the time of writing, our knowledge of AlphaFold

2 and of its performance in the Critical Assessment
of Structure Prediction (CASP) 14 competition
comes from press releases, blog posts and from
the data released as part of the CASP
competition,9 with peer reviewed publications,
which reveal how AlphaFold 2 works, on the way.
Nevertheless, the CASP competitions are stringent,
rigorous and robust peer review processes in their
own right10 and AlphaFold 2 was by some distance
the best prediction method yet to test its arm in the
competition.9 In particular, its performance was
strongest in the challenging ‘free model’ category
in CASP. Here predictions are made for proteins
for which there is no related molecule of known
structure available as a template for modelling.10

The CASP 14 press release states that AlphaFold
2 produced models with global distance test scores
above 90 for about two thirds of the target proteins.
These scores indicate a similar level of accuracy to
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high-quality experimentally determined
structures.11

While AlphaFold 2 provides a substantial
improvement in the prediction of structures of
individual proteins, there are many important
aspects of structural biology which it has not yet
mastered. First, many proteins must undergo
conformational changes, either upon binding to a
partner or in response to a change in
environment. Second, proteins are frequently
modified through post-translational additions, such
as glycosylation. Third, the majority of proteins
perform their roles as part of complexes. This can
be through the formation of multimeric complexes,
through interaction with other proteins, such as
receptors or antibodies, through interactions with
other macromolecules such as DNA or through
interactions with small molecules or ions.
Multimerisation, conformational flexibility,
glycosylation and interactions with human
receptors or antibodies all play important roles in
the functions of pathogen surface proteins.
AlphaFold 2 has yet to master prediction of
structures of protein complexes, or proteins with
multiple conformational states, so how might it
contribute to the design of vaccine immunogens
and where do its current limitations lie?
Using Structure-Guided Approaches to
Tackle the Challenging Vaccine
Candidates Found on Pathogen
Surfaces

Structure-guided vaccine design encompasses a
series of approaches in which insights into the
structures of pathogen surface proteins are used
to guide the design of improved vaccine
immunogens. These approaches are required
particularly for the challenging cases, including
influenza virus, human immunodeficiency virus
(HIV) and respiratory syncytical virus (RSV).
These pathogens have proved refractory to
classical vaccine development as immunisation
with unmodified viral surface proteins produce
only weakly neutralising antibody responses. In
such cases, the goal is to generate more focused
immunogens, designed through the application of
structural insight, which specifically elicit only the
most neutralising antibodies.
One of the most advanced examples of the use of

structural approaches to design immunogens has
been seen in the development of vaccines against
RSV.12–16 This virus causes a common respiratory
illness which is frequently mild, but can be deadly
for infants and younger adults. The major target
for neutralising antibodies is the fusion (F) protein
found on the surface of virus particles. This medi-
ates interactions with human cells and drives mem-
brane fusion and virus internalisation. While some
antibodies against the F protein are protective,
2

many are not, and immunisation of human volun-
teers with F protein alone generates a weakly pro-
tective immune response, or can even lead to
serious adverse effects.17

The challenge posed by the F protein comes from
its conformational flexibility. F protein exists on virus
particles in a metastable pre-fusion conformation.
This readily converts into the post-fusion
conformation through a dramatic conformational
change which drives virus internalisation.16 While
antibodies which target the post-fusion conforma-
tion can neutralise the virus and prevent invasion,
the most effective antibodies target sites which
are present at the tip of the pre-fusion conformation
and are lost as a result of this conformational rear-
rangement.18 The most effective vaccine will con-
tain immunogens which drive the generation of
these pre-fusion targeting antibodies.14

The conformational dynamism of the RSV F
protein is by no means unique, with the surface
proteins of many viruses undergoing similarly
dramatic conformational transitions.8 The impor-
tance of generating antibodies which target the
pre-fusion state is therefore relevant to many viral
diseases. Indeed, antibodies which target the
post-fusion conformation can even, in some situa-
tions, be dangerous, aiding invasion of viruses into
host cells and increasing the capacity of the virus
to cause disease through a process known as
antibody-dependent enhancement.19 Inducing the
right antibodies can improve protection while induc-
ing the wrong antibodies can be dangerous.
Using Structural Information to Design
Better Vaccine Immunogens

So, how has structure-guided vaccinology helped
in the design of immunogens to target RSV? First,
the structure of the trimeric F protein was
determined in both its pre- and post-fusion
conformations, revealing the nature of its dramatic
conformational change (Figure 1).16,20,21 Second,
individual monoclonal antibodies were isolated from
human volunteers, and were screened for the ability
to neutralise the virus.16 Third, structures were
determined of the most neutralising monoclonal
antibodies bound to the F protein.21 This insight
combined to reveal the chemical nature of the epi-
topes of the most desirable antibodies, guiding
two different approaches to generate improved vac-
cine immunogens.12,13

In the first approach, the goal was to produce an
intact F protein trimer, locked into the pre-fusion
conformation, using insight gained from
comparison of the pre- and post-fusion
structures.12 The design process included introduc-
tion of cysteine residues positioned to form disul-
phide bonds, as well as integration of hydrophobic
mutations to fill cavities. Finally, a trimeric ‘foldon’
tag was added to stabilise F protein monomers in
a trimeric arrangement. This combination of



Figure 1. Respiratory syncytial virus as a paradigm of structure-guided design. The F protein of the
respiratory syncytical virus undergoes a dramatic conformational change from its metastable pre-fusion conformation
(PDB: 4JHW) to its post-fusion conformation (PDB: 3RRR). The F protein is a trimer with the three subunits shown in
red, orange and yellow. The D25 monoclonal antibody is shown in blue. The most effective neutralising monoclonal
antibodies target the pre-fusion conformation of the F protein and structure-guided vaccine design processes involve
either modifications to stabilise the pre-fusion conformation or to design small de novo proteins which specifically
present the epitopes for neutralising antibodies.
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changes resulted in an F protein stabilised in the
pre-fusion conformation which, when used to immu-
nise human volunteers, generated 10-fold higher
levels of neutralising antibody, in comparison to
use of unmodified F protein.14 A second round of
improvement involved testing over a hundred differ-
ent designs and led to a further 4-fold gain in neu-
tralising activity in an animal model.22 Structure-
guided stabilisation of the pre-fusion F protein
therefore provided the route to generate an
immunogen which induced increased neutralising
activity.
A second approach takes rational design a step

further by creating small synthetic proteins which
present specific antibody epitopes from the pre-
fusion F protein. This was first achieved by
grafting epitope surfaces onto an existing scaffold
protein, followed by Rosetta-based protein design.
This generates proteins which fold correctly to
recapitulate these epitopes.13 More recently,
entirely novel proteins have been designed de novo
which present neutralising antibody epitopes.15

These designed immunogens very specifically
cause the immune system to produce the desired
neutralising antibodies. By combining immunogens
containing different specific epitopes, a precisely
tailored antibody response can be elicited. These
two approaches each take different routes to gener-
ate vaccine immunogens which generate neutralis-
ing antibodies more effectively than the original viral
surface protein.
3

Applying Structure-Guided Vaccine
Design to the Coronavirus Spike
The coronavirus spike protein presents similar
challenges to the RSV F protein, forming a trimeric
molecule with pre- and post-fusion conformations
(Figure 2).23 Here again, the pre-fusion conforma-
tion is metastable and a large conformational
change occurs as it transitions to the post-fusion
conformation, driving membrane fusion. Knowledge
of the structure of the pre-fusion conformations of
the SARS-CoV and MERS-CoV coronavirus spikes
allowed the design of mutants in which two proline
residues were inserted into hinges within the spike
which are predicted to become helices in the post-
fusion conformation, thereby destabilising this con-
formational transition.1 This 2P variant expressed
around 50-fold better than the original spike and
generated more effective neutralising antibody
responses when used as an immunogen. As the
SARS-CoV-2 spike protein is very similar in struc-
ture to that of SARS-CoV,2,3 the equivalent 2P
mutation could be transferred across and this sta-
bilised SARS-CoV-2 spike has been included in
the successful Pfizer/BioNTech, Moderna, Novavax
and Johnson and Johnson vaccines, amongst
others.5 More recently, a second round of
structure-guided mutation has been used to pro-
mote further stabilisation. A hundred structure-
guided mutations were designed, including those



Figure 2. Structure-guided vaccinology of the coronavirus spike. The structure of the closed confirmation of
the SARS-CoV-2 spike (PDB: 6VSB) is shown with the three subunits of the trimer in different shades of blue. The 2P
mutations (residues 986 and 987) are highlighted in pink, with an arrow pointing to one of these copies. These
mutations stabilise the spike in the pre-fusion conformation and are included in a number of the effective COVID-19
vaccines.
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which insert disulphides and salt bridges, or that
introduce hydrophobic residues to fill internal cavi-
ties and prolines to cap helices and prevent loops
from transitioning into helices.24 The best of these
was theHexaPro spike, which further increased sta-
bility from the 2P version andmay be included in the
coronavirus vaccines of the future. The use of
structure-guided design appears firmly established
for the generation of vaccines which more effec-
tively target dynamic viral fusion proteins.
What Can Be Done With Single
Antigens?

While tour-de-force immunogen design studies
for vaccines which target RSV, SARS-CoV-2, HIV
and influenza are guided by structures of
dynamics proteins in multiple conformations,
bound to different monoclonal antibodies, there
are also cases in which the surface antigens of a
pathogen are monomeric and rigid. Here,
structures of individual antigens can be used to
inform vaccine immunogen design, once again
allowing design of immunogens which elicit only
the most effective antibody responses.
4

An example is the PfRH5 protein from the malaria
parasite, Plasmodium falciparum (Figure 3).25,26

PfRH5 is essential for this parasite to invade human
erythrocytes, through its interaction with the ery-
throcyte receptor basigin.26 As invasion is essential
for parasite replication and transmission,26 PfRH5 is
a promising vaccine candidate.25,27–29 Unlike the
viral fusion machinery, PfRH5 is a rigid protein
which adopts the correct structure as a
monomer,27,30 and so structural studies of mono-
mer alone have proved instructive for immunogen
design. Initial structures revealed which regions of
PfRH5 form part of an ordered domain that is the
target of the most neutralising antibodies, and also
revealed the boundaries of a flexible loop and the
flexible N-terminus, both of which can be removed
to generate an immunogen which still contains neu-
tralising epitopes.27 As flexible loops often contain
epitopes for non-neutralising antibodies, which
may be immuno-dominant, they are often best
trimmed away, and structural studies can guide this
trimming process.
Structures can also be used to guide

improvement of the physiochemical properties of a
vaccine immunogen, making it more stable or
more easily produced. While PfRH5 is an



Figure 3. Structure-guided vaccinology for blood stage malaria. The PfRH5 protein is a promising antigen for a
vaccine to prevent malaria caused by Plasmodium falciparum. Structures of PfRH5 (yellow) bound to human
monoclonal antibodies such as 004 (red) and 016 (blue) (PDB: 6RCU) revealed flexible loops in PfRH5 which could
be removed to ablate epitopes for non-neutralising antibodies. Structural insight also allowed the design of thermally
stabilised versions of PfRH5, improving physiochemical properties.
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excellent vaccine immunogen,25 it is challenging to
produce, with low yields from eukaryotic expression
systems. It was therefore remodelled using a
Rosetta-based design tool, known as the Protein
Repair One Stop Shop (PROSS).31,32 This uses
multiple sequence alignments to identify residues
within a protein which are mutable. A Rosetta-
based routine then predicts the effect of different
residues in these locations on protein stability,
before pooling predicted stabilising mutations to
generate protein variants. By specifying residues
in neutralising epitopes as invariant, versions of
PfRH5 were designed which have unaltered
immunogenic properties, but which express to
higher levels and possess improved thermal
stability.31

Can We AlphaFold Our Way to
Improved Vaccines?

So, having taken a glimpse at some of the current
approaches in structure-guided vaccine design,
now we can ask what role might AlphaFold 2 have
in guiding design of the vaccines of the future?
The current strengths of AlphaFold 2 appear to be
in the prediction of structures of single proteins,
both in cases where there is a similar structure to
act as a template, and where there is not. As seen
in the case of PfRH5, structures of single antigens
can be used to guide design of improved vaccine
immunogens. This is best done with knowledge of
the location and nature of epitopes for the most
neutralising antibodies, allowing the designer to
ensure that these epitopes are not changed by the
design process. However, such insight could be
5

added to a structural model through non-structural
methods, such as epitope mapping by hydrogen–
deuterium exchange mass spectrometry. Rosetta-
based redesign approaches have not yet been
attempted using models derived from AlphaFold 2,
however it appears as though many of these
structures have the level of accuracy required for
the successful use of these design approaches.
Where such important antigens are of unknown
structure, the current version of AlphaFold 2 may
be able to make a valuable contribution.
For more complex antigens, as exemplified by the

viral fusion proteins of RSV and COVID-19, there is
still more to do before AlphaFold 2 will contribute
substantially. First, the ability to predict structures
of protein complexes is required. This both
involves structure prediction for homo-oligomeric
complexes, such as viral fusion protein trimers,
and hetero-oligomeric complexes, such as those
of a pathogen surface protein in complex with
neutralising antibodies. It seems likely that the
developers of AlphaFold will have prediction of the
structures of complexes firmly in their sights, as
the global analysis of sequence co-variance,
which appears to lie at the heart of the AlphaFold
algorithms33 should also be highly applicable to pro-
tein complex structure prediction. Indeed, the battle
between pathogen and host is one with covariance
at its heart, with the pathogen evolving to avoid
immune detection and the immune system adapting
to keep up. AlphaFold may well develop in this
direction, allowing structures of complexes to be
accurately predicted.
However, the challenges do not end with

prediction of structures of complexes, as many



M.K. Higgins Journal of Molecular Biology 433 (2021) 167093
pathogen surface molecules have evolved to be
conformationally dynamic. The metastable pre-
fusion conformations of the viral surface proteins,
which are the targets of many of the most
neutralising monoclonal antibodies, have evolved
to be short-lived to minimise their exposure to the
immune system and to allow shape changes
required for the viral life cycle. These transitions
also often occur upon changes in environmental
conditions, such as pH, on internalisation of a
virus into a cell, or on contact with the membrane
environment. A major challenge for protein
prediction methods will be to understand how
these conformational changes occur in response
to environmental cues.
Finally, non-protein molecules must often be

added into the mix. This review has also not
touched on the use of structural biology to guide
small molecule therapeutic design. Here too,
structural insights can be used as part of the
response to a pandemic. But here, the structures
must contain not just protein, but also molecules
with very different chemistry, where protein
covariance is no longer a factor.
So, will AlphaFold 2 help us out in future

pandemics? These impressive advances provide
a major leap forwards in the ability to determine
structures of single proteins. However, to make
major contributions to structure-guided vaccine
immunogen design, more is needed, including
prediction of structures of conformationally
dynamic multimers and their complexes with
antibodies. It would be unwise to bet against the
minds at Deepmind to make these advances in
the future. However, we should also keep the x-
ray and the electron beams flowing. The
transformations in structural biology in the past
decade have also been remarkable, as has the
rapidity of the response of the structural biology
community to COVID-19. These tools will continue
to play their role as, for many pathogens,
structural vaccinologists will not be able to rely on
structure predication alone for a while yet.
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