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Abstract

Viral infections are responsible for major global pandemics, causing millions of deaths and
greatly impacting human societies across the globe. Two of the viruses responsible for
some of the worst pandemics over the last century are human immunodeficiency virus-1
(HIV-1) and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Whilst
symptoms of the diseases they cause are distinct, there are features of the virions which
are shared across both viruses. Proteins on the surface of the virion mediate interactions
with host receptors and act as fusion machinery to enable the virus to enter the host cell.
As these are exposed, they are key targets of the human immune system, particularly for
neutralizing antibodies. The elicitation of broadly neutralizing antibodies is an attractive
target for vaccination as these antibodies, in combination with other parts of the immune
system, protect against viral exposure.

Whilst the immune system is able to target the receptor binding proteins on the virion,
viruses employ a range of strategies to avoid clearance. One such strategy is to shield the
antigenic viral protein surface with glycans. During egress through the host cell, spike
proteins hijack the host’s post translational machinery and attach polysaccharide chains,
known as glycans, which cover the protein surface. As these are host-derived it can be
difficult for the immune systemto recognize these glycans as foreign and can aid the virus
in avoiding immune detection. Vaccine design must capture the native-like display of
glycans when trying to elicit an antibody-based response so as to avoid the recognition of
vaccine-specific epitopes that are not present on the virus. The attachment of glycans to
viral spikesis a heterogeneous process, as glycan maturation is not genetically encoded,
as it is for amino acids. To this end bespoke strategies are required to understand glycan
presentation on viruses and their corresponding vaccine candidates. Mass spectrometry is
ideal for studying glycans as it can handle extremely heterogeneous mixtures. In this thesis
I demonstrate how mass spectrometry can be used to inform vaccine design efforts by
comparing and contrasting the glycosylation of SARS-CoV-2 and HIV-1 spike proteins, by
studying the glycosylation of leading vaccine candidates for both viruses and their viral
counterparts.

This thesis demonstrates that whilst key regions of the HIV-1 Env glycan shield are
conserved between recombinant protein and the corresponding virus, there are differences
in glycosylation regarding the composition and glycan occupancy at particular regions of
the glycan shield. These differences result in the elicitation of undesirable antibodies
however, this thesis demonstrates that the glycan occupancy of recombinant Env can be
improved by engineering the N-linked glycan attachment sequon. Comparable analyses of
SARS-CoV-2 S protein revealed that whilst under processed oligomannose-type glycans
are present on the spike glycoprotein, their abundance is much less than that of HIV-1 Env,
indicating a less dense glycan shield. Additionally, the glycan shield of recombinant and
viral-derived S protein were in closer agreement than observed for HIV-1 Env. This work
indicates that the extensive glycan shield of HIV-1is more of a hinderance to vaccine design
efforts compared to SARS-CoV-2.
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Definitions and Abb

Definitions and Abbreviations

2-AA. 2 aminobenzoic acid; a label for released glycans to enable

guantification.

2G12. i, A broadly neutralizing anti-HIV-1 antibody that targets glycans on

the envelope glycoprotein.

SARS-CoV-22PS........... Stabilising mutations introduced into the SARS-CoV-2 spike
protein which stabilises S protein in the pre-fusion conformation.

ACE2 ..., Angiotensin converting enzyme 2.

AIDS ... Acquired immunodeficiency syndrome.

APC ..., Antigen presenting cells

ASA...., Accessible surface area

BG505 SOSIP.664 .......... Stabilising mutations introduced into the HIV-1 Envelope

glycoprotein fromthe BG505 clade A/E isolate which maintains

a native-like conformation as a soluble protein.

BG505 SOSIP.664.v4.1 ..Additional  stabilising mutations introduced into BG505
SOSIP.664 to further increase SOSIP stability.

BG505 SOSIP.664-GT1..A glycan depleted version of BG505 SOSIP.664 to activate B
cells producing antibodies that are the precursors to broadly

neutralising antibodies

BG505.T332N-LAI .......... BG505 Env attached to a clade B lab adapted isolated (LAI)
backbone, containing BG505 Env with C-terminus and
transmembrane domains derived from LAL.

bnAD .o Broadly neutralizing antibody

BN-PAGE........cccccvvniiinne Blue Native polyacrylamide gel electrophoresis
Cl8..iiiiiieeeeeeee, Octadecyl carbon chain

CCRS5...oeiiveeee e C-C chemokine receptor type 5

CD4 .o Cluster of differentiation 4

CDA4DS....evviiiiiiiiiieeeeeee CD4 binding site

CD8 ..o Cluster of differentiation 8

ChAdOx-nCoV-19........... The Oxford—AstraZeneca COVID-19 vaccine, a viral vector

vaccine for prevention of COVID-19.

XVi



CHO oo Chinese Hamster Ovary cells.

CID e Collision induced dissociation

COVID-19.....covvviiieeeenns Coronavirus Disease- 2019

Cryo-EM......ccoooiiinnnn. Cryo-electron microscopy

CXCRA ... C-X-C chemokine receptor type 4

DTT oo Dithiothreitol

E protein.......cccccuvvvvnnnnnns Envelope protein

Easy-nLC 1200............... Nanoflow liquid chromatography instrument used for the
separation of glycopeptides prior to analysis by mass
spectrometry.

EndoH ......oovvviiiiiiiiiiiiin Endoglycosidase H

ENV., Envelope glycoprotein of HIV-1

€0D ..o Engineered outer domain

ER .o Endoplasmic reticulum

ERGIC.....oiiiiiiii, ER/Golgi intermediate compartment

ESL.co Electrospray ionization

FC o Fragment crystallizable, the tail region of immunoglobulins

mediating effector functions with the immune system.

Gal..i Galactose

(7Y I L Gut-associated lymphoid tissue

GlC. i Glucose

GICNAC oo N-acetylglucosamine

GMP .o, Good Manufacturing Practise

GNTl i N-acetylglucosaminyltransferase |

gpl20...cciiiiiiiiieeee, Receptor binding portion of HIV-1 Env

OpPL40 ..o HIV-1 Env glycoprotein with atruncated C-terminus to solubilize

the protein.

gple0...cccccviiiieieeee, Precursor polypeptide of HIV-1 Env that exists prior to furin

cleavage.
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OP4L .o Portion of HIV-1 Env which is responsible for membrane fusion.
HA. e, Influenza Haemagglutinin

HCD....ooooiee, Higher energy collision-induced dissociation

HEK293F ..., Human embryonic kidney 293 Freestyle cells, used for

recombinant protein production.

HeX o Hexose

HexNAC.......ccocovviiveeennnn. N-Acetylhexosamine

HILIC-UPLC..........cccoe. Ultra-high-performance liquid chromatography

HIV-1 ., Human immunodeficiency virus-1

HPLC ... High performance liquid chromatography

HRV3C......ccooiviiiieeeeenn. Human rhinovirus 3C protease

HXB2....oooiiiieeceee HIV-1 reference strain used for alignment of the diverse HIV-1
sequences.

IAA.., lodoacetamide

[ | Immunoglobulin G

IGL .o Inferred germline

IMC..oo, Infectious molecular clone

IM-MS.... e, lon-mobility tandem mass spectrometry

IMP o, Intrinsic mannose patch

IN HIV-1 integrase

KD oo, Dissociation constant

Kif Kifunensine

LASVGPC.........oeeeveen. Lassa virus glycoprotein complex

LC-MS ..., Liquid chromatography-mass spectrometry

M protein.........c..oeeeveennnnn. SARS-CoV-2 membrane protein

Man......c.cceeieniiiiie, Mannose

MERS-CoV ........ccevvvenne. Middle Eastern respiratory syndrome coronavirus

MHC ..., Major histocompatibility complex

MRNA ... Messenger ribonucleic acid

Xviii



MS-2 or MSMS ............... Mass spectrometry terminology referring to the process of
isolating and fragmenting precursor ions to enable structura

characterisation of an ion of interest.

N protein..........cc..ceeuvenn... Nucleoprotein of SARS-CoV-2

NEUAC......ceviiiiieieeeieniinnn Neuraminic acid

NFL oo Native flexibly linked

NS-EM.....cccooiiiiiiiiiiiinnnnn. Negative stain- electron microscopy

NTD.cooiiiiiiiiiiiiieiiie N-terminal domain

NXS/T oo Amino acid sequence that defines site of attachment for an N-
linked glycan.

ORFS..ccviiiiieiieeen, Open reading frames

PDB..coo oo Protein database

] Protein disulphide isomerase

PEIMAX ......covvvvviviiininnnnnns Polyethylenimine “Max” reagent used for transient transfection of
cells.

PNGaseF........ccccocevunnn.... Peptide N-glycosidase F

PNGS ..., Potential N-linked glycosylation site

PRR. ..o, Pattern recognition receptor

PVDF ...coovviiieiiieiiiiiiiiane Polyvinylidene fluoride

(=] B SARS-CoV-2 receptor binding domain.

RARP ..oovviiiiiiiiiiiiiiiiiiiie RNA replicase—transcriptase complex

RM20EL .......ccovvnerennnn. Antibody isolated from a macaque, which can only neutralize

virus lacking the N611 glycan site.

RT oo, HIV-1 reverse transcriptase

Sprotein.....cccooceeeiieeennnn. SARS-CoV-2 Spike glycoprotein

SARS-CoV-1.....cccceevveenne Severe acute respiratory syndrome coronavirus-1
SARS-COV-2.....cccovvvvvenns severe acute respiratory syndrome coronavirus-2
SDS-PAGE .......cccoeeveee Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
SEC ..., Size exclusion chromatography
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SPR . Surface plasmon resonance

ST6Gall (ST6)......vvvnnn.... Beta-galactoside alpha-2,6-sialyltransferase 1

STT3A/B .o, Catalytic subunit of the oligosaccharyl transferase (OST)
complex that catalyses the initial transfer of a glycan to a
polypeptide.

TAMP....oiiiiiiiiie e, Trimer associated mannose patch

TCR T cell receptor

TMPRSS2.....cccccovvee. Transmembrane protease, serine 2

VINZ .o, Variable loops 1 and 2 located at the apex of HIV-1 Env

WHO.......o e, World health organization

WT e, Wild type

XIC. i, Extracted ion chromatogram

XX



Chapter 1 Introduction

1.1 Pandemicviruses andtheirimpact onthe human population

Over the last century several major global pandemics have caused millions of deaths
worldwide. The Spanish Flu outbreak in the early 20t Century is thought to have killed an
estimated 50 million people, for example 1. In the 21st century the emergence of a novel
coronavirus from Wuhan, China, rapidly spread across the globe 2. This virus was termed
SARS-CoV-2, the causative agent of COVID-19. Its infectivity and mortality rates in elderly
populations has meant that governments worldwide have had to impose extensive
measures to try to control this virus, which has meant that the COVID-19 pandemic has had
a much wider reaching impact beyond those who have contracted the virus. Throughout
2021, the impact of rapid vaccine deployment demonstrates the critical role thatimmunogen
design efforts continue to play and that continued advances in vaccine development are
needed to ensure vaccine candidates can be rapidly deployed in future pandemics 2. There
have been a number of successful vaccines developed which provide high levels of
protection from the original Wuhan SARS-CoV-2 virus and corresponding variants, and the
development of these vaccines was aided by advances in vaccine design catalysed by the
searchfora vaccine against HIV-14. The AIDS pandemic has impacted millions of lives and
remains one of the leading causes of death globally and, importantly, in some regions of
Sub-Saharan Africa is the leading cause of death 5. Whilst many options for suppression
and prophylaxis are now available, a vaccine that can protect against infection remains a
key goal for the global scientific community. Vaccine design efforts against HIV-1 have
battled against an extremely difficult target, due to the extensive mutation rates and the
ability for the virus to lay dormant within cells ©7. This has meant that novelinnovations have
beenrequired to beginto move towards a vaccine, including new vaccination strategies th at
previously did not exist.

Despite differences in viral life cycles, pathogenesis and symptoms, the target of
vaccine design efforts against both diseases is similar. For both viruses, the receptor
binding envelope glycoproteins are the primary target for immunogen design efforts due to
their exposure to the immune system on the surface of infectious virions. Antibodies elicited
against viral envelope glycoproteins can neutralize infectivity by blocking receptor binding,
and therefore defining the antigenic surface of viral spike glycoproteins is important as it
aids with the identification of potential neutralizing antibody epitopes. Another conserved
feature of viruses such as HIV-1 and SARS-CoV-2 is the presence of amino acid sequences
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that act as acceptors for the post-translational attachment of glycans. Viral glycoproteins
possess high numbers of these sequons, and the attachment of large N-linked glycans
across the envelope glycoproteins forms a shield, whereby the underlying protein is
occluded fromthe humoral immune system. This means that understanding the composition
and abundance of glycans covering the surface of the envelope glycoprotein is an intrinsic

part of defining the antigenic surface available for immune recognition.

As obligate parasites, viruses require the host cell to perform post-translationa
modifications on viral proteins and therefore the processes employed by both SARS-CoV-
2 and HIV-1 will converge. This thesis aims to explore how the glycan shields of two major
pandemic viruses; HIV-1 and SARS-CoV-2 compare, using a range of biophysica
techniques, focused on mass spectrometry. For both viruses, the integrity of the glycan
shield will be investigated by comparing viral-derived envelope glycoproteins with
recombinant, solubilized variants, which formthe basis of immunogen design efforts. These
distinct examples will be used to establish potential global phenomenain how viral glycan
shields are formed, and then to discuss the differential importance of glycan shields in
vaccine design, and why these differenceshave arisen. To explore the factors that influence
the presentation of glycans on envelope glycoproteins a knowledge of the viral life cycle
and its pathogenesis is required. In addition, the mechanisms that the host cell uses to
perform the post-translational attachment and processing of glycans is necessary.
ThroughoutChapter 1, this thesis aims to explore the factors that influencethe presentation
of glycans on envelope glycoproteins and then demonstrate how innovations in the study

of the HIV-1 glycan shield have been rapidly deployed to investigate SARS-CoV-2.



1.2 Acquired immunodeficiency syndrome and the global
impact of HIV infection

121 The emergence of human immunodeficiency virus-1 (HIV-1)

Acquired immune deficiency syndrome (AIDS) was first described in 1981 when five cases
were reported of Pneumocystis. pneumonia in previously healthy men in Los Angeles 8 and
eight cases of Kaposi's Sarcoma, a cancer normally affecting older populations, was
observed in younger men in New York °. Since its characterisation, infections from the
human-immunodeficiency virus (HIV) have been linked to 34 million deaths worldwide, with
approximately 36.9 million people living with HIV and 1.8 million people becoming newly
infected with HIV in 2016 . HIV is a member of the Lentivirus genus in the Retroviridae
family. The lentivirus genusis characterized by along incubation period of infection and the
ability to infect non-dividing cells 1. As a retrovirus, the viral genome of HIV consists of
RNA. Upon infection of ahost cell this RNA is reverse transcribed to DNA and inserted into
the host cell genome using an integrase enzyme. The infected host cell then translates vira
proteins resulting in the formation of more viral particles. The immune deficiency from HIV
infection arises because the virus infects and kills CD4+ T cells, reducing the CD4+ T cell
count over anumber of years 12. If left untreated, these levels fall below a certain threshold
and cell-mediated immunity is compromised. Opportunistic infections, such as of
Pneumocystis pneumonia, are fatal in immunocompromised patients whereas healthy

individuals’ immune systems clear such infections without severe symptoms developing.

Even though AIDS is such a prominent disease worldwide, avaccine that provides
broad protection against HIV infection is yet to be developed. One example of a vaccine
that has reached phase 3 clinical trials only had a 30% efficacy *3. A trial developed on a
similar platformwas terminated early due to a lack of efficacy 4. This can be attributed, in
part, to the presence of many quasispecies of HIV that exist in an infected host 5. It is
estimated that the number of different quasispecies in a single infected patient is
comparable to the total genetic diversity of the Influenza virus worldwide 6. This incredible
genetic diversity is a result of the retrovirus utilising an error-prone reverse transcriptase to
convert the viral RNA into DNA. As a result, protein epitopes are not conserved and any
approach that exploits solely protein epitopeswill resultin a selective pressure thatis quickly

overcome by the rapidly mutating HIV population.

The animal reservoir for HIV-1 is likely immunodeficiency viruses found in wild
chimpanzees (SIVcpz) 7, and likely crossed over multiple times from chimpanzees to the
human population 8. The majority of circulating HIV-1 viruses are classified into the M-

3



Chapter 1

group (main) which is further subdivided into clades A, B, C, D, F, G, H, and J in addition to
circulating recombinant forms (CRFs) 19. Different clades predominate across different
regions of the globe, with clade B prevalent in Europe and America, clade C in South Africa
and clades C, A and D in sub-Saharan Africa. As such a vaccine will need to induce

protection against all clades circulating worldwide 2°.

1.2.2 Theviral genome and life cycle of HIV-1

The HIV-1 genome encodes for a number of structural and non-structural proteins which
performavariety of roles to aid in viral replication. The virus contains two copies of single
stranded positive sense RNA, which encodes for 9 genes (gag, pol, env, tat, rev, nef, vif,
vpr and vpu) (Figure 1-1) 2%, Viral proteins are encoded for by three of these genes; gag,
pol and env. The gag gene directs the synthesis, transport to the plasma membrane, and
assembly of the structural precursor polyprotein Gag, resulting in formation of viral particles
22, The pol gene encodes for key enzymes in the viral cycle, such as protease (PR), reverse
transcriptase (RT) and integrase (IN) and the env gene encodes for the Envelope
glycoprotein (Env), which is translated as a single gp160 polypeptide. This polypeptide is
cleaved by the host protease, furin, during ER/Golgitransitinto gp120 and gp41, which form
a dimer. These heterodimers assemble as trimers on the mature virion.

When an infectious HIV-1 particle encounters a CD4+ cell the gp120 portion of Env
binds. In addition to CD4 a co-receptor is required for binding. In the case of HIV-1this can
either be C-C chemokine receptor type 5 (CCR5) or C-X-C chemokine receptor type 4
(CXCRA4) 23, Differentviruses can have tropism for either co-receptor and are referred to as
R4 or R5 tropic viruses. The key role of these co-receptorsfor HIV-1 infection were evident
to the broader community when the first person was “cured” of HIV-1 infection. This patient
was receiving treatment for cancer and, following suppression of their ownimmune system,
received a stem cell transplant with cells that did not express CCR5 and remission was
reported 18 months following treatment 24. Following receptor binding Env undergoes
conformational change and the gp120s shed, allowing the gp41 portion to extend and
expose its fusion peptide, which then inserts into the plasma membrane 25. This results in
membrane fusion and the internal components of the virus enter the cell. Once inside the
cell, the single stranded +ve sense RNAis reverse transcribed to DNA by the RT enzyme.
This is the major source of the genetic variability of HIV-1, as this enzyme is extremely error
prone 26, Following this process, the DNA migrates to the nucleus, along with integrase. The
integrase then incorporates the viral DNA into the host genome 27. This process is what
enables HIV-1 to become a latent infection. Anti-retroviral treatments can prevent the
production of more infectious particles, but most are not able to remove the integrated DNA
fromthe genome, and so HIV-1 latency prevents clearance of infection using anti-virals Z.



The virus then uses the transcription and translation machinery of the host to produce new
infectious virions with proteins encoded by gag and pol being translated into the cytoplasm,
whereas the Env protein enters the secretory machinery of the ER and Golgi, undergoing
post-translational modification as would a normal cell-surface glycoprotein 2. The virions
assemble at the plasma membrane and then spread to other cells.

e , 100-120 tam , : B 1. gp120 binds to the
' H CD4 receptor and co-
Lipi o . receptor, triggering
P . Envelope spike membrane fusion.
Host membrane |\ Matrix (Env) -
protein Q ) - 2. Viral RNA, reverse
2, i 2 q transcriptase, integrase,
Reverse ) Aiaa 9p120 H o™ ¥ 4 and other proteins are
— L 4 ™, o . @ [+ R :
H o — - gpat : ) e }JJ released into cell.
transcriptase ff \z N 172 .
Q 4 ) H >
£ o il : L d 0
Capsid — .—’j:} }‘"\,\ ~ Protease W o »
5 == “TRNA : 7
Integrase @ ~
& :
Uncleaved gp41 stumps ) ' CD4
gp160 0 Non-f;:::luonal /
gp120 shedding ' % Co-receptor

(CCRS5 or CXCR4) ’\/\/\/

ey 5 Nexy 3. Viral DNA is generated
g o 7. Viral protease cleaves on, by reverse transcription;
N\, & O
R "

i the double-stranded DNA
lyproteins to create mature, < :
polyp infoctious virfons forms a pre-integration
4 complex.

* 7o

4. Viral DNA is integrated
into host genome by viral

= integrase.
6. New viral elements

assemble at the cell

membrane; the immature
virion buds from cell

Q
& X ./\,\ ERS=elI 5. New viral RNA is
3 ) “==-....| translated to generate
viral proteins or form
genomic RNA.
C ORF1[5LTR| [ma! ca | nc [ vif l nef
' gag tat
ORF 2 Hied B R
rev [
ORF 3 pr | it Cin | @i [ gp120 " gpat |
pol env
K 0 1 2 3 4 5 6 7 8 9 10

Figure 1-1: The HIV-1 structure and lifecycle.

(A) Structure of an HIV-1 virion. (B) The viral lifecycle of HIV-1 (C) The viral genome,
approximately 9.8 kb, is transcribed over multiple open reading frames. MA, matrix; CA,
capsid; NC, nucleocapsid; PR, protease; RT, reverse transcriptase; IN, integrase; Vif, vira
infectivity factor; Nef, negative regulatory factor; Vpu, viral protein U; Vpr, viral protein R;
Tat, trans-activator of transcription. Figure reproduced from the thesis of G. Seabright,
University of Oxford 20.
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1.2.3 HIV infection and the host’s immune response

Frequent routes of transmission for HIV-1 infection are through the mucosal membranes in
the vagina and rectum. Upon transmission, the virus spreads to the spleen, bone marrow
and lymph nodes and in particular to the gut-associated lymphoid tissue (GALT) which has
a high concentration of CD4+ T lymphocytes 3. This migration and retention between the
blood and the lymphoid tissue occurs via the interaction of Env with the gut-homing a437
receptor which has been shown to interact with the variable loops on gp120 32. This
interaction triggers the production of the integrin LFA-1 which promotes the cell-cell
transmission of HIV-1 through what is known as the virological synapse. The importance of
this route of transmission is debated with studiesinvolving arange of gp120 monomers and
infectious virions not able to bind the a437 receptor 33. However, the RV144 trial utilised
gp120 monomers and it is thought that the patients that were able to raise a protective
antibodies against the V2 region disrupted this interaction and disrupted HIV-1 trafficking
34, Macrophages and dendritic cells can also be infected, it is thought this occurs in

macrophages when a macrophage engulfs an infected T lymphocyte 35.

During the first 10 days of an HIV-1 infection the levels of viral RNA are virtually
undetectable, this is known as the eclipse phase. After this initial phase the viral load
increases rapidly as the virus spreads to the various parts of the body via dendritic-cell
mediated dissemination, with viral loads peaking at day 21-28 of infection 31. During this
phase the levels of CD4+ T cells decrease as the virus is infecting and killing these cells,
however the levels of CD8+ T cells increases. This triggers the production of antibodies via
activation of B cells. This is known as seroconversion. As the adaptive immune system
begins to respond to HIV-1 infection the viral load decreases and the CD4+ T cell levels
rise, although in the GALT the CD4+ T cells do not rise in the same manner 31, These
antibodies are capable of controlling HIV-1 infection initially, however, the early antibody
specificities are directed towards protein epitopes. The error-prone reverse transcriptase
means that the viral population is rapidly mutating and therefore the selection pressure
exerted by these early antibodies results in rapid escape mutations causing viral escape
and the viral load to increase. If left untreated the CD4+ T cell count continues to decrease
untila critical limit is reached 6. After this pointthe immune systemof the host is irreversibly
compromised and opportunistic infections that are rare, and include virus induced cancers,

such as Kaposi’s Sarcoma, which resultin death.



1.3 TheCOVID-19 pandemic and the life cycle of SARS-CoV-2.

13.1 The emergence of anovel coronavirus

The world health organization (WHO) is constantly monitoring viral animal reservoirs for
potential viruses that could cross over to humans and have pandemic potential.
Coronaviruses have existed in the human population for many years, and typically cause
diseases such as the common cold 37. In addition to mild infection, coronaviruses have
pandemic potential. In the 21st century, the first coronavirus to emerge with pandemic
potential was the virus termed severe acute respiratory coronavirus-1 (SARS-CoV-1) which
appeared in Asia in 2003 38, Following this in 2012 Middle Eastern Respiratory Syndrome
coronavirus (MERS-CoV) was shown to have crossed from camels to humans and
additionally had pandemic potential 3°. Both of these outbreaks were relatively contained,
however the WHO categorized coronaviruses as one of the circulating viruses in animals
which had pandemic potential. In late 2019 a cluster of patients were identified in Wuhan,
a city in Hubei province, China, that displayed similar symptoms to previous coronavirus
outbreaks. A new virus was identified from airway epithelial cells of infected patients on
January 12t 2020 4° and the WHO declared a global pandemic in March 2020 24.

1.3.2 The SARS-CoV-2viral genomeand its lifecycle

The SARS-CoV-2 genome consists of single-stranded positive-sense RNA, whichisaround
7,000 nucleotides long #°. The genome sequence was published rapidly and made publicly
available, which enabled the rapid design of vaccine candidates 4. The SARS-CoV-2
genome consists of 12 functional open reading frames (ORFs) with 11 protein-coding
genes. There are many non-structural proteins, which are key in viral replication, these are
summarized in Appendix A “2. In addition, the SARS-CoV-2 genome encodes severa
structural proteins, which together form an infectious virion. These include; the Spike
glycoprotein (S), which isresponsible for angiotensin convertingenzymes 2 (ACE2) binding
and initiating cell entry 43, the Envelope protein (E) which aid in the assembly and release
of virions 44, the Membrane protein (M), a transmembrane protein, and the Nucleoprotein
(N), which is a key component for RNA packaging 4> (Figure 1-2).

When an infectious virion encounters a cell expressing ACE2 on its cell surface the S
protein binds, with the host serine protease TMPRSS2 acting as a co-receptor #6. The virus
can then enter the cell either through direct fusion with the plasma membrane or by
endosomal uptake and uncoating #7. After the viral RNA is released into the host cell, the
virus begins replicating its genome. First, polyproteins ppla and pplab are translated,

7
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which are cleaved by the Papain-like protease and 3C-like protease to form functional non-
structural proteins such as Helicase and the RNA replicase—transcriptase complex (RdRp)
48 RdRp is responsible for replication of structural protein RNA. Unlike HIV-1, the mutation
rate of SARS-CoV-2 is significantly lower 1°. This can be attributed to the existence of proof
reading mechanisms in the RNA polymerase, containing 3’-to-5’ exonuclease activity, which
removes mis-incorporated nucleotides 4°. In addition, the period of time in which SARS-
CoV-2 can betransmitted is brief %0, so there islittle time for viral evolutionto occurin a host
prior to transmission, whereas HIV-1 can undergo years of evolution and still transmit. The
structural proteins are then translated, with S, E and M proteins being translated by
ribosomes that are bound to the endoplasmic reticulum (ER). These proteins then enter the
ER and undergo post-translational modification as would host cell-surface glycoproteins.
These are displayed on the outside of the virion. The N protein is translated in the cytoplasm
remains in the cytoplasm during viral assembly. The virion then buds into the ER Golgi

intermediate complex (ERGIC) and is secreted via exocytosis 5.
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Figure 1-2: Lifecycle of the SARS-CoV-2virion.
(A) Cartoon displaying the contents of an infectious SARS-CoV-2 virion. (B) Viral life cycle
of SARS-CoV-2. Key stages in the life cycle are numbered in the order which they occur.
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1.3.3 SARS-CoV-2 pathogenesis and the host responseto infection

Infectious SARS-CoV-2 particles are spread by either droplets, or potentially as an aerosol
52, Once inhaled, the virus infects ACE2+ cells in the naso/oral cavity %3. This phase of
infection is usually asymptomatic as the virus is replicating in the upper respiratory tract,
which is relatively shielded from the innate immune system 54. Within 2 days to 2 weeks of
initial infection COVID-19 symptoms begin to appear. These include an extensive range of
different pathologies including fever, dry cough, shortness of breath, joint pain, and
tiredness. As the virus infects the lower respiratory tract, via the airways, a strong innate
immune response occurs. This includes a strong pro-inflammatory response as well as
other complications, including pulmonary edema, Acute Respiratory Distress Syndrome
(ARDS), different organ failures, and death 55,

Due to its high infectivity, SARS-CoV-2 has caused millions of deaths worldwide,
however, the majority of people who become infected with SARS-CoV-2 are able to make
a full recovery %. This means that the immune systemis capable of clearing SARS-CoV-2
infection. This is achieved through both the innate and adaptive immune response. One of
the first immune responses initiated against SARS-CoV-2 infection is via pathogen
recognition receptors, such as Toll-like receptors, and results in upregulated interferon
expression %4, The humoral response against SARS-CoV-2 has been foundto be similar to
that against other coronavirus infections, involving IgM and IgG 57. At the onset of SARS-
CoVinfection, Bcellselicit an early response againstthe N protein, while antibodies against
S protein could be detected after 4-8 days following infection . These neutralizing
antibodies targeting the S protein are extremely potent, and likely provide strong protection
against subsequent infections. Therole of T cells in SARS-CoV-2 immunity has also been
demonstrated, and it is a combination of both B and T cell mediated immunity that likely

provides an effective defence against SARS-CoV-2 58,

Stimulating the immune system to respond as if encountering areal pathogen is the
goal of vaccination efforts, therefore molecular mimicry of viral components is akey part of
this process. As such, a deep understanding of the molecular make-up of the structura
proteins of virions is important for the successful development of vaccines. Spike proteins
have emerged as key vaccine targets, as during natural infection for both HIV-1 and SARS-
CoV-2 potent neutralizing antibodies are raised, which, if induced prior to infection, can
protect against disease.
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1.4  Structure of Envelopeglycoproteins

14.1 Class | viral fusion proteins and similarities between Env and S protein.

As viral spike proteins are critical for host cell invasion, and are exposed on the
surface of the virion, they are frequently the target of neutralizing antibodies, which bind
and inhibitthe function of the spike protein, either by blocking the interaction with its desired
receptor or by preventing the conformational changes required for membrane fusion 59,
As such, viral spike mimetics are key targets for vaccine design, with both SARS-CoV-2
and HIV-1immunogensbeing based around S protein and Env, respectively. Asthese spike
proteins are important antigenic targets, understanding the molecular details of spike
proteins is critical in vaccine design. Whilst HIV-1 and SARS-CoV-2 are distinct in both the
makeup of their genomes and in the disease that they cause, there are notable similarities
in the structure of the surface spike glycoproteins, and advances to enable the study of HIV -
1 Env enabled the rapid resolution of the SARS-CoV-2 S protein structure, which further

aided the rapid development of successful SARS-CoV-2 vaccines.

A multitude of viruses use spike proteins to bypass the plasma membrane of acell to
insert their viral genomes into the host cell 61. Different spike proteins are classified into four
groups (I, Il, lll and 1V), although as with most processes related to viruses there are likely
many more mechanisms at workin nature. Class | fusion proteins are common in pandemic
viruses and include HIV-1 Env, Influenza Haemagglutinin (HA), Lassa virus glycoprotein
complex (GPC) and coronavirus spike proteins (Figure 1-3) 6162, Class | fusion proteins are
defined by the mechanism by which they are able to fuse with the membrane. Following
membrane binding, class | fusion proteins undergo conformational change, which exposes
a-helical coiled-coils on the membrane fusion component of the spike protein. As discussed
belowthisincludesgp41 for Env,and S2 for S protein 3. Examples of class Il fusion proteins
include flaviviruses such as Dengue and Zika virus, and Class Il include herpesviruses

such as HSV-1 glycoprotein B 64,

The commonality in the spike proteins of HIV-1 and SARS-CoV-2 has meant that
innovationsin HIV-1 Env research have aided in S protein structural determination. The key
developments in this area are focused on the generation of soluble variants of spike
proteins. Part of the function of spike proteins is to undergo conformational change, and as
such they are not particularly stable proteins on the surface of virions 6. To define the
structure of viral spike proteinsit is often beneficial to generate soluble versions of spike
proteins. In addition, membrane bound vaccine candidates are often not translatable and

classically, solubilized versions of viral spike proteins are required. Simply truncating the
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transmembrane region of spike glycoproteins does not produced native-like proteins %6, and
several stabilizing mutations are required. This work took many years for HIV-1 Env and
proved essential for the resolution of the trimeric Env structure 97. In addition, the lack of
native-like architecture before these stabilizing mutations were applied likely played a role
in the poor efficacy of early vaccine candidates against HIV-1 . The researchers who
solved the structure of the SARS-CoV-2 S protein for the firsttime had backgrounds in HIV-
1 Env research and by applying similar strategies used to stabilise HIV-1 Env, were able
to resolve the SARS-CoV-2 S protein structure within months of the publication of the S

protein sequence ©°.

Lassa GPC Ebola GP Influenza HIV-17 Env Coronavirus Nipah F
HA S protein protein

Figure 1-3: Examples of viral fusion proteins.

Left to right: Glycan shield models of Lassa virus GPC (PDB ID: 5VK2), Ebola GP (PDB ID:
5JQ3), A/H3N2/361/Victoria/2011 H3N2 Influenza virus hemagglutinin (PDB ID: 40O5N),
BG505 SOSIP.664 HIV-1 Env (PDB ID: 4ZMJ), human coronavirus-NL63 (HCoV-NL63) S
protein (PDB ID: 5SZS), Nipah F protein (PDB ID: 5EVM). Glycans and proteins are shown
in blue and grey, respectively. The fusion protein subunit is shown in dark grey. The
positions of mucin-like domains of Ebola GP are shown in yellow. Most predominant glycan
compositions were modelled onto each N-linked glycan site, using pre-existing GICNAc
residues, where available, with MansGIcNAc2 modelled on if compositional information was
lacking. Figure reproduced from Watanabe et al. 2019 61,

1.4.2 HIV-1 Env and BG505 SOSIP.664

The immense variation of the genome of HIV presents a considerable obstacle to the
development of an effective, sterilizing vaccine. The failure of classical vaccination
strategies has driven advances in our understanding of the molecular basis of viral infectivity
and the hostimmune response. Lines of enquiry have included investigating cor relates of
protection arising from the RV144 trial such as the role of non-neutralizing antibodies 7072,
These strategies have proven ineffective of protecting against HIV-1 infection 73, and as
such, the focus of vaccination strategies has shifted towards developing immunogens

capable of eliciting a protective broadly neutralizing antibody (bnAb) response 74.

Innovations towards the development of bnAb-eliciting immunogens have included
the production of native-like trimers that mimic the envelope glycoprotein (Env) spikes
expressed on the surface of the virion 7>-78, These soluble glycoproteinshave revolutionized

our understanding of the viral glycoprotein structure and have stimulated the design of new
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immunogens. Encouragingly, these mimetics bind to a growing number of neutralizing
antibodies isolated from infected patients, and they are being investigated as a platform for
the next generation of immunogens. Armed with the detailed structure of envelope spike
mimetics, detailed knowledge of the intricate network of post-translational modifications has
been revealed 76.79-84,

Env is the sole viral protein expressed on the surface of the HIV virion and antibodies
capable of binding the functional form of the viral spike can effectively neutralize viral
infectivity 85-91. Asa class | viral fusion glycoprotein, Env consists of atrimer of heterodimers
comprising gp120, which consists of five constant domains interspersed with hypervariable
loops (Figure 1-4A), responsible for receptor recognition, and the transmembrane fusion
glycoprotein, gp41. Env enables viral particle recognition of CD4+ T-cells, binding to the
chemokine co-receptor, and ultimately fusion of the viral membrane with that of the target
cell. To generate infectious viral particles, the viral spike must be extensively post-
translationally modified by the host cell. These modifications include the formation of
disulphide bonds (Figure 1-4B), extensive N-linked glycosylation (Figure 1-4C and D) and
two proteolytic cleavage events, one after the signal peptide and the other between gp120
and gp41 (Figure 1-4E) 66,

Successful attempts to recombinantly mimic the Env-based epitopes of broadly
neutralizing antibodies have involved solubilizing and stabilizing glycoprotein trimers
utilising post-translational modifications and amino acid substitutions. Crucially, native -like
Env trimers have been generated by the addition of a disulphide bond between gp120 and
gp41 subunits and an isoleucine to proline mutation in gp41 which stabilise the prefusion
conformation of Env. These immunogens are termed “SOSIPs” 76.92.93, This approach was
first successfully applied to the EnvfromBG505, aclade A/E transmitter/foundervirus which
was isolated in Kenya 6. Sanders et al. additionally introduced the N332 site lacking from
the BG505 isolate, as this site forms the target of a number of broadly neutralizing
antibodies 6. Whilst the BG505 strain is amendable to the modifications outlined above,
newer iterations based on the above modifications has enabled the stabilization of many

Envs from multiple clades €°.

The quaternary structure of natively folded viral spikes requires the correct formation
of disulphide bonds in the mammalian secretory pathway. Slow folding events allow time
for the extensive network of disulphide bonds to form and to “shuffle” using protein
disulphide isomerase (PDI) to ensure the optimal disulphide bond configuration is achieved
94-9%6_ The correct pairing of disulphides is an essential requirement for infectious Env, as by
knocking out PDIs in vitro the resultant protein is able to bind to CD4 but not undergo the
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conformational changes required for membrane fusion °’. The incorrect formation of
disulphides is also promoted when viral spike mimetics remain uncleaved by furin, this not
only impacts the resultant quaternary structure of the viral spike it also perturbs the glycan
shield and therefore Ab binding 8.

(: Top view

1 Disulphide N 0-20%
[ SOS addition = 20-40%
[ 40-60%

3 60-80%

B 80-90%

I 90-100%

Side view

I1559P

Signal peptide cleavage Furin cleavage

Figure 1-4: Representation ofthe post-translationalmodifications of BG505clade A/E

envelope glycoprotein.

Models were generated using the cryo-EM structure of BG505 SOSIP.664 PDB ID:5ACO
81, (A) 3D representation of the variable loops on gp120 and the heptad repeats of gp41.
(B) Canonical disulphide bonds found in BG505 98 with the additional stabilizing disulphide
bond found in BG505 SOSIP.664 shown in orange. (C) Conservation map of the glycans of
BG505 SOSIP.664. The glycans were coloured according to their conservation across 4000
Env strains Huang et al. %°. BG505 crystal structure with N-linked glycans modelled by
Behrens et al. 1% (D) The frequency of potential N-linked glycan sites across the Env
sequence with the PNGs found in BG505 SOSIP.664 labelled on the X axis. (E) Schematic
showing the locations of proteolytic cleavage for the signal peptide and the furin cleavage
site. Figure also published in Allen. etal. 2018 2°

Another critical post-translational modification of Env is furin cleavage of the gp160
pro-protein. Furin cleavage is thoughtto occur in the trans Golgi network and is an essentid
step in the formation of functional correctly folded trimers 191, Furin cleaves between the
gp120 and gp41 subunits of the gp160 polypeptide, recognising the amino acid motif Arg-
X-(Arg/Lys)-Arg 192, Negative stain electron microscopy (NS-EM) of uncleaved trimers,

which have been explored as viral spike mimetics, revealed that they do not naturally adopt
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the classical trimeric architecture 193104, The perturbation of the structural integrity resulting
fromalack of furin cleavage also has implications for the post-translational modifications of
candidate immunogens. Analysis of N-linked glycosylation on a global and a site-specific
level on a number of uncleaved structures described an elevation in glycan processing,
most likely resulting from aberrant trimerization 79195, As broadly neutralizing antibody
epitopes frequently contain N-linked glycans the aberrant glycosylation resulting froma lack
of furin cleavage will have knock-on effects on the antigenicity of those trimers.
Furthermore, the destabilization of the quaternary structure ablates the binding of
guaternary-specific broadly neutralising antibodies (bnAbs) such as PGT151 and also

reduces the affinity of other quaternary specific bnAbs, such as PGT145 106,107,

The requirement for furin cleavage for correct assembly is an important feature in the
expression of BG505 SOSIP.664 as the low levels of endogenous furin result in large
populations of uncleaved trimers 1%, Binley et al. circumvented this problem by co-
transfecting plasmid containing the furin gene concomitantly with Env 1. In addition, it is
important to optimise the protease cleavage step as much as possible to avoid the
generation of uncleaved Env. The majority of HIV strains contain a furin cleavage site
consisting of a REKR motif. A panel of mutations introduced to this region demonstrated
that this is not the optimal motif for furin mediated Env glycoprotein cleavage. By replacing
the REKR motif with 6 arginine residues the proteolytic separation of gp120 and gp41lis
greatly improved 1%, By modifying the amino acid sequence in this way, it is possible to
manipulate post-translational protease cleavage to allow for a larger amount of native-like
material. Impressively, efficientfurin cleavage has also now been achieved in production of
gram quantities of clinical grade BG505 SOSIP.664 using a stable CHO cell line containing
the target SOSIP, possessing an optimised furin cleavage site, and also the gene encoding

furin 109,

As well using recombinant glycoproteins as immunogens, afurther strategy currently
under investigation in HIV-1 vaccine design is to use nucleotide-based approaches. For
nucleotide-based vaccines, the env gene is administered and the trimers are expressed by
the host. In order to utilise this approach, it is favourable to bypass the furin cleavage stage
as it removes the requirement of co-transfection with furin. Although previously defined
uncleaved trimers have produced large populations of misfolded trimers, several constructs
now exist that are able to form native-like trimers without the need for furin cleavage. By
replacing the furin cleavage site with a flexible linker it is possible to generate native -like
trimers. With additional stabilizing mutations, native flexibly linked (NFL) trimer display
native-like bnAb binding profiles and analogous glycosylation to BG505 SOSIP.664 77:110.111,
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1.4.3 SARS-CoV-2 S protein and the 2P mutations

Following the outbreak of the COVID-19 pandemic the scientific community rapidly
refocused towards understandingthis novel pathogen. As a result of a concerted effortfrom
researchers across the globe, several vaccines have now been developed, with over 800
million first doses administered as of June 2021 12, This remarkable progress was possible
due to years of prior research which was rapidly deployed. Several vaccines, including from
Moderna and Pfizer/BioNtech, use stabilized spike protein sequences as the key
immunogen. The key modifications of the S protein were first employed to resolve the
structure of SARS-CoV-1 and MERS-CoV in 2017 113, from Jason McLellan and Andrew
Ward, and include several of the modification strategies outlined above; proline
substitutions to stabilize the pre-fusion spike conformation, beneficial for neutralizing
antibody binding 4113, and the replacement of the furin cleavage site. These stabilizing
mutations were employed by several labs to obtain a detailed structure of the SARS-CoV-

2 S protein 69114,

SARS-CoV-2 utilizes an extensively glycosylated spike (S) protein that protrudes from
the viral surface to bind to angiotensin-converting enzyme 2 (ACE2) to mediate host-cell
entry 3. The S proteinistrimeric class | fusion protein, composed of two functional subunits,
responsible for receptor binding (S1 subunit) and membrane fusion (S2 subunit) 69114 The
SARS-CoV-2 S protein is translated a single polypeptide and is cleaved at the S1/S2
interface by furin 115, The S1 subunit is separated into the N-terminal domain (NTD) and the
receptor binding domain (RBD), which is responsible for ACE2 binding (Figure 1-5A).
Remarkably, the surface of the envelope spike is dominated by host-derived glycans with
each trimer displaying 66 N-linked glycosylation sites. Stabilization of the trimeric prefusion
structure was achieved using the “2P” stabilizing mutations 113 at residues 986 and 987, a
“GSAS” substitution at the furin cleavage site (residues 682-685), and a C-termina
trimerization motif. This enabled the resolution of the 3D structure (Figure 1-5B) %°. Further
proline substitution at key regions of the spike protein further stabilized the pre-fusion
conformation of the S protein, this was termed “Hexapro” as a result of the 6 proline
substitutions and demonstrates the usefulness of proline substitutions in stabilizing viral

spike proteins 116,
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Figure 1-5: Schematic detailing thedomains of the SARS-CoV-2 S protein and the 3D
structure of the S protein.

(A) Schematic of the SARS-CoV-2 S proteinillustrating the different domains and molecular
features of the Spike protein. N-linked glycans are labelled as black sticks. The top
schematic represents the WT S protein found on viruses and below are two stabilized
versions, with proline substitutions labelled red. Schematics produced in collaboration with
Himanshi Chawla, University of Southampton. (B) Structure of the SARS-CoV-2 S protein
obtained using the 2P version of the S protein, reproduced from Wrapp et al. 2020 ©°.

Whilst the 3D structure and stabilization of viral spike glycoproteins is critical for
vaccine design, there are features of spike proteins that are difficult to visualize using
structural techniques such as cryo-EM and X-ray crystallography. As viruses are obligate
parasites, they hijack their host’'s secretory machinery to attach post-translationa
modifications. Both HIV-1 Env and SARS-CoV-2 S protein are covered in N-linked glycans,
therefore it is not possible to fully define the structure of viral spike glycoproteins without
also understanding how they are glycosylated.

1.5 Glycosylation of the host cell and the glycan shields of

viruses

Glycosylation is a fundamental post-translational modification which can often be
overlooked due to its complexity. The process of glycosylation is abroad term that refers to
the modification of a biological molecule with one or more monosaccharides, which are

referred to as glycans, and a protein with a glycan attached is referredto as a glycoprotein.
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Many host proteins are modified with glycans, especially cell surface and secretory
glycoproteins, and glycans play a multitude of roles including in protein folding and stability,
and can even govern the effector functions of immunoglobulins 7. Viral glycoproteins co-
opt glycosylation to stabilize the protein fold, but also employ glycosylation for other roles
beyond those of host glycoproteins 1. As glycans are host derived they are often poorly
immunogenic, and their presence can be used to shield the highly antigenic protein surface
118 This likely explains the high abundance of N-linked glycans across all the viral
glycoproteins outlined above 6. To design vaccine candidates that are heavily glycosylated
it is important to understand how the vaccine antigens are glycosylated, how the
glycosylation compares to that of glycoproteins on the infectious virion, and if the two can
be reconciled. This process requires understanding how the host glycosylates its own
protein, as viruses hijack this process, and then applying bespoke techniques to define both

immunogen and virus glycosylation.

151 Glycans and their building blocks

A monosaccharide is the smallest unit of a carbohydrate and are typically classified
according to the number of carbon atoms they contain. When attached together as part of
a glycan, monosaccharides typically adopt a cyclic structure, with the majority of
mammalian N-linked glycans consisting of 5 atomrings, furanose, or 6 atomrings, pyranose
(Figure 1-6). The precise arrangement of side groups defines the exact name of each
monosaccharide, many common monosaccharides only differ in the orientation of hydroxyl
groups and are therefore isomers of one another. The 6 carbon monosaccharides are often
termed “hexose” (Hex) and include glucose, galactose, and mannose, with the only
difference between glucose and mannose being a different orientation of the hydroxyl group
located on the carbon at position 2 (Figure 1-6A). Different chemical groups can be
attached to the central ring, for example the addition of an N-acetylamine at position 2 of a
hexose, referred to as N-Acetylhexosamine (HexNAc). Additional modifications can add
additional complexity to monosaccharides, for example sialic acid, or neuraminic acid
(NeuAc) contains several extended side chains, one of which can confer anegative charge
to the monosaccharide, which has implications for the function of a glycan to which it is
attached 11°-122,
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Figure 1-6: Monosaccharide structures, how they combine to form a glycan and
commonly used conventions to simplify their presentation.

(A) Common monosaccharides that form N-linked glycans on human glycoproteins. The
chemical structure is shown above its corresponding name. Displayed underneath is the
symbol used to represent each monosaccharide, used for both the Symbol nomenclature
for glycans (SNFG) 123 and the Oxford classifications. Where two symbols are shown the
left corresponds to SNFG and the right is Oxford. (B) Formation of a glycosidic bond
reproduced from Introduction to Glycobiology 1?4 to demonstrate its formation, and highlight
how glycosidic bonds are defined, using the formation of lactose as an example. (C) Two
example N-linked glycan structures shown using SNFG symbols and Oxford bond angles.

The linkages between monosaccharides are important as they often dictate enzyme
specificity and lectin binding. An example of a glycosidic bond is shown in Figure 1-6B.
Here, the bond is formed between the hydroxyl group attached at carbon 1 of the galactose
(Gal) and position 4 of the glucose (Glc), and the bond forms when the C1 hydroxyl is in the
B orientation. This bond is therefore referred to as a B1-4 glycosidic linkage, and the
disaccharide shown is referred to as Gal1-4Glc. Many monosaccharides can link together
and formaglycan, and two examples of such structures are shownin Figure 1-6B. To avoid
drawing the full chemical structure, itis common for glycobiologists to represent glycans as
a series of connected shapes. This thesis uses a combination of two naming conventions,
the Oxford and the SNFG. These two share many features, such as the shape and colouring
of Hex and HexNAc residues, however they differ slightly as shown in Figure 1-6A 12515,
Additionally, the Oxford system displays the angle of each linkage to reflect the glycosidic
bond it represents 127,
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15.2 The human N-linked glycosylation pathway

The two most salient mechanisms of glycosylation in immunogen design, against
viruses, are those attached to asparagines, referred to as N-linked glycans, and those
attached to serines and threonines, or O-linkedglycans. N-linked glycans are more common
on viral glycoproteins, with half the mass of the HIV-1 Env consisting of N-linked glycans &.
The N-linked glycan processing pathway is dictated by a series of enzymes and is different
from processes such as transcription and translation. Whilst there is an amino acid sequon
that dictates the attachment of N-linked glycans, the processing of N-linked glycans is
detached from the primary amino acid sequence. There are two main types of enzyme
involved in glycan processing, broadly grouped into glycosyltransferases, which attach new
monosaccharides, and glycosidases which cleave glycosidic bonds. The expression level
of these enzymes dictates the precise processing state of an N-linked glycan, in addition to
a range of other parameters, such as metabolite availability 128, It is important to note here
that a single glycan is not uniformly attached to a single glycan site. For example, the single
potential N-linked glycan site located in the 1gG Fc, in a single recombinant expression of
protein, can have well over 10 different glycan compositions attached, despite containing
an identical amino acid sequence and structure 12°. As glycosylation is dictated by the
activity of glycosidases and glycosyltransferases, the producer cell has a profound impact
on the glycans present on a glycoprotein 105, Glycosylation pathways between different
species diverge, however there are conserved features between species as diverse as
insects and humans 120, As the work described in this thesis focuses on human pathogens,
the human N-linked glycan pathway will be discussed in detail, noting points of diversion

when appropriate.

N-linked glycan synthesis occurs prior to attachment to the glycoprotein, in the
cytoplasm, where alipid, dolichol, is phosphorylated 31, This acts as an acceptor for a series
of monosaccharide additions, beginning with two N-acetylglucosamine residues, followed
by 5 mannose residues. The MansGIcNAc: attached to dolichol phosphate is then flipped
inside the ER lumen and an additional four mannose residues are added, followed by three
glucose residues 132, The translation of MRNA which encodes for proteins that will either be
secreted or inserted into a membrane occurs on ribosomes associated with an ER-
translocon. This means that as the nascent polypeptide chain is synthesized it enters the
ER lumen. The glycosyltransferase for N-linked glycans is associated with the ribosome-
translocon complex and as the polypeptide chain emerges into the ER lumen, the
GlcsMansGlcNacz glycan is transferred from the dolichol phosphate to asparagines on the
polypeptide chain 133, Not all asparagines act as acceptors for N-linked glycans, only those
followed by a serine or threonine at the third position following the asparagine. The second

position following the asparagine can consist of any amino acid except proline, and the N-
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glycan sequon is defined as NxS/T 134, Following attachment of the precursor N-glycan to
the asparagine residue the protein begins to fold. The glucose residues are then
sequentially removed and act as folding sensors. When the final glucose residue has been

removed, this signals to the Calnexin/Calreticulin cycle that the protein is correctly folded
135

Following protein folding, the glycan processing pathway continues with the trimming
of mannose residues from MansGIcNAc2to MansGIcNAc2 by ER a mannosidase | 136. The
protein then exits the ER and transits through the Golgi apparatus, where the remainder of
glycan processing takes place. In the ER/Golgi intermediate compartment (ERGIC) and
early Golgi further mannose trimming occurs through the action of a series of mannosidase
enzymes that trim 8 mannose residues down to 5 1%. Glycans ranging from MansGIcNAc2
to MansGIcNAcz are considered as oligomannose-type glycans and their significance is
discussed more below. From this point glycosyltransferase enzymes can interact with the
glycan, the first of which is N-acetylglucosaminyltransferase | (GICNACT | or GnTlI) 137, This
transfers an N-acetyl glucosamine residue onto the D1 arm of the MansGIcNAc2 glycan
(Figure 1-7). Up until this point, N-linked glycan processing follows alinear path, however
from here the pathway diverges. Following this processing step, fucosyltransferase can act
upon the MansGIcNAcs. If no further mannosidase activity occurs on the D3 and D2 arms,
this results in the generation of hybrid-type glycans, whereby the D3 arm can continue to
be processed, whereas the D1 and D2 arms remain intact 3. If Golgi a mannosidase 1A-C
can act to remove the D1 and D2 mannose residues, then further glycan processing is
possible. Any glycan fromthis processing step onwards is referred to as a complex-type
glycan. As the name suggests, fromthis pointa diverse range of different glycan processing
stages occur. At any point during these processing stages the protein can exit the Golgi

apparatus, terminating glycan processing.

From the MansGIcNAcs glycan several different glycan processing steps can occur.
Firstly, further GIcNAc transfer can occur. As additional GIcNAc residues are added, the
glycan becomes more branched. The number of GIcNAc added to MansGIcNAc2 define the
number of glycan antenna, for example, common antibody Fc N-linked glycan compositions
contain 4 GIcNAc residues, two make up the core and the remaining two are branching, so
this glycan would be referred to as a biantennary glycan 13°.140, Following GIcNAc transfer,
galactosyltransferases can act and add galactose to the GIcNAc, forming typically a f1-4
linkage 4. This galactose can then act as an acceptor for sialic acid. In addition, the core
GIcNAc residue, which is bonded to the protein, can be modified by fucosyltransferase #.
As mentioned above, there is no defined exit point of the glycan processing pathway, and
mature glycoproteins can contain a mixture of glycans of many different processing states,
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so the same glycan site across multiple proteins could contain a glycan that is fucosylated
or afucosylated, biantennary or triantennary and so on. This results in an extremely
heterogeneous population of N-linked glycans on the mature glycoprotein. It is important to
note that there are many more N-glycan modifications possible during ER and Golgi transtt,
but the modifications outlined above are the most common and relevant for the cell lines

outlined in this thesis.
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Figure 1-7: An overview of themammalian N-linked glycan pathway.

Glycans are labelled according to the centre for glycomics defined shapes and the Oxford
system linkages. Enzymes are labelled in red.

1.5.3 Viral N-linked glycosylation.

The heterogeneity of N-linked glycosylation resulting from the complex activity of
glycosyltransferases means that N-linked glycan processing cannot be taken for granted
during vaccine design. As different cell lines can have different glycosyltransferase
expression levels, the resultant glycan distribution, also known as the glycoform, can differ
from cell to cell on the same protein. As viral glycoproteins such as the SARS-CoV-2 S
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protein and HIV-1 Env are extensively glycosylated, it is important to define the antigenic
surface of viral spike proteins, with respect to both protein and glycan. Important
considerations regarding glycosylation forimmunogen design include the different producer
cells of virus and immunogens, the occupancy of N-linked glycans, and if the occupancy
differs between immunogen and virus. Finally, it is important to investigate differences
between viral glycoproteins and healthy host cell proteins, which may potentially id entify
routes by which to prevent or treat viral infection.

1.6 Methods to analyse the glycosylation of candidate
immunogens and targeted viruses

The amount of information pertaining to viral glycan shields has increased substantially with
the development of powerful techniques such as in-line liquid chromatography-mass
spectrometry (LC-MS) and high pressure high-performance liquid chromatography (HPLC)
instruments. A key study in the characterisation of the HIV-1 Env glycan shield involved the
application of a range of techniques to study the glycosylation of the BG505 SOSIP.664
immunogen candidate on both a global and site-specific level 1%°. Work by Sanders et al.
showed that this soluble cleaved immunogen has antibody binding properties analogous to
viral material 6. This enabled the generation of large quantities of soluble Env and catalysed
the structural characterisation of the protein 7. These techniques enabled high-resolution
determinations of Env, however, the N-linked glycans were left unresolved due to their
intrinsically flexible nature as well as their heterogeneous compositions. Behrens et al.
characterised the glycosylation of this protein using a three-stage methodology that has

formed the basis for subsequent glycan analysis of viral glycoproteins 100,

1.6.1 Quantitative glycan analysis of the entire glycome of a glycoprotein

The first stage involved the release of N-linked glycans from the protein using
peptide N-glycosidase F (PNGaseF) 142, This can be performed in-solution or by first
subjecting the protein to SDS-PAGE and excising the gel band which corresponds to the
glycoprotein of interest. The resultant released glycans are then fluorescently labelled using
either 2 aminobenzoic acid (2-AA) or procainamide and then subjected to hydrophilic
interaction liquid chromatography ultra-high-performance liquid chromatography (HILIC-
UPLC) analysis. The procainamide or 2-AA label attaches to the reducing end of the glycan
with a 1:1 stoichiometry, and as such provides a quantification of the total glycoforms of all
sites across the desired protein (Figure 1-8A) 143, Following initial analysis of a labelled
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aliquot of released glycans a UPLC chromatogram is obtained, however, this information

alone is not sufficientto identify which glycan corresponds to which peak.
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Figure 1-8: Diagram demonstrating outline of UPLC experiments.

(A) Schematic detailing sample preparation for UPLC, beginning with SDS-PAGE of target
protein and subsequent labelling of the released glycans. (B) Strategies used for glycan
identification of UPLC data using exoglycosidase and endoglycosidase enzymes. Glycans
are presented accordingto the scheme outlined in Figure 1-6 using SNFG nomenclature.

Further incubation with glycosidases that cleave only specific glycosidic bonds can
be used to determine which HPLC peaks correspond to certain glycans. The most
commonly used for Env HPLC analysis is endoglycosidase H (endoH), which is specific for
glycans that are mannosylated on the D1 and D2 arms 44, which are found only on
oligomannose and hybrid-type glycans (Figure 1-8B). This enables the oligomannose
content of the total glycan pool to be determined and has been applied to study a range of

Env immunogen’s oligomannose-type glycan contents 80.100.103,109145146 |n gddition to
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endoglycosidases, a range of exoglycosidases have been characterized, which cleave
specific glycosidic bonds between specific monosaccharides. These have proven
invaluable tools for studying N-linked glycan abundances by UPLC. Following analysis of
the untreated released glycan pool, it is possible to determine the abundance of particular
glycan modifications. One example is the quantification of sialic acids and the linkages that
connect them to the remainder of the glycan. Different neuraminidases can be used which
possess different specificities, for example a specificity towards a2,3 or a2,6 linked sialic
acids 193, Following exoglycosidase treatment, HPLC analysis is performed again and,
unlike endoglycosidases where the procainamide label is cleaved fromthe N-linked and the
signal is depleted, exoglycosidases reduce the size of the labelled glycan, which impacts
their hydrophilicity, and causes peaks in the HPLC chromatogram to shift. By quantifying
the peaks that shifted in the untreated sample it is possible to quantify particular
monosaccharide modifications across the entire released glycan population for a particular

protein.

1.6.2 Glycan structure determination using mass spectrometry

In addition to UPLC, other methods can be applied on enzymatically released glycans to
understand the composition of the glycome of a glycoprotein. Mass spectrometry is a
valuable tool to study glycosylation as it is possible to simultaneously acquire data from
heterogeneous mixtures, assigning mass to individual glycans with high accuracy allowing
the composition to be determined 147. There are many different mass spectrometry
approaches that have been successfully used to study glycans, each with their own
advantages and disadvantages, and the following sections will detail the techniques used

in the results chapters, acknowledging other approaches where necessary.

The preparation of released glycan aliquots is similar to the sample preparation for
UPLC. The glycoprotein of interest is first subjected to SDS-PAGE and gel bands
corresponding to the target of interest is excised and the N-linked glycans are removed by
PNGaseF in-gel. For the released glycan analysis outlined in Chapter 3, methods
developed by David Harvey were used to identify the glycan compositions of HIV-1Env 14,
Prior to injecting released glycans into the mass spectrometer, ammonium phosphate, is
added to the sample. One of the difficulties of glycan mass spectrometry is that glycans are
poorly ionizable 149, and the generation of ions is a critical first step of this process. The
addition of ammonium phosphate promotes the formation of phosphate adducts which
ionize more readily. To generate ions, electrospray ionization (ESI) is commonly used as it
enables the conversion of molecules in a solution into ions. In this approach, a narrow

capillary needle is used, to which a high voltage applied. Under high voltage, an aerosol
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known as the Taylor cone, emits a jet of liquid drops . The solvent from the droplets
progressively evaporates, leaving them more and more charged. As the charge of the
droplets reaches a critical point, known as the Rayleigh limit, the droplet explosively
dissociates, leaving a stream of charged ions 10, These ions then enter the mass

spectrometer.

The instrument used for these analyses was the Waters Synapt G2Si (Appendix B),
which uses time-of-flight to establish the mass to charge (m/z) of ions. In this process ions
are accelerated by an electrical field of known strength and, as such, ions with the same
charge possess the same kinetic energy. The velocity of the ion depends upon both the
mass and the charge of the ion, with ions of a heavier mass reaching the detector at a
slower speed. The time taken for ions to reach the detector is proportional to the m/z of the
ion 151, In order to determine the mass of a particular ion and the composition of a glycan
structure, the charge must be assigned. This can be done using the isotope distribution of
a particular species. Biological molecules, including glycans, consist of many carbon atoms,
and whilst the majority of carbon exists as carbon 12, larger isotopes are also present. As
mass spectrometry can measure m/z with high accuracy, when a molecule is ionized it is
possible to resolve the abundance of different isotopic populations of that mole cule. The
detected peak with the lowest m/z is referred to as the monoisotopic peak and represents
every atom in the molecule consisting of the smallest isotope possible. In addition to this
peak, biological moleculestypically produce multiple isotope peaks when analysed by mass
spectrometry. Each subsequent isotope peak represents an additional neutron. As mass to
charge is measured during mass spectrometry, the isotope distributions enable the charge
of the ion to be determined. The spacing between isotope peaks determines the charge
state, so if the difference in m/z between isotope peaks is ~0.5 then the ion of interest has
a charge (z) of two, as each additional neutron adds ~1 to the mass, so the m/zis ~1/2. By
determining the charge state of a particular ion of interestit is possible to convert m/z into
mass. Thiscan then be usedto determine the mass of thation. For released glycan analysis
the mass of all ions detected is first calculated, and these masses are cross-referenced to
match any known N-linked glycan structures. An example of a released glycan dataset is

shown in Figure 1-9A.

As many glycan structures are isomers, such as hexoses like mannose and galactose,
often the composition alone is not sufficient for complete glycan identification. Whilst
compositional analysis combined with an understanding of the particular glycan structures
that make up the N-glycan processing pathway to infer certain structures is informative,
mass spectrometry is also a powerful technique for the structural assignments of N-linked
glycans. To define the structure of a glycan, ions are fragmented within the mass

spectrometer. This fragmentation occurs in a predictable manner and the fragments can be
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assembled to define the structure of an ion. For both released glycan analysis and site-
specific glycan analysis (outlined below) a particular target m/z of interestis firstisolated
and then selectively fragmented. In the Synapt G2Si this is done using a quadrupole mass
analyser. This consists of four cylindrical rods and is able to select ions by their m/z using
oscillating electric fields, whereby only ions of a specified m/z are stable, and other ions are
not able to transmit through the quadrupole 151. With the target m/z isolated it is then
possible to fragmentthe ion. For these experiments collision induced dissociation (CID) was
used. In this approach, ions are accelerated to increase their kinetic energy and collide with
gas molecules inside a chamber filled with an inert gas, such as nitrogen, helium, or argon.
This causes fragment ions to be generated which can be used to assemble the structure of
the ion isolated 152, This process is also referred to MS2 or MSMS, with the initial detection
of ions representing MS1. An example of how this approach can be used to resolve the
structure of a particular glycan is shown in Figure 1-9B and C With this analysis a sample-
specific glycan library can be generated which can be used to reduce the false -positive rate

of the site-specific analysis 1.
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Figure 1-9: lon mobility ESI
fragmentation pattern for
two oligomannose-type
glycans.

(A) Example of a mass
spectrum from a released
glycan analysis experiment
with oligomannose-type
glycans labelled on the m/z
corresponding to  each
structure. Adapted from
Struwe, Chertovaand Allen et
al. 2018 1% (B) MSMS
fragmentation spectrum for
MansGIcNAcz2. m/z peaks
corresponding to fragments of
the N-glycan are labelled with
the appropriate  glycan
fragment. Cross-ring
fragments are notated by a
glycan dissected diagonally.
(C) MSMS fragmentation
spectrum for MansGlcNac2
labelled identically to (B).



1.6.3 Glycopeptide mapping using liquid chromatography-mass spectrometry

Whilst important information can be gained from understanding the total glycan populations
using UPLC and released glycan mass spectrometry, to fully map the structure of a viral
glycoprotein it is necessary to determine the distribution of glycans at each potential N-
linked glycan site (PNGS). This requires both peptide mapping and glycan identification
within a single experiment and techniques to determine the site-specific glycosylation of
glycoproteins has advanced with the development of highly sensitive mass spectrometers
and analytical software capable of handling complex datasets 154. There are many different
methods to perform site-specific glycan analysis, regarding sample preparation, sample
analysis and downstream data analysis. The main methods used in this thesis were first
developed by Behrens et al. in 2016 for analysis of BG505 SOSIP.664 and were further
developed to investigate other parameters such as site-specific glycan occupancy 10015315,
The initial analysis performed by Behrens et al. used a mass spectrometer that measured
m/z using time of flight, however all analyses performed in this thesis were obtained using
an Orbitrap Fusion Tribrid mass spectrometer connected to an EasySpray nano-LC. To
analyse the glycan distribution at a site-specific level it is necessary to first isolate each N-
linked glycan site from one another. This is achieved by taking an aliquot of protein and
digesting it with proteases with particular specificities. Prior to digestion, the sample is first
unfolded, using a denaturant such as urea, and also reduced and alkylated to break, and
prevent the reformation of, disulphide bonds. This process allows for optimal proteolytic
cleavage. An example of an enzyme used in such experiments is trypsin, which has a
specificity for lysine and arginine. Using proteases with particular specificity prevents
complete degradation of the protein and results in a pool of peptides that can be detected
by mass spectrometry 156157, Broadly, the goal of the sample preparation is to generate a
peptide containing only a single PNGS to allow for the glycan distribution at each different
PNGS to be determined.

Site-specific glycan analysis involves the generation of complex datasets, with multi-
site glycoproteins containing multiple compositions at each site. As a result, if the entire
sample were to be injected at once then the mass spectrumwould contain far too many
peaks to be interpretable, and there would be too many precursors to analyse by MS2 at
the same time. As such, prior to analysis by mass spectrometry, a separation stage is
necessary. Liquid chromatography (LC) is commonly used as a separation stage in
combination with electrospray ionization as it enables the in-line separation of glycopeptides
followed immediately by mass spectrometry analysis. The LC method herein used for site-
specific analysis is termed reverse phase LC, whereby a hydrophobic stationary phase, in

this case an octadecyl carbon chain (C18) fused to silica, interacts with the hydrophobic
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regions of the glycopeptides. More hydrophilic molecules will form weaker interactions with
the stationary phase inside the column and will elute first. To maximise separation, a
gradient of two solvents is used, beginning with a high concentration of polar solvents such
as water, and then increasing the concentration of an organic (non-polar) solvent, such as

acetonitrile, during the experiment 158,

As glycopeptides elute fromthe column they are then ionized via a similar mechanism
as outlined above and the ions enter the mass spectrometer. The Orbitrap Fusion mass
spectrometer uses similar, but distinct in places, methods to determine the m/z and
fragmentions of interest. A schematic of this instrument is shown in Appendix C. For both
MS1 and MS2 detection in this thesis an Orbitrap mass analyser was used, instead of time
of flight as is presentin the Synapt G2Si. An orbitrap consists of an outer barrel-like
electrode and a coaxial inner spindle-like electrode which traps ions in an orbital motion
around the central spindle 159, As ions enter the orbitrap they begin to orbit the centra
electrode and induce a current in the outer electrode. The angular frequency (how quickly
theionsare orbiting) of the ionsisrelated to the m/z of the ion, and using a Fourier transform
functionitis possible to convertthe frequency into am/z readout. An orbitrap mass analyser
enables high resolution detection, which is important for the accurate assignment of m/z for
glycopeptide ions. Following initial MS1 detection, a quadrupole selects precursors of
interestand fragments themusing high-energy collision induced dissociation (HCD) 16°. The
m/z of the fragment ions are then determined using the orbitrap. During MS2 fragmentation
both the peptide backbone and the attached glycan are broken apart. In HCD fragmentation
three kinds of peptide fragmentation can occur, resulting in the generation of a, b, and y
ions (Figure 1-10). Using HCD fragmentation the N-linked glycan is itself fragmented from
the peptide backbone and as such the peptide fragments can be used to sequence the
glycopeptide of interest. This can then be searched against a protein sequence of interest

to determine which PNGS this glycopeptide covers.

Figure 1-11 details this process for one glycopeptide. This peptide has one N-linked
glycosylation site and will have different N-linked glycans attached, forming different m/z
peaks. Fromthe LC chromatogram (Figure 1-11A) two glycopeptides with different glycan
compositions can be seen to elute at different times. As they elute from the column their
m/zis detected. The first peak to elute has an m/z of 1020.4 (Figure 1-11B). The instrument
will then isolate only ions with m/z=1020.4 and fragment them. The detected fragments are
then used to confirm the amino acid sequence and to assign a particular glycan to that
peptide (Figure 1-11C). With the fragmentation data and the precursor m/z assigned, itis
possible to assign this glycopeptide with a MansGlcNaczglycan. Another glycopeptide with
alarger m/z (Figure 1-11D) eluted from the column after this. The same analysis is applied

to this peptide (Figure 1-11D and 4E) and the glycan attached here is shown to possess
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an additional mannose residue. All of the different glycan compositions for each peptide
with the same amino acid composition then have their relative amount determined using the
extracted ion chromatogram (XIC), which displays at what time during an LC run a particular
ion was detected, and the intensity of that signal. This enables the relative amounts of
different glycoforms to be determine at that site. For this example site, only a few
oligomannose-type glycans were detected (Figure 1-11F). As certain N-linked glycan sites
can be heterogeneous, glycans are often categorized according to their processing state
and the presence and absence of fucose (Figure 1-11F). These methods form the basis of
the glycan analysis performed in this thesis and the combination of released glycan analysis
and site-specific glycan analysis enable the in-depth determination of the glycosylation state
of viral spike proteins and can be applied to any spike protein of interest, with minimal
adaptation.

=
+

X3 Ya 23
| el ol e
] ] 1
31:9: :RQ(R Rs3O R
| |
HZN*C‘#:C4N4C'*C*PTJ*(%*C*N C—COOH
1]
Hi '"HIH  HH HH

TR [N e |
a; by ¢
R1 ? R; R3 ﬁ Rd
i | I
H;N—C—C- 'N’—CII 'OfC—fT'foCfo(‘:fCOOH
H H H H H H H
a, X,
o »g T
NH—C—C—N—C—C=0"* *HsN—C—C—N—C—COOH
\ ; [
b, H H H H H H i
mo o n o
k 1 .
HoN—C—C—N—C—C—NHs" Bl T i
! H A e H H
c, 4

Figure 1-10: Peptide fragmentation patterns resulting from HCD fragmentation
used in site specific glycan analysis workflows by LC-MS.

Schematic of potential peptide fragmentation of a peptide consisting of four amino acids
with side chains R1, R2, R3 and R4 161
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Figure 1-11: Workflow for analysing intact glycopeptide site-specific data.

(A) The LC chromatogram of Env digested with trypsin. Two peptides containing the N448
glycan site are annotated. (B) Extracted MSL1 of the glycopeptide corresponding to the peak
eluted at 78.22 minutes. (C) Extracted MS1 of the glycopeptide corresponding to the peak
eluted at 78.36. (D) MSMS spectrum for the glycopeptide depicted in (B). Fragments
containing a glycan component are labelled green, with peptide b and y ions depicted in
blue and red respectively. The fragmentation spectrum combined with the m/z confirms the
presence of aMansGlcNaczglycan. (E) MSMS spectrum for the glycopeptide depicted in C
labelled in the same way as (D). The mass shift and fragmentation indicate the presence of
a MansGIcNAc2. The bottom bar graphs depict the relative amounts of each category of
glycan, as determined by the XIC areafor each glycan variant. Oligomannose -type glycans
are depicted in green and complex-type glycans in pink, with a pie chart displaying the tota
amounts of eachtype. Thisformatis used for every site to determine the site -specific glycan
content at each site.

32



1.7 Site-specific characterisation of Envimmunogens

The application of the glycan analysis workflow previously outlined to the recombinant Env
mimic BG505 SOSIP.664 enabled Behrens etal. to establish several parameters that define
native-like Env glycosylation that can be applied across different Envimmunogens. Site-
specific analysis upon trimeric BG505 SOSIP.664 revealed that a large number of sites
across Env present only oligomannose-type glycans (Figure 1-12A). Sites that present
complex-type glycans and a mixture of complex-type and oligomannose-type glycans are
also present on gpl120 and gp41l. To better visualize the location of the oligomannose
glycans Behrens etal. modelled the predominant glycan detected at each site onto the cryo-
EM structure of BG505 SOSIP.664 (Figure 1-12B) 100,

Oligomannose-type glycans were shown to cluster at two regions of the trimer, on
the outer domain of gp120, centred around N332 and N339, and towards the apex of the
trimer at N160 and N156. The complex type glycans are located towards the base of the
trimer and surrounding the mannose patch located at the apex of the trimer. A subsequent
comparative analysis of trimeric BG505 SOSIP.664 with monomeric gp120 revealed that
the mannose patch located at the apex of gp120 at N156 and N160 was only present when
BG505 SOSIP.664 gpl120 was expressed as a trimer (Figure 1-12C) 7°. This led to the
definition of two different mannose patches on Env. The firstis termed the intrinsic mannose
patch (IMP), located around the N332 glycan, as it is presenton gp120 monomer and trimer.
The other mannose patch focused around N160 and N156 was termed the trimer
associated mannose patch (TAMP) (Figure 1-11D). Subsequent analyses from other
groups have confirmed these phenomena and these regions of oligomannosylation are key
indicators of natively glycosylated Env as they form key bnAb epitopes 162,163,

These studies revealed that glycan processing on viral spike proteins can be distinct
fromthose found on typical glycoproteins located on the cell surface . Behrens et al. further
explained that the reason for the high abundance of oligpmannose-type glycans on Env are
present due to the density of the glycan shield of Env 118, The high number of PNGS on
BG505 mean that there are steric constraints placed upon the ER and Golgi mannosidase
enzymes, and they cannot act upon the viral glycans, leaving abnormal oligomannose -type
glycans on the mature protein. To visualize this effect, the crystal structure of the catalytic
domain of ER-a mannosidase | was docked onto key glycan sites within the IMP 118 Whilst
this only served as a cartoon representation and was not calculated from molecular
dynamics simulations, it is clear that the active site of the mannosidase enzyme cannot
access the N332 glycan as other proximal glycans clash with the mannosidase structure
(Figure 1-13).
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Figure 1-12. Summary of the site-specific analysis of BG505 SOSIP.664, defining key
features of Env glycosylation.

(A) Site-specific glycan analysis of BG505 SOSIP.664 reproduced fromBehrens etal. 2016
displaying categories utilised for subsequent site-specific analysis 1°°. Oligomannose-type
glycans are shown in green and complex in magenta. (B) The predominant glycan detected
at each site was modelled onto BG505 SOSIP.664 Env cryo-EM density (PDB ID: 5ACO)
and coloured by the amount of oligomannose detected at each site from (A). (C) Using the
model in B the changes in oligomannose content at each site between trimeric gp120 and
monomeric gp120 were mapped enabling the visualization of glycans that are protected
fromprocessingwhen Envis expressed as a trimer 7°. (D) Mapping the two regions of under
processed oligomannose-type glycans that are key features of native-like Env trimers.
Panels B, C and D are reproduced from Behrens et al. 2017 118,
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Figure 1-13: Diagrammatic representation of the steric clashing of neighbouring N-
linked glycans preventing glycan processing at N332.

(A) ER a1,2-mannosidase | (PDB ID 5KIJ) 164 (cyan) was modelled to bind the ManesGIcNAC2
N332 glycan (green) on a fully glycosylated model of a previously described model of
BG505 SOSIP.664 1%, The surrounding glycans that sterically clash with enzyme
recognition of N332 are highlighted in red. Figure reproduced from Behrens et al. 2018 118,

This principle was further demonstrated with the analysis of glycan depleted BG505
(Figure 1-14A). Forthese trimers, glycan sites were removed to promote antibody binding,
and this had a knock-on effect on the glycan processing of adjacent sites 15, One example
of thisis N234, which forms part of the IMP. When the adjacent N-linked glycan site N276
was removed, MansGIcNAc2 was depleted from the N234 site (Figure 1-14B), likely due to
the removal of clashes between the N276 site and the ER a1,2-mannosidase | enzyme,
enabling the N234 glycan to be processed. This shows how the glycan shield of Env forms

an interconnected network that disrupts and controls N-linked glycan processing.

Understanding the glycosylation of viral glycoproteins is a key stage in the vaccine
design process, as it defines a large part of the antigenic surface of the target of interest.
This is especially true for HIV-1 as the glycan shield is the target for a number of potent
broadly neutralizing antibodies. These are thought to be key to eliciting a protective
response against HIV-1 infection, and as such mapping the epitopes of carbohydrate
binding antibodies is a key application of the methodologies outlined above. Furthermore,
for emergent viruses such as SARS-CoV-2 it is important to gain as much knowledge about
the structure of the protein to maximise vaccine success, and also to establish whether the

glycosylation patterns of HIV-1 Env are generic, or only applicable to Env.
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Figure 1-14: Processing of glycans onthe glycan depleted BG505 trimer.
(A) Model is based on the one presented in Figure 1-12, but with the glycans deleted from
the trimer shown in light blue with a white border. The remaining glycans are colour-coded
according to their processing state (see key on the figure). (B) Magnification of three sites
(N160, N234, and N363) to highlight the effects of the reduction in local glycan density on
the trimer. Underneath these images are difference plots of the % change in glycan
abundances for the glycan depleted trimer compared with SOSIP.664. Reproduced from
Behrens et al. 2018 165,
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1.8 Vaccination strategies involving glycoproteins to protect
against HIV-1 and SARS-CoV-2.

1.8.1 How avaccine initiates an antibody response

A vaccine is described as a biological product that can safely induce an immune response
to aparticular disease priorto infection. Vaccines, in one formor another, have been around
for hundreds of years and have increased in sophistication as time has passed 166, The first
example of immunization against smallpox was variolation, in which live smallpox virus was
placed into the skin. This resulted in a more localized infection compared to inhalation, but
still provided protection against subsequentinfection. The first vaccine for smallpox involved
administering a similar, but much less lethal, cowpox virus that provided protection from
subsequent exposures to smallpox 167, Since then, the incidence of a number of diseases
has been cut drastically, and smallpox has been eradicated 8. Vaccines remain the most
successful tool to control epidemics in the long term. The biological product that confers
immunity in a vaccine comes in many forms: attenuated or inactivated, whereby the
infectivity/ severity of infection of a particular pathogen is compromised prior to injection, or
through the administration of part of the pathogen in a protein subunit, viral vector, or
nucleotide-based approach, whereby the immune response to the portion of the pathogen
is sufficientto protectagainstinfection ofthe real virus. HIV-1 vaccines have tended towards
subunit approaches, as either live-attenuated or whole-inactivated viruses could not be
used in HIV vaccine development due to the danger associated with integration of the vira
DNA in the host chromosome 169, For SARS-CoV-2 vaccine design, a broad range of
approaches have been applied, including inactivated virus and subunit vaccines delivered

using a nucleotide-based approach, which is detailed in Chapter 1.8.4.

A subunit vaccine consists typically of the immunogen, an adjuvant, and other
components, such as emulsifiers, to aid with solubility and stability. An adjuvant is an
additive that enhances the immune response towards a vaccine, typically through activating
the innate immune system. Alum is a common adjuvant, however it's exact mechanism of
action still remains unknown 170, A typical immune response to a subunit vaccine
administered intramuscularly is shown in Figure 1-15. Once administered, the protein is
taken up by antigen presenting cells (APCs), especially dendritic cells, which are
themselves activated through pattern recognition receptors (PRRs) recognizing the danger
signals provided by the adjuvant 166, Following antigen uptake and activation, the APC is
trafficked to the draining lymph node. The engulfed protein is digested, and peptides are

then presented on the surface of the APC by major histocompatibility complexes (MHCSs).
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These presented peptides activate T cells viathe interaction of the MHC-peptide with the T
cell receptor (TCR) 17L. In addition to this process, the vaccine immunogen has also
trafficked to the lymphatic system, and these are recognized by B cell receptors. The
activated T cells then promote B cell development in the lymph node, termed CD4+ T help.
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Figure 1-15: Summary of the immune response resulting from immunization with a
protein subunit vaccine.

This activation results in the maturation of the antibody response, through processes
such as somatic hypermutation, to improve antibody affinity and induce isotype switching
172, These short-lived plasma cells actively secrete antibodies specific for the immunogen
administered, and the serum antibody levels also rise. In addition to this, memory B cells

are produced, which provide immune memory, and are rapidly activated if a similar antigen
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is encountered again. Long lived plasma B cells can continue to produce antibodies for
decades, and reside in the bone marrow 73. In addition to CD4+ T cell help, vaccines can
also induce CD8+ T cells, which perform a range of functions, including the destruction of
infected cells presenting pathogen derived peptides via MHC molecules 7. The
combination of B and T cell mediated immune memory via memory B and T cells should
then be capable of inducing a strong adaptive immune response in a much faster time upon
encountering an infectious agent, without requiring the process of affinity maturation.

1.8.2 The goal of vaccine design for HIV-1 Env, broadly neutralizing antibodies.

The HIV-1 Envelope glycoprotein is one of the most densely glycosylated proteins in
nature, with half of the total protein mass consisting of carbohydrates 175. As HIV-1 hijacks
the hosts N-linked glycan pathway Env recruits around 100 N-linked glycans acrossthe Env
trimer. These carbohydrates are thought to shield the underlying protein surface preventing
the immune system from recognising the highly antigenic viral protein surface 176,
Paradoxically, however, potent and broad neutralising antibodies have been isolated from
infected patient serathat have been shown to interact with this coat of host-derived sugars
85 Although protein-carbohydrate interactions are much weaker than protein-protein
interactions, an increasing number of glycan binding antibodies are being isolated and the
remarkable breadth of their response and the ability to protect against HIV-1 infection via
passive transfer, form the focus of HIV-1 vaccine design 85.86.88,

The potency and breadth of these antibodies can be rationalised when considering the
conservation of the N-linked glycosylation sites across many strains of Env (Figure 1-4).
The first broadly neutralising antibody identified, 2G12, possesses an epitope that consists
entirely of glycans, recognizing under processed oligomannose-type glycans focused
around the intrinsic mannose patch 177, This discovery stimulated both vaccine design
efforts and the search for more such bnAbs. Screening infected patient sera has resulted in
the characterisation of a plethora of bnAbs 81.178-180 Encouragingly these antibodies bind
across the regions of the trimer and to a range of different types of N-glycans. Although
2G12 remains the only bnAb with an epitope consisting solely of glycans, itis not the only
onetorecognise oligomannose-type glycans 181, Such an extensive number bind to aregion
of dense oligomannose-type glycans centred around N332 that this site has been termed

the “supersite of vulnerability” 182, it is therefore essential to ensure that immunogens
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present oligomannose-type glycans at this site. One such antibody is PGT135, which binds
to the oligomannose-type glycans found at N332, N386 and N392 (Figure 1-16A) 179,181,
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Figure 1-16: Glycan epitopes of broadly neutralizing antibodies.

(A) Crystal structure of PGT-135 with glycans that interact with the PGT135 highlighted and
the residues to which the glycans are attached labelled (PDB ID: 4JM2) 17°. N-glycan
monosaccharides are coloured blue (GIcNAc), green (mannose), fucose (red), galactose
(yellow) and sialic acid (purple). (B & C) Interaction of PG16 and PG9 with Env N-glycans,
labelled and represented as outlined in panel A (PDB ID: 4DQO/3U4E) 183.184 (D) A cryo-
EM representation of PGT151 in complex with JRCSF trimer. The expanded region
highlights the complex glycans on N611 and N637 (PDB ID:5FUU) & (E) Site-specific
analysis of SOSIP adapted from Behrens et al. (2016) 19° with the residues highlighted in
yellow from PG16, green for PGT135 and orange for PGT151. Oligomannose shown in
green, complex/hybrid in magenta 1°°.
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Epitopesfor broadly neutralising antibodiesare not limited to this region. Apex-binding
broadly neutralising antibodies have been characterised that also recognise under
processed oligomannose-type glycans and are extremely potent. Two of such antibodies
are shown in Figure 1-16B and C; PG9 and PG16. Both recognise oligomannose-type
glycans at N160 with PG16 also displaying a preference for hybrid-type glycans 184, The
ability of the gp120-41 interface binding bnAb PGT151 to recognise complex-type glycan
structures exemplifies the ability of bnAbsto recognise all different kinds of N-linked glycans
1071t is therefore of paramount importance for candidate immunogens to have their entire
glycan surface characterised to ensure that the oligomannose, complex and hybrid-type

glycans are presented in the appropriate manner on asite-specific level.

Despite the characterisation of bnAbs that recognise the entire glycan surface and
the development of Env trimersthat closely mimic fulllength Env, in the formof SOSIP.664,
a successful strategy to elicit broadly neutralising antibodies has not currently been
achieved. This is a result of the large number of somatic hypermutations required for HIV-1
bnAbs to accommodate glycans as part of their epitopes. Several studies have also
revealed the rarity of the precursor B cells that could potentially evolve to become bnAb
producing B cells in naive individuals . It was previously thought that the application of a
native-like HIV-1 trimer would be sufficient to produce a strong response. As such it is
important to understand how a vaccine induces an immune response to develop strategies
to encourage the immune system to produce bnAbs.

1.8.3 Vaccination strategies against HIV-1to induce bnAbs

Overcoming the metastability of Env to generate stable soluble immunogens, such as
BG505 SOSIP.664 catalysed a new wave of immunogen design. With the ability to generate
native-like Env-based immunogens, combined with the discovery of many broadly
neutralizing antibodies that could protect against infection if elicited prior to infection, global
vaccine design efforts shifted towards an immunogen, or series of immunogens, that can
elicit broadly neutralizing antibodies. Whilst studies in animal models, including macaques,
have shown that BG505 SOSIP.664 alone is insufficient to elicit a bnAb based response
186 these are only animal models and as such clinical trials are ongoing to establish the
human immune system’s response to native-like trimers in the form of BG505 SOSIP.664
187 Studies in animal models demonstrated that when BG505 SOSIP.664 is administered,
neutralizing antibodies are elicited which are described as autologous, which means that
they are only capable of neutralizing the BG505 strain, which is not sufficient for HIV-1

vaccines due to the multitude of quasi-species circulating in an infected individual ©6.186,
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Novel approaches to investigate how bnAbs arise during natural infection involve deep
sequencing the antibody response in infected sera and then studying the evolution of a
particular bnAb from the baseline human antibody repertoire 188, The antibodies produced
by these evolutionary precursors to bnAbs are referred to as inferred germline (iGL)
antibodies, and the approach of reverse vaccinology refers to developing immunogens
capable of binding to the iGL antibodies, with the goal of beginning the evolution of the iGL
B cells to produce bnAbs 18. Native-like immunogens are incapable of binding to iGL
antibodies and as such bespoke antigens are required in this approach.

An example of germline targeting is to kickstart the development of bnAbs targeting the
CD4 binding site (CD4bs). This region of Env is a promising target, as studies have shown
that bnAbs that bind to this site are extremely broad and potent 8%, One approach involves
extracting a portion of gp120 containing the CD4 binding site and expressing this region
alone. These constructs are referred to as engineered outer domain (eOD) immunogens
190, The lack of other regions of Env on these immunogens reduces the number of
undesirable epitopes that may be immunodominant but not able to elicit bnAbs. These
immunogens are designed to prime the precursors for the VRC01 bnAb, an extremely
potent and broad antibody that recognizes the CD4 binding site (CD4bs) 1°1. This bnAb
does not interact directly with aglycan, instead VRCO1 pushes the conserved N276 glycan
aside to contact the CD4bs. It is still important to characterise the glycans present on eOD
trimers to ensure that the protein surface remains covered to focus the immune response
towards the CD4bs. To present a larger number of eOD particles to the immune system
eOD monomers have been assembled into nanoparticles containing 60 subunits, termed
the eOD 60mer. These constructs are currently being produced according to good
manufacturing practises, and the resultant material is being used in a phase 1 clinical trial
in humans 192, Another platform for CD4bs germline targeting is the glycan depleted trimer,
termed BG505 SOSIP.v4.1-GT1 which has been designed to trigger B cells corresponding
to germline PGT121 and germline VRCO1. This trimer lacks 15 glycans across the viral
spike and initiates antibody responses in knock-in mice expressing the predicted germlines
for these bnAbs 193, The glycan analysis of this immunogen is described in Figure 1-14,
and revealed that the glycan shield was largely unaffected by the glycan deletions with
changes in their mannose trimming localised to regions proximal to a depleted glycan 165,

To maximise the success of any HIV-1 vaccine candidate it is important to characterize
the immune response, minimize any unwanted narrow autologous responses towards the
trimer, and to establish the parameters that gave rise to autologous responses. This is
where glycan analysis is critical, as the majority of the surface of Env is glycosylated, and
so comparing which glycans are present on candidate immunogens, compared to Env
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displayed on an infectious virion, is key to ensure neutralizing, and non-autologous,
epitopes are conserved.

184 Vaccine design in the era of COVID-19, rapid development, testing and
deployment

Unlike HIV-1, the majority of infections are cleared by the host prior to death. The death rate
of COVID-19 in under 50s is low, however, due to the high infectivity of the virus the low
death rate is magnified into millions of deaths. A vaccine against COVID-19 must reproduce,
or improve upon, the immune response to infection. In response to COVID-19 infection, the
immune system is capable of inducing a strong, long lived, neutralizing antibody response
57, Patient sera from infected individuals were rapidly obtained by multiple labs and the
antibody response was mapped onto the S protein surface. In patients from a cohort in
Amsterdam, the strongest neutralizers bound to the RBD 194 (Figure 1-17A). Severad
studies supported this observation from across the globe, and it is clear that the RBD of
SARS-CoV-2is an immunodominant epitope 195-205, Additionally, these studies showed that
the antibody response elicited against the RBD was diverse, and that a large number of
different heavy chain genes can be used by the humoral immune systemto target the RBD
(Figure 1-17B). Thisis in contrast to HIV-1 Env bnAbs where only alimited subset of heavy

chain genes can evolve to generate bnAbs 206,
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Figure 1-17: Studies from infected patient sera published during initial COVID-19
outbreak in 2020 highlighting the propensity to targetthe RBD of the spike protein.
(A) Figure panel produced from Brouwer et al. highlighting example anti-SARS Abs that
recognize the RBD %4, Composite figure demonstrating binding of NTD-mAb COVA1-22
(blue) and RBD mAbs COVA2-07 (green), COVA2-39 (orange), COVA1-12 (yellow),
COVA2-15 (salmon), and COVA2-04 (purple) to SARS-CoV-2 spike (grey). The spike
model (PDB 6VYB) is fit into the density. (B) Panel reproduced from Yuan et al. 2020
highlighting the large number of Abs elicited against the RBD of SARS-CoV-2 during
infection 197, The distribution of Immunoglobulin heavy chain variable (IGHV) gene usage is
shown for atotal of 294 RBD-targeting antibodies 195205,
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The robust adaptive immune response to SARS-CoV-2 infection is promising for
vaccine design, however due to the rapid onset and spread of the COVID-19 pandemic
novel vaccine strategies were required to test and manufacture large scale quantities in
short amounts of time. As with HIV-1, vaccine design efforts have focused around the
presentation of the spike protein, but the method of delivery involves new and previously
untested formats. Typically, glycoproteins for use as a therapeutic, or as a vaccine, are
made recombinantly using Chinese Hamster Ovary (CHO) cells, where the gene of the
target of interest has been introduced to create clones 297, Rounds of clonal selection are
performed to select for parameters, including the amount of protein generated and many
other key characteristics. In addition, as the protein is being used for human trials there are
a multitude of further quality control checkpoints required to ensure that the final protein
productis safe for use in humans. These steps are costly, and it is very challenging to obtain
the yield and purity needed for Good Manufacturing Practise (GMP) certification. This was
successfully performed for BG505 SOSIP.664, BG505 SOSIP.664-GT1 and eOD GT8
109,208,209 s well as several trimers developed by the European AIDS vaccine initiative,
however this took a number of years to achieve. For SARS-CoV-2, vaccine design
approaches were investigated that could bypass the need for protein production in vitro and
therefore avoid the costly and lengthy process of generating GMP-grade material.

Instead of recombinant protein immunogens, examples of delivery mechanisms for
SARS-CoV-2 vaccines include mRNA (used in the Moderna and BioNtech/Pfizer).
adenovirus (Astra Zeneca) and inactivated virus (Sinovac) 219217, In the mRNA and
adenovirus-based approaches, genetic material is administered that results in the
production of immunogen by the recipients own cells, in both cases the SARS-CoV-2 S
protein. As such, even though the vaccines do not contain glycans themselves, the vaccine
is inducing the production of glycosylated SARS-CoV-2 spike protein, and therefore glycan
analysis of SARS-CoV-2 spike protein is important for understanding the antigenic surface
of the SARS-CoV-2 spike protein.

1.9 Applying glycan analytics to inform the immunogen design

process.

Employing and expanding upon the strategies outlined in Chapter 1.6, this thesis
aims to build upon prior knowledge of the presentation and processing of N-linked glycans
on candidate immunogens and their viral counterparts. Prior to the execution of this work,
no study had been performed comparing a sequence matched soluble native -like trimer of
HIV-1 Env (BG505 SOSIP.664) to the corresponding virus, BG505 T332N. Factors
including the choice of cell line for expression and the presence or absence of the
transmembrane region of Env all influence the resultant glycosylation of the mature
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glycoprotein 193, This work directly compared the glycosylation of Env derived from the
BG505.T332N-LAl virus, produced in a human lymphoid cell line, with the corresponding
BG505 SOSIP.664 soluble trimers expressed in CHO or 293F cells. The differences in
producer cell glycosylation are important as transient transfection using HEK293F cells,
used for Env productioninthe lab, are nottypically used in the GMP production of candidate
vaccines. The batch-to-batch variability resulting from transient transfection, whereby cells
are cultured and then transfected with the gene of interest, is not commonly used due to
poor consistency. It is much more common to introduce the gene of interest, in this case
BG505 SOSIP.664, into the CHO cells of interest, and then clonally select the clones that
have the best yield 19°. By comparing material produced recombinantly in a research
laboratory and GMP-grade, with viral derived Env it will be possible to identify any
differences in the glycan shield and therefore differences between the antigenic

presentation of the virus and the vaccine candidate. This work is presented in Chapter 3.

This comparative analysis revealed that whilst the majority of the glycan shield was
conserved, regarding the presentation of oligomannose-type glycans atthe IMP and TAMP,
there were localized differences between recombinant and viral-derived Env. One
observation was that the glycan occupancy of particular N-linked glycan sites on BG505
SOSIP.664 was less than that of the viral counterpart. Concurrent studies by other
laboratories demonstrated that these artificial holes in the glycan shield form an
immunodominant epitope, whereby an antibody response is raised to the glycan hole, but
the elicited antibody cannot neutralize the autologous virus, unless a particular glycan site
is knocked out 28, Thisimportant difference between recombinant protein and virus requires
addressing to improve the immune response to vaccine candidates. To this end, Chapter
4 describes a joint project taken place during a collaborative visit to the University of
Southampton in 2018 with Dr Ronald Derking, based in the laboratory of Prof. Rogier
Sanders (University of Amsterdam), who designed the original BG505 SOSIP.664. Glycan
methods used for previous studies were adapted to include site-specific glycan occupancy
to demonstrate the presence of artificial glycan holes on BG505 SOSIP.664. It was
observed that, for BG505 SOSIP.664, the sites that displayed reduced site-specific glycan
occupancy consisted of NxS codons. Previous literature reported that NxT codons have
higher affinity to the glycan attachment machinery, and as such NxT sequons replaced NxS
155 Glycan analysis and antibody binding assays demonstrated that the artificial glycan
holes had been filled, demonstrating a mechanism to produce SOSIP immunogen

candidates with a more viral-like glycan shield.

The application of glycan analysis methodologies to study HIV-1 were employed to
investigate SARS-CoV-2, as viral infections reached pandemic levels in early 2020.
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Analysing the glycan shield of SARS-CoV-2 S protein is beneficial for the vaccine design
process, but additionally it enables further investigation into whether the constraints on
glycan processing are conserved on other viruses, orif they are unique to HIV-1 Env. Using
stabilized recombinant S protein in collaboration with laboratory of Prof. Jason McLellan
(University of Austin, Texas), who first reported the structure of the SARS-CoV-2 spike
protein 69, this thesis reports the first characterization of the glycan shield of the SARS-CoV-
2 spike protein in Chapter 5, and demonstrated similar glycan signatures as on HIV-1 Env
with the presentation of oligomannose-type glycans. However, the abundance of
oligomannose-type glycans on S protein was reduced. This reflected the denser
glycosylation of HIV-1 Env compared to S protein and highlights one of the reasons why it
is possible for most SARS-CoV-2 infections to be cleared by the immune system and not
for HIV-1.

As with HIV-1 Env it is important to investigate the presentation of the glycan shield
across multiple cell lines and compare the glycosylation of recombinant and viral SARS-
CoV-2 S protein. In Chapter 6 a comparative analysis of SARS-CoV-2 S protein is
performed on recombinant S protein produced from multiple laboratories across the globe,
including material produced from HEK293F cells and CHO cells, with data obtained from
viral-derived S protein. Unlike HIV-1 Env, the glycosylation of SARS-CoV-2 S protein was
consistent in both the presentation of oligomannose-type glycans and glycan occupancy,
and as such the glycan shield of SARS-CoV-2 S protein is not hindering the efficacy of
vaccines in the same way as for HIV-1 Env. Finally, the analytical workflows established to
analyse the envelope glycoproteins of HIV-1 and SARS-CoV-2 was employed to investigate
whether the glycans on the ACE2 receptor influence the binding of SARS-CoV-2. Chapter
7 explores whether there is a role for glycosylation in SARS-CoV-2 pathobiology beyond
shielding epitopes of interest. By combining site-specific glycan analysis with surface
plasmon resonance (SPR) and glycan engineering, it was shown that the specific
composition of the glycans on ACE2 impact binding to S protein, however these changes
are subtle, and therefore glycan interactions are likely not critical for SARS-CoV-2 infection.
These analyses demonstrate the differentialimportance of N-linked glycosylation in vaccine
design, with critical differences in the glycan shield of HIV-1 Env between recombinant and
viral Env resulting in the presentation of undesirable antibody epitopes, compared to the
similarity of recombinant and viral derived S protein.
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Chapter 2 Materials and Methods

2.1 Materials and methods Chapter 3

2.1.1 Production of BG505.T332N-LAI gp120 and gp41l (from the laboratory of
Prof. Lifson, Frederick National Laboratory, US)

An infectious stock of HIV-1 BG505.T332N-LAI was derived by transfecting 293T cells with
the infectious molecular clone (IMC). The IMC Env glycoproteins have gp120 and gp41-
ectodomain subunits derived from the primary R5 Tier-2, clade A BG505 week 6 isolate,
but with the N332-glycan knocked-in to mimic the BG505 SOSIP.664 soluble trimer
sequence 6193, The transfection stock was used to infect the CD4+, CCR5+ A66-R5 T cell
line to provide the large amount of virus required for glycan analysis. Cytopathic effects
were first observed in the culture on day-18 post infection, and progeny virus was first
detected by p24 antigen capture immunoassay on day-21. Because the IMC was
cytopathic, ~100-500,000 uninfected A66-R5 cells were added per mL of the culture at
seven differenttime points during its 54-day duration, to maintain a high level of viability
and sustain virus production. On day-54, 20 L of culture supernatant were harvested for
virion purification by sucrose density-gradient centrifugation. The resulting 1,000-fold
concentrated stock (lot P4408, 20 mL volume) of HIV-1 BG505.T332N-LAI/A66-R5 virus
served as the starting material for purifying gp120 and gp41 Env glycoproteins. The mass
amounts of p24 Gag protein and gp120 Env glycoprotein in the purified virus stock were
estimated by analysing fluorescent dye-stained SDS-PAGE gel bands using a sensitive,
densitometric technique, compared to standard curves derived using highly purified vira
protein preparations; well characterized reference virus preparations (SIVmac239/SupT1-
R5, HIV-1 BAL/SupT1-R5 and HIV-1 NL4-3/SupT1) served as additional controls.

21.2 Cell culture production of BG505.T332N-LAl virus. (fromthe laboratory of
Prof. Lifson, Frederick National Laboratory, US)

The construction of the BG505.T332N-LAI IMC used in this study has been reported
previously 193, Neutralization assays using this virus were performed at the Academic
Medical Centre, Amsterdam as previously described 21°. An infectious virus stock was
prepared by transfecting 293T cells (American Type Culture Collection Cat. #11268) with
the IMC using the TransIT®-293 transfection reagent as described by the manufacturer
(Muris Inc). Aliquots of cell free culture supernatant (infectious stock) were collected and
stored at -80°C. To produce the BG505.T332N-LAl virus, a 50-mL starter culture of A66-R5
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cells containing 500,000 viable cells/mL was inoculated with 1 mL of the above infectious
stock. The culture was maintained in RPMI 1640 containing L-glutamine and supplemented
with 10% foetal bovine serum (Gemini GemCell™ Lot AS0D69E, heat inactivated) and
antibiotics (1000 U/mL penicillin/1000 pg/mL streptomycin). Depending upon the cell
density, the cultures were passaged at 1:2 to 1:5, twice weekly during scale up. Progeny
virus production was monitored using an in-house HIV-1 p24 antigen capture immunoassay

(AIDS and Cancer Virus Program, Frederick National Laboratory for Cancer Research).

2.1.3 Purification of BG505.T332N-LAl virus. (from thelaboratory of Prof. Lifson,
Frederick National Laboratory, US)

Supernatant from the infected A66-R5 cell culture was sequentially filtered to remove cells
and large extracellular vesicles using 5.0 um (Millipore Opticap® XL 10) and 0.5 um
(Millipore Opticap® XL 5) capsule filters, respectively. The viruses present wer e purified by
continuous flow sucrose density gradient centrifugation followed by sucrose removal, and
the final virus concentration was determined, all via procedures described elsewhere 22,
Aliquots of the purified virus (lot P4408) were stored in aliquid N2 vapor phase freezer prior

to use.

214 Reversed-phase HPLC purification of virion gp120 and HPLC plus SDS-
PAGE purification of virion gp120 and gp41. (from the laboratory of Prof.
Lifson, Frederick National Laboratory, US)

The virus preparation (lot P4408) described above was disrupted in 8M Guanidine-HCI
(Pierce, Rockford, IL) and the proteins fractionated by HPLC under non -reducing conditions
to isolate the gp120 and gp41 components. HPLC was performed at a flow rate of 300
pL/min ona 2.1 x 100 mm Poros® R2/H narrow bore column (Applied Biosystems, Bedford,
MA, USA), using aqueous acetonitrile/trifluoroacetic acid solvents and a Shimadzu HPLC
systemequipped with LC-10AD pumps, SCL-10Asystemcontroller, CTO-10AC oven, FRC-
10A fraction collector and SPD-M10AV diode array detector. The gradient of buffer B (0.1%
trifluoracetic acid in acetonitrile) was: 20%-36%, 5 min; 36%-43%, 14 min; 43%-50%, 11
min; 50%-80%, 5 min; and 80%, 5 min. A temperature of 55°C was maintained during HPLC
separation. Protein peaks were detected by UV absorption at 206 and 280 nm. Fractions
corresponding to gpl20 and gp4l were subjected to SDS-PAGE. The gel bands
corresponding to gp120 and gp41 were excised and stored at -20°C for use in UPLC and
mass spectrometry analyses of released glycans.

A second aliquot of virus was processed by HPLC in an identical manner, resulting in the
purification of ~70 ug of gp120 subunits, as quantified using the fluorescent dye staining
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technique. Fractions containing the gp120 protein were collected, pooled, and lyophilized.
This purified gp120 stock was used for subsequent site -specific glycan analysis.

2.15 Production of BG505 SOSIP.664 trimers.

Human Embryonic Kidney 293F cells (HEK293F) in a serum-free suspension culture, were
grown in FreeStyle 293 Expression Medium (Invitrogen). A stock of these cells was made
at the concentration of 1x105/ml. HEK293F cells double every 24 hours (range of 20-25
hours), are ready for transfection with a cell density of 1x108/ml and should never exceed
3x10%/mifor subculturing. Asmall aliquot of the culture was taken and dyed with trypan blue

to enable manual cell counting with a haemocytometer.

For transfection, the volume of culture used was 200ml. 1mg/ml of MaxiPrep DNA (200mg)
in pre-warmed 1 in 40 dilution in culture (5ml) of OptiPro SFM medium (Invitrogen) was
combined with 1pl/ml of culture of transfection reagent (200ul), 293fectin (Invitrogen), in 5ml
OptiPro. After incubating for less than 10 minutes, the transfection mixture was added to
1x108/ml HEK293F cells in 500ml Erlenmeyer flask with a vent cap (Corning). The cells
were incubated at 37°C with 5% CO2, shaking at 137rpm as recommended by the
manufacturer.

Correctly folded, cleaved BG505 SOSIP.664 trimers were purified from the supernatants
using a Ni2+-NTA affinity column (GE Healthcare UK) followed by bnAb PGT151 affinity
chromatography. The production and purification of the same BG505 SOSIP.664 trimers

from a stable CHO cell line under cGMP conditions has been described elsewhere 109

After harvesting, the cells were spun down at 4000 rpm for 10 minutes and the supernatant
applied to a 250 mL Stericup-HV sterile vacuum filtration system (MilliPore) with a pore size
of 0.45 um. His-tagged BG505 SOSIP were purified using 5 mL bed volume of a nickel
affinity HisTrap FF columns (GE Healthcare). Prior to loading the sample, the column was
washed with 10 column volumes of washing buffer (50 mM Na2H2CO3s PO4, 300 mM NaCl)
at pH 7. Imidazole was added to the filtered supernatant to afinal concentration of 20 mM.
Imidazole was used to minimize non-specific interactions. The sample was loaded onto the
column at a speed of 1 mL/min. The column was washed with washing buffer (10 column
volumes) and eluted in 5 column volumes of elution buffer (300 mM imidazole in washing
buffer). The elution was concentrated by a Vivaspin column (50 kDa cut-off) to a volume of
1mL.

To create an affinity column 1g of sepharose beads (enough to create a column that can
bind 5-10 mg of protein) were added to 30ml of 1mM HCI and were incubated for 15 minutes
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at room temperature with rotation before being spun down at 1000 rpm for 5 minutes with
a high breaking setting on the centrifuge. The supernatant was then removed from the

beads and another 30ml of 1mM HCI added to start the cycle again and this was repeated
4 times.

The purified ligand (PGT151) was then buffer exchanged with 0.1M Na2HCOs, 0.5 NaCl,
pH 8 coupling buffer and resuspended to afinal volume of 5ml. The solution containing the
ligand was then added to the beads and rotated at room temperature for 2 hours. Prior to
loading the beads to the column, the column was washed with 10ml of coupling buffer and
emptied via gravity flow. The ligand bound to the beads was then added to the column and
washed with 20ml of coupling buffer and the flow collected to analyse how much of the
ligand has been coupled to the beads. To block any remaining binding sites 10ml of 0.1M
Tris-HCI pH 8 blocking buffer was added, and the column closed and was left to stand for
2 hours at room temperature.

To prepare the column for use the blocking buffer is allowed to flow from the column before
the column was washed with 10ml of alternating pH washing buffers, these were: 0.1M
acetic acid/ sodium acetate, 0.5M NaCl, pH4 (washing buffer 1) followed by 0.1 M Tris-HC|,
0.5M NaCl, pH 8 (washing buffer2). Thiswas repeated 3 times before adding 10ml of 20mM
Tris-HCI, 0.5M NaCl, pH 8 (washing buffer 3). At this point the column can be closed and

stored at 4 degrees for later use.

The nickel elution was bufferexchangedfromaphosphate bufferto aTris bufferby spinning
down the sample and then adding 2 ml of washing buffer 3. The washing buffer 3 in the
column was then allowed to flow through the column before stopping the flow and slowly
adding the Tris-buffered sample. The sample was then incubated for 5 minutes at room
temperature to allow protein to bind to the ligand coupled beads. The column was then
opened, and the flow collected in a20ml Vivaspin column and the column was washed with
20ml of washing buffer 3, the flow was collected up to 20ml in the Vivaspin column. The
columnwas then again stopped and 3mlof 3M MgClwas added to elute any bound proteins.
After 5 minutes the column was opened and the elution collected into a VivaSpin column
which had already had 5ml of 20mM Tris-HCI, 75mM NaCl, pH8 dialysing buffer added to
prevent the protein from being exposed to high salt for too long. A further 2 ml of MgCl was
added to the column to further elute any protein. Finally, 10ml of dialysing buffer was added
to the column to make a final volume of 20ml in the VivaSpin column. Both the flow and the
elution were then spun down at 4000 rpm for 15 minutes, with the elution then being spun
down again with 20ml of dialysing buffer added to remove the high salt from the elution.
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2.1.6 In-gel digestion of N-glycans.

The SDS-PAGE gel bands correspondingto gp120 and gp41 were excised and washed
with 100% acetonitrile and water three times. The N-glycans for UPLC and ion mobility
mass spectrometry analyses were then enzymatically released by within-gel digestion by
PNGase F (New England BioLabs) for 16 h at 37°C.

2.1.7 UPLC N-glycan analysis.

Aliguots of released glycans were fluorescently labelled with procainamide using aprepared
labelling solution (110 mg/mL procainamide, 60 mg/mL sodium cyanoborohydride in 30 %
DMSO, 70 % acetic acid) at 65°C for 4 hours. Excess label and PNGaseF was removed
using Spe-ed Amide 2 cartridges (Applied Separations). Glycans were analysed on a
Waters Acquity H-Class UPLC instrument with a Glycan BEH Amide column (2.1 mm x 100
mm, 1.7 uM, Waters) and the following gradient: time (t) = 0: 22 % A, 78 % B (flow rate =
0.5 mL/min); t = 38.5:44.1 % A, 55.9 % B (0.5 mL/min); t = 39.5: 100 % A, 0 % B (0.25
mL/min); t = 44.5: 100 % A, 0 % B (0.25 mL/min); t = 46.5:22 % A, 78 % B (0.5 mL/min),
where solvent A was 50 mM ammonium formate (pH 4.4) and B was acetonitrile.
Fluorescence was measured at an excitation wavelength of 310 nm and an emission
wavelength of 370 nm. Data were processed using Empower 3 software (Waters,
Manchester, UK). The relative abundance of N-glycan structures was determined by
digesting fluorescently labelled glycans with the following glycosidases (New England
Biolabs) at 37°C for 16 h: Endoglycosidase H (Endo H), a2-3, 6, 8 neuraminidase and o2-
3 neuraminidases. Glycans were extracted using a PVDF protein-binding membrane
(Millipore) and analysed as described above.

2.1.8 N-glycan mass spectrometry.

Immediately prior to MS analysis, a separate unlabelled aliquot of glycans were further
desalted for 30 min on top of a Nafion membrane and a trace amount of ammonium
phosphate was added to promote phosphate adduct formation. Glycans were analysed by
direct infusion using a Synapt G2Si instrument (Waters, Manchester, UK) with the following
settings: capillary voltage, 0.8-1.0 kV; sample cone, 150 V; extraction cone, 150 V; cone
gas, 40 I/h; source temperature, 80°C; trap collision voltage, 4-160 V; transfer collision
voltage, 4 V; trap DC bias, 60 V; IMS wave velocity, 450 m/s; IMS wave height, 40 V; trap
gas flow, 2 ml/min; IMS gas flow, 80 ml/min. Data were acquired and processed with
MassLynx v4.1 and Driftscope version 2.8 software (Waters, Manchester, UK). Structura
assignments were based on the identification of cross-ring and D-type fragments that are
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characteristic for negatively charged glycan ions ??1. The nomenclature used to describe the

fragmentions is that devised by Domon and Costello 27,

2.1.9 Glycopeptide mass spectrometry.

Env proteins were denatured, reduced, and alkylated by sequential 1 h incubations at room
temperature (RT) in the following solutions: 50 mM Tris/HCI, pH 8.0 buffer containing 6 M
ureaand 5 mM dithiothreitol (DTT), followed by the addition of 20 mM iodoacetamide (IAA)
forafurther 1h atRT inthe dark, and then additional DTT (20 mM), to eliminate any residual
IAA. The alkylated trimers were buffer exchanged into 50 mM Tris/HCI, pH 8.0 using
Vivaspin columns and digested separately with trypsin and chymotrypsin (Mass
Spectrometry Grade, Promega) at a ratio of 1:30 (w/w). Reaction mixtures were dried, and
glycopeptides were extracted using C18 Zip-tip (MerckMilipore) following the

manufacturer’s protocol.

Eluted glycopeptides were dried again and re-suspended in 0.1% formic acid prior to mass
spectrometry analysis. An aliquot of intact glycopeptides was analysed by nanoLC-ESI MS
with an Easy-nLC 1200 system coupled to a Fusion mass spectrometer (Thermo Fisher
Scientific) using higher energy collisional dissociation (HCD) fragmentation. Peptides were
separated using an EasySpray PepMap RSLC C18 column (75 um x 75 cm) with a 275-
minute linear gradient consisting of 0-32% acetonitrile in 0.1% formic acid over 240 minutes
followed by 35 minutes of 80% acetonitrile in 0.1% formic acid. The flow rate was set to 300
nL/min. The spray voltage was set to 2.8 kV and the temperature of the heated capillary
was set to 275 °C. HCD collision energy was set to 50%, appropriate for fragmentation of
glycopeptide ions. Glycopeptide fragmentation data were extracted from the raw file using
Byonic™ (Version 2.7) and Byologic™ software (Version 2.3; Protein Metrics Inc.). The
glycopeptide fragmentation data were evaluated manually for each glycopeptide; the
peptide was scored as true-positive when the correct b and y fragment ions were observed
along with oxonium ions corresponding to the glycan identified. The chromatographic areas
for each true-positive peptide with the same amino acid sequence were compared to allow

the relative amounts of each glycoform at each site to be determined.

2.1.10 Glycopeptide occupancy analysis.

The remaining glycopeptides were first digested with Endo H (New England Biolabs) to
deplete oligomannose- and hybrid-type glycans and leave a single GIcNAc residue at the
corresponding site. The reaction mixture was then dried completely and resuspended in a
mixture containing 50 mM ammonium bicarbonate and PNGase F (New England Biolabs)
using only H2018 (Sigma-Aldrich) throughout. This second reaction cleaves the remaining

complex-type glycans but leaves the GIcNAc residues remaining after Endo H cleavage
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intact. The use of H208 in this reaction enables complex glycan sites to be differentiated
from unoccupied glycan sites as the hydrolysis of the glycosidic bond by PNGaseF leaves
a heavy oxygen (O18) isotope on the resulting aspartic acid residue. The resultant peptides
were purified as outlined above and subjected to reverse-phase (RP) nanoLC-MS similar
to the aforementioned glycopeptide analysis. Instead of the extensive N-glycan library used
above, two modifications were searched for: +203 Da corresponding to asingle GIcNAc, a
residue of an oligomannose/hybrid glycan, and +3 Da corresponding to the O '8 deamidation
product of acomplex glycan. A lower HCD energy of 27% was used as glycan fragmentation
was not required. Data analysis was performed as above and the relative amounts of each

glycan determined, including unoccupied peptides.
2.2 Materials and methods for Chapter 4

221 HEK293T cell culture (from the laboratory of Prof. Rogier Sanders,

University of Amsterdam)

WT and NXT proteins, and the infectious virus stocks were prepared by transfecting 293T
cells (American Type Culture Collection Cat. #11268) using the PEI MAX transfection
reagent or Lipofectamine transfection reagent.

2.2.2 HEK293F cell culture and transfection (from the laboratory of Prof. Rogier

Sanders, University of Amsterdam)

HEK293F cells were maintained at a density of 1-3x108 cells permL at 37 degrees with 8%
CO2 and 125rpm shaking. Plasmids encoding the WT, NxT, NxT T158S and NxT T135S
T158S proteins containing a C-terminal D7324-tag were transiently co-transfected with a
Furin-encoding plasmid (4:1) in HEK293F cells using PEI MAX transfection reagent. The
cells were transfected at a density of 1x108 cells per ml and incubated for 6 days at 37
degrees with 8% CO2 and 125rpm shaking.

2.2.3 ExpiCHO-S cell culture and transfection (from the laboratory of Prof. John
Moore, Weill Cornell Medical College)

ExpiCHO-S cells were maintained at a density of 1-2x108 cells per mL at 37 degrees with
8% CO2 and 135rpmshaking. The WT and NxT T35S T158S encoding plasmids containing
a C-terminal D7324-tag were transiently co-transfected with a Furin-encoding plasmid (4:1)
using FectoPRO transfection reagent as described by the manufacturer (VWR).
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2.2.4 BG505 infectious molecular clones (from the laboratory of Prof. Rogier
Sanders, University of Amsterdam)

The infectious molecular clone of LAl was used as the backbone for creating an infectious
molecular clone containing BG505.T332N gp160. This clone contains a unique Sall
restriction site 434 nucleotides upstream of the env start codon and a unique BamH1 site
at the codons specifying amino acids G751 and S752in LAI gp160 (HXB2 numbering). A
DNA fragment containing the LAl sequences between the Sall site and the env start codon,
followed by the BG505.T332N env sequences up to the BamH1 site, was synthesized
(Genscript, Piscataway, NJ) and cloned into the LAl molecular clone backbone using Sall
and BamH1. The resulting molecular clone encodes the complete BG505.T332N gp160
sequence, except for the C-terminal 106 amino acids of the cytoplasmic tail, which are
derived from LAI gp160. The sequence was verified before the clone was used in virus
infectivity and neutralization assays. The resulting virus was able to infect TZM-bl cells and

replicate in PBMCs.

The BG505.T332N sequence was modified by mutating all PNGS to either NxT (NXT
virus) or NxS (NxS virus). As described above, the resulting env sequences, between the
Sall and BamH1 sites, where obtained from Genscript in apUC57 cloning vector. The Sall
and BamH1 BG505-NxT and BG505-NxS sequences were amplified by PCR, using In-
Fusion cloning (Clontech), as described by the manufacturer. After the PCR, 0.5 pl Dpnl
(NEB) was added to each reaction and incubated for 1 h at 37 °C. Next, the PCR products
were purified using aPCR clean-up kit (Macherey-Nagel) and the DNA concentrations were
measured. The LAI env sequences between the Sall and BamH1 sites in the pLAl
expression plasmid, were replaced by the BG505-NxT or BG505-NxS PCR fragments using
the In-Fusion enzyme (Clontech) as described by the manufacturer. Plasmid DNA (5 ug) of
the molecular clones was transfected into HEK293T cells to generate infectious virus

stocks.

2.25 Env SOSIP trimer design and production (from the laboratory of Prof.
Rogier Sanders, University of Amsterdam)

The HxB2 reference sequence has been used for the design of the HxB2 SOSIP trimer.
The SOSIP trimer contains the v5 mutations and the 519S, 568D, 570H and 585H stabilizing
mutations in gp41. The HxB2 NXT protein also has an PNGS added at position N411 to
close a glycan hole. Env SOSIP trimer expression constructs in which all PNGS were
mutated to either NXT (NXT protein) or NxS (NxS protein) were obtained from Genscript and
cloned in the pPPI4 expression vector. The Env trimers were purified via PGT 145 -affinity
chromatography and 2G12-affinity chromatography followed by SEC.
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2.2.6 Antibodies

mAbs were obtained as gifts, or purchased, or expressed from plasmids, from the following
sources directly or through the AIDS Reagents Reference Program: John Mascola and
Peter Kwong (VRCO01); Michel Nussenzweig (3BNC60, 3BC315); Dennis Burton (PG9,
PG16,PGT121-123,PGT125-128,PGT130,PGT135, PGT145, PGDM1400and PGT151);
Barton Haynes (CHO1); Polymun Scientific (2G12); Mark Connors (35022); Ms C. Arnold
(CA13 (ARP3119)), EU Programme EVA Centralized Facility for AIDS Reagents, NIBSC,
UK (AVIP Contract Number LSHP-CT-2004-503487).

2.2.7 Neutralization assays (from the laboratory of Prof. Rogier Sanders,
University of Amsterdam)

One day prior to infection, 1.7 X 104 TZM-bl cells per well were seeded on a 96-well plate
in Dulbecco’s Modified Eagles Medium (DMEM) containing 10% FCS, penicillin, and
streptomycin (both at 100 U/ml) and incubated at 37°C in an atmosphere containing 5%
CO2. A fixed amount of virus (2.5 ng/ml of p24-antigen equivalent) was incubated for 30
min at room temperature with serial 3-fold dilutions of each test mAb. This mixture was
added to the cells and 40 pg/ml DEAE, in a total volume of 200 pl. Three days later, the
medium was removed. The cells were washed once with PBS (150 mM NaCl, 50 mM
sodium phosphate, pH 7.0) and lysed in Lysis Buffer,pH 7.8 (25 mM Glycylglycine (Gly -
Gly), 15 mM MgSO4, 4 mM EGTA tetrasodium, 10% Triton-X). Luciferase activity was
measured using a Bright-Glo kit (Promega, Madison, WI) and a Glomax Luminometer
according to the manufacturer’s instructions (Turner BioSystems, Sunnyvale, CA). All
infection measurements were performed in quadruple. Uninfected cells were used to correct
for background luciferase activity. The infectivity of each mutant without inhibitor was set at
100%. Nonlinear regression curves were determined, and 50% inhibitory concentrations

(IC50) were calculated using a sigmoid function in Prism software version 8.

2.2.8 SDS-PAGE and Blue Native-PAGE (from the laboratory of Prof. Rogier
Sanders, University of Amsterdam)

Env proteins were analysed using SDS-PAGE and BN-PAGE, blotted, and detected by
using the CA13 (ARP3119) and 2G12 mAbs. In some cases, the gels were stained using
Coomassie blue.
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2.2.9 Negative stain electron microscopy (from the laboratory of Prof. Andrew
Ward, The Scripps Research Institute)

The WT protein and NXT PNGS mutants were analysed by negative stain EM as previously
described 28, For the RM20E1 complexes, SOSIP trimers were incubated with 6-fold molar
excess per protomer Fab at RT overnight. The complexes were purified using SEC on a
Superose 6 Increase 10/300 GL (GE Healthcare) column.

2.2.10  Cryo electron microscopy (fromthe laboratory of Prof. Andrew Ward, The
Scripps Research Institute)

The cryoEM dataset that led to EMDB-21232 was reprocessed with cryoSPARCVv.1 to sort
particles into classes based on RM20E1 Fab occupancy 218222, Final refinements were
performed using cryoSPARCv.1.

2.2.11  Ni-NTA-capture ELISA (from the laboratory of Prof. Rogier Sanders,
University of Amsterdam)

The Ni-NTA-capture ELISA has been described in detail elsewhere 76. Purified His-tagged
proteins were captured on HisSorb 96-well plates (Qiagen, Venlo, the Netherlands) and
tested for Ab binding. Abs were detected with the goat-anti-human HRP-labelled Ab

(SeraCare).

2.2.12 D7324-capture ELISA (from the laboratory of Prof. Rogier Sanders,

University of Amsterdam)

Microlon 96-well half-area plates (Greiner Bio-One, Alphen aan den Rijn, the Netherlands)
were coated with D7324 antibody (10 pg/ml: Aalto Bioreagents, Dublin, Ireland). Purified
proteins (2.5 pug/ml) were subsequently captured on the ELISA plate wells and tested for Ab
binding. Abs were detected with the goat-anti-human HRP-labelled Ab (SeraCare).

2.2.13  Biolayerinterferometry (BLI) (fromthe laboratory of Prof. Rogier Sanders,
University of Amsterdam)

Antibody binding to the PGT145-purified WT, NXT and NxT T135S T158S PNGS mutants
was studied using a ForteBio Octet K2 instrument. All assays were performed at 30 °C with
the agitation setting at 1000 rpm. Purified proteins and antibodies were diluted in running
buffer (PBS, 0.1% BSA, 0.02% Tween 20) and analysed in a final volume of 250 pL/well.
Antibody were loaded onto protein A sensors (ForteBio) at 2.0 yg/ml in running buffer until
a binding threshold of 0.5 nM was reached. Trimer proteins were diluted in running buffer

56



at 40 nM or 600 nM for CHO1, and association and dissociation were measured for 300 s.
Trimer binding to a protein A sensor with no loaded antibody was measured to derive
background values.

2.2.14 Surface Plasmon Resonance (SPR) (from the laboratory of Prof. John
Moore, Weill Cornell Medical College)

NAb binding to the WT and NxT mutants was analysed by surface plasmon resonance
(SPR). All experiments were performed at 250C on a Biacore 3000 instrument (Cytiva,
formerly GE Healthcare). Standard HBS-EP (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA,
0.005% v/v Surfactant P20, pH 7.4) was used as running buffer throughout the analysis.

Anti-histidine antibody coupled to CM5 (a-His-CM5) sensor-chip surfaces was used
for capturing His-tagged the WT and NXT proteins. The anti-histidine antibody was
covalently conjugated to CM5 sensor chips by amine coupling in accordance with the
manufacturers’ instructions, generating immobilization levels of ~104 RU (response units).
The purified proteins were captured on the anti-His-CM5 sensor chips to a mean density of
530 RU (SD=9.3 RU). Fabs of PGT145 and PGT130 were titrated against His-tagged WT
and NXT proteins, downwards froma concentration of 1uM, by two-fold dilution steps in
running buffer, until no detectable signal was obtained. In each kinetic cycle, Fab binding
was monitored for 300s of association, followed by 600s of dissociation. Maximum flow rate
(50ul/min) was used to minimize mass-transfer limitation, which was absent according to kt
analyses. At the end of each cycle, the sensor surface was regenerated by a single injection
of glycine (10mM; pH 2.0) for 60s at a flow rate of 30ul/min. Titration data were analysed

by fitting the models of the BIA-Evaluation software.

2.2.15 N-glycan analysis using HILIC-UPLC

N-linked glycans were released from gp140in-gel using PNGase F (New England Biolabs).
The released glycans were subsequently fluorescently labelled with procainamide using
110mg/ml procainamide and 60mg/ml sodium cyanoborohydride. Excess label and
PNGase F were removed using Spe-ed Amide-2 cartridges (Applied Separations). Glycans
were analysed on a Waters Acquity H-Class UPLC instrument with a Glycan BEH Amide
column (2.1 mm x 100 mm, 1.7 uM, Waters). Fluorescence was measured, and data were
processed using Empower 3 software (Waters, Manchester, UK). The relative abundance
of oligomannose glycans was measured by digestion with Endoglycosidase H (Endo H;

New England Biolabs). Digestion was performed overnightat 37 degrees. Digested glycans
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were cleaned using a PVDF protein-binding membrane (Millipore) and analysed as

described above.

2.2.16 Site-specific glycan analysis using mass spectrometry

Env proteins were denatured for 1h in 50 mM Tris/HCI, pH 8.0 containing 6M of urea and
5mM dithiothreitol (DTT). Next, the Env proteins were reduced and alkylated by adding 20
mM iodoacetamide (IAA) and incubated for 1h in the dark, followed by a 1h incubation with
20mM DTT to eliminate residual IAA. The alkylated Env proteins were buffer exchanged
into 50 mM Tris/HCI, pH 8.0 using Vivaspin columns (3 kDa) and digested separately O/N
using trypsin, chymotrypsin or subtilisin (Mass Spectrometry Grade, Promega) at a ratio of
1:30 (w/w). The next day, the peptides were dried and extracted using C18 Zip-tip
(MerckMilipore). The peptides were dried again, re-suspended in 0.1% formic acid, and
analysed by nanoLC-ESI MS with an Easy-nLC 1200 (Thermo Fisher Scientific) system
coupled to a Fusion mass spectrometer (Thermo Fisher Scientific) using higher energy
collision-induced dissociation (HCD) fragmentation. Peptides were separated using an
EasySpray PepMap RSLC C18 column (75 um x 75 cm). The LC conditions were as follows:
275-minute linear gradient consisting of 0-32% acetonitrile in 0.1% formic acid over 240
minutes followed by 35 minutes of 80% acetonitrile in 0.1% formic acid. The flow rate was
set to 300 nL/min. The spray voltage was setto 2.7 kV and the temperature of the heated
capillary was set to 40 °C. The ion transfer tube temperature was setto 275 °C. The scan
range was 400-1600 m/z. The HCD collision energy was set to 50%, appropriate for
fragmentation of glycopeptide ions. Precursorand fragment detection were performed using
an Orbitrap at aresolution MS1=100,000. MS2=30,000. The AGC target for MS1=4e5 and
MS2=5e4 and injection time: MS1=50ms MS2=54ms

Glycopeptide fragmentation data were extracted from the raw file using Byonic™ (Version
2.7) and Byologic™ software (Version 2.3; Protein Metrics Inc.). The glycopeptide
fragmentation data were evaluated manually for each glycopeptide; the peptide was scored
as true-positive when the correctb and y fragment ions were observed along with oxonium
ions corresponding to the glycan identified. The MS data was searched using a standard
library for HEK293F expressed BG505 SOSIP.664 (Seabright et al., 2019). The precursor
mass tolerance was set at 4ppm for MS1 and 10ppm for MS2. A 1% false discovery rate
(FDR) was applied. The relative amounts of each glycan at each site as well as the
unoccupied proportion were determined by comparing the extracted ion chromatographic
areas for different glycopeptides with an identical peptide sequence. Glycans were
categorized according to the composition detected. HexNAc(2)Hex(9-5) was classified as
M9 to M5. HexNAc(3)Hex(5-6)X was classified as Hybrid with HexNAc(3)Fuc(1)X classified
as Fhybrid. Complex-type glycans were classified according to the number of processed
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antenna and fucosylation. If all of the following compositions have a fucose they are
assigned into the FA categories. HexNAc(3)Hex(3-4)X is assigned as Al, HexNAc(4)Xis
A2/A1B, HexNAc(5)Xis A3/A2B, and HexNAc(6)Xis A4/A3B. As this fragmentation method
does not provide linkage information isomers are grouped, so for example a triantennary
glycan contains HexNAc (5) but so does a biantennary glycan with a bisect.

2.2.17 Site-specific analysis of low abundance N-glycan sites using mass
spectrometry

To obtain data for sites that frequently present low intensity glycopeptide the glycans
present on the glycopeptides were homogenizedto boost the intensity of these peptides.
This analysis loses fine processing information but enables the ratio of oligomannose:
complex: unoccupied to be determined. The remaining glycopeptides were first digested
with Endo H (New England Biolabs) to deplete oligomannose - and hybrid-type glycans and
leave a single GIcNAc residue at the corresponding site. The reaction mixture was then
dried completely and resuspended in amixture containing 50 mM ammonium bicarbonate
and PNGase F (New England Biolabs) using only H20%8 (Sigma-Aldrich) throughout. This
second reaction cleaves the remaining complex-type glycans but leaves the GIcNAc
residues remaining after Endo H cleavage intact. The use of H2018 in this reaction enables
complex glycan sites to be differentiated from unoccupied glycan sites as the hydrolysis of
the glycosidic bond by PNGaseF leaves a heavy oxygen isotope on the resulting aspartic
acid residue. The resultant peptides were purified as outlined above and subjected to
reverse-phase (RP) nanoLC-MS. Instead of the extensive N-glycan library used above, two
modifications were searched for: +203 Da corresponding to asingle GICNAc, a remnant of
an oligomannose/hybrid glycan, and +3 Da corresponding to the O18 deamidation product
of a complex glycan. A lower HCD energy of 27% was used as glycan fragmentation was
not required. Data analysis was performed as above and the relative amounts of each
glycoform determined, including unoccupied peptides.

2.3 Materials and methods Chapter 5

2.3.1 Protein expression and purification

To express the prefusion S ectodomain, a gene encoding residues 1-1208 of SARS-CoV-
2 S (GenBank: MN908947) with proline substitutions at residues 986 and 987, a “GSAS’
substitution at the furin cleavage site (residues 682-685), a C-terminal T4 fibritin

trimerization motif, an HRV3C protease cleavage site, a TwinStrepTag and an 8XHisTag
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was synthesized and cloned into the mammalian expression vector paH. This expression
vector was used to transiently transfect FreeStyle293F cells (Thermo Fisher) using
polyethylenimine. Protein was purified from filtered cell supernatants using StrepTactin
resin (IBA) or nickel-affinitychromatography before being subjected to additional purification
by size-exclusion chromatography using a Superose 6 10/300 column (GE Healthcare) in
2 mM Tris pH 8.0, 200 mM NaCl and 0.02% NaNs.

2.3.2 Negative-stain electron microscopy and 2D class averaging (from the
laboratory of Jason McLellan, University of Austin, Texas)

Purified SARS-CoV-2 spike was diluted to a concentration of 0.04 mg/mL using 2 mM Tris
pH 8.0, 200 mM NaCl and 0.02% NaNs before being applied to a plasma cleaned CF400-
Cu grid (Electron Microscopy Sciences). Protein was then stained using methylamine
tungstate (Nanoprobes) before being allowed to dry at room temperature for 15 minutes.
This grid was imaged in a Talos TEM (Thermo Fisher Scientific) equipped with a Ceta 16M
detector. Micrographs were collected using TIA v4.14 software at a nominal magnification
of 92,000x, corresponding to a calibrated pixel size of 1.63 A/pix. CTF estimation, particle

picking and 2D class averaging were performed using CisSTEM 223,

2.3.3 Glycopeptide analysis by mass spectrometry

Three 30 ug aliquots of SARS-CoV-2 S protein, from three biological replicates, were
denatured for 1h in 50 mM Tris/HCI, pH 8.0 containing 6 M of urea and 5 mM dithiothreitol
(DTT). Next, the S protein were reduced and alkylated by adding 20 mM iodoacetamide
(IAA) and incubated for 1h in the dark, followed by a 1h incubation with 20 mM DTT to
eliminate residual IAA. The alkylated Env proteins were buffer exchanged into 50 mM
Tris/HCI, pH 8.0 using Vivaspin columns (3 kDa) and digested separately overnight using
trypsin chymotrypsin or alpha lytic protease (Mass Spectrometry Grade, Promega) at a ratio
of 1:30 (w/w). The next day, the peptides were dried and extracted using C18 Zip-tip
(MerckMilipore). The peptides were dried again, re-suspended in 0.1% formic acid, and
analysed by nanoLC-ESI MS with an Easy-nLC 1200 (Thermo Fisher Scientific) system
coupled to a Fusion mass spectrometer (Thermo Fisher Scientific) using higher energy
collision-induced dissociation (HCD) fragmentation. Peptides were separated using an
EasySpray PepMap RSLC C18 column (75 um x 75 cm). A trapping column (PepMap 100
C18 3uM 75uM x 2cm) was used in line with the LC prior to separation with the analytical
column. The LC conditions were as follows: 275-minute linear gradient consisting of 0-32%
acetonitrilein 0.1%formic acid over 240 minutes followed by 35 minutes of 80% acetonitrile
in 0.1% formic acid. The flow rate was setto 300 nL/min. The spray voltage was set to 2.7

kV and the temperature of the heated capillary was set to 40 °C. The ion transfer tube
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temperature was set to 275 °C. The scan range was 400-1600 m/z. The HCD collision
energy was set to 50%, appropriate for fragmentation of glycopeptide ions. Precursor and
fragment detection were performed using an Orbitrap at a resolution MS=100,000. MS=
30,000. The AGC target for MS'=4e> and MS?=5e* and injection time: MS!=50ms
MS?=54ms.

Glycopeptide fragmentation data were extracted fromthe raw file using Byonic™ (Version
3.5) and Byologic™ software (Version 3.5; Protein Metrics Inc.). The glycopeptide
fragmentation data were evaluated manually for each glycopeptide; the peptide was scored
as true-positive when the correctb and y fragment ions were observed along with oxonium
ions corresponding to the glycan identified. The MS data was searched using the Protein
Metrics N-glycan library. The relative amounts of each glycan at each site as well as the
unoccupied proportionwere determined by comparing the extracted chromatographic areas
for different glycotypes with an identical peptide sequence. All charge states for a single
glycopeptide were summed. The precursor mass tolerance was set at 4 ppm and 10 ppm
for fragments. A 1% false discovery rate (FDR) was applied. The relative amounts of each
glycan at each site as well as the unoccupied proportion were determined by comparing the
extracted ion chromatographic areas for different glycopeptides with an identical peptide
sequence. Glycans were categorized according to the composition detected.
HexNAc(2)Hex(9-5) was classified as M9 to M5. HexNAc(3)Hex(5-6)X was classified as
Hybrid with HexNAc(3)Fuc(1) X classified as Fhybrid. Complex-type glycans were classified
according to the number of processed antenna and fucosylation. If all of the following
compositions have a fucose they are assigned into the FA categories. HexNAc(3)Hex(3-
4)Xis assigned as Al, HexNAc(4)X is A2/A1B, HexNAc(5)X is A3/A2B, and HexNAc(6)X is
A4/A3B. As this fragmentation method does not provide linkage information compositional
isomers are group, so for example a triantennary glycan contains HexNAc 5 but so does a
biantennary glycans with a bisect. Any glycan containing at least one sialic acid was counted
as sialylated. The quantifications of glycan compositions were repre sented as the mean of
three biological replicates +/- standard error of the mean.

For O-linked glycan analysis, trypsin and alpha lytic protease-generatedglycopeptideswere
treated with PNGase F prior to analysis to remove N-linked glycans. This was performed
on a single biological replicate using an HCD energy of 27%. The MS data was searched
using the Protein Metrics 70 common O-linked glycan library.
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234 Model construction

Structural models of N-linked glycan presentation on SARS-CoV-2 were created using
electron microscopy structures (PDB ID: 6VSB) along with complex-, hybrid-, and
oligomannose-type N-linked glycans (PDB ID 4BYH, 4B71, and 2WAH). A representative
glycan presented at each site was modelled on to the N-linked carbohydrate attachment

sites in Coot 224
2.4  Materials and methods Chapter 6

241 SARS-CoV-2 S protein purification (from the laboratory of Prof. Bing Chen,
Harvard University)

To express a stabilized ectodomain of Spike protein, a synthetic gene encoding residues
1-1208 of SARS-CoV-2 Spike with the furin cleavage site (residues 682—685) replaced by
a “GGSG” sequence, proline substitutions at residues 986 and 987, and a foldon
trimerization motif followed by a C-terminal 6xHisTag was created and cloned into the
mammalian expression vector pCMV-IRES-puro (Codex BioSolutions, Inc, Gaithersburg,
MD). The expression construct was transiently transfected in HEK 293T cells using
polyethylenimine (Polysciences, Inc, Warrington, PA). Protein was purified from cell
supernatants using Ni-NTA resin (Qiagen, Germany), the eluted fractions containing S
protein were pooled, concentrated, and further purified by gel filtration chromatography on
a Superose 6 column (GE Healthcare).

2.4.2 SARS-CoV-2 S protein purification (from the laboratory of Prof. David
Stuart, University of Oxford)

The extracellular domain of SARS-CoV-2 spike was cloned into pHLsec vector??> and
encompassed residues M1-Q1208 (UniProtKkB ID PODTC2) with mutations
R682G/R683S/R685S (furin recognition sequence), K986P/V987P, followed by Fibritin
trimerization region, an HRV3C protease cleavage site, a His8-tag and a Twin-Strep-tag a
the C-terminus 69226, Spike ectodomain was expressed by transient transfection HEK293T
(ATCC, CRL-3216) cells for 6 days at 30 °C. Conditioned media was dialysed against 2x
phosphate buffered saline pH 7.4 buffer (Sigma-Aldrich). The spike ectodomain was purified
using Strep-Tactin Superflow resin (IBA Lifesciences) followed by size exclusion
chromatography using Superose 6 Increase column (GE Healthcare) equilibrated in 200
mM NaCl, 2 mM Tris-HCI pH 8.0, 0.02% NaNs at 21 °C.
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243 SARS-CoV-2 S protein purification (from the laboratory of Prof. Rogier
Sanders, University of Amsterdam)

The SARS-CoV-2 S protein construct was designed and expressed as described previously
194, Briefly, a SARS-CoV-2 S gene encoding residues 1-1138 (WuhanHu-1; GenBank:
MN908947.3) was ordered (Genscript) and cloned into a pPPI4 plasmid containing a T4
trimerization domain followed by a hexahistidine tag by Pstl-BamHI digestion and ligation.
Modifications consist of substituting the amino acid positions 986 and 987 to prolines and
removing the furin cleavage site by substituting amino acids 682-685 to glycine. S protein
was expressed in HEK 293F cells. Approximately 1.0 million cells/ml, maintained in
Freestyle medium (Gibco), were transfected by adding a mix of PEImax (1 pg/upl) and
SARS-CoV-2 S plasmid (312.5 pg/l) in a 3:1 ratio in OptiIMEM. After six days supernatants
were centrifuged for 30 min at 4000 rpm and filtered using Steritop filter (Merck Millipore;
0.22 ym). S protein was purified from supernatant by affinity purification using Ni-NTA
agarose beads and eluates were concentrated, and buffer exchanged to PBS using
Vivaspin filters with a 100 kDa molecular weight cut-off (GE Healthcare). The S protein
concentration was determined by the Nanodrop method using the proteins’ peptidic
molecular weight and extinction coefficient as determined by the online ExPASy software

(ProtParam).

2.4.4 SARS-CoV-2 Spike Trimer protein production and purification from CHO
cells (from Excellgene, Switzerland)

For CHO-based production of a trimeric Spike protein the construct
Spike_ACter_AFurin_2P_T4 His was used 2?’. Briefly, based on the CHO-vector pXLG-6
(ExcellGene SA), containing a puromycin resistance marker and optimized expression
elements, the variant spike sequence was inserted, containing a scrambled furin cleavage
site sequence, a two-proline sequence for blocking the protein in the prefusionform,a 3’
T4-trimerization DNA, followed by a hexahistidine tag sequence. From chemical
transfection (CHO4Tx®, ExcellGene) to clonal selection and isolation of protein producing
cell lines, to subsequent expansion of cells and production — all steps were done under
suspension culture in chemically defined media with strict adherence to regulatory

recommendations.

Productions were done in orbitally shaken containers (TubeSpin bioreactor 600, TPP,
Trasadingen, Switzerland) orin 5 L Erlenmeyer type shaker flasks in a Kuhner Shaker ISF4-
X incubator (Adolf Kiihner AG, Birsfelden, Switzerland), set to 37°C, 5% CO2, humidity
control and shaking at 150 rpm with a displacement radius of 50 mm. A fed-batch process
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was implemented until harvest of supernatants on day 10. The viability of cell culture,
reaching about 25 x 106 cells/mL remained in the 90-100% range until harvest. Production
culture fluids were subjected to purification by affinity chromatography after depth filtration
to remove cells. Loading onto, washing of and elution from a Ni-Sepharose column (Cytiva)
were optimized, following the resin producers’ suggestions. The eluted product stream was
loaded on a Size-Exclusion column (SEC, Superdex 200pg, Cytiva) for further purification,

following a concentration step through tangential flow filtration.

2.4.5 Plasmid constructionand expression of Receptor Bindingdomain proteins
(from the laboratory of Prof. Dennis Burton and Raiees Andrabi, The
Scripps Research Institute)

To express the receptor-binding domains (RBDs) of SARS-CoV-2 (residues: 320-527),
SARS-CoV-1 (residues: 307-513),and MERS-CoV (residues: 368- 587), DNA fragments
were amplified by PCR using the SARS-CoV-2, SARS-CoV-1 and MERS-CoV S protein
ectodomain plasmids as templates. The DNA fragments were cloned into the phCMV3
(Genlantis, USA) vector in frame with the Tissue Plasminogen Activator (TPA) leader
sequence. To facilitate the purification and biotinylation of the protein, a C-terminal 6X
HisTag, and an AviTag spaced by GS-linkers were added.

The RBD constructs were expressed by transient transfection of FreeStyle293F cells
(Thermo Fisher). For alitre transfection, 350pg of the RBD-encoding plasmids was added
to 16mL of Transfectagro (Corning) and 1.5mL of 40K PEI (1mg/mL) in 16mL of
Transfectagro in separate 50mL conical tubes. The media containing the plasmids were
filtered with a 0.22um Steriflip Disposable Vaccum Filter Unit (Millipore Sigma) and gently
mixed with PEI. The plasmid and PEI mixture was incubated for 30 minutes and gently
added to 1L of cells at a concentration of 1million cells/mL. The culture supernatants were
harvested after 4 days and loaded onto HisPur Ni-NTA resin column (Thermo Fisher).
Following a wash with 25mM Imidazole, the protein fromthe columnwas eluted with 250mM
Imidazole. The eluate was buffer exchanged with PBS and concentrated using 10K Amicon
tuebs. The RBD proteins were further purified with size -exclusion chromatography using a
Superdex 200 Increasse 10/300 GL column (GE Healthcare).

2.4.6 Sample preparation and analysis by LC-MS

Mass spectrometry data for the virion derived glycosylation was obtained using the
protocols described in Yao et al. and reanalysed %?8. For recombinant S protein and RBD,
30 pg aliquots of SARS-CoV-2 S proteins were denatured for 1h in 50 mM Tris/HCI, pH 8.0
containing 6 M of ureaand 5 mM of dithiothreitol (DTT). Next, the S proteins were reduced

and alkylated by adding 20 mM IAA and incubated for 1hrin the dark, followed by incubation
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with DTT to get rid of any residual IAA. The alkylated S proteins were buffer exchanged into
50 mM Tris/HCI, pH 8.0 using Vivaspin columns (3 kDa) and digested separately overnight
using trypsin, chymotrypsin (Mass Spectrometry Grade, Promega) or alpha lytic protease
(Sigma Aldrich) at a ratio of 1:30 (w/w). The peptides were dried and extracted using C18
Zip-tip (MerckMilipore). The peptides were dried again, re-suspended in 0.1% formic acid,
and analysed by nanoLC-ESIMS with an Easy-nLC 1200 (Thermo Fisher Scientific) system
coupled to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) using higher
energy collision-induced dissociation (HCD) fragmentation. Peptides were separated using
an EasySpray PepMap RSLC C18 column (75 pum x 75 cm). A trapping column (PepMap
100 C18 3 pm (particle size), 75 ym x 2cm) was used in line with the LC prior to separation
with the analytical column. The LC conditions were as follows: 275-minute linear gradient
consisting of 0-32% acetonitrile in 0.1% formic acid over 240 minutes followed by 35
minutes of 80% acetonitrile in 0.1% formic acid. The flow rate was set to 300 nL/min. The
spray voltage was set to 2.7 kV and the temperature of the heated capillary was setto 40 °C.
The ion transfer tube temperature was set to 275 °C. The scan range was 400-1600 m/z.
The HCD collision energy was set to 50%. Precursor and fragment detection were
performed using Orbitrap at a resolution MS1 = 100,000. MS2 = 30,000. The AGC target
for MS1 =4e%and MS2 =5e* and injection time: MS1 = 50 ms MS2 = 54 ms.

2.4.7 Data processing of LC-MS data

Glycopeptide fragmentation datawere extracted fromthe raw file Byos (Version 3.5; Protein
Metrics Inc.). The following parameters were used for data searches in Byonic: The
precursor masstolerance was set at 4 ppmand 10 ppm for fragments. Peptide modifications
included in the search include: Cys carbamidomethyl, Met oxidation, Glu - pyroGlu, GIn >
pyroGIin and N deamidation. For each protease digest a separate search node was used
with digestion parameters appropriate for each protease (Trypsin RK, Chymotrypsin YFW
and ALP TASV) using a semi-specific search with 2 missed cleavages. A 1% false discovery
rate (FDR) was applied. All three digests were combined into a single file for downstream
analysis. All charge states for a single glycopeptide were summed. The glycopeptide
fragmentation data were evaluated manually for each glycopeptide; the peptide was scored
as true-positive when the correctb and y fragment ions were observed along with oxonium
ions corresponding to the glycan identified. The protein metrics 309 mammalian N-glycan
library was modified to include sulphated glycans and phosphorylated mannose species,
although no phosphorylated mannose glycans were detected on any of the samples
analysed. The relative amounts (determined by comparing the XIC of each glycopeptide,
summing charge states) of each glycan at each site as well as the unoccupied proportion
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were determined by comparing the extracted chromatographic areas for differentglycotypes
with an identical peptide sequence. Glycans were categorized according to the composition
detected. HexNAc(2), Hex(9-3) was classified as M9 to M3. Any of these compositions that
were detected with a fucose are classified as FM. HexNAc(3)Hex(5-6)NeuSAc)(0-4) was
classified as Hybrid with HexNAc(3)Hex(5-6)Fuc(1)NeuAc(0-1) classified as Fhybrid.
Complex-type glycans were classified according to the number of processed antenna and
fucosylation. Complex glycans are categorized as HexNAc(3)(X), HexNAc(3)(F)(X),
HexNAc(4)(X), HexNAc(4)(F)(X), HexNAc(5)(X), HexNAc(5)(F)(X), HexNAc(6+)(X) and
HexNAc(6+)(F)(X). Core glycans are any glycan smaller than HexNAc(2)Hex(3) Glycans
were further classified in Figures 2 and 3 according to their processing state. A glycan was
classified as fucosylated or sialylated if it contained at least one fucose or sialic acid residue.
Agalactosylated glycans consisted of compositions in the above categories for complex-
type glycans which possessed only 3 hexose residues, or if the composition was a hybrid-
type glycan then thiswas increasedto 5 hexoses. If the complex-type glycan did not contain
sialic acid but more than 3/5 hexoses, then it was counted as galactosylated. Sulphated
glycans were included in the above categories, so a glycan can be in both galactosylated

and sulphated categories, for example.

2.4.8 Integrative modelling and molecular dynamics simulation (from the
laboratory of Prof. Peter Bond, A*STAR Bioinformatics Institute,
Singapore)

The model of S protein was built using Modeller 9.21 229 with three structural templates: i)
the cryo-EM structure of SARS-CoV-2 S ECD in the open state (PDB: 6VVSB) 69, ii) the NMR
structure of SAR-CoV S HR2 domain (PDB: 2FXP) 23°, and iii) the NMR structure of HIV-1
gp-41 TM domain (PDB: 5JYN) 231 Missing loops in the N-terminal domain and the C-
terminal of the ECD were modelled using the cryo-EM structure of S ECD in the closed
state, which was resolved at a higher resolution (PDB: 6XR8) 232, A total of ten models were
built and three top models (based on the lowest discrete optimized protein energy score %2
were subjected to further stereochemical assessment using Ramachandran analysis 234
The modelwith the lowest number of outliers was then selected. Man-9 glycans were added
to all 22 glycosylation sites using the CHARMM-GUI Glycan Reader and Modeller web
server 235, Three cysteine residues on the C-terminal domain (C1236, C1240 and C1243)
were palmitoylated as they have been shown to be important in cell fusion 236, The
glycosylated S protein model was then embedded into a model ERGIC membrane built
using CHARMM-GUI Membrane Builder 237, which contained 47% phosphatidylcholine
(PC), 20% phosphatidylethanolamine (PE), 11% phosphatidylinositol phosphate (PIP), 7%
phosphatidylserine (PS) and 15% cholesterol 238-240,
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The system was parametrized using the CHARMMS36 force field 241, TIP3P water
molecules were used to solvate the system and 0.15 M NaCl salt was added to neutralize
it. The system was then subjected to stepwise energy minimization and equilibration with
decreasing positional and dihedral restraints, following the standard CHARMM -GUI
protocol?42. A 200 ns production simulation was conducted with the temperature maintained
at 310 K using the Nosé-Hoover thermostat 243244, The pressure was maintained at 1 atm
using a semi-isotropic coupling to the Parrinello-Rahman barostat 24°. Electrostatics were
calculated using the smooth particle mesh Ewald method 246 with a real-space cut-off of 1.2
nm, while the van der Waals interactions were truncated at 1.2 nm with a force switch
smoothing function applied between 1.0-1.2 nm. The LINCS algorithm was utilized to
constrain all covalent bonds involving hydrogen atoms 247 and a 2 fs integration time step
was employed. All simulations were performed using GROMACS 2018 248 and visualized in
VMD 249, ASA and glycan contact analyses were performed using the built-in GROMACS

tools gmx sasa and gmx select.
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2.5 Materials and methods Chapter 7

25.1 Expression and purification of trimeric SARS-CoV-2spike

To express the prefusion S ectodomain, a gene encoding residues 1-1208 of SARS-CoV-
2 S (GenBank: MN908947) with proline substitutions at residues 986 and 987, a “GSAS’
substitution at the furin cleavage site (residues 682-685), a C-terminal T4 fibritin
trimerization motif, an HRV3C protease cleavage site, a TwinStrepTag and an 8XHisTag
was synthesized and cloned into the mammalian expression vector paH. Expression
plasmid encoding SARS-CoV-2 S glycoprotein was transiently transfected into Human
Embryonic Kidney (HEK) 293F cells. Cells were maintained at a density of 0.2-3 x 106 cells
per ml at 37°C, 8% CO2 and 125 rpm shaking in FreeStyle 293F media (Fisher Scientific).
Prior to transfection two solutions containing 25 mL Opti-MEM (Fisher Scientific) medium
was prepared. Plasmid DNA was added to one to give afinal concentration after transfection
of 310 ug/L. Polyethylenimine (PEI) max reagent (1 mg/mL, pH 7) was added to the second
solution to give aratio of 3:1 PEI max: plasmid DNA. The two solutions were combined and
incubated for 30 minutes at room temperature. Cells were transfected at a density of 1 x
106 cells per mL and incubated for 7 days at 37°C with 8% CO2 and 125 rpm shaking.

After harvesting, the cells were spun down at 4000 rpm for 30 minutes and the sup ernatant
applied to a 500 mL Stericup-HV sterile vacuum filtration system (Merck) with a pore size
of 0.22 um. The supernatant containing SARS-CoV-2 S protein was purified using 5 mL
HisTrap FF column connected to an Akta Pure system (GE Healthcare). Prior to loading the
sample, the column was washed with 10 column volumes of washing buffer (50 mM
NazPO4, 300 mM NaCl) at pH 7. The sample was loaded onto the column at a speed of 2
mL/min. The column was washed with washing buffer (10 column volumes) containing 50
mM imidazole and eluted in 3 column volumes of elution buffer (300 mM imidazole in
washing buffer). The elution was concentrated by a Vivaspin column (100 kDa cut-off) to a
volume of 1 mL and buffer exchanged to phosphate buffered saline (PBS).

The Superdex 200 16 600 column was washed with PBS at a rate of 1 mL/min. After 2
hours, 1 mL of the nickel affinity purified material was injected into the column. Fractions
separated by SEC were pooled according to their corresponding peaks on the Size
Exclusion chromatograms. The target fraction was concentrated in 100 kDa VivaSpin (GE

healthcare) tubesto ~1 mL.

25.2 Expression and purification of ACE2

FreeStyle293F cells (Thermo Fisher) were transfected with polyethylenimine and a plasmid

encodingresidues 1-626 of human ACE2 with a C-terminal HRV3C protease cleavage site,
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a Twin Strep Tag, and an 8xHisTag. This construct is identical to full length ACE2 except is
truncated at position 626. This protein was expressed and purified identically as for the
SARS-CoV?2 glycoprotein, with the exception of a smaller Vivaspin cut-off being used for
buffer exchanging. To produce oligomannose-type glycans on ACE2 20 yM kifunensine
was added at the time of transfection. For ST6 co-expression DNA plasmid encoding ST6

was co-transfected with plasmid encoding ACE2 at a ratio of 2:1.

25.3 Glycosidase digests

To generate glycan modified ACE2 separate aliquots of ACE2 were digested with a range
of glycosidases: a1-2,3,4,6 fucosidase, a2-3, 6, 8 sialidase and endoglycosidase H (NEB).
Glycosidases were added at a ratio of 1:20 and incubated at 37°C overnight.

254 His-Tag removal of ACE2

Following purification, the His-Tag was removed from ACE2 using HRV3C protease
cleavage (Thermo Fisher). Digestion was performed at a ratio of 1:20 HRV3C protease:
ACE2 in 1 x HRV3C reaction buffer (Thermo Fisher) and incubated at 4°C overnight. To
remove the HRV3C and uncleaved ACE2 nickel affinity chromatography was performed,
except the flow through was collected rather than the elution.

255 Mass spectrometry of glycopeptides

30 ugaliquots of ACE2 and ACEZ2 glycan variants were denaturedfor 1hin 50 mM Tris/HC|,
pH 8.0 containing 6 M of urea and 5 mM dithiothreitol (DTT). Next, the proteins were
reduced and alkylated by adding 20 mM iodoacetamide (IAA) and incubated for 1h in the
dark, followed by a 1h incubation with 20 mM DTT to eliminate residual IAA. The alkylated
proteins were buffer exchanged into 50 mM Tris/HCI, pH 8.0 using Vivaspin columns (3
kDa) and digested separately overnight using trypsin, chymotrypsin, or alpha lytic protease
(Mass Spectrometry Grade, Promega) at a ratio of 1:30 (w/w). The next day, the peptides
were dried and extracted using C18 Zip-tip (MerckMilipore). The peptides were dried again,
re-suspendedin 0.1%formic acid, and analysed by nanoLC-ESI MS with an Easy-nLC 1200
(Thermo Fisher Scientific) system coupled to a Fusion mass spectrometer (Thermo Fisher
Scientific) using higher energy collision-induced dissociation (HCD) fragmentation.
Peptides were separated using an EasySpray PepMap RSLC C18 column (75 um x 75 cm).
A trapping column (PepMap 100 C18 3 um (particle size), 75 ym x 2cm) was used in line
with the LC prior to separation with the analytical column. The LC conditions were as
follows: 275-minute linear gradient consisting of 0-32% acetonitrile in 0.1% formic acid over
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240 minutes followed by 35 minutes of 80% acetonitrile in 0.1% formic acid. The flow rate
was set to 300 nL/min. The spray voltage was setto 2.7 kV and the temperature of the
heated capillary was set to 40 °C. The ion transfer tube temperature was set to 275 °C.
The scan range was 400-1600 m/z. The HCD collision energy was set to 50%, appropriate
for fragmentation of glycopeptide ions. Precursor and fragment detection were performed
using an Orbitrap at a resolution MS*=100,000. MS?= 30,000. The AGC target for MS'=4e°
and MS?=5e* and injection time: MS'=50 ms MS2=54 ms.

Glycopeptide fragmentation data were extracted from the raw file using Byonic™ (Version
3.5) and Byologic™ software (Version 3.5; Protein Metrics Inc.). The glycopeptide
fragmentation data were evaluated manually for each glycope ptide; the peptide was scored
as true-positive when the correctb and y fragment ions were observed along with oxonium
ions corresponding to the glycan identified. The MS data was searched using the Protein
Metrics N-glycan library. The relative amounts of each glycan at each site as well as the
unoccupied proportionwere determined by comparing the extracted chromatographic areas
for different glycotypes with an identical peptide sequence. All charge states for a single
glycopeptide were summed. The precursor mass tolerance was set at 4 ppm and 10 ppm
for fragments. A 1% false discovery rate (FDR) was applied. The relative amounts of each
glycan at each site as well as the unoccupied proportion were determined by comparing the
extracted ion chromatographic areas for different glycopeptides with an identical peptide
sequence. Glycans were categorized according to the composition detected.
HexNAc(2)Hex(9-5) was classified as M9 to M5. HexNAc(3)Hex(5-6)X was classified as
Hybrid with HexNAc(3)Fuc(1) X classified as Fhybrid. Complex-type glycans were classified
according to the number of processed antenna and fucosylation. If all of the following
compositions have a fucose they are assigned into the FA categories. HexNAc(3)Hex(3-
4)Xis assigned as Al, HexNAc(4)X is A2/A1B, HexNAc(5)X is A3/A2B, and HexNAc(6)X is
A4/A3B. As this fragmentation method does not provide linkage information compositional
isomers are group, so for example a triantennary glycan contains HexNAc 5 but so does a
biantennary glycans with a bisect. Any glycan containing at least one sialic acid was counted

as sialylated.

2.5.6 Surface plasmon resonance (SPR)

SARS-COV-2 S and ACE2 proteins were buffer exchanged in HBS P+ buffer (Cytiva/GE
Healthcare). All analysis was performed using aBiacore T200 (Cytiva/GE Healthcare). After
removing contaminants via a pulse of EDTA (350 mM) for 1 min at a flow rate of 30 yL/min,
the chip was loaded with Ni2* by injecting NiClz for 1 min at a flow rate of 10 yL/min. SARS-
CoV2 S protein (50 ug/ml) was injected at 10 yL/min for 240s. Control channels were not
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loaded with trimer. Control cycles were performed by flowing ACE2 over Ni%*-loaded NTA
in the absence of trimer. The analyte was injected into the trimer sample and control
channels at a flow rate of 50 yL/min. Serial dilutions ranging from 200 nM to 3.125 nM were
performed intriplicate along with HBS P+ buffer only as a control. Association was recorded
for 300 s and dissociation for 600 s. After each cycle of interaction, the NTA-chip surface
was regenerated with a pulse of EDTA (350 mM) for 1 min at a flow rate of 30 yL/min. A
high flow rate of analyte solution (50 pyL/min) was used to minimize mass-transport
limitation. The resulting data were fit to a 1.1 binding model using Biacore Evaluation
Software (GE Healthcare) and these fitted curves were used to calculate Ko. Paired t tests
were used where possible to determine significance and for remaining samples where a
direct experimental pairing was not possible an unpaired t test was performed. All statistics
and graph plotting were performed using GraphPad prismv8.1.
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Chapter 3
Chapter 3 Site-Specific Glycosylation of
Virion-Derived HIV-1 Env Is Mimicked by

a Soluble Trimeric Imnmunogen.

3.1 Contributions

Chapter 3 involves acomparison of BG505 Env, produced recombinantly using the BG505
SOSIP.664 platform, and BG505 Env derived from infectious virus. External collaborators
fromthe laboratory of Prof. Lifson (Frederick National Laboratory, USA) assisted this study
by producing and purifying the viral Env, with the viral production outlinedin Appendix D.1.
Material for the analysis of GMP-grade BG505 SOSIP.664 was kindly provided by Dr Antu
Dey of KBI Biopharma through the Bill & Melinda Gates Foundation °°. In addition, Dr
Gemma Seabright and Dr Weston Struwe (University of Oxford) collaborated on the glycan
analytics, including sample preparation and data analysis. The sample manufacture was
only possible due to the expertise in large scale viral production in Biosafety Level 3 facilities

provided by the laboratory of and all contributors are thanked for their work.

3.2 Introduction

Fundamental features of retroviral biology hinder the development of an effective vaccine
against human immunodeficiency virus-1 (HIV-1). A rapid mutation rate creates profound
antigenic diversity that can only be countered by immune responses of exception al breadth.
A barrier to a neutralizing antibody (nAb)-based vaccine is the dense coat of glycans
covering the surface of the envelope glycoprotein (Env) spike that restricts the
immunogenicity of Env proteins and limits the binding of antibodies that are elicited.

The HIV-1 Env glycans were long considered to be merely a passive shield; the number of
individual glycan sites and their precise locations on Env evolve during infection as a
dynamic response to nAb selection pressures 250-252, However, various broadly neutralizing
antibodies (bnAbs) of substantial potency can be isolated from infected individuals that do
not merely penetrate the glycan shield but also recognize elements of it. Passively
administered bnAbs protect macaques or humanized mice against virus challenge with an
efficiency that is generally predicted by in vitro neutralization titres 253254, The existence of
bnAbs, combined with an understanding of their properties, together underpin vaccine
designs intended to induce similar antibodies. Generally, these concepts involve producing
recombinant mimics of the native, virion associated Env spike that present multiple bnAb
epitopes and/or their predicted human germline precursors 66255,
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The most commonly used HIV-1 Env immunogen design platform is based on
SOSIP.664 trimers (SOSIP), recombinant proteins rendered soluble by truncation at
position 664 and engineered for improved stability by the addition of a disulphide bond
(‘SOS’) and an isoleucine to proline mutation (‘IP’) 86.93.219, The prototype, and most widely
studied, SOSIP trimer is derived from the BG505 clade A paediatric isolate 2%6. BG505
SOSIP.664 trimers have Env spike-mimicking antigenicity and structural properties 76.1®,
They have now been produced in gram-quantities in Chinese hamster ovary (CHO) cells
under current Good Manufacturing Practice (cGMP) conditions for human trials 199, As
glycans both shield and form bnAb epitopes 84, and that viral neutralization by bnAbs is
influenced by glycan heterogeneity 2%, it is of substantial relevance to characterise them on
both the viral target and HIV-1 Env immunogens. The unusually high surface density of
glycans on these proteins restricts the extent to which multiple individual sites are
processed within the ER and the Golgi apparatus 1%. Env processing is restricted on two
levels. Thus, monomeric gp120 subunits and gp140 uncleaved pseudotrimers that are
predominantly in non-native configurations all carry a range of highly processed, complex-
type glycans together with a smaller population of unprocessed oligomannose -type glycans
(Mans-9GIcNAc2, hereafter referred to as Man5-9) 105258259 Additional influences were
revealed when SOSIP trimers were found to bear substantially increased levels of
oligomannose-type glycans 100103118162 The packing of gp120 subunits into native-like
trimers further shapes Env glycosylation because key glycan processing enzymes have a
limited ability to encounter their substrates; access is sterically hindered by nearby glycan
and protein elements 84118, However, the complex-type glycans found at multiple sites on
Env proteins are not constrained in the same way as oligomannose sites but are instead
influenced by the prevailing secretory environment in a cell-specific manner 260, This factor
is relevant to immunogen design as certain complex-type glycans can also contribute to
bnAb epitopes and, perhaps, to immunogenicity 82.84,180,261,262

Overall, site-specific analyses have revealed a conservation in the distribution of mannose
moieties across the surface of SOSIP trimers 100162, Regions of oligomannose-type glycans
located at equivalent positions on the gp120 monomer and SOSIP trimer constitute the
‘intrinsic mannose patch’ (IMP) 118162 whereas other such glycans that are trimer-specific
are designated the ‘trimer-associated mannose patch’ (TAMP) 118175 Analysis of cell-line
derived HIV-1 BaL virions 162 and membrane-tethered forms of Env have suggested there

could be factors leading to divergent glycosylation compared to soluble trimers 263,

Here, the glycosylation of Env derived from the BG505.T332N-LAl virus, produced in a
human lymphoid cell line, with the sequenced-matched BG505 SOSIP.664 soluble trimers
expressed in CHO or 293F cells, is compared. The abundance of oligomannose and
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complex-type N-linked glycans on the gp120 and gp41 subunits was determined by
chromatographic methods and the precise glycan structures defined using by ion-mobility
tandem mass spectrometry (IM-MS/MS). To characterize site-specific differences,
complimentary approaches involving the comparison of intact and glycosidase-treated
glycopeptides were used. Sufficient gp120, but not gp41, could be isolated from virions for
glycopeptide analysis. Overall, this information on the glycan-dependent or glycan-
influenced bnAb epitopes present on infectious HIV-1 virions will facilitate the continued
development of Env immunization strategies intended to eventually elicit bnAb-like

antibodies.

3.3 Preparation of HIV-1 virion-derived Env

An infectious stock of HIV-1 BG505.T332N-LAIl was derived by transfecting 293T cells with
the infectious molecular clone (IMC) (Appendix D.1). The IMC Env glycoproteins have
gpl120 and gp41l-ectodomain subunits derived from the primary R5 Tier-2, clade A BG505
week 6 isolate, but with the N332-glycan knocked-in to mimic the BG505 SOSIP.664 soluble
trimer sequence 76193, The transfection stock was used to infect the CD4+, CCR5+ A66-R5
T cell line to provide the large amount of virus required for glycan analysis (Appendix D.1
and D.5).

A 1.9 mL aliquot of the 1000-fold concentrated virus stock was processed by high
performance liquid chromatography (HPLC) (Appendix D.1C). The fractions containing
gpl20 and gp41 subunits were thenrun onan SDS-PAGE gel (Appendix D.1D and D.1E).
The gpl20- and gp41-containing bands were excised fromthe gel for analysis of released
glycans by ultra-high-performance liquid chromatography (UPLC) and mass spectrometry.
A separate 2.7 mL aliquot of the virus stock was then purified (Appendix D.1F and D.1G).
The pooled gp120 fractions (~70 ug) were subsequently utilized for site -specific glycan

analyses.

3.4 Relative abundance of oligomannose- vs. complex-type
glycans

The purified gp120 and gp41 gelbands shownin Appendix D.1D and D.1E were subjected
to in-gel PNGase F digestion, which removes both oligomannose- and complex-type
glycans. The relative amounts of oligomannose- vs. complex-type glycans on the virion
gpl120 and gp41 subunits were compared to recombinant BG505 SOSIP.664 trimers that
were produced either transiently in 293F cells and purified viathe PGT151 bnAb or under
cGMP conditions in a stable CHO cell line and purified via 2G12/SEC 109260, These
comparisons are relevant, because initial characterizations of the BG505 trimer glycans
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used 293F cell-produced proteins, while human clinical studies will be performed with
cGMP-grade trimers derived from CHO cells 19°. Furthermore, the goal of the clinical studies
is to elicit nAbs that recognize functional Env proteins present on infectious virions that are
produced predominantly in human lymphoid cells.

Differences between the Env forms were quantified using an UPLC-based analytical
procedure whereby differential sensitivity to endoglycosidase H (Endo H) reveals the
abundances of oligomannose- and hybrid-type glycans (Figure 3-1; green
chromatograms), and complex-type glycans (Figure 3-1; magentachromatograms). The N-
glycans on the virion-derived gp120 proteins were 50% oligomannose-type and 50%
complex-type (Figure 3-1A), whereas the gp120 subunits of the SOSIP.664 trimers were
enriched for oligomannose-type structures: 63% for the 293F cell product (Figure 3-1B)
and 73% for CHO (Figure 3-1C) 199, There were also differences in the oligomannose-type
structures present on the three sources of gp120 (Figure 3-1 and Appendix D.6). For
example, Man9 and Man8 moieties were prominent in the SOSIP.664 gpl120
chromatograms. Similarly, virion gp41 contained a lower overall content of oligomannose-
type N-glycans (4%, Figure 3-1D) compared to gp41 from SOSIP.664 trimers (22% (293F)
and 26% (CHO), Figure 3-1E and Figure 3-1F respectively). Taken together, the glycans
on the viral Env proteins are somewhat more processed than those on the recombinant

trimers.

Larger and more elaborated, complex-type glycans were also relatively abundant on
the virus-derived gp120 and gp41 subunits, compared to SOSIP.664 (Figure 3-1; magenta
chromatograms). This is exemplified by N-glycans containing either a2-3- or a2-6-linked
terminal sialic acids. Overall, the extent of gp120 sialylation was higher for BG505.T 332N-
LAl virions (16%) than for 293F-derived BG505 SOSIP.664 trimers (5%), while for the gp41
subunits the corresponding values were 26% and 8%, respectively. The ratio of a2-6/02-3
sialic acids on the gp41 subunits was 1.8 for virions and 0.8 for 293F -derived trimers
(Appendix D.6), a finding consistent with earlier observations that a2-6-linked sialic acid
moieties were prevalent on peripheral blood mononuclear cells (PBMC)-derived virion gp41
103, However, compared to gp41, the gp120 proteins from all three Env proteins contained
a smaller population of sialic acid-containing glycans (Appendix D.6). This observation may
reflect a generally lower efficiency of glycan processing on gp120 subunits than on gp41,
irrespective of the Env protein source.
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Figure 3-1: UPLC analysis of N-glycans from gp120 and gp41.

(A) UPLC chromatogram of N-glycans from BG505.T332N-LAl gp120 gel bands. Peaks
sensitive to endoglycosidase H (endoH) digestion are coloured green and represent
oligomannose-type glycans. Peaks resistant to endoH are coloured magenta and represent
complex-type glycans. Pie charts depict the quantification of oligomannose and complex-
type glycans in each sample. Peaks corresponding to oligomannose-type glycans are
annotated with the number of mannose residues (Man5-9). (B) UPLC chromatogram of N-
glycans released from gp120 from BG505 SOSIP.664 trimers produced in 293F cells. (C)
Reproduction of the UPLC analysis of N-glycans released from BG505 SOSIP.664 trimers
produced in CHO cells 1%°. Panels D, E and F show data for gp41 and correspond to the
gpl120 panels A, B and C, respectively.

3.5 Analysisof glycans by ion-mobility mass spectrometry

To guide subsequent glycopeptide analyses, ion-mobility MS on a separate, unlabelled
aliquot of glycans released from gp120 and gp41 subunits was performed. Comparing the
BG505.T332N-LAl virion Env and the 293F-derived SOSIP.664 trimers allow fine structure
determinations, namely glycan linkage and branching and the compositions of individual
glycans. In this way, extensive sample-specific glycan libraries were created that were then
used to search the corresponding site-specific data (Figure 3-2). In addition, collision-
induced dissociation (CID) fragmentation in negative mode was used to obtain diagnostic
fragmentions of the fine structures of the detected glycans (Appendix D.2, D.3 and D.4).
The oligomannose-type structures on gpl120 from the BG505.T332N-LAl virus (Figure
3-2A) and 293F cell-derived BG505 SOSIP.664 trimers (Figure D.2 and D.3) were highly
similar. The major non-oligomannose-type glycans on BG505.T332N-LAl virion gp120
consisted of various hybrid-type structures, i.e., glycans on which some arms have a

76



terminal mannose while others are more extensively processed. (Figure 3-2, Appendix
D.4A). Consistent with the overall trend detected by UPLC (Figure 3-1), the ion intensities
of singly and doubly charged ions corresponding to more elaborated complex-type glycans
were significantly higher in the virion-derived material compared to that of SOSIP.664
trimers (Figure 3-2).
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Figure 3-2 lon mobility mass spectrometric analysis of BG505.T332N-LAl virion
derived gpl120and gp41 N-glycans.

(A) Mobility-extracted singly charged negative ions from BG505.T332N-LAl gp120. The
corresponding singly charged ions (1+) are encircled in white in the ion mobility drift plot
(inset). A series of carbohydrate ions (marked with *) corresponding to aloss of a single N-
acetyl group (-42 Da) from MansGIcNAc2-GlciMansGIcNAc2 compositions were visible in
the spectrum of virion gp120. These peaks have been defined as contaminants as the N-
glycan core consists of 2 GIcNAc residues (B) Mobility-extracted doubly charged negative
ions from BG505.T332N-LAI gp4l. The corresponding doubly charged ions (2+) are
encircled in white in the ion mobility drift plot.
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3.6 Complex-typestructuresongp4l

The glycans present on BG505.T332N-LAl virion gp41 were primarily core fucosylated, tri-
and tetra-antennary species containing a variable number of terminal sialic acid residues
(Figure 3-2B). Consistent with the UPLC analysis, larger complex-type glycans were more
abundant on gp41 from virions than from 293F cell-derived trimers (Appendix D.3B),
although generally similar structures were present in both cases. One caveat is that the
producer cell is different for the BG505.T332N-LAl virion (A66-R5 lymphoid cells) and
BG505 SOSIP.664 (CHO or 293F cells) Env proteins. Even so, membrane-localization does
not lead to a sterically driven increase in oligomannose-type glycans. Membrane tethering
may, however, influence the degree of branching and elaboration of complex-type glycans
by driving proximity to processing enzymes and influencing the kinetics of egress through
the secretory system.

3.7 Quantifying the amounts of under processed glycans
acrossgpl20

Understanding how HIV-1 Env proteins are glycosylated and defining what glycoforms are
present is important as it is now thought that the entire surface of the trimer contributes to
bNAb epitopes 885, The methodology paradigm for defining which type of glycan (i.e.,
complex vs. oligomannose) is present at each potential glycosylation site involves a
proteomic-based analysis of glycopeptides that have been enzymatically treated to create
mass modifications that are specific to each glycan type 162. This method has proved highly
robust for determining the ratio of oligomannose-type vs. complex glycans, even when only
low amounts of sample are available 264, As such this method was applied to study the
gp120 subunits of the BG505.T332N-LAl virus.

The proportion of oligomannose-type, complex-type, and unoccupied potential N-
glycosylation sites (PNGs) across all 24 sites on the BG505 virion gp120 was determined
using this method. However, insufficient gp41 was isolated for a similar analysis of that
subunit. For comparison, the analysis was repeated using recombinant BG505 SOSIP.664
trimersthat were produced either transiently in 293F cells and purified viathe PGT151 bnAb
or in a stable CHO cell line and purified via2G12/SEC. These comparisons are relevant, as
initial characterizations of the BG505 trimer glycans used 293F cell-produced proteins,
while human clinical studies will be performed with cGMP-grade trimers derived from CHO
cells 199, Furthermore, the goal of the clinical studies is to elicit nAbs that recognize

functional Env proteins present on infectious virions.

The site-specific analysis revealed that the processing of N glycans is conserved at
certain sites and divergent at other sites on gp120s from the BG505.T332N-LAl virus
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compared to both the 293F-celland the CHO-cell derived SOSIP.664 trimers. The elevation
in processing was not universal in that it was localized towards the apex of the trimer at
sites such as N133, N137, and N197 (Figure 3-3). Hence, the previously described
mannose patches (IMP and TAMP) are a feature shared not just by the two batches of
recombinant SOSIP.664 trimer (293F and CHO) but also by the BG505.T332N-LAl virus
103,118 The N332-glycan has been designated a ‘supersite of vulnerability’ in that it is a key
component of multiple bnAbs 179.265, This glycan is consistently in high oligomannose form;
the recombinant trimers therefore correctly present the glycan components of the epitopes
for bnAbs that recognize the mannose patch. This conclusion is exemplified by the recent
characterization of BG18, a highly potent bnAb that binds BG505 SOSIP.664 trimers via
critical contacts with the N332-glycan 266, The processing of the previously characterized
TAMP was also conserved across the three trimer preparations. Thus, sites such as N160
and N156, which present complex-type glycans when BG505 gp120 is expressed as a
monomer, are predominantly in oligomannose form on the virion-derived trimers and their
recombinant SOSIP.664 comparators. This finding again emphasizes the important
influence of trimer formation on Env glycosylation and shows that it applies also to virion-

derived proteins and not just recombinant trimers 79.162,
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Figure 3-3 Determination of the predominant glycoforms presented at each site on
soluble BG505 SOSIP.664 gp120 expressedin (A) 293F cells, (B) CHO cells and from
(C) BG505.T332N-LAl virus.

The predominant glycoform at each site, as determined using glycosidase-treated
glycopeptides, is modelled onto the cryo-EM model of BG505 SOSIP.664 1, The bar
graphs represent the relative amounts of digested glycopeptides possessing the footprints
for oligomannose glycans (green), complex-type glycans (magenta) and unoccupied PNGs
(grey) at each gp120 site, listed from N- to C-terminus.

One notable difference was that the occupancy of glycan sites at certain regions
across gp120 was lower for the soluble, truncated, recombinant BG505 SOSIP.664 trimers
than for their membrane-associated, full-length, virion-derived counterpart. This outcome
was most noticeable around the V1/V2 region, where the N137,N190 and N190c sites were
occupied by N-linked glycans on only ~30-80% of the gp120 populations derived from the
293F and CHO cell-derived BG505 SOSIP.664 trimers (Figure 3-3). In contrast, the glycan-
occupancy levels of the same gpl20 sites on the BG505.T332N-LAl virion gpl120
were >95% (Figure 3-3C). The codon-optimization process that is used to maximize the
production of recombinant proteins may result in faster early folding events during Env
biosynthesis and therefore reduce the likelihood of an N-glycan being attached. Such an
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effect may be particularly apparent at sites such as the V1/V2 region that contain severa
densely packed glycan sites. While over expression levels do not appear to have significant
impact on glycan processing 1%°, evidence is emerging that glycan processing may be
influenced by choice of signal peptide 267,

3.8 Intact glycopeptidebnAb epitope mapping on virion Env

Although glycosidase-treated peptides provide information about the occupancy state of
specific glycan sites using only small amounts of sample, the enzymatic release of glycans
to generate the oligomannose/complex-type glycan footprints do result in the loss of
information regarding the precise identity of glycan structures. Thus, it is useful to know the
fine processing states of N-linked glycans to ensure that trimer immunogens correctly
reproduce key bnAb epitopes at a site-specific level. To characterize the site-specific
glycans at such sites on BG505.T332N-LAl virion gp120 subunits, a glycopeptide-based
LC-MS approach was employed, which had been previously validated 10, This analysis was
performed on the same batch of material as that described for the glycosidase digested
peptides. The inherent heterogeneity of N-linked glycosylation results in a diverse range of
glycopeptides when analysed by LC-MS. To simplify the categorization process, from here
on glycans are grouped according to the number of mannose residues they possess (for
oligomannose-type), the number of fully processed antenna and the presence or absence
of fucose (complex-type). By determining the fine processing states of glycan epitopes
across viral Env and pattern-matching the outcome to neutralization data derived using
bnAbs that recognize the corresponding sites, it was demonstrated that the processing of
critical N-glycans was conserved between virion-derived and recombinant trimers. Here,
new glycopeptide mass spectrometry data for the BG505.T332N-LAl virion and 293F cell-
derived BG505 SOSIP.664 trimers were compared with previously published information
on the CHO cell-derived, clinical grade BG505 SOSIP.664 trimers 109, The commonality of
the procedures used justifies this cross-study comparison.

A major class of bnAbs is directed against oligomannose-type glycans across the
outer domain of gpl120. Glycopeptide analysis revealed the fine processing states for
several N-linked glycan sitesrecognized by such bnAbs on the virion-derivedtrimer (Figure
3-4A). Comparing the three versions of the BG505 trimer reveals the overall integrity of
oligomannose processing, with MansGIcNAc2 dominating the majority of sites across the
IMP. This finding applies to N332 and N339, which are critical to the 2G12 bnAb epitope
268 and is therefore consistent with the ability of 2G12 to neutralize the BG505.T332N-LAl
virus (Figure 3-4C and F). The only notable deviation in the fine processing of

oligomannose-type glycans was seen at N363, where MansGIcNAcz predominated on
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virion-derived trimers but ManeGIcNAc2 did so on both of the recombinant trimer

preparations.
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Figure 3-4. Compositional site-specific analysis of intact glycopeptides from BG505
SOSIP.664 trimers produced in 293F or CHO cells and from BG505.T332N-LAl
viruses.

(A) Model of the N-glycan compositions of BG505.T332N-LAI Env highlighting three regions
important for bnAb binding (reproduced from Figure 4). (B) Site-specific compositions of N-
linked glycans located on the trimer apex, (C) the mannose patch, (D) proximal to the CD4
binding site (CD4bs) and (E) at remaining sites on the trimer. Data corresponding to CHO-
cell derived BG505 SOSIP.664 trimers are reproduced from Dey et al. 2018 19 and is
included here to assist comparisons with other data sets. To simplify data presentation,
complex glycans are grouped according to the presence or absence of fucose and the
number of terminal antenna (e.g., FA2). (F) Neutralization by bnAbs targeting the apex
(red), mannose patch (blue) and CD4bs (orange). Data are represented as mean + SEM.
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Another region of significant interest for immunogen design strategies is the trimer
apex. Glycans located at the apex are highly conserved and form the epitopes forarange
of bnAbs including PGT145, PG9 and PG16 184, The N160 glycan is presentin close to
100% of HIV-1 strains and is therefore a valuable target for bnAb elicitation strategies
(Figure 3-4A) . The apex region of 293F cell-derived SOSIP.664 trimers is enriched for
oligomannose-type glycans compared to gp120 monomers 7°. Using the same glycopeptide
pool generated above, it was possible to investigate whether the same steric constraints
upon glycan processing were present on BG505.T332N-LAl virion-derived Env. Here, the
oligomannosylation seen at N160 (Figure 3-4B) is a strong indicator that the same steric
restrictions do, in fact, apply. The high oligomannose content of the apex is also consistent
with the ability of the PGT145, PG9 and PG16 bnAbs to neutralize the BG505.T332N-LAl
virus (Figure 3-4F), as N160 mannose moieties are key components of their epitopes 106.2,
Whilst the previously reported trimer-specific restriction in glycan processing found at the
conserved N160 site is conserved between the BG505.T332N-LAl-derived Env and both
preparations of BG505 SOSIP.664 trimers, significant differences were observed at other
sites around the apex. Thus, sites at the SOSIP.664 trimer apex that present a mixed
population of oligomannose- and complex-glycans, for example N197, are more highly
processed when presentin the context of the BG505.T332N-LAl virus (Figure 3-4B). As
well as an elevation in oligomannose processing, there was an increase in branching at the
N197 site, and also at N190 (Figure 3-4B).

The CD4 binding site (CD4bs) region also contains multiple bnAb epitopes, many of
which are shielded or otherwise influenced by the highly conserved N276 glycan 1. Here,
the N276 glycan was more extensively processed onthe BG505.T332N-LAl virion Envthan
on either SOSIP.664 trimer preparation (Figure 3-4D). Thus, the N276 site, together with
N197, N190 and N462, constitute multiple sources of glycan heterogeneity surrounding the
CD4bs. The heterogeneity observed here on the virion-derived material does not generate
any VRCO1l-resistant virions (Figure 3-4D), presumably because the conformationa

plasticity of glycans means that even large glycans do not preclude VRCO1 binding.

A further feature of the BG505.T332N-LAl virus-derived material is the identification
of hybrid-type glycans that are found in lesser amounts on both preparations of BG505
SOSIP.664 trimers. Specifically, greater amounts of hybrid-type glycans at N276 and N355
on the virion Env than on the SOSIP.664 trimers were observed (Figure 3-4D and Figure
3-4E). There is growing interestin hybrid-type glycans now that it is known that bnAbs such
as PG16 preferentially recognize such structures 27°. The hybrid glycan populations
identified here do not correspond to known bNAb epitopes, but it will be important to seek
and characterize such structures in future studies of various Env proteins.
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Changes at the N88 site near the base of the trimer are also noteworthy. It has been
reported that the N88-glycan on gp120 from BaL virions is exclusively of the oligomannose-
type 163, This glycan is structurally proximal to the membrane, and hence it is plausible that
its processing might be governed by the same factors as apply to the nearby gp41 glycans.
In this study, the N88-glycan on BG505.T332N-LAI gp120was exclusively complex, but it
was significantly less processed on both SOSIP.664 trimer preparations (Figure 3-3A, B
and Figure 3-4E). These observations further illustrate how proximity to the plasma
membrane may influence the ability of glycan-processing enzymes to act on certain sites,

irrespective of the Env clade or genotype.

3.9 Discussion

Both the global and the site-specific glycosylation of virion derived Env is largely
recapitulated by recombinant SOSIP.664 trimers expressed either transiently in 293F cells
or stably in CHO cells under cGMP conditions. These observations are consistent with the
finding that the recombinant trimers display the epitopes for numerous glycan-targeting
bnAbs that neutralize the corresponding virus and support their exploration as clinical
immunogens 76109 However, notable points of divergence were observed between the vira
and recombinant proteins that may help define how best to produce Env protein
immunogens. In particular, the trimers fromboth 293F and CHO cells display reduced levels
of glycan branching and terminal processing than their virion-derived counterparts. This
trend occurs both at sites that are always fully complex-type and at mixed sites where the
levels of oligomannose-type glycans are reduced on virus-derived Env. Due to the
difficulties of eliciting glycan-binding bnAbs, it may be advisable to avoid exposing the
immune system to glycan epitopes that are not presented on viral Env. It will be important
to extend these types of glycan analysis to viruses and SOSIP trimers of additional
genotypes, with the goal of refining how trimer-based immunogens are glycosylated. It will
also be critical to understand the site-specific glycosylation of virus from PBMCs or primary
T-cells as we can expect to discover cell-dependent influences on glycosylation patterns.
The next generation of clinical immunogens may also benefit from the development of
strategies to boost the immunogenicity of glycan-dependent epitopes.
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Chapter 4 Enhancing glycan occupancy
of soluble HIV-1 envelope trimers to

mimic the native viral spike.

4.1 Contributions

The work outlined in Chapter 4 details the combined efforts of multiple laboratories. This
section includes site-specific glycan analysis but also includes the work of other
collaborators as it provides context for the site-specific data and explains the rationale
behind certain modifications of immunogens which would be absent if only the site -specific
analysis was included. This work is a co-authored study between me and Dr Ronald
Derking, with all glycan analysis performed by myself and the immunogen production and
antigenic testing performed at the University of Amsterdam UMC. In addition, electron
microscopy studies were used to confirmimmunogen integrity, and to cross validate the
observed site-specific glycan occupancy data and was performed by the laboratory of Prof.
Andrew Ward (The Scripps Research Institute). Production of ExpiCHO BG505 SOSIP and
surface plasmon resonance experiments were performed at in the laboratory of Prof. John
Moore (Weill Cornell Medical College).

4.2 Introduction

The HIV-1 envelope glycoprotein spike (Env) initiates viral entry in host cells and is the only
target for neutralizing antibodies (nAbs) 252271, Env is atrimer of heterodimers consisting of
gp120 and gp41 subunits. During the early stages of protein synthesis Env is decorated by
N-linked glycans which, upon leaving the Golgi apparatus, comprise approximately 50% of
the total mass 272273, The N-linked glycans play a critical role in various stages of the viral
life cycle, including Env folding, binding to lectin receptors, and immune evasion by
shielding underlying protein epitopes 184 The gp120 subunit can contain up to 35 potentia
N-linked glycosylation sites (PNGS) and gp41 contains typically 4 PNGS. Hence, there can
be as many as 120 PNGS per trimer. Most of these PNGS are attachment points for N-
linked glycans by the host cell glycosylation machinery, but some may remain unoccupied

153,155,162

N-linked glycans are attached to asparagine residues (N) located in NxT/S sequons
where T is threonine, S is serine and x can be any amino acid except proline. The amino
acid that follows the NXT/S sequon can also affect glycan attachment: a proline at this
position abrogates glycosylation 274, The enzyme responsible for glycan attachment is
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oligosaccharyltransferase (OST), which consists of seven to eight non-identical subunits.
The catalytic subunit has two isoforms STT3A and STT3B 275276, The STT3A subunit is
associated with the translocon and attaches glycans during translation, but it sometimes
skips sequons that are in close proximity, i.e., NXT/S-NXT/S or NXT/S-x-NxT/S motifs
(termed gap-0 and gap-1 sites, respectively). The STT3B subunit facilitates co-translationa
and post-translational glycosylation of sequons that are skipped by STT3A. Even so, not all
gap-0 and gap-1 sites are fully occupied by glycans 276, HIV-1 Env contains a number of
gap-0 and gap-1 sites, such as the N156/N160 gap-1 site that contains glycans that are
essential for several broadly neutralizing antibodies (bNAb) (Los Alamos database;

http://www.hiv.lanl.gov) 74.269.276.277

The protein surface of Env is almost completely shielded by glycans, which
contributes to its poor immunogenicity 2’8, Env and Env-based vaccines, including native-
like SOSIP trimers and SOSIP-based clinical candidates, have holes in their glycan shield
fromtwo different sources. Firstly, a conserved PNGS can be absent from the Env of any
particular isolate; for example, the conserved glycosylation sequons at N241 and N289 are
not present in the BG505 virus and SOSIP trimers. The absence of these two glycans
creates a large immunodominant hole in the glycan shield that is responsible for generating
the majority of strain-specific NAb responses induced by BG505 SOSIP trimers in 219.2%, Of
note is that HIV-1 isolates with an intact glycan shield are more capable of inducing broader
neutralizing responses than ones with multiple holes, which may act as immunological
decoys and thereby impede the development of neutralization breadth 280, Filling glycan
holes may therefore be astrategy to focus the immune response on more desirable targets;
it can be achieved simply by restoring the missing PNGS 281282 Conversely, removing
PNGS is a proven strategy to attract antibody responses to the region of choice 283-285,

Secondly, a PNGS that is in the protein sequence can be under-occupied, likely
because the site is often skipped by STT3A and STT3B 275276.286, Several PNGS in the
V1/V2 domain of BG505 SOSIP.664 trimers are under-occupied, creating artificial glycan
holes 1%3. The PNGS at position 611 of these trimers is probably also under-occupied,
because it induces antibodies that can only neutralize viruses from which N611 is deleted
218,219,219 Direct comparisons revealed that glycan occupancy is lower on BG505 SOSIP
trimers than on the sequence-matched viral Env 153.264, However, increasing the occupancy
of a PNGS that is likely caused by OST skipping is not straightforward as the factors that
determine whether a PNGS becomes a substrate for OST are poorly understood. Studies
on model glycoproteins have, however, shown that NxT sequons have a two - to three-fold
higher probability of becoming glycosylated compared to NxS 287, most likely because OST
has a higher affinity for NxT 288289, This study aims to increase PNGS occupancy on
prototypic BG505 SOSIP trimers to an extent that mimicked viral BG505 Env, and thereby
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eliminate artificial glycan holes. This should facilitate immuno-focusing to more relevant

epitopes.

4.3 Cryo-EMconfirms N611under-occupancy

Potential N-linked glycan site occupancy analyses of soluble trimers and their viral
counterparts are less common, but new techniques have enabled such studies on BG505
SOSIP.664 and other trimers 153.162,264.290 Here, cryo-electron microscopy (cryo-EM) was
performed as well as PNGS occupancy and glycan composition analyses on BG505
SOSIP.v4.1 trimer (from here on referred to as WT proteins). These trimers have additional
mutations to aid with the stability of the trimer, and are more commonly used in recent
studiesinvolving BG505 SOSIP 2°1. Monoclonal antibodies (mAbs) have beenisolated from
rabbits and rhesus macaques that were immunized with BG505 SOSIP.664 trimers by
single B-cell sorting and B-cell receptor (BCR) cloning 218:219.279 \While many of the mAbs
targeted the N241/N289 glycan hole, a subset of mAbs were directed against the N611
artificial glycan hole. These mAbs could bind the WT proteins, butwere unable to neutralize
the corresponding virus unless the N611 PNGS was knocked-out 153.218.219.279  The
implications of these findings are that the region underneath the N611 glycan on BG505
SOSIP trimers is immunogenic for mAb induction because the N611 PNGS is under-
occupied; and that the same site is more extensively occupied on the mAb-resistant virus.

To probe the N611 under-occupancy on the BG505 SOSIP trimer, mAb RM20E1,
directed to the N611 site, which was isolated from a BG505 SOSIP.664-immunized
macagues, was used to perform cryo-EM studies with the Fab in complex with the BG505
SOSIP.v5.2 trimer 92.218.219 Multiple rounds of 3D sorting were performed to segregate
trimers with zero, one, two, or three RM20E1 Fabs attached (Figure 4-1A). Density
corresponding to the N611 glycan was observed on all protomers with no Fab attached, but
in contrast there was no visible N611 density on any protomers bound to RM20EL1 ( Figure
4-1B). The Fab also makes contacts with the fusion peptide and adjacent protomers 218,
These observations are consistent with the previously described binding and neutralization
results 218.279, A further analysis of the numbers of trimers in 3D-sorted classes with zero,
one, two, or three RM20El Fabs showed that N611 was occupied on ~40% of the
protomers.
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Figure 4-1: Several PNGS on BG505 SOSIP.v4.1trimers are under-occupied.

(A) Cryo-EM analysis of WT proteins in complex with the RM20E1 Fab. Complexes were
sorted based on the number of Fabs bound; the numbers of particles in each reconstruction
are listed, as are the resolutions of the final reconstructions. (B) Overlay of the Cryo-EM
reconstructions of the BG505 SOSIP.664 trimer alone (in blue) and in complex with the
RM20E1 Fab (in grey). The density of the N611 glycan (also in blue) on the trimer without
RM20EL1 is highlighted in red to illustrate clashes with the RM20E1 Fab (in grey). The total
number of complexes with different numbers of Fab bound are indicated in the table, as are
the protomers with N611 glycan density. From these numbers, the % of protomers that lack
the N611 glycan could be calculated (~59%). Electron microscopy was performed by Prof.
Ward laboratory (Scripps Research Institute) (C) Linear representationof the D7324-tagged
BG505 SOSIP.v4.1 trimer. The SOSIP changes and the stabilizing E64K and A316W
mutations are all highlighted 76.2°1, The glycans are also indicated, with the amino acid
numbering based on the HXB2 strain. Sites that are predominantly occupied by
oligomannose species are coloured green and by complex species in magenta, while
orange indicates that either an oligomannose or a complex glycoformcan be present, based
on data presented in Figure 4-1D. An asterisk indicates that the PNGS is encoded by an
NxS sequon. (D) NS-EM analysis of WT proteins, showing the 2D class-averages. (E)
HILIC-UPLC analysis of WT proteins. Peaks coloured green represent glycans that can be
cleaved by endoglycosidase H (endoH) and correspond to oligomannose or hybrid -type
glycans. The HILIC-UPLC spectra and pie chart show the overall oligomannose glycan
(green) and complex/hybrid glycan (magenta) content. (F) Quantification of site-specific
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occupancy for all 28 PNGS on WT proteins, derived from LC-ESI MS analyses. Results are
the mean of two independent biological replicates of the WT protein. The data displayed
represents the relative proportion of occupied (blue) vs unoccupied (red). All the data in
panels A-F were derived using WT proteins produced in HEK293F cells followed by
PGT145-affinity purification. The corresponding data on WT proteins purified by the
2G12/SEC method are in Appendix E.1.

4.4  Several PNGS on BG505 SOSIPtrimers are under-occupied

Next, several techniques were used to gain a more detailed understanding of the glycan
shield on the WT protein. The D7324-tagged WT protein (Figure 4-1C) was expressed in
HEK293F cells and purified by affinity chromatography using the PGT145 bNAb, which is
selective for native-like trimers 292, In addition, affinity purified D7324-tagged WT protein
was purified using the 2G12 bNAb followed by size exclusion chromatography (SEC) 7621,
Both methods are routinely used for purifying native-like trimers, including in cGMP
programs 109292 WT proteins purified via the PGT145 and 2G12/SEC methods had a
homogeneous native-like conformation as judged by negative stain electron microscopy
(NS-EM) (Figure 4-1D and Appendix E.1). Overall, analyses of the PGT145- and
2G12/SEC purified-proteins yielded very similar data, with a few notable exceptions (see
below). Data on the PGT145-purified proteins is presented in the main Figures, with the
corresponding Figures for their 2G12/SEC-purified counterparts in the Appendix.

To determine the total oligomannose content of the purified WT protein, hydrophilic
interaction liquid chromatography-ultra performance liquid chromatography was performed
(HILIC-UPLC). The PGT145-purified WT protein contained 56% oligomannose-type
glycans and 60% when purified using 2G12/SEC. In both cases, MansGIcNAc2 and
MansGIcNAc2 were the predominant glycan species (Figure 4-1E and Appendix E.1B),

consistent with previous reports on native -like SOSIP trimers 100,153,291,

To investigate PNGS occupancy and glycan composition, site-specific analysis of the
WT protein using liquid chromatography-electrospray ionization (LC-ESI) mass
spectrometry (MS) on an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific)
was used (Figure 4-1F). PNGS occupancy is expressed as the percentage of the total
peptide that is modified by a glycan; with a modification level of = 95% as indicative of full
occupancy. The majority of PNGS on gp120 from the PGT145-purified WT protein were
fully occupied, including the five located within a 25-amino acid stretch of V4 (N386, N392,
N398, N406, and N411). However, under-occupancy was seen for sites near the apex:
N133: ~75% occupancy; N190: ~80%; N190c: ~80%; and N197: ~93% (Figure 4-1F). The
sites under-occupied on the 2G12/SEC-purified WT protein were: N133: ~90% occupancy,
N137: ~80%, N190: ~90%; and N190c: ~80% (Appendix E.1C). These regions of under-

occupancy are similar to those described previously for BG505 SOSIP.664 trimers 193,
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The N611 glycan on the PGT145-purified protein is markedly under-occupied (~35%
occupancy) (Figure 4-1F and Appendix E.1C). This finding is highly concordant with the
cryo-EM analysis (Figure 4-1A and B). The other three gp41 sites (N618, N625 and N637)
were fully occupied on the PGT145-purified WT protein. However, the N625 site was less
occupied (~70%) and the N611 site more occupied (70%) on the 2G12/SEC-purified WT
protein (Appendix E.1C). The LC-ESI MS method also enabled the determination of the
specific glycoforms present at each site. For most PNGS on the WT protein, the glycoforms
were very similar to those observed in previous studies 10153 (Appendix E.1D). Thus, sites
N156, N160, N234, N262, N276, N295, N332, N339, N363, N386, N392 N411 and N448
were predominantly occupied by oligomannose glycans, sites N190c, N398, N611, N618
and N625 by complex glycans, and sites N88,N137,N190,N197,N301, N355, N406, N462
and N637 by a mixture of both forms.

45 Glycan occupancy is enhanced by PNGS sequon

engineering

Although the determinants of glycan occupancy are not clear, studies on model
glycoproteins have shown that the NxT sequon has a higher probability of becoming
glycosylated compared to an NxS sequon 287, The use of NxS (~40%) versus NXT (~60%)
in the BG505 sequence is consistent with most isolates in the Los Alamos database (Table
1). Thus, when an NXS sequon is present at a particular site, it is also the case for BG505.
To increase glycan occupancy, two stabilized BG505 SOSIP.v4.1 trimers were designed in
which all the PNGS were changed to either NxT or NxS. The two variants are designated

NXT protein and NXS protein, respectively.
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Table 1: Frequency of NxS/T in natural isolates

Frequency in natural isolates !
Glycan | BG505 Motif % NxT % NxS % No PNGS | Glycan occupancy
N88 NxT NVT 98.2 0.4 1.4 >95%
N133 | NxT NVT 15.0 3.0 82.0 75%
N137 | NxT NIT 20.1 3.5 76.4 >95%
N156 | NxS NCS 8.6 87.6 3.8 >95%
N160 | NxT NMT 88.9 2.1 9,0 >95%
N190 | NxS NRS N.D? N.D* N.D 2 80%
N190c | NxS NNS N.D* N.D* N.D 2 75%
N197 | NxS NTS 1.1 96.8 2.1 90%
N234 | NxT NGT 74.8 5.0 20.2 >95%
N262 | NxS NGS 0.2 98.9 0.9 >95%
N276 | NxT NIT 76.5 18.5 5.1 >95%
N295 | NxT NCT 58.2 1.5 40.4 >95%
N301 | NxT NNT 93.7 0.2 6.2 >95%
N332 | NxS NVS 3.0 68.5 28.5 >95%
N339 | NxT NET 65.1 0.1 34.8 >95%
N355 | NxT NNT 72.8 1.6 25.5 >95%
N363 | NxS NSS 0.4 7.7 91.9 >95%
N386 | NxS NTS 40.0 46.8 13.2 >95%
N392 | NxT NST 70.0 9.2 20.8 >95%
N398 | NxS NTS 11.0 2.9 86.1 >95%
N406 | NxT NST 2.7 0.5 96.8 >95%
N411 | NxS NDS 44.4 1.3 54.3 >95%
N448 | NxT NIT 87.4 0.1 12.5 >95%
N463 | NxT NST N.D? N.D? N.D2 >95%
N611 | NxS NSS 11.6 86.8 1.6
N618 | NxS NLS 16.6 75.3 8.1 >95%
N625 | NxT NMT 96.2 0.0 3.8 >95%
N637 | NxT NYT 92.5 3.8 3.7 >95%

1 Data obtained from 6516 unique HIV envelope sequences found in the Los Alamos
database (http://www hiv.lanl.gov)

2PNGS are located in highly variable regions and the specific sites differ between the
natural isolates, making reliable calculations not possible.

Bold indicates the PNGS that have an NxS motif

SDS-PAGE and Blue Native (BN-) PAGE was used to assess the expression and
trimer formation of unpurified WT, NXT and NxS proteins produced in transfected HEK293T
cells (Appendix E.1D and E). The NXT protein was expressed efficiently and formed
trimers, although slightly less well than the WT protein, but the NxS protein was not
expressed efficiently. A D7324-capture ELISA using bNAbs 2G12, VRCO1, PGT145 and
PGT151 to probe the folding of the proteins in the unpurified supernatants confirmed these
findings (Appendix E.1F). Thus, all four bNAbs bound to the NxT and WT proteins, butthe
NXxS protein could only be detected using 2G12. The defectin NxS protein expression might
be caused by the absence of glycans important for Env to fold properly in the ER 2,

Purified, HEK293F cell expressed NxT proteins were fully cleaved with no evidence
of aggregation or dissociation (Appendix E.1). Compared to WT, the NxT protein migrated
more slowly through the SDS- and BN-PAGE gels, indicating more extensive glycosylation.
The NS-EM 2D-class averages showed that the NxT protein was in a native-like
conformation (Figure 4-2A and Appendix E.2A).
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The overall glycan composition of the NxT protein was similar to WT, with
oligomannose contents of 56% and 60% after PGT145 and 2G12/SEC-purification,
respectively (Figure 4-2B and Appendix E.2B). However, the LC-ESI MS experiments
revealed some striking differences in PNGS occupancy. Whereas the N190, N190c and
N197 PNGS were under-occupied on the WT protein (Figure 4-1F), the same sites were
>95% occupied on both preparations of the NxT proteins (Figure 4-2C and Appendix
E.2C). Furthermore, occupancy of N611 on gp41 increased from ~40% and ~70% on the
PGT145- and 2G12/SEC-purified WT proteins, respectively, to ~90% and ~85% for the
corresponding NXT proteins (Figure 4-2C and Appendix E.2C). Occupancy of some sites
including N392, N398, N406 and N625 could not be determined. These sites tend to be in
regions that are densely glycosylated and ionize poorly, resulting in glycopeptides of

insufficient quality. Other studies encountered similar problems previously 153.264,
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Figure 4-2: Glycan occupancyis increased by PNGS sequon engineering.

(A) NS-EM analysis of NxT proteins, showing the 2D class-averages, performed by the
laboratory of Prof. Ward (The Scripps Research Institute) . (B) HILIC-UPLC analysis of the
NXT protein. The colour coding of the spectraand pie chart is the same as in Figure 1E. (C)
Quantification of site-specific occupancy for all 28 PNGS on NXxT proteins, derived from LC-
ESI MS analyses. (D) Binding of WT and NxT proteins to two N611-directed non-NAbs,
RM20E and RM20EL1, isolated from BG505 SOSIP.664 immunized rhesus macaques. The
area under the curve (AUC) values derived from ELISA titration curves are plotted. *
indicates a significant difference (P <0.05) between the WT and NXT proteins, calculated
using a Mann-Whitney 2-tailed test. (E) Binding of WT and NXT proteins to three V2-apex
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directed bNAbs, PGT145, PGDM1400 and CHO1, and 2G12 for comparison. AUC values
derived from derived from ELISA titration curves are plotted. (F) Binding of bNAbs PGT145
and PGT130 to WT and NXT proteins, assessed by SPR. (G) The EC50 values derived
using WT and NXT proteins were plotted and compared using Spearman’s correlation
coefficient. Allanalyses were performed on NxT proteins produced in HEK293F followed by
PGT145 purification. The corresponding data on NxT proteins purified by the 2G12/SEC
method are in Appendix E.2. Antigenic characterization displayed in panels D, E, F and G
were performed in the laboratories of Prof. Rogier Sanders and Prof. John Moore.

Occupancy at N133 was not restored on the PGT145-purified NXT protein as it
increased from 73% to 83%, which means that ~1 in 5 protomers still lack a glycan at this
position. Conversely, N133 occupancy decreased to ~60% on the 2G12/SEC -purified NXT
protein, compared to ~95% for WT (Appendix E.2C). Furthermore, while the N160 PNGS
was fully occupied on the PGT145-purified WT protein, occupancy decreased to ~85% for
the NXT protein (Figure 4-2C). An even greater decrease of 30 percentage points was
observed for the 2G12/SEC-purified NxT protein (Appendix E.2C). The PGT145 epitope
requires at least two occupied N160 sites, which probably explains the higher N160
occupancy on the PGT145- versus 2G12/SEC-purified NXT protein 269,

There were no substantial differences when the glycoforms at each PNGS of the NXT
protein were compared to the WT protein. The sites that were more occupied on the NXT
protein than on WT (N190, N190c, N197 and N611) were all predominantly occupied by
complex glycans (Appendix E.2C). The increased occupancy of N611 on NXT proteins
could reduce the immunogenicity of non-NAb epitopes associated with this artificial glycan
hole. To assess this in vitro, the binding of two N611-directed hon-NAbs RM20E and
RM20EL1 was determined. Using a D7324-capture ELISA, the PGT145-purified NXT protein
was significantly less reactive than the WT protein with hon-NAbs RM20E (P=0.03) and
RM20E1 (P=0.03), calculated using atwo-tailed Mann-Whitney test (Figure 4-2D).

The antigenicity of the PGT145-purified NXT proteins was assessed by ELISA
(Appendix E.3). Most of the bNAbs tested recognize epitopes involving glycans; including
ones directed against quaternary-structure dependent V1/V2-apex sites (PG9, PG16,
PGT145, PGDM1400 and CHO1), the N332-glycan dependent epitope cluster (PGT121-
123, PGT125-128, PGT130, 2G12 and PGT135), the quaternary-structure dependent
epitopes at the gp120-g41 interface (PGT151 and 35022), and gp41 (3BC315), the CD4bs
(VRCO1 and 3BNC60) and polyclonal HIV-Ig. In all cases, the bNAbs bound similarly to the
WT and NXxT proteins, with <3-fold difference in 50% binding concentrations (EC50)
(Appendix E.3). An area under the curve (AUC) analysis, however, revealed that bNAbs
against the trimer apex were less reactive with the NxT protein (Figure 4-2E). This finding
is concordant with the reduced occupancy of N160 on this trimer, as the epitopes involve
this glycan. Similar results were obtained when the 2G12/SEC-purified WT and NXxT
proteins was tested by ELISA (Appendix E.2D), and by surface plasmon resonance (SPR)
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(WT, KD 66 nM versus NxT, KD 190 nM for PGT145; the KD values are for the initial
interaction as fitted with a conformational-change model 2°4 (Figure 4-2F and Appendix
E.2E). The EC50 values for bNAb binding to the WT and NXT proteins were highly
correlated (Spearman r=0.95, P<0.0001 (Figure 4-2G) and Spearman r=0.97, P<0.0001
(Appendix E.2F)).

To verify whether NXT sequon engineering was compatible with Env function, a
BG505.T332N infectious molecular clone (IMC) was generated with all Env PNGS changed
to NxT. The NxT and WT viruses were equally infectious (Appendix E.4A). In contrast, an
IMC with the PNGS all changed to NxS was not infectious, which is consistent with the poor
expression of the corresponding NxS protein (Appendix E.1 and E.4A). In aneutralization
assay, the NxT virus had reduced sensitivity to PGT 145 (26 -fold increase in IC50; Appendix
E.4C and D). A second V1/V2-apex bNAb, CHO1, neutralized the NxT and WT viruses
comparably, as judged by IC50 values, but the maximum extent of neutralization was only
~60% for the NxT virus while its WT counterpart was completely neutralized at high CHO1
concentrations. (Appendix E.4C). The impact of the NxT modification on the V1/V2-apex
are therefore seen with viruses and recombinant trimers and are consistent with under-
occupancy of the PNGS at N160 in both contexts.

4.6 Occupancyofgap-1sites canbeenhanced by reducing OST
affinity of the first site

The reduced N160 occupancy on the NxT protein was surprising since the glycan sequon
was unchanged comparedto WT. However, the preceding N156 sequon was changed from
NxS to NXT. This site is fully occupied on WT proteins purified by both methods (Figure
4-1F and Appendix E.1C). This under occupancy may appear due to enhancing the affinity
of the PNGS at N156 for OST by changing it to NxT, and subsequently interfere with glycan
attachment at N160. We therefore reverted T158 to S on the NXT protein. The purified NXT
T158S protein adopted a native-like conformation (Figure 4-3A and Appendix E.5A) and
had an overall oligomannose content of 50% and 48% for PGT145- and 2G12/SEC-purified
proteins, respectively (Figure 4-3B and Appendix E.5). The T158S mutation enhanced
N160 occupancy to >95% for both preparations of purified proteins (Figure 4-3C and
Appendix E.5C), similar to N160 on the WT protein (Figure 4-1D and Appendix E.1C).

The only site that remained considerably under-occupied on the NxT T158S protein
was N133 (~75% occupancy; Figure 4-3C). Based on success with the N160 site and
noting that the N133 and N137 sequons are spaced similarly to N156 and N160, the same
strategy was employed to increase N133 occupancy. Accordingly, residue 135 was

changed from T to S in the background of the NxT T158S protein. Occupancy of the N133
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site increased from ~75% for the NxT T158S protein (Figure 4-3C) to ~95% on NxT T135S
T158S (Figure 4-3D, E and Appendix E.6A, B). Every PNGS was now >95% occupied on
the NXT T135S T158S protein (Figure 4-3D and Figure 4-4). However, for 2G12/SEC-
purified NXT T135S T158S, N133 and N190 occupancy remained lower (~65% and 86%,
respectively; Appendix E.6B). Hence, the affinity purification method can impact PNGS

occupancy, but the glycan composition remains similar using different purification methods.
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Figure 4-3: Occupancy of gap-1 sites can beincreased by reducing the affinity of the
first site for OST.

(A) NS-EM analysis of NxT T158S proteins, showing the 2D class-averages. (B) HILIC-
UPLC analysis of the NXT T158S protein. The colour coding of the spectraand pie chartis
the same as in Figure 4-1B. (C) Quantification of glycan occupancy using LC-ESI MS of
the 28 PNGS on NxT T158S proteins. (D) Quantification of site-specific occupancy for all
28 PNGS on NXT T135ST158S proteins, derived fromLC-ESI MS analyses. Results shown
are the mean of two independent biological replicates of the NxT T135S T158S protein. (E)
NS-EM analysis of NXT T135S T158S proteins, showing the 2D class-averages. (F) Binding
of non-NAbs RM20E and RM20E1 to WT, NXT and NxT T135S T158S proteins, assessed
by BLI. The bNAb 2G12 was also tested, for comparison. Additionally, the binding of bNAbs
VRCO01, PGT145 and CHO1 was tested. The average binding curves from 3 independent
duplicates are shown. All analyses were performed on NXT T135S T158S trimers produced
in HEK293F cells and affinity purified using PGT145. Electron microscopy was performed
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by the laboratory of Prof. Ward and binding studies by the laboratory of Prof. Rogier
Sanders.

The glycoforms at each site on the PGT145-purified NXT T135S T158S and WT
proteins were very similar, but with a few exceptions. The N88, N190 and N406 glycans
were more processed and closer resemble what is found on viral Env (Appendix E.6B) %,
Conversely, the N133 glycan was less processed on this protein than WT. The glycans at
N137, N276 and N406 were also more processed on the 2G12/SEC-purified NXT T135S
T158S protein (Appendix E.6B). The increased processing at N276 is similar to what was
seen with the similarly purified NXT T158S protein but differs from their PGT145-purified
counterparts.

In a Biolayer interferometry (BLI) assay, mAbs RM20E and RM20E1 were less
reactive with the PGT145-purified NxT T135S T158S protein than WT, which is further
evidence thatN611is more occupied onthe modified trimer (Figure 4-3F). BLI also showed
that the apex-targeting bNAbs PGT145 and CHO1 were equally reactive with the WT and
NXT T135ST158S proteins (Figure 4-3F). Thus, increasing N160 occupancy viathe T158S
mutation improved the presentation of bNADb epitopes at the trimer apex. In summary, the
PGT145-purified BG505 NxXT T135S T158S trimer closely mimics viral BG505 Env in
respect of overall PNGS occupancy 152, In particular, the artificial glycan hole recognized by
non-NAbs and caused by under-occupancy of the N611 site is now closed, which should

facilitate immune focusing to more relevant neutralizing epitopes.
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Figure 4-4 Sequential improvement of PNGS occupancy on SOSIP trimers.

(A) Occupancy of each PNGS on the sequentially improved SOSIP.v4.1 trimers (WT, NXT,
NXT T158S, NxT T135S T158S) is compared with the same site on the BG505 virus.
Glycans are modelled onto each PNGS on a 3D model of the WT protein. Colour coding
reflects the occupancy of each PNGS: light blue, full occupancy (>95%); yellow, 80-95%
occupancy; orange, 70-80% occupancy, dark red, 60-70% occupancy; bright red, <60%
occupancy. (B) The sequential changes in PNGS occupancy at each PNGS are shown by
the bars. The data shown are the percentage changes in occupancy caused by the various
PNGS sequon changes, compared to the same site on the WT BG505 SOSIP.664 trimer.

4.7 PNGS sequon engineering translates to cells from different
species

While the work described above was performed using human HEK293F cells, these
cells are not commonly used for clinical grade proteins, although they have been used to
produce recombinant human clotting factor VIII for clinical trial usage 109295.2% Tqo
investigate the effect of PNGS sequon engineering in cells more relevant for production of
clinical grade material, ExpiCHO-S cells were transfected with the WT protein and affinity-
purified it is using PGT145. LC-ESI MS analyses revealed that the same sites that were
underoccupied in HEK293F WT protein were also under-occupied on the ExpiCHO-S WT
protein: N133, ~85% occupancy; N190c, ~62%; N197, ~66%; and N611 site on gp41 (~37%
occupancy; Figure 4-5A and Appendix E.6C, D). In addition, a number of sites were less
occupied on the ExpiCHO-S material compared to the HEK293F PGT145-purified WT
protein: N137, ~85%; and N156, ~92%; and most notably N190, ~8%; and N625, 0%
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occupancy (Appendix E.6C, D). N137 and N625 were also under-occupied on HEK293F
WT produced proteins purified using 2G12/SEC-purification, but not to the extent observed
with ExpiCHO-S. Glycoforms at each site were consistent between the cell lines with afew
exceptions. Increased processing was observed at N197 and N406 whereas N276 and

N637 possessed a higher abundance of oligomannose-type glycans on the ExpiCHO-S

material.
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Figure 4-5: PNGS sequon engineering is applicable to Env trimers producedin cells
from different species and derived from diverse HIV-1 strains.

(A) Change in PNGS occupancy between WT proteins produced in ExpiCHO-S cells upon
introduction of NxT T135 T158S. The presented data representsthe arithmetic difference
between the glycan occupancy of the NxT protein minus the WT glycan occupancy,
representing a percentage point change (p.p.). A positive p.p. change represents a higher
occupancy of the NxT variant compared to the WT. Siteslabelled with an asterisk represent
those for which data could not be obtained for either the WT or the NxT variant. For
additional Env sequences the datais displayed in an identical manner for (B) AMCO009, (C)
AMCO11 and (D) HxB2. N411 was introduced into HxB2 NxT but is not present in WT and
so is marked as an asterisk.
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PNGS occupancy of ExpiCHO-S produced protein was higher on the NxT T135S
T158S protein compared to the corresponding WT protein. Occupancy of PNGS N156,
N190c and N197 was restored fully (>95% occupancy), whereas occupancy of N133 and
N190 increased to ~90% (Figure 4-5A and Appendix E.6C, D). The N137 site remained
unchanged and under-occupied (~85% occupancy). On gp41, the occupancy of N611 was
restored (>95% occupancy), but N625 remained completely under-occupied (0%
occupancy). Overall, the benefit of PNGS sequon engineering for HEK293F -expressed
protein was reproduced in ExpiCHO-S cells. However, an important observation is that
PNGS under-occupancy was more pronounced on ExpiCHO-S produced protein. Thus, in
particular the two sites at N190 and N625 were notably less occupied on ExpiCHO-S
material. The under-occupancy of N625, which is presentas an NxT sequon in WT and
mutant proteins, was not restored in the NxT T135S T158S protein. N625 occupancy can

vary between protein preparations and other approaches should be taken to address this.

4.8 PNGS sequon engineering enhances PNGS occupancy on
SOSIP trimers from diverseisolates

To explore whether PNGS sequon engineering could be applied to Env trimers from other
virus isolates, three additional SOSIP trimers containing NxT T158S mutations were
generated. Two were based on clade B sequences AMC009 and AMCO011 297.298 gnd the
third was based on the HxB2 reference sequence. These trimers were transiently
expressed, for both WT and NxT T158S proteins, in HEK293F cells, followed by PGT145-
affinity purification for AMC009 and AMCO011 and 2G12/SEC-purification for HxB2
(Appendix E.7). The antigenicity of these trimers was assessed using bNAbs 2G12,
VRCO01, PGT145 and PGT151 (Appendix E.7B and C). Overall, the bNAbs bound similarly
to the WT and NxT T158S proteins. PGT145 did not bind the HxB2 and HxB2 NxT T158S
proteins.

LC-ESI MS analyses revealed that on the AMC009 WT protein the following sites
were under-occupied: N139, ~15% occupied; N156, ~90%; N197, ~75%; N289, ~10%;
N611, ~40%; N616, ~45%; and N637, ~35% (Figure 4-5B and Appendix E.7D). PNGS
occupancy on the AMCO11 WT protein overall was higher at each site, compared to the
other proteins, but a few sites were highly under-occupied: N141, ~20% occupied; N241,
~85%; N611, ~10%; and N616, ~5% (Figure 4-5C and Appendix E.7D). For the HxB2 WT
protein the following sites were under-occupied: N156, ~55% occupied; N160, ~25%; N189,
~45%; N262, ~90%; N611, ~45%; N616, ~15%; and N637, ~60% (Figure 4-5D and
Appendix E.7D). In general, the PNGS that are most frequently underoccupied are those
surrounding the trimer apex and those on gp41. This is very similar as observed for the
BG505 WT protein, but with isolate-specific differences (Figure 4-1F).
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PNGS occupancy was enhanced substantially on the AMC009, AMCO011 and HxB2
NXT T158S proteins (Figure 4-5 and Appendix E.7D). On the AMCO009 NxT T158S protein,
occupancy of all PNGS approached full occupancy, except N637 in gp4l for which
occupancy did not change (Figure 4-5B and Appendix E.7D). On the AMCO011 NxT T158S
protein, the most notable changes were seen for N141, N241 and N611 that reached full
occupancy (>95% occupancy) (Figure 4-5C and Appendix E.7D). Occupancy of N616 on
the AMCO11 NxT T158S protein increased, from ~10% to ~20% occupied, and PNGS
occupancy at N637 decreased, from ~85% to ~60% occupied. On the HxB2 WT protein,
the N156 and N160 sequons are both NxS and on the HxB2 NxT T158S protein the
occupancy of N156 and N160 increased (to ~70% and ~89% occupancy, respectively)
(Figure 4-5D and Appendix E.7D). This confirms that the optimal sequon combination at
the apex is NxS-x-NxT. Occupancy of N189 was not restored, but occupancy of the N611
and N616 sites on gp41 approached fulloccupancy. The N637 sequonwas also unchanged
on the NXT T158S protein, but occupancy also increased for this site (~85% occupancy). In
conclusion, the NXT modifications overall present a universal approach to increase PNGS
occupancy on Env trimers but achieving fullPNGS occupancy requires isolate-specific fine-

tuning.

4.9 Discussion

This study soughtto overcome the under-occupancy of PNGS on soluble HIV-1 Env SOSIP
trimers from diverse virus isolates and establish guidelines for similar efforts on other
vaccine antigens. The absence of a PNGS can easily be resolved by re-introducing the site,
which has been successfully achieved for BG505 SOSIP trimers 282, Under-occupancy of a
PNGS s less easily addressed, but it is possible to increase occupancy on these trimers by
manipulating the affinity of PNGS sequons for OST. In the final construct, 11 of the 12 NxS
sequons were changed to NxT while, conversely, 1 of the 16 NXT sequons was switched to
NxS. Nearly all of the PNGS were fully occupied on the resulting BG505 SOSIP NxT T135S
T158S trimer, which now better resembled the viral BG505 trimer in this regard. In vivo
studies should confirm whether elimination of artificial glycan holes alters immunogenicity.
The N611 site appeared to be highly immunogenic for non-NAbs when under-occupied,
judged by polyclonal-EM studies performed on serafrom animals immunized with BG505
SOSIP.664 2%°. The modified SOSIP trimers should be a suitable design platform for further
immuno-focusing efforts intended to facilitate the induction of bNAbs, although additional
efforts should be made to close the large glycan hole present at the trimer base 39,

PNGS under-occupancy most likely occurs when the catalytic subunits of OST
(STT3Aand STT3B) skip sites, which occursrelatively frequently when the PNGS are close
together (gap-0 or gap-1 sites) 276. The WT protein was under-occupied at N133 (gap-1),
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N190 (gap-0), N190c (gap-0), N197, and N611. In contrast, these same sites are fuly
occupied on viral Env 153, Several factors associated with recombinant protein expression
may be relevantto the differences. First, viral Env is tethered to the ER membrane via its
transmembrane domain (in addition to the signal peptide) which might promote association
with OST, particularly for PNGS near the C-terminus of the nascent polypeptide. Membrane
tethering could also play a role in glycan processing, in particular those close to the C-
terminus. However, other sites, such as N197, remain less processed on SOSIP trimers ¥,
and need other approaches to resolve these differences. The dwell time in the ER may also
be affected resulting in more or less time for OST to act. Second, the tissue plasminogen
activator (TPA) signal peptide used to express the WT protein, which is cleaved off co-
translationally, might impact interactions with OST differently than for the WT HIV-1 signa
peptide, which is cleaved off post-translationally 392303, Third, codon optimization of the
recombinant SOSIP trimer may play a role via increased expression levels 394, The much
lower expression of viral Env compared to its recombinant counterpart could cause sequon
skipping by OST because of low substrate abundance. Fourth, the use of different producer
celllines (HEK239F or CHO cells for SOSIP trimers, CD4+ T cells for BG505 virus may be
relevant because of variation in their levels of OST and other components of the
glycoprotein synthesis machinery.

NXT sequons are more efficiently glycosylated than NxS, probably because their
affinity for OST is higher. The preference of OST for T over S at the +2 position of PNGS
may arise from stronger van der Waals interactions 288.289, Changing all 12 NxS sequons to
NXxT was compatible with efficient Env expression and trimer formation. When applied to
the BG505 virus, infectivity was unaffected, a sensitive indicator that the 12 amino acid
substitutions had no major adverse effects. PNGS occupancy on the NXT protein was
increased at three sites surrounding the trimer apex, N190, N190c and N197, to the extent

that they were now fully occupied (Figure 4-4).

In contrast to the increases seen for N190, N190c, N197 and N611, occupancy of
N160 on the NXT protein was unexpectedly decreased, even though the N160 sequon itself
was unchanged. The reduced occupancy of N160 diminished the binding of several V12
bNAbs to the NXT protein because their epitopes involve this glycan. Neutralization of the
NXT virus by the same bNAbs was also substantially reduced compared to the WT virus.
There appear to be subtle and unpredictable influences on occupancy when PNGS are in
proximity, as can be inthe case in V1, forexample at N133, and, presumably, other variable
loops. There are reports that skipping by OST is likely to occur when one or two of the
sequons for adjacent PNGS (gap-0 and gap-1) is NxS 276.286_|n contrast, attachment of
glycans by OST is usually efficientwhen both sequons are NXT. As a result, double NXT

sites are highly enriched in libraries of dually glycosylated gap-0 and gap-1 sites derived
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from mammalian proteins. That finding is consistent with the observation that glycan
attachment at the single gap-0 site in BG505 SOSIP trimers (N190 and N190c) was more
efficientwhen these sequons were changed from NxS-NxS in the WT protein to NxT-NXT
in its NXT counterpart.

The gap-1 sites N156-N160 and N133-N137 on the BG505 SOSIP trimer did not
conform to the above pattern, which was unexpected. In both cases, occupancy was
suboptimal when the two sequons were in NxT form, but there was an increase in
occupancy when the first site was presented as NxS. One possible explanation is that the
x-position of the N156 site is a cysteine that is involved in a disulphide bond, which could
interfere with glycan attachment when OST affinity is increased by the NxT change. For
both gap-1 sites a lower OST affinity of one of the sequons, whether driven by alower on-
rate and/or a higher off-rate, might allow a different OST complex to associate with the
neighbouring sequon more efficiently. This kind of competition for OST between sequons
might be much more pronounced in glycoproteins with an unusually high glycan density
such as HIV-1 Env, compared to more typical human glycoproteins that carry only a few
glycans. Hence, increasing glycan occupancy cannot be achieved by simply changing every
sequon to NxT (although doing so often helps); the affinities of sequons for OST and how

closely they are spaced are additional factors that need to be considered.

The Env trimer is the basis for HIV-1 vaccine research aimed at inducing broad and
protective neutralizing antibodies. A now widely used immunogen design platformthat is
being exploredin preclinical and clinical phase testsis the SOSIP trimer, a conceptthat has
evolved from the initial prototype, BG505 SOSIP.664, to improved versions that better
resemble viral Env 76, SOSIP trimers can now be based on most viral sequences from
various clades 219:281,291,292,305-309 ' However, the SOSIP trimers evaluated to date do not fully
mimic viral Env in respect of glycan occupancy; the resulting artificial holes in the glycan
shield are immunogenic, but they induce antibodies of generally narrow specificity that are
not on the pathway towards neutralization breadth. The NxT T135S T158S protein closely
resemblesviral Env in respect of both structure and PNGS occupancy. This nextgeneration
Env construct, or others based on the principles derived here, is a suitable starting point for
additional immune-focussing efforts aimed at inducing glycan-dependent bNADbs. Finally,
the PNGS sequon-engineering strategies described here could be applied to other highly
glycosylated vaccine antigens and other biologics where PNGS occupancy could usefully

be improved.
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Chapter 5 Site-specific glycan analysis of
the SARS-CoV-2 spike

5.1 Contributions

During the initial COVID lockdowns in April 2020, | worked on analysing the glycosylation
of the SARS-CoV-2 spike with Dr Yasunori Watanabe, and we contributed equally across
all areas of the study performed In addition, plasmid design and the production of one batch
of SARS-CoV-2 spike protein was kindly provided by Dr Daniel Wrapp and Prof. Jason
McLellan (University of Austin, Texas), who’s stabilizing mutations allowed for the

production of recombinant material for site-specific glycan analysis.

5.2 Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative pathogen
of COVID-19 310311 'induces fever, severe respiratoryillness and pneumonia. SARS-CoV-2
utilizes an extensively glycosylated spike (S) protein that protrudes from the viral surface to
bind to angiotensin-convertingenzyme 2 (ACE2) to mediate host-cellentry43. The S protein
is trimeric class | fusion protein, composed of two functional subunits, responsible for
receptor binding (S1 subunit) and membrane fusion (S2 subunit) 69114, Remarkably, the
surface of the envelope spike is dominated by host-derived glycans with each trimer
displaying 66 N-linked glycosylation sites. The S protein is a key target in vaccine design
efforts 312, and understanding the glycosylation of recombinant viral spikes can revead
fundamental features of viral biology and guide vaccine design strategies 79-162,

Viral glycosylation has wide-ranging roles in viral pathobiology, including mediating
protein folding and stability, and shaping viral tropism 61. Glycosylation sites are under
selective pressure as they facilitate immune evasion by shielding specific epitopes from
antibody neutralization. However, as yet there have been no observed mutations to N-
linked glycosylation sites 313, Surfaces with an unusually high density of glycans can also
enable immune recognition 61:314.315 The role of glycosylation in camouflaging immunogenic
protein epitopes has been studied for other coronaviruses 313:316.317_ Coronaviruses form
virions by budding into the lumen of endoplasmic reticulum-Golgi intermediate
compartments (ERGIC) 318319, However, observations of complex-type glycans on virally
derived material suggests that the viral glycoproteins are subjected to Golgi-resident
processing enzymes 316.320_ High viral glycan density and local protein architecture can
sterically impair the glycan maturation pathway. Impaired glycan maturation resulting in the
presence of oligomannose-type glycans can be a sensitive reporter of native-like protein
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architecture 7°, and site-specific glycan analysis can be used to compare different
immunogens and monitor manufacturing processes 321, Additionally, glycosylation can

influence the trafficking of recombinant immunogen to germinal centres 322,

5.3 Site-specific glycan analysis of SARS-CoV-2 2P stabilized

spike immunogen

To resolve the site-specific glycosylation of SARS-CoV-2 S protein and visualize the
distribution of glycoforms across the protein surface, three biological replicates of
recombinant soluble material were expressed and purified in an identical manner to that
which was used to obtain the high-resolution cryo-electron microscopy (cryo-EM) structure,
albeit without glycan processing blockade using kifunensine 6°. This variant of the S protein
contains all 22 glycans on the SARS-CoV-2 S protein (Figure 5-1A). Stabilization of the
trimeric prefusion structure was achieved using the “2P” stabilizing mutations 13 at residues
986 and 987, a “GSAS” substitution at the furin cleavage site (residues 682—685), and a C-
terminal trimerization motif. This helps to maintain quaternary architecture during glycan
processing. Prior to analysis, supernatant containing the recombinant SARS-CoV-2 S was
purified by size-exclusion chromatography to ensure only native-like trimeric protein was
analysed (Figure 5-1B and Appendix F.1). The trimeric conformation of the purified
material was validated using negative-stain electron microscopy (Figure 5-1C).

To determine the site-specific glycosylation of SARS-CoV-2 S, trypsin, chymotrypsin,
and alpha-lytic protease digests were performed to generate three glycopeptide samples.
These proteases were selected to generate glycopeptides that contain a single N-linked
glycan sequon. The glycopeptides were analysed by liquid-chromatography-mass
spectrometry (LC-MS), and the glycan compositions were determined for all 22 N-linked
glycan sites (Figure 5-2). To convey the main processing features at each site, the
abundances of each glycan are summed into oligomannose-, hybrid- and categories of
complex-type glycosylation based on branching and fucosylation. The detailed, expanded
graphs showing the diverse range of glycan compositions is presented in Appendix F.2
and Appendix F.4.
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Figure 5-1: Expression and validation of SARS-CoV-2 S glycoprotein.

(A) Schematic representation of SARS-CoV-2 S glycoprotein. The positions of N-linked
glycosylation sequons (N-X-S/T, where X#P) are shown as branches. Protein domains are
illustrated: N-terminal domain (NTD), receptor-binding domain (RBD), fusion peptide (FP),
heptad repeat 1 (HR1), central helix (CH), connector domain (CD), and transmembrane
domain (TM). (B) SDS-PAGE analysis of SARS-CoV-2 S protein expressed in human
embryonic kidney 293F cells. Lane 1: filtered supernatant from transfected cells; lane 2:
flow-through from StrepTactin resin; lane 3: wash from StrepTactin resin; lane 4: elution
from StrepTactin resin. (C) Negative-stain EM 2D class averages of the SARS-CoV-2 S
protein, performed by the laboratory of Prof. Jason McLellan, University of Austin, Texas.
2D class averages of the SARS-CoV-2 S protein are shown, confirming that the protein
adopts the trimeric prefusion conformation matching the material used to determine the
structure.

There are two sites on SARS-CoV-2 S that are principally oligomannose-type: N234
and N709. The predominant oligomannose-type glycan structure observed across the
protein, with the exception of N234, is MansGIcNAcz, which demonstrates that these sites
are largely accessible to a1,2-mannosidases but are poor substrates for GICNACT -1, which
is the gateway enzyme in the formation of hybrid- and complex-type glycans in the Golgi
apparatus. The stage at which processing is impeded is a signature related to the density
and presentation of glycans on the viral spike. For example, the more densely glycosylated
spikes of HIV-1 Env and Lassa virus GPC exhibit numerous sites dominated by

MangsGIcNAC2 100.153,163,323,
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Figure 5-2: Site-specific N-linked glycosylation of SARS-CoV-2 S glycoprotein.
The schematic illustrates the colour code for the principal glycan types that can arise along
the maturation pathway from oligomannose-, hybrid- to complex-type glycans. The graphs
summarize quantitative mass spectrometric analysis of the glycan population present at
individual N-linked glycosylation sites simplified into categories of glycans. The
oligomannose-type glycan series (M9 to M5; Man9GIcNAc2 to Man5GIcNAc?2) is coloured
green, afucosylated and fucosylated hybrid-type glycans (Hybrid & F Hybrid) dashed pink,
and complex glycans grouped according to the number of antennae and presence of core
fucosylation (Al to FA4) and are coloured pink. Unoccupancy of an N-linked glycan site is
representedin grey. The pie charts summarize the quantification of these glycans. Glycan
sites are coloured according to oligomannose-type glycan content with the glycan sites
labelled in green (80—100%), orange (30-79%) and pink (0-29%). An extended version of
the site-specific analysis showing the heterogeneity within each category can be found in
Appendix F.4. The bar graphs represent the mean quantities of three biological replicates
with error bars representing the standard error of the mean.
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A mixture of oligomannose- and complex-type glycans can be found at sites N61,
N122,N603,N717,N801and N1074 (Figure 5-2). Ofthe 22 sites onthe Sprotein, 8 contain
significant populations of oligomannose-type glycans, highlighting how the processing of
the SARS-CoV-2 S glycans is divergent from host glycoproteins 324, The remaining 14 sites
are dominated by processed, complex-type glycans. Although unoccupied glycosylation
sites were detected on SARS-CoV-2 S, when quantified they were revealed to form avery
minor component of the total peptide pool (Figure 5-2). In HIV-1 immunogen research, the
holes generated by unoccupied glycan sites have been shown to be immunogenic and
potentially give rise to distracting epitopes 32°. The high occupancy of N-linked glycan
sequons of SARS-CoV-2 S indicates that recombinant immunogens will not require further
optimization to enhance site occupancy.

5.4 Contextualizing the site-specific glycosylation of spike
protein using models

Using the cryo-EM structure of the trimeric SARS-CoV-2 S protein (PDB ID 6VSB) ©9,
the glycosylation status of the coronavirus spike mimetic was mapped onto the
experimentally determined 3D structure (Figure 5-3). This combined mass spectrometric
and cryo-EM analysis reveals how the N-linked glycans occlude distinct regions across the
surface of the SARS-CoV-2 spike. Shielding of the receptor binding sites on the SARS-
CoV-2 spike by proximal glycosylation sites (N165, N234, N343) can be observed,
especially when the receptor binding domain is in the “down” conformation. The shielding
of receptor binding sites by glycans is acommon feature of viral glycoproteins, as observed
on SARS-CoV-1 S 313316 H|V-1 Env 3%, influenza HA 327328 and LASV GPC 323, Given the
functional constraints of receptor binding sites and the resulting low mutation rates of these
residues, itis likely that there is selective pressureto utilize N-linked glycans to camouflage

one of the most conserved and potentially vulnerable areas of their respective glycoproteins
252,329
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Figure 5-3: Structure-based mapping of SARS-CoV-2 S N-linked glycans.
Representative glycans are modelled onto the prefusion structure of trimeric SARS-CoV-2
S glycoprotein (PDB ID 6VSB) 9, with one RBD in the “up” conformation and the other two
RBDs in the “down” conformation. The glycans are coloured according to oligomannose
content as defined by the key. ACE2 receptor binding sites are highlighted in light blue. The
S1 and S2 subunits are rendered with translucent surface representation, coloured light and
dark grey, respectively. Note that the flexible loops on which N74 and N149 glycan sites
reside are represented as dashed lines with glycan sites on the loops mapped at their
approximate regions.

It is interesting to note the dispersion of oligomannose -type glycans across both the
S1 and S2 subunits. This is in contrast to other viral glycoproteins, for example the dense
glycan clusters in several strains of HIV-1 Env induce oligomannose-type glycans that are
recognized by antibodies 8033, |In SARS-CoV-2 S the oligomannose-type structures are
likely protected by the protein component, as exemplified by the N234 glycan which is
partially sandwiched between the N-terminal and receptor-binding (Figure 5-3).The N-
linked glycans on extended flexible loop structures (N74 and N149) and at the membrane -
proximal C-terminus (N1158, N1173, N1194) that were not resolved in the cryo-EM maps
69 were determined to be complex-type glycans, consistent with steric accessibility of these

residues.

Whilst the oligomannose-type glycan content (28%) (Appendix F.4) is above that
observed on typical host glycoproteins, it is lower than other viral glycoproteins. For
example, one of the most densely glycosylated viral spike proteins is HIV-1 Env, which
exhibits ~60% oligomannose-type glycans 153264, This suggests that SARS-CoV-2 S protein
is less densely glycosylated and that the glycans form less of a shield compared with other
viral glycoproteins including HIV-1 Env and LASV GPC, which may be beneficial for the
elicitation of neutralizing antibodies.
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Additionally, the processing of complex-type glycans is an important consideration in
immunogen engineering, especially considering that epitopes of neutralizing antibodies
against SARS-CoV-2 S can contain fucosylated glycans at N343 231, Acrossthe 22 N-linked
glycosylation sites, 52% are fucosylated and 15% of the glycans contain at least one sialic
acid residue (Appendix F.4). This analysis reveals that N343 is highly fucosylated with 98%
of detected glycans bearing fucose residues. Glycan modifications can be heavily
influenced by the cellular expression system utilized. It has been previously demonstrated
for HIV-1 Env glycosylation that the processing of complex-type glycans is driven by the
producer cell but that the levels of oligomannose-type glycans were largely independent of
the expression system and is much more closely related to the protein structure and glycan

density 103,

Highly dense glycan shields, such as those observed on LASV GPC and HIV-1 Env,
feature so-called mannose clusters 100.323 gn the protein surface (Figure 5-4). Whilst small
mannose-type clusters have been characterized on the S1 subunit of Middle East
respiratory syndrome (MERS) CoV S 313, no such phenomenon has been observed for
SARS-CoV-1 or SARS-CoV-2 S proteins. The site-specific glycosylation analysis reported
here suggests that the glycan shield of SARS-CoV-2 S is consistent with other
coronaviruses and similarly exhibits numerous vulnerabilities throughout the glycan shield
313, Finally, trace levels of O-linked glycosylation were detected at T323/S325 with over 99%
of these sites unmodified (Appendix F.6) suggesting that O-linked glycosylation of this

region is minimal when the structure is native-like.

This glycosylation analysis of SARS-CoV-2 offers a detailed benchmark of site-
specific glycan signatures characteristic of a natively folded trimeric spike. Asan increasing
number of glycoprotein-based vaccine candidates are being developed, their detailed
glycan analysis offers aroute for comparing immunogen integrity and will also be important
to monitor as manufacturing processes are scaled for clinical use. Glycan profiling will
therefore also be an important measure of antigen quality in the manufacture of serological
testing kits. Finally, with the advent of nucleotide-based vaccines, it will be important to
understand how those delivery mechanisms impact immunogen processing and

presentation.
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Figure 5-4: Under-processing of viral glycan shields.
Leftto Right: MERS-CoV S 313, SARS-CoV-1 S 313, SARS-CoV-2 S, LASV GPC 323, HIV-1
Env 79153 Sijte-specific N-linked glycan oligomannose quantifications are coloured
accordingto the key. All glycoproteins were expressed as soluble trimersin HEK 293F cells
apart fromLASV GPC, which was derived fromvirus-like particles fromMadin-Darby canine
kidney Il cells.
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Chapter 6 Site-specific steric control of
SARS-CoV-2 spike glycosylation

6.1 Contributions

The goal of the work described in Chapter 6 was to expand upon the work outlined in
Chapter 5 to include a comparison of SARS-CoV-2 S protein from multiple laboratories
across the world. As such a range of collaborators contributed protein, the institutions which
provided the proteins are listed in Chapter 2.4, with the CHO-derived spike protein provided
by Excellgene and the monomeric RBD plasmids designed and expressed by the laboratory
of Prof. Dennis Burton at the Scripps Research Institute. Additionally, LC-MS data for
SARS-CoV-2 spike protein was prepared by Prof. Sai Li and Dr Yutong Song of Tsinghua
University, which was reanalysed as part of this study to allow direct comparison. Molecular
dynamics simulations to compare the glycan compositions to the solvent accessibility of
each site were performed by the research group of Prof. Peter Bond A*STAR Bioinformatics

Institute, Singapore. A full list of author contributions can be found in Allen et al. 2021 332,

6.2 Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic has prompted the development of
an unprecedented array of vaccine candidates against the causative pathogen, severe
acute respiratory syndrome-coronavirus-2 (SARS-CoV-2). All approaches aim to deliver
molecular features of the virus in order to induce immunity. The viral spike glycoprotein,
also referred to as S protein, has emerged as the principal focus of vaccine design efforts
as antibodies against this target can offer robust immunity 194.201.214-216,.333 Encouragingly,
neutralization can readily occur despite the extensive array of N-linked glycans distributed
across the viral spike consistentwith numerous vulnerabilities in this so-called glycan shield
334, Despite these observations, glycosylation has emerged as an important parameter in
vaccine development for SARS-CoV-1 and SARS-CoV-2 33533, The glycosylation
processing state can influence immunogen trafficking in the lymphatic system 322, influence
the presentation of both native and unwanted cryptic epitopes 337, and reveal to what extent
immunogens recapitulate native viral architecture. Evidence is also emerging that
glycosylation can somewhat influence the interaction between SARS-CoV-2 and its target
receptor, angiotensin converting enzyme 2 (ACE2) 120.338-340, The SARS-CoV-2 S protein
contains at least sixty-six N-linked glycosylation sequons that direct the attachment of host
glycans to specific Asnresidues. This extensive glycosylationisimportantin lectin-mediated
protein folding and direct stabilization of the protein fold 34*. In addition, certain glycans are
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incompletely matured during biogenesis and can lead to the presentation of immature
glycans terminating with mannose residues that can act as ligands for innate immune

recognition 103.118.323,

Despite the focus on the S protein in vaccine development efforts, there has been
considerable divergence in the mechanisms of delivery. In one approach, nucleic acid
encoding the spike is delivered through mRNA or with a viral-vector 219217, The resulting S
protein is assembled and glycosylated by host tissue. In a contrasting approach, the S
protein can be recombinantly manufactured either as recombinant protein using mammalian
or insect cell lines or using inactivated virus-based approaches which allows detailed
characterization of the immunogen prior to delivery 6°.114.116.342.383 Immunogen glycosylation
can be influenced by factors specific to the manufacturing conditions such as cell type or
cell culture conditions 344345 however, construct design and protein architecture can also
have substantial impact. For example, under-processed oligomannose-sites can occur at
sites sterically hidden from the host mannosidase by the tertiary or quaternary architecture
including obfuscation by neighbouring protein and glycan structure!8346 Immunogens
displaying native-like architecture recapitulate these sites of oligomannose glycosylation.
Conversely, immunogen design can adversely impact the presentation of native-like
glycosylation. Importantly, despite the differences in biosynthesis of S proteinin virions and
from mammalian expression systems they seem to generate broadly similar
glycosylation?28. However, the success of a broad range of different vaccine platforms
exhibiting different S protein glycosylation, indicate that native-like glycosylation is not a
prerequisite for a successful vaccine. Despite this observation, understanding S protein
glycosylation will help benchmark material employed in different serological and vaccine
studies and help define the impact of this extensive feature of the protein surface.

The flexible and heterogeneous nature of N-glycosylation necessitates auxiliary
methodologies in addition to cryo-electron microscopy or X-ray crystallography to
characterize this key part of the S protein structure. Site-specific glycan analysis employing
liquid chromatography-mass spectrometry is a widely used approach to obtain this
information 61,100,154347.348  Ag research into the structure and function of the SARS-CoV-2 S
protein has progressed, more details of the glycan shield of S protein have become
apparent. Analyses on recombinant trimeric S protein revealed divergent N-linked
glycosylation from host glycoproteins with the presence of under-processed oligomannose-
type glycans at several sites 334340.349 Comparative analyses with monomeric and trimeric
S proteins have revealed site-specific differences in glycosylation with regards to both
oligomannose-type glycans and the presentation of sialic acid 34°. Analysis of S protein from
insect cells demonstrated that oligomannose-type glycans were conserved on trimeric S

protein, notably at N234 30, In addition, molecular dynamics (MD) studies have proposed

112



that the N234 site plays a role in stabilizing the receptor binding domain (RBD) in an
exposed “up” conformation 346. The presence of these under-processed oligomannose-type
glycans on both mammalian and insect-derived S protein provides an indication that the
structure of the S protein is driving the presentation of these glycans. Subsequent studies
have investigated the presentation of N-linked glycans on S protein produced for
vaccination, notably the Novavax full length S protein and S protein isolated following
administration of the ChAdOx-nCoV-19 vector 35051, The observed glycan signatures were
broadly in agreement with previous analyses. However, these studies involved the
truncation of glycan structures using glycosidase treatment—which is useful for categorizing
glycans into high mannose or complex-type glycans and determining potential N-
glycosylation sites (PNGS) occupancy on low amounts of material — but does not allow for
the identification of changes in terminal glycan processing such as sialylation. The glycan
processing of the two N-linked glycan sites located on the RBD has also been investigated
for monomeric RBD. These sites present high levels of complex-type glycans352:353 and as
the majority of antibodies raised against SARS-CoV-2 S protein target the RBD it is
important to fully characterize the structure of the RBD, including the presentation of

glycans.

N-linked glycans are highly dynamic and can substantially vary in chemical
composition within a single batch of protein. Whilst glycosylation is heterogeneous, it is
importantfor therapeutic and vaccine design to understand whether similar glycoforms arise
across different protein expression platforms from different sources to ensure the antigenic
surface of the S protein remains consistent when used as an immunogen or in serological
assays 3°4-357.This is particularly important as glycan processing can be impacted by
adverse protein conformations 7°. Here, an integrated approach including liquid
chromatography- mass spectrometry (LC-MS) and MD simulations is applied to understand
the glycosylation features across recombinant S proteins from different sources. This data
was then compared to determine the extent to which these recombinant proteins reproduce
the glycosylation of viral derived SARS-CoV-2 S protein produced from cultured Vero cells ,
obtained from a previous study 228. An identical analytical approach was used to determine
the glycan composition at each site, illustrating conservation across recombinant protein
and virion derived material. Furthermore, the glycosylation of monomeric RBD recombinant
protein was investigated, as it has previously been explored as a subunit vaccine and a
candidate for serological testing 358.359, The site-specific glycan analysis of the two sites
located in the RBD of SARS-CoV-2, N331 and N343 when comparing monomer and trimer
reveals a broad consensus in glycan processing, with some modest change in the
processing of complex-type glycans. A similar comparative analysis of MERS-CoV RBD
was performedto investigate whether the RBD glycans of MERS-CoV were under the same
constraints as for SARS-CoV-2. The observeddifferences contrasted the glycan processing
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of SARS-CoV-2 RBD monomer when compared with S protein, with trimeric MERS-CoV
RBD glycan sites presenting restricted glycan processing, likely due to conformational
masking of these sites, either by proximal glycans or nearby protein clashes, on trimeric
MERS-CoV S protein 113313, The site-specific glycan data of SARS-CoV-2 S protein was
then combined with MD simulations. These simulations reveal distinct degrees of
accessibility between different glycan sites across the protein that broadly correlate to their
processing states. Taken together, the results reveal the conserved structural N-glycan
sites in S protein when compared with native viral spike which drives similarity in
glycosylation amongst S protein from disparate sources and manufacture methods.
Understanding S protein glycosylation will aid in the analysis of the vaccine and serologica
work of the global COVID-19 response.

6.3 Expression and purification of recombinant S protein from
multiple sources

In orderto define the variability in trimeric recombinant S protein glycosylation and compare
recombinant and viral derived S protein we obtained preparations of recombinant S protein
froma range of laboratories. These include the Amsterdam Medical Centre (Amsterdam),
Harvard Medical School (Harvard), Excellgene (Switzerland), The Wellcome centre for
Human genetics (Oxford) and Biological Sciences/University of Texas at Austin
(Southampton/Texas) 69.194.226.227.232,350 \\/hilst there are minor differences between the
constructs used to produce the S protein the overall design is similar. This involves a
truncation of the S protein prior to the C terminus, replacement of the furin cleavage site
between S1 and S2 with a “GSAS” or otherwise mutated linker, a C-terminal T4 fibritin
trimerization motif and stabilization of the prefusion S protein conformations using proline
substitutions 69113361, The recombinant proteins analysed contain 22 N-linked glycan sites
with the exception of the “Amsterdam” preparation which was truncated prior to the last 3
N-glycans. An alignment of the recombinant proteins was performed and glycan sites are
numbered according to the numbering used in previous reports of the site-specific
glycosylation of the 2P stabilized S protein (Appendix G.4) 334, All recombinant proteins
were expressed in human embryonic kidney 293 (HEK293) cells with the Amsterdam,
Harvard, and Southampton/Texas S protein preparations produced in HEK293F and the
Oxford S protein prepared in HEK293T. The “Swiss” S protein was expressed in Chinese
hamster ovary (CHO) cells. Following expression and purification, an identical approach
was utilized to prepare the recombinant samples for analysis by LC-MS, involving three
separate protease digests: trypsin, chymotrypsin, and alpha lytic protease. After analysis
by LC-MS the site-specific glycosylation of these recombinant samples was compared to
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previously published viral derived S protein which was searched using the same analytical

parameters as for the recombinant proteins 228,
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Figure 6-1: The site-specific glycosylation of recombinant and viral derived S protein
from multiple laboratories.

(A) Site-specific glycan analysis of recombinant S protein expressed and purified at
different locations. The bar charts represent the relative proportion of glycoforms present at
each site, including the proportion of PNGS that were not modified by an N-linked glycan.
The proportion of oligomannose- and hybrid-type glycans are coloured green. Processed
complex-type glycans are coloured pink and the proportion of unoccupiedsites are coloured
grey. The institution which provided the S protein for analysis is listed above each chart.
The Texas/Southampton data is reproduced from Chawla et al. (unpublished data). The
average compositions of recombinant S protein were calculated using all samples. Bars
represent the mean +/- standard error of the mean of all recombinant samples analysed.
(B) The viral derived site-specific analysis was obtained from data acquired by Yao et al.
and categorized in the same manner as above?28, Data for sites N657 and N1158 could not
be obtained and are not represented. (C) Full length model displaying the site -specific
oligomannose glycosylation of viral derived S protein; description of how this model was
generated can be found in Materials and Methods. Both protein and glycans are shown in
surface representation; the former coloured in grey and the latter coloured based on
oligomannose content as shown in Supplementary Table 1 (green for 80-100%, orange for
30-80% and pink for 0-30%).
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6.4 Conservation of under-processed glycans on trimeric
recombinantand viral-derived S protein.

Under-processed oligomannose-type and hybrid-type glycans are common on viral
glycoproteins and commonly arise due to either glycan- or protein-mediated steric clashes
with ER and Golgi resident mannosidase enzymes, terminating the glycan processing
pathway. As the presence of these glycans is linked to the quaternary structure of the
protein, changes in the abundance of these glycoforms can indicate changes in the fine
structure of the glycoprotein. To investigate the abundance of these glycans, the
heterogeneous glycan compositions detected by LC-MS were classified into three
categories: (1) oligomannose-type and hybrid-type glycans, (2) complex-type glycans and
(3) the proportion of PNGS lacking an N-linked glycan. Overall, the recombinant samples
recapitulated the glycan processing observed on the viral derived S protein (Figure 6-1A).
Sites on the viral-derived material with an abundance of under-processed glycans greater
than 30% include N61, N122, N234, N603, N709, N717, N801 and N1074 (Figure 6-1B).
With a few exceptions, all recombinant samples analysed also present at least 30%
oligomannose-type glycans at these sites (Appendix G.1).

To compare the variability of oligomannose- and hybrid-type glycosylation across all
recombinant proteins the compositions were averaged and displayed with the standard
error of the mean (SEM) of S protein preparations from different laboratories (Figure 1-9A
and B). This analysis revealed a broad consensus of glycan processing regarding high
mannose glycans, with localized variations occurring. One example of remarkable
homogeneity is the N234 site, which presents high levels of under-processed glycans in all
samples analysed. This processing was conserved on the viral derived S protein. The
recombinant material possessed low levels of oligomannose-type glycans at several sites
across the protein which is not present on viral derived material. For example, material
analysed from Oxford had at least 5% oligomannose-type glycans at every site except N343
(Figure 6-1A). This global moderate increase in oligomannose-type glycans could
potentially arise from two sources, the firstis that the recombinant preparations utilize
stabilizing mutations that might generate a more compact structure which limits the ability
of glycan processing enzymes to act, this is supported by the observation that viral-derived
S protein exhibits metastable conformationsin the NTD, likely increasing accessibility to
particular glycan sites 228. The second could be that the higher yield of protein obtained
during recombinant protein expression places limitations on the capacity of the cell to
process the high number of glycan sites present on the S protein.

Glycan occupancy is anotherimportant parameter to consider forimmunogen design.
Underoccupancy of recombinant glycoprotein PNGS compared to their viral counterparts
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has been shown to result in the presentation of non-neutralizing distracting epitopes and is
important to monitor 195218, As is the case with viral derived HIV-1 Env, viral derived SARS-
CoV-2 S protein displayed high levels of glycan occupancy at all sites analysed (Figure
6-1B). When comparing this to the consensus site-specific glycosylation data, the majority
of PNGS on recombinant S protein are highly occupied. The exceptions to this are at the C
terminus, where several samples analysed display reduced glycan occupancy denoted by
a larger population of unoccupied sites (Figure 6-1A). These sites displaying larger
proportions of unoccupied glycans at the C terminus is likely due to the truncation of the
recombinant proteins required for solubilization; it has previously been reported that the

proximity of a glycan sequon to the C-terminus can influence its occupancy 362,

Modelling the site-specific glycosylation of viral derived material enables the
glycosylation of S proteinto be contextualized spatially in three dimensions. Using the cryo-
EM structure of S protein ectodomain (ECD) in the open state (one RBD in the “up
conformation” and two RBDs in the “down conformation”) (PDB: 6VSB) %, as well as the
NMR structures of SARS-CoV HR2 domain (PDB: 2FXP) 23 and HIV-1 gp-41 TM domain
(PDB: 5JYN) 231, a complete model of the S protein was generated (details in Methods
section). This model includes glycosylation sites which are often not resolved as they are
present on variable loops or along the flexible stem region of the S protein. This model
demonstrated the spread of different glycan processing states across the S protein (Figure
6-1C). As with other published models of spike glycosylation, the N234 site is extensively
buried within the protein surface proximal to the RBD and rationalizes the conserved
presentation of oligomannose-type glycans on recombinant and viral-derived material as
the glycan processing enzymes are unable to completely process these sites. Glycan sites
located on variable loops and on the exposed stem of the S protein are much more

processed as these sites are more exposed.

6.5 Divergent glycan processing at sites presenting complex-
type glycans.

Whilst glycan under-processing can provide information pertaining to the quaternary
structure of the glycoprotein, the majority of glycans across the S protein are able to be
processed beyond these glycoforms. Glycan sites not under the same structural pressures
as at the restricted sites such as N234 will be processed in an analogous manner as those
presented on the majority of host glycoproteins. By comparing the site-specific glycan
compositions at example sites, it is possible to investigate the variability in glycan
elaboration across multiple preparations of S protein. To this end, the recombinant protein
glycosylation data presented in this study (Amsterdam, Harvard, Swiss and Oxford) was
compared with viral-derived S protein previously reported but analysed using the same
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search parameters as for the recombinant proteins. To aid comparison, one site which
presented high levels of under-processed oligomannose-type glycans (N234), one that
presented a mixture of processing states (N1074), and a site that was populated by
complex-type glycans (N282) was chosen for comparison (Figure 6-2). Comparing the site-
specific glycosylation of N234 demonstrated the conservation of oligomannose-type glycan
processing. On 4 of the 5 samples presented in Figure 6-2 the most abundant glycan
detected was MansGIcNAc2, and on the Amsterdam S protein MansGIcNAc2 predominated,
which is marginally less processed. The Harvard and Swiss samples displayed elevated
glycan processing at N234, but these glycans were only ~20% abundant and were still the

least processed site on these samples (Figure 6-2and Appendix G.1).

Oligomannose
N234

60 304 404

AmSterdam ) m-‘v‘l'l"v""—v_v_v_v_v_v_v_v_v_v_v_v_v_v_f ] ]
o oj_,_,_,_,_l_,_,_rl;.al;l.g.?a_j_r;ﬁ o - ?TEEEH*?'F

30+ 30+ 60—

Harvard = 14 2 15+ = 304 H
Mdhluw.ﬁ”ﬂ“ L Lﬁwﬁjﬂjwn.”””...mnﬂ.

304 40+ 80+

SWiss = 15 Il + 20+ H ﬂ 404 ﬂ
0- 0= LN B B e e e 3

40+ 30+ 50

Oxford s« 2- ll = 154 ﬂ ﬂ & 25+ H
0 !...E.H.m.Tﬂ.'. 0- 0=

60+ 30+ 50—

Viral derived = s lI gm-_'_'_-_ll H HH w25 H .
0- E L T - B I

$\ .3
§°‘ﬁ‘§"1*°‘¢’*h‘§“‘§°%3§>\§-}\?\yb\i\ﬁ\\%§‘3°‘° ‘p&&»“’uﬂr"a‘&ﬁm&\

o

DD TR PP D,
& W\@\z\:&ﬁ SIOREEEE RO K\Q\t‘%&\‘%ﬁ&
AR TR RO RN
(R AR
PR PR FEES

[ Oligomannose 0] Agalactosylated [___| Galactosylated [ Sialylated [_] Unoccupied

Figure 6-2 Detailed composition comparison between sites with differential
processing states.

Glycan compositions at N234, N1074 and N282. For all samples analysed, glycans were
categorized and coloured according to the detected compositions. Oligomannose -type
glycans (M9-M4) were coloured green. Hybrid-type glycans, those containing 3 HexNAc
and at least 5 hexoses, were coloured as for complex-type glycans since one arm can be
processed in a similar manner. Complex-type glycans were categorized according to the
number of HexNAc residues detected and the presence or absence of fucose. Core glycans
represent any detected composition smaller than HexNAcz2Hexs. For hybrid and complex-
type glycans bars are coloured to represent the terminal processing present. Blue
represents agalactosylated, yellowis galactosylated (containing at least one galactose) and
purpleis sialylated (containing at least one sialic acid). The proportion of unoccupied PNGS
is coloured grey.

The N1074 site presented a diverse mixture of oligomannose -, hybrid-, and complex-
type glycans across all samples analysed. The abundance of oligomannose-type glycans
was more variable at this site with the total oligomannose-type glycan content varying from
11% to 35% (Figure 6-2). The predominant composition at N1074 varied from sample to
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sample: for the Amsterdam recombinant preparation and the viral derived S protein, an
oligomannose-type glycan was the most abundant glycan at N1074; however, for the other
samples a fully processed glycan was more abundant. For all samples analysed, N1074
presented diverse glycan processing states. The elaboration of complex-type glycans with
different monosaccharides can influence the function of the glycoprotein to which they are
attached, for example, sialylation can extend the half-life of a glycoprotein in the body!%.
As they progress through the Golgi, glycans can be elaborated by the addition of fucose,
galactose and sialic acid. The abundance of these monosaccharides is influenced by the
cell from which they are produced and by the culture conditions or media compositions
under which recombinant proteins are manufactured. Typically, glycoproteins produced
fromHEK293F and CHO cells present complex-type glycans with high levels of fucosylation
and galactosylation butlower levels of sialylation 29:363, The processing of N1074 and N282
demonstrates this with the majority of complex-type glycans bearing at least one fucose on
all recombinant S preparations. Likewise, the majority of glycans are galactosylated,
although populations of glycans are present which lack any elaboration beyond N-
acetylglucosamine branching. Hybrid-type glycans, where one arm of the glycan is
processed and elaborated as for complex-type glycans and one remains under-processed,
are presentin lower abundances across N1074 in recombinant preparations. These hybrid-

type glycans are also generally of low abundance on mammalian glycoproteins 364,

Whilst the complex- and hybrid-type glycan compositions are variable, there are some
visible trends when comparing glycan processing between recombinant and viral-derived S
protein. The starkestdifference is the lack of sialic acid residues across not only N1074 and
N282 but across all PNGS of viral derived material (Figure 6-2, Appendix G.1). Upon
averaging all the recombinantly produced S protein and comparing to viral derived S protein
there is a 21 percentage-point decrease in sialylation (Appendix G.2). The fucosylation of
viral derived material is also lower across both N1074 and N282 and this trend is again
mirrored across all sites, with viral derived S protein possessing a 16 percentage -point
decrease in fucosylation (Appendix G.2). The final differenceis in glycan branching. The
number of processed glycan antenna can be inferred from the detected number of N-
Acetylhexosamine (HexNAc) residues determined by LC-MS. The more HexNAc present
on a glycan composition the more branched that glycan tendsto be, for example HexNAc(6)
can correspond to a tetra-antennary glycan whereas HexNAc(4) is biantennary. As glycan
processing is heterogeneous, this change is more subtle, however the complex-type
glycans of N1074 and N282 are less branched on viral S protein compared to the
recombinant S proteins, with a~30 percentage point decrease in abundance of HexNAc(5)
and HexNAc(6) corresponding to tri- and tetra-antennary glycans (Figure 6-2). These
changes are also apparent on other processed sites such as N165 and N1158 (Appendix
G.2).

119



These changes contrast expected observations based upon similar analyses
comparing viral derived Env and soluble recombinant variants. For HIV-1 Env, an increase
in glycan branching and sialylation is observed across sites presenting complex-type
glycans 153, These changes were also present on recombinant full length Env 301, Severa
factors could be influencing these changes. The first is that the membrane tether afforded
to the viral Env brings the glycans into close proximity to the glycan processing enzymes
and the second is that the producer cell had greater expression levels of the
glycosyltransferase enzymes involved in glycan processing. The SARS-CoV-2 S protein in
a viral context is likely under similar constraints; however, the glycan processingis distinct.
One factor which could be important is the early budding of the SARS-CoV-2 virion into the
ER/Golgi intermediate complex (ERGIC) which may distance the spike protein from
glycosyltransferases present in the trans-Golgi compared to Env, which remains attached
to the membrane, proximal to glycosyltransferases 365. The choice of producer cell and
culture condition of the virus, in this case Vero cells, which are derived from the kidney cells
of Cercopithecus aethiops (African green monkey), may also influence the glycan
processing as the expression levels of glycosyltransferase enzymes may account for the
diminished attachment of sialic acid and fucose observed on viral S protein compared to
recombinant S protein. As these changes in glycosylation likely are not impacting the
immunogenicity of the viral spike mimetics, as evidenced by the high efficacy of severd
vaccine candidates, these observations still remain important when considering how the
virus may be interacting with the immune system via lectin interactions and may be
informative when considering antigenic tests and purifications using glycan binding
reagents.

6.6 The expression of monomeric RBD constructs impacts
glycan processing

S protein glycosylation is influenced by quaternary protein architecture, and other factors.
Next, the glycosylation of soluble recombinant monomeric RBD was compared with that of
recombinant and viral derived trimeric S protein. Recombinant monomeric RBD was
expressed and purified, to enable a comparison of the site-specific glycosylation of the two
glycan sites located in the RBD, N331 and N343, with those observed on recombinant S
protein and viral derived S protein reported previously?228334, Overall, the N331 and N343
glycans across all expression formats were highly processed, with little to no oligomannose-
type glycans detected (Figure 6-3; and Appendix G.3). For the RBD sites presented on
viral derived S protein, the complex-type glycans observed were similar to those observed
at N282 with most of the PNGS occupied by bi- and tri-antennary glycans (HexNAc(4) and
HexNAc(5)) (Figure 6-3). The majority of these glycans were fucosylated, however, alarge
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proportion of the complex type-glycans on viral derived S lacked fucosylation (24% N331
and 20% N343). As with other sites on the viral derived S protein, minimal levels of

sialylation were observed and the majority of glycans possessed at least 1 galactose

residue.
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Figure 6-3 Comparative analysis of the glycosylation of the two PNGS on the RBD for
viral derived S protein, recombinant S protein and monomeric RBD.

(A) Detailed site-specific glycan compositions of the two sites located in the RBD of SARS-
CoV-2. Recombinant S protein data is reproduced from Chawla et al. (unpublished) and
data for the viral S protein RBD sites was obtained from Yao et al. 228, Site-specific glycan
data is presented asoutlined in Figure 6-2. (B) Site-specific compositions for N-glycan sites
located in the RBD of MERS-CoV when expressed as part of a soluble recombinant S
protein compared to RBD-only. Data for the MERS-CoV S protein were obtained from a
previous study 313. Site-specific glycan datais presented as outlined in Figure 6-2.

In comparison, the two RBD sites of recombinant soluble S protein are highly
fucosylated, with close to 100% of the glycans at N331 and N343 containing at least one
fucose (Figure 6-3B). As with the viral-derived S protein the majority of the glycans are bi-
and tri-antennary complex-type glycans. The recombinant S protein RBD sites are also
more sialylated than N331 and N343 on viral-derived S protein, with 28% of N331 glycans
containing at least one sialic acid and 60% of those on N343 (Appendix G.3). Interestingly,

when RBD is expressed as a monomer there are additional subtle changes compared to
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viral derived and recombinant S protein. The most prominent change is in the glycan
branching; whereas recombinant and viral derived RBD glycan sites possess low quantities
of tetra-antennary glycans approximately, one third of the glycans at N331 and one fifth of
the glycans at N343 consist of these larger branched structures (Figure 6-3). When
compared to recombinant S protein the monomeric RBD sites also possess low levels of
biantennary glycans. Despite these changes both recombinant trimeric S protein and
monomeric RBD sites have high levels of fucosylation. These results suggest that complex-
type glycans are under differential control hierarchies where certain forms of glycan
processing could be influenced by the structural presentation of glycan sites. The
attachment of fucose, galactose and sialic acid forthese RBD sites appearsto be controlled
by more global phenomena, such as the producer cell, as the attachment of these
monosaccharides is similar when comparing monomeric RBD and trimeric recombinant S
protein which were produced in identical cell lines. The branching of the RBD sites on
monomeric RBD is greater than that of trimeric S protein, both viral and recombinant, and
suggests that the quaternary structure of the glycoprotein may have a small role on the
elaboration of complex-type glycans of the RBD. These results are similar to previous

analyses that have compared trimeric S protein with monomeric S1 349,

To further explore differences in glycosylation of RBD PNGS, the glycosylation of
MERS-CoV RBD was investigated. The site-specificglycan analysis of recombinant trimeric
MERS-CoV S protein has been reported previously 313, For the comparative analysis of
trimeric recombinant protein and RBD, the MS files obtained in the previous study were
searched using an identical version of the analysis software using the same glycan libraries
as for the analysis displayed in Figure 6-1 and Figure 6-2. This analysis revealed
differences at the glycan sites present on MERS RBD when expressed monomerically
compared to recombinant trimeric soluble S protein. One of the sites, N487, is similar
between the two platforms, presenting glycoforms typical of sites populated by complex-
type glycans (Figure 6-3B). In contrast N410 is occupied by exclusively oligomannose-
type glycans when present on recombinant trimeric S protein. When monomeric MERS
RBD is expressed the processing of the N410 site is markedly increased, with complex-type
glycans predominating the glycan profile, although a subpopulation of oligomannose -type
glycans remain (Figure 6-3B). Modelling the N410 glycan onto published structures of
MERS S proteinrevealsthat the N410 glycan is protected fromprocessing by mannosidase
enzymes such as ER a mannosidase | when buried within the trimer, but when presented
on monomeric RBD it is readily accessible to glycan processing (Appendix G.5). These
observations further highlight how the quaternary structure of a glycoprotein is a key
determinant of the glycan processing state and demonstrates how glycan sites can provide

information about protein folding and quaternary structure.
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6.7 Molecular dynamics simulations reveal the relationship
between accessibility and glycan processing.

Using site-specific glycan analysis, it is possible to infer the structural restraints placed on
particular PNGS by the quaternary structure of the protein. MD simulations can help to
understand how the protein flexibility can influence glycan processing. The recombinant
proteins analysed in this study all use proline substitutions to stabilize the pre-fusion S
protein conformation. Structural analyses of S protein containing these proline substitutions
have shown that one of the three subunits frequently displaysits RBD in an up conformation
69, By performing simulations using models containing one RBD up, it is possible to
investigate how differential RBD presentation can impact site-specific glycosylation.

To this end, 200 ns MD simulations of fully glycosylated trimeric S protein embedded
within an ERGIC membrane model were performed (details in Chapter 2.4.8). The
ManeGIcNAc2 glycan (Man-9), which represents the primary substrate for glycan processing
enzymes, was added to each PNGS to understand the effect of protein and glycan dynamics
on glycan processing. Glycan accessibility to enzymes was then elucidated by calculating
the accessible surface area (ASA). To ensure the correct size of probe was used for ASA
calculation, the structure of mannosidases and glycosyltransferases bound to its substrate
or substrate analogue was used 164366, By measuring the distance between the substrate
binding site and the outer surface of the enzymes, a probe with 1.25-1.5 nm radius would
best approximate the size of the enzymes (Appendix G.6). ASA values for chain A of the
S protein were measured using probes of 1.25 and 1.5 nm radii and found they both gave
very similar results. Plotting accessible points of a 1.5 nm probe around individual glycans
also indicated that a 1.5 nm radius would be required for the Man-9 glycan to be accessed
by mannosidases and glycosyltransferases. Therefore, a 1.5 nm probe was used to
measure ASA of each Man-9 glycan on the S protein model during the MD simulation.
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Figure 6-4 Accessible surface area (ASA) of oligomannose-type glycans from MD
simulations.

(A) The ASA values were calculated for each oligomannose-type (M9) glycan for all three
S protein chains. In this model, chain A is modelled in the RBD “up” conformation. The last
50 ns of the simulation was used for calculation and error bars indicate standard deviation
along the trajectory. The probe size used was 1.5 nm. The green colour bars represent the
oligomannose content of respective sites, calculated as the average oligomannose-type
glycan content of the recombinant S proteins analysed in Figure 6-1(Amsterdam, Harvard,
Swiss and Oxford S proteins). (B) Thestructure ofthe S protein (grey)with glycans coloured
based on their ASA values shown in surface representation. (C) Graphs comparing glycan
processing to calculated ASA values, averaged for chains A, B and C, for the recombinant
protein average for the oligomannose-type glycan content, proportion of glycans containing
at least one sialic acid and the proportion of glycans containing at least one fucose. The
reported r values represent the Spearman’s rank correlation coefficient. (D) The
oligomannose-type glycan content versus ASA for viral derived SARS-CoV-2 S protein
presented as in Panel C. The simulations detailed in panels A and B were performed by the
laboratory of Prof. Bond, A*STAR Bioinformatics Institute, Singapore.

Comparing the ASA of each glycan across each protomer reveals a diverse range of
accessibility (Figure 6-4A and B). Certain sites such as N234, were determined to possess
low ASA values (Appendix G.7A), indicating that this site is extremely buried, correlating
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with observations that N234 is the least processed on all recombinant and viral derived S
protein. Conversely, the mostexposed site across all three chainsis N74 (Appendix G.7B).
This glycan is highly processed when analysed by LC-MS. Interestingly, previous analyses
have shown that N74 possesses sulphated glycans 240, Sulphated compositions were
included in the glycan library used to search the MS data and N74 contains multiple
sulphated glycan compositions on all samples produced in HEK293 cells (Appendix G.1).
The higher accessibility of this site may explain why sulphated glycans are observed at
higher abundances at this site, but not others. Some glycans show a distinctly bimodal
accessibility pattern, wherein high and low ASA values were observed along the trajectory
(Appendix G.8). For example, two of the N122 glycans were buried within a crevice
between the N-terminal domain of one chain and the RBD of an adjacent chain during a
portion of the simulation. Similarly, one of the N603 glycans inserted into a large inter-
protomeric groove near the S1/S2 cleavage site. This observation correlates with LC-MS
data from both recombinant and viral derived S protein, showing that these two sites are
populated by approximately half oligomannose/hybrid and half complex glycans, potentially
dueto the ability of these glycans to be either buried or exposed on the protein surface. The
glycan on N165 also showed bimodal ASA values. However, this is due to the RBD up
configuration, which allows N165 glycan to insert into the gap betweenthe RBD and the N-
terminal domain, which was not accessible in the RBD down configuration. N165, along
with N234 glycans, have been shown to modulate the RBD's conformational dynamics by

maintaining the up configuration necessary for ACE2 recognition 346,

To understand the relationship between oligomannose-type glycan presentation and
the accessible surface area of each glycan site the average oligomannose-type glycan
content of each site as determined in Figure 6-1, for both the recombinant and viral derived
material, was compared to the average ASA values for chains A, B and C, as LC-MScannot
distinguish which glycan came fromwhich chain (Figure 6-4C and D). For both recombinant
and viral derived S protein, there was a negative correlation between ASA and
oligomannose content (Spearman’s correlation coefficient -0.53 for recombinant and -0.48
for viral derived). This demonstrates the link between glycan processing and quaternary
architecture, as sites which are less accessible to the glycan processing enzymes present
higher populations of immaturely processed oligomannose-type glycans. Conversely, the
processing of complex-type glycans such as the addition of sialic acid correlated with the
accessible surface area at a site-specificlevel (r = 0.55) and also fucosylation, albeit to a
lesser extent (r =0.19). Whilstthere is an observed correlation between oligomannose -type
glycans and ASA, the nanosecond time scale captured during MD simulations is shorter
compared to the overall time taken for glycan processing in the ER and Golgi apparatus to
occur, and therefore the S protein will be able to sample more conformations not resolved
during simulation.
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Finally, to determine the potential effect of glycan clustering on enzyme accessibility
and subsequentglycan processing, the number of contacts made by each glycan at a given
site with its surrounding glycans was determined (Appendix G.9). Interestingly, in all three
chains, the sites on the S2 subunit show a higher number of glycan-glycan contacts,
suggesting that they are most likely to form local clusters. An overlay of consecutive
simulation snapshots of glycans also clearly shows that the S2 region is more densely
packed with glycans compared to S1 and HR2 domains. This agrees with the LC-MS data
showing that the sites on the S2 subunit, specifically N709, N717 and N801, have a high
degree of unprocessed oligomannose-type glycans. The high density of glycan-glycan
contacts within the mannose glycan patch has previously been implicated in reduced
processivity by glycan processing enzymesin HIV-1 gp120 146, and a similar mechanism
might explain increased oligomannose content at S2 sites of SARS-CoV-2. Arecent study
showed that the glycan-binding anti-HIV-1 broadly neutralizing antibody 2G12 can bind to
S protein via a common epitope around N709 on the S2 subunit 367, further suggesting the
formation of alocal glycan cluster. Collectively, MD simulation sampling shows that glycan
accessibility to host enzymes, which is affected by protein quaternary structure and local

glycan density, is an important determinant of glycan processing.

6.8 Perspectives

The global impact of COVID-19 has resulted in laboratories across the globe producing
recombinant spike protein for vaccine design, antigenic testing, and structura
characterization. Whilst the site of glycan attachment is encoded by the viral genome, the
processing of the attached glycans can also be influenced by a wide range of exogenous
phenomena, including recombinant host systems and processes for production in cell
culture. Using immediately available materials, the glycosylation of Vero-produced virus
preparations for Spike proteins was compared with those of HEK-293 and CHO-derived
recombinant Spike proteins. These preparations are likely to be different from Spike
proteins as produced in adiversity of cells in infected patients. However, when a glycan site
is located in regions of the SARS-CoV-2 S protein which are not readily accessible the
glycan site will possess high levels of under-processed oligomannose-type glycans, a
phenomenon that will likely be of a general nature. This conclusion is derived from the
observation that the under-processing of glycans is found in protein preparations from a
range of institutions across the globe and are also present on Vero cell derived S protein
derived from infectious SARS-CoV-2. Whilst the presence of oligomannose-type glycans
are rare on the majority of host glycoproteins their abundance on SARS-CoV-2 is lower than
that of other viral glycoproteins and means that the glycan shield density of this virus is low
when compared to HIV-1 Env and Lassa GPC. This is likely to mean that the
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immunodominant protein epitopes remain exposed. The processing equivalence between
recombinant and viral derived S protein indicates that recombinant S protein glycosylation
for vaccinations will likely mimic those occurring in human infections and will remain
antigenically comparable. By analysing complex-type glycan processing across multiple
samples, it has been shown that this glycosylation is driven more by other parameters
including the producer cell and culturing conditions. One observed exception to this was
that the expression of monomeric RBD as opposed to trimeric S protein does increase
glycan branching on the two glycan sites located on SARS-CoV-2 RBD. This suggests that
the glycan processing of complex-type glycans, in addition to oligomannose-type glycans,
may also be under structural constraints, albeit to a much lesser extent. Overall, these
results demonstrate that whilst N-linked glycosylation is highly diverse at certain regions of
the S protein, there is a broad consensus of glycan processing with regards to
oligomannose-type glycans between virus and immunogen S protein. This is something
which cannot be taken for granted, as when comparing recombinant and viral derived HIV-
1 Env, the reduced glycan occupancy of immunogens can induce an immune response that
is incapable of neutralizing the virus. The reproducibility of S protein glycosylation from
many different sources is of significant benefitforimmunogen design, serology testing and
drug discovery and will mean that the glycans of SARS-CoV-2 are unlikely to provide a
barrier to combatting the COVID-19 pandemic.
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Chapter 7 Subtle Influence of ACE2
Glycan Processing on SARS-CoV-2

Recognition

71 Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative agent of
COVID-19, encodes an extensively glycosylated spike (S) protein that protrudes from the
viral surface %9334, The S protein is a trimeric class | fusion protein, composed of two
functional subunits, S1 and S2, which are responsible for receptor binding and membrane
fusion, respectively 62114, The S protein binds to cell surface angiotensin-converting enzyme
2 (ACEZ2) which initiates host-cell entry and results in membrane fusion 43. Human ACE2 is
a dimeric membrane-bound glycoprotein that encodes seven N-linked glycosylation
sequons per protomer (UniProt KB: Q9BYF1). ACE2 glycosylation is likely to contribute to
protein folding and stability 368369 and evidence is emerging that it can influence SARS-

CoV-2 recognition 370,371,

High resolution structures have been published of the SARS-CoV-2-ACE2 complex,
however, one limitation of these structures is the difficulty resolving the contribution of
glycan-glycan and glycan-protein interactions 372373, |t is also known that glycans can
influence the binding between two macromolecules even when glycans are attached
outside of the protein-protein interface 374-376, and there is precedent for glycosylation of the
host-receptor influencing viral binding interactions 377, In the case of the SARS-CoV-2
interaction, removal of the ACE2 glycan at N90 enhances binding to the receptor binding
domain (RBD) of the S protein and it has been suggested that the processing state of this
glycan may influence the interaction 378. The potential influence of ACE2 glycosylation on
this interaction with the S protein has been further supported by molecular dynamics of the
fully glycosylated complex 340379, |t has been suggested that glycans may play a role in
receptor binding as contacts are predicted between the glycans of ACE2 and both the
protein and glycan components of the S protein 340.346:379 For example, the glycan at N546
of the ACE2 receptor is suggested to interact with the glycans at N74 and N165 onthe S
protein 340, Furthermore, the glycans of ACE2 at N90, N322 and N546 are all reported to
interact with the protein moiety of the S protein 340, In contrast, O-glycosylation abundance
is low, with the exception of T730. However, this site is distal to the binding interface and
likely does not contribute to binding 38°. Understanding the extent to which the glycan

compositions, and the presence of the glycan itself, influence the binding of SARS-CoV-2
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is important for both potential ACE2 therapeutic design and understanding the influence of

host glycosylation on viral cell entry.

Beyond the steric effects of glycosylation on protein interactions, the binding capacity
of viral glycoproteins directly towards carbohydrates can also be an important part of viral
pathobiology. Indeed, the phenomenon of glycans on host-glycoproteins influencing and
directly facilitating viral infection has been characterized on numerous viruses .34 with
perhaps the most well-known example being the sialic-acid binding capabilities of
hemagglutinin of influenza Aviruses 6. Importantly, a number of human coronaviruses have
been shown to be able to bind sialosides, including MERS-CoV 119, SARS-CoV-1 381, HKU1
382 and SARS-CoV-2 122,383,384 The ability of SARS-CoV-2to bind charged carbohydrates is
further supported by the observation that sulphated glycosaminoglycans bind to the viral
spike glycoprotein and can inhibit infection 38-38% With the capacity of SARS-CoV-2 to
directly recognize sialylated glycans it provides further impetus to explore the impact of

ACE2 glycosylation on the binding to the S protein.

Here, the glycan structures on ACE2 were modified using several glycan engineering
techniques, which incorporated the use of glycosyltransferases, glycosidases, and
enzymatic inhibitors. Using a mass spectrometric approach, the site-specific glycan
structures present on ACE2 were determined both with and without glycan engineering.
Binding studies of the glycan variants of ACE2 were performed using surface plasmon
resonance (SPR) to determine binding affinities between SARS-CoV-2 S and ACE2
variants. These experiments demonstrated that when ACE2 glycans are hypersialylated, or
when all glycans were converted to oligomannose-type, there was a modest decrease in
affinity. When the sialic acid residues were removed a significant but modest increase in
affinity was observed. However, overall, the effects were subtle and deglycosylation had
minimal impact on S binding.
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7.2  Expressionand purification of ACE2

Toenable the determination of the glycosylation and binding capabilities of ACE2, a soluble
recombinant ACE2 ectodomain that possesses all, but the last N-linked glycan site was
expressed in HEK 293F cells (Figure 7-1A). This monomeric material has previously been
shown to bind S protein and has been structurally characterized by cryo-electron
microscopy °. Expressed material was purified by nickel-affinity chromatography and size
exclusion chromatography (SEC). The SEC chromatogram demonstrated a single peak
(Figure 7-1B) which exhibited amass of ~75 kDa when subjected to SDS-PAGE analysis
(Figure 7-1C). The soluble ACE2 expressed at ~80 mg/mL and ensured that all
experiments performed were undertaken on the same batch of ACE2. To assay ACE2
binding SARS-CoV-2 S protein was expressed and purified in an identical manner to ACE2,
as reported previously 9:334,
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Figure 7-1: Production and purification of soluble ACE2.

(A) Schematic of ACE2 comparing full length human ACE2 with the soluble ACE2 construct
used in this study shown underneath. The positions of N-linked glycan sequons (N-X-S/T,
where X#P) are shown as forked sticks. (B) Size exclusion chromatogram of soluble ACE2
following nickel affinity purification. (C) SDS-PAGE using Coomassie stain of the pooled
SEC fractions for soluble ACE2.

7.3 ACE2(glycosylationanalysis and SARS-CoV-2 S binding

To understand the impact of the ACE2 glycosylation upon SARS-CoV-2 binding the
glycans present on the soluble unmodified variant used in this study were determined
(Figure 7-1A). Human ACE2 encodes seven N-linked glycosylation sites at N53, N9O,
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N103, N322, N432, N546 and N690. The soluble construct used here lacks the N690
glycan, however, this glycosylation site lies distal to the protein interface with the S protein
and is therefore not predicted to directly influence the interaction 340, To resolve the site-
specific glycosylation, trypsin, chymotrypsin, and alpha-lytic protease was used to generate
glycopeptides, which were subsequently subjected to liquid-chromatography-mass
spectrometry (LC-MS) analysis (Figure 7-2A). This analysis revealed a high abundance of
complex-type glycans on ACE2, as would be expected for a mature, secreted mammalian
glycoprotein. These observations are similar to those previously reported for various
recombinant ACE2 glycoproteins 340.380_|nterestingly, whilst the glycan sites at N53, N90O,
N103, and N546 were occupied with complex-type glycans, N322 and N432 exhibited low
levels of glycan site occupancy with the unmodified peptide accounting for 72% and 62%
for each respective site. This underoccupancy has been observed in another analysis of
ACE2 glycoproteins 34, The extent of under occupancy may exceed that of native, full-
length ACE2 and be driven, to some extent, by the high expression levels of ACE2 in the
recombinant system. This phenomenon has been observed for HIV-1 where soluble
immunogens exhibit lower glycan occupancy compared to full-length, membrane bound,

material 153.155,

As an LC-MS methodology analysing intact glycopeptides was used it was therefore
possible to categorize the heterogenous glycan populations according to their terminal
monosaccharides (Figure 7-2A). Glycans were grouped according to the number of
processed antennae, the presence or absence of fucose, the presence or absence of
galactose and if the glycan contains sialic acid. The predominant type of glycan observed
across all five sites were fucosylated bi- and tri-antennary complex-type glycans which lack
galactose and sialic acid. The exception to this is at N103 where a high abundance of
sialylated glycans was observed. Overall high levels of fucosylation were observed across
all glycans (66%; Appendix H.1). The galactosylation was moderately abundant (37%) and
sialylated N-glycans were comparably low (15%). This pattern of high fucosylation,
moderate galactosylation and low sialylation is typical of protein expressed using

recombinant cell lines such as HEK 293F 109,153,390,
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Figure 7-2 Site-specific glycan analysis and determination of SARS-CoV-2 binding of
soluble ACE2.

(A) Site-specific glycan analysis of soluble ACE2 determined by LC-MS. Glycans are
categorized into oligomannose-type glycans (green and Complex-type glycans which are
grouped according to the presence/absence of fucosylation as well as the number of
processed antennae. Within these categories glycans are coloured according to the
presence of galactose (yellow), sialic acid (purple), and the absence of both (blue). The
proportion of N-glycan sites which do not have a glycan attached are coloured grey.
Nomenclature: M5-M9, Mans-9GIcNAcz; F, fucose; A, antennae; B, bisecting GIcNAc. (B)
Surface plasmon resonance sensograms for soluble ACE2 binding to SARS-CoV-2 S
protein. One of the ten soluble ACE2 SPR experiments is shown. Each sensogram
represents one analytical repeat. The fitted were generated from the three repeats using
Biacore Evaluation software with a 1:1 binding model. (C) Residuals comparing the
deviation of the fitted data to the experimental data. (D) Plot of the Ko determined for each
experimental repeat of soluble ACE2 binding to SARS-CoV-2 S protein. The meanis plotted
as a black line and the error bars represent +/- standard deviation as calculated using
GraphPad Prism.

To understand the impact of different glycans upon ACE2 binding, the interaction
between the un-engineered soluble ACE2 (referred to here as the wild-type form, (WT) and
SARS-CoV-2 S glycoprotein was determined. SPR was used to define the dissociation
constant (Kb). Prior to analysis, the His-Tag at the C-terminus of ACE2 was removed using
HRV3C protease to minimize ACE2 binding to the sensor chip. For each analysis three
repeats were performed with serial dilutions of ACE2 ranging from 200 nM to 3.125 nM
(Figure 7-2B). To calculate the binding parameters a fitted curve was generated using a
1:1 binding model. The sensograms showed minimal deviation when compared to the fitted
curves (Figure 7-2C). When calculating binding kinetics, the average of three analytical
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repeats was used. To understand the batch-to-batch variation in SARS-CoV-2 affinity for
ACE2, a series of experiments were performed with different batches of SARS-CoV-2
glycoprotein with a single ACE2 control in each in which no glycan engineering had been
performed. In total, 10 ACE2 sensograms were obtained. The measured Ko for the
interaction between SARS-CoV-2 and ACE2 varied between 50 and 100 nM with an
average of 76 nM (Figure 7-2D).

7.4 ACE2 glycosylation modestly impacts binding to SARS-
CoV-2

In order to probe the influence of different glycoforms of ACE2 on SARS-CoV-2 S binding,
glycan modified versions of the receptor were generated. A range of different approaches
were used including modifying the glycans during expression of ACE2 and using
glycosidases post-expression to remove specific monosaccharides. To investigate the
impact of sialylation upon ACE2 binding, ACE2 was co-expressed with a solubilized variant
of B-galactoside a-2,6-sialyltransferase | (ST6) 3%91. As the ST6 contains a His-Tag, the SEC
contained two peaks which, when analysed by SDS-PAGE, confirmed two proteins, one a
~75 kDa and one at 35 kDa, corresponding to ACE2 and ST6 respectively (Figure 7-3A).
To determine whether ST6 co-expression increased sialylation the same LC-MS approach
was used, as described for WT ACE2. This demonstrated a notable increase in sialylation
at every site, with the exception of N103 which exhibits a high degree of sialylation on the
WT protein and was notenhanced by ST6 co-expression(Figure 7-3B). The total sialylation
increased from 15% for WT ACE2 to 54% for ACE2 co-expressed with ST6 (Appendix
H.2), noting that the overall levels are somewhat suppressed by the population of
aglycosylated peptides. The levels of fucosylation and unoccupancy were comparable to
the WT ACE2.

133



A ACE2+STé6 ACE2 + Kif

‘On 200+ KDa 500

Nee= "] IR

| | 2 1000 50| - 3004

|- @ E ¥ Z 200-

=8 0=

i~ 15 100+

1ol —_ 10| « 0-

60 80 100 120 60 80 100 120
B ml mi
90— 100~

N53 = ]

0 T T T T T T T T T ?'T’ T 0- 1 ! 1 ! 1 T T T 1 T T T T 1 T
NOO = 3] ii as-l

0 T T T T T T T T T 0- T T T T T T T T T T T T T

90 — 80
N322 s 45 01 H
O T—T—T T T T T T T T T T T T !"I" 0- LN B B B B B B B 'T' LI N B N |

60 60

1 T T T 1 r 11 1 17T
L EL L AR RATZ R PRELE L DAL D DD 2D
RS AR RO
& T TS & & &

Figure 7-3 Glycan modification of soluble ACE2 using ST6 and kifunensine co-
expression.

(A) SDS-PAGE and SEC trace for ACE2 co-expressed with ST6 and also ACE2 expressed
with 20 uM kifunensine. The two peaks shown in SEC were pooled separately and show
two distinct bands corresponding to soluble ACE2 (~75 kDa) and ST6 (~37 kDa). (B) Site-
specific glycan analysis of ACE2 expressed with ST6 and ACE2 expressed with
kifunensine. Bars are categorized and coloured according to Figure 7-2.

In addition to sialylation, the impact of artificially adding oligomannose-type glycans
at each site across ACE2 was investigated. These glycans are rare on healthy host
glycoproteins and it is unlikely these glycans are in high abundance on cellular ACE2,
although oligomannose-type glycans can arise naturally on cellular receptors, depending
on the producer cell 324392, To convert the glycans to predominantly MansGIcNAc2, 20 pM
of kifunensine (Kif) was added at the time of transfection. This enzyme inhibits the glycan-
processing enzyme, ER a-mannosidase |, immediately following protein folding which
results in the presentation of oligomannose glycans on the mature glycoprotein. The
resultant ACE2, which is referredto as Kif ACE2, was purified and, as for WT ACE2, a
single peak was observed by SEC (Figure 7-3A). Glycan analysis confirmed inhibition of
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glycan processing, with large populations of oligomannose-type glycans at every site
(Figure 7-3B).

To further modify the glycans of ACE2 the three glycan variants were used as a
platform to generate several glycan modified variants of ACE2. For each approach LC-MS
was performed to confirm successful enzymatic digestion of the glycans (Appendix H.3).
To assay whether the presence of a glycan impacts ACE2 binding the oligomannose-type
glycans were removed from Kif ACE2 using endoglycosidase H (endoH) which leaves a
single N-acetylglucosamine residue 3%, This approach was taken as opposed to removing
all the glycans from WT ACE2 as the total removal of N-glycans from proteins can cause
misfolding, whereas the contribution of a single N-acetylglucosamine to ACE2 binding will
likely be minimal. This approach is commonly utilized to obtain crystal structures of
deglycosylated proteins while avoiding the complications of misfolding and incomplete
digestion that can be associated with the use of peptide N-glycosidase 119393, To further
understand the impact of sialylation, the sialic acids were removed from both WT and ST6
ACE2 using 02-3,6,8 sialidase. The role of fucose was investigated using WT ACE2 treated
with a-fucosidase. Each of these proteins were characterized by LC-MS and used for
subsequent analysis by SPR. Overall, it is possible to modulate the glycosylation of ACE2

in a specific manner for downstream analyses.

Using an identical experimental set up as for WT ACE2, aseries of experiments were
performed using bothWT ACE2 and glycan modified ACE2. When ACE2 was co-expressed
with ST6 a modestincrease in Ko was observed, which corresponds to adecrease in binding
(Figure 7-4A). When terminal sialic acid residues are removed using sialidase from both
WT and hypersialylated ACE2 the affinity does not revert to WT but instead converge to a
Ko ~30% higher, indicating that ACE2 treated with sialidase has a higher affinity for SARS-
CoV-2 compared to WT ACE2 (Figure 7-4B and F). The observation that the viral S protein
interaction with ACE2 is only slightly influenced by ACE2 sialylation suggest that this
interaction is robust to variations in sialylation state. Similarly, the presence or absence of
fucose does not impact ACE2 binding to a significant extent (Figure 7-4E). When all N-
linked glycans on ACE2 are converted to oligomannose-type glycans using kifunensine the
Ko increases by ~50%, correspondingto a decrease in binding (Figure 7-4C). However,
when these oligomannose-type glycans are removed by endoH, leaving only a single N-
acetylglucosamine residue remains, the affinities are comparable with WT ACE2 (Figure
7-4D). However, the impact of mannosylation suggestthat viral S protein more optimally

binds ACE2 glycoprotein that has undergone glycan maturation during biogenesis.

These effects are subtle, and it is an important observation that deglycosylated ACE2
remains capable of binding SARS-CoV-2 S protein (Figure 7-4D). To confirm initial
observations regarding the binding of glycan modified ACE2 to SARS-CoV-2 the results
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were reproduced and confirmed the initial observations. These experiments confirmed the
significant difference between untreated ACE2 and sialidase treated ACE2 (p = 0.04) and
also ST6 ACE2 treated with sialidase (p = 0.03) (Figure 7-4F and Appendix H.4) but also
highlighted the subtlety of the observed effects as no other observed differences were
significant. There was extensive variability between ST6 ACE2 experiments and the
observed differences in Ko were not statistically significant. This could be due to the impact
of microheterogeneity amongst hypersialylated ACE2 glycoforms leading to elevation in
variability when compared to other samples.
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Figure 7-4: SPR analysis of glycan modified soluble ACE2 binding to SARS-CoV-2
S protein.

(A) Comparison of sensograms for WT ACE2 and ACE2 co-expressed with ST6. Both
sensograms were obtained using the same SARS-CoV-2 S protein preparation, each WT
ACE2 experiment detailed was performed using the same batch as the corresponding
glycan modified ACE2. All displayed curves represent the average of three analytical
repeats. All kinetic parameters were calculated using a 1:1 binding model using the Biacore
evaluation software. (B) Sensograms comparing WT soluble ACE2 and WT ACE2 treated
with sialidase. (C) Sensograms comparing WT ACE2 and ACE2 expressed in the presence
of 20 uM kifunensine. (D) Sensograms comparing WT ACE2 and ACE2 expressed in the
presence of 20 uM kifunensine followed by enzymatic digestion with endoH. (E)
Sensograms comparing WT ACE2 with WT ACE2 enzymatically digested with fucosidase.
(F) Calculated Kb for each of the ACE2 variants used, including repeats. Comparison of
the % difference in Ko for each glycan modified ACE2 variant. Percentage difference was
calculated for each glycan modified variant compared to aWT ACE2 sensogram performed
during the same SPR experiment. The average of each repeat of this analysis is shown,
with error bars representing +/- SEM shown where appropriate. ST6 ACE2, WT Sia ACE2,
ST6 + ACE2 and Kif ACE2 were performed in triplicate whereas Kif + endoH and ACE2 +
Fuc were performed once.
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7.5 Perspectives

In this study, the impact of variable glycosylation on the interaction between ACE2 and
SARS-CoV-2 S was investigated. By modifying the glycans using glycosyltransferases,
glycosidases, and inhibitors of the glycan-processing pathway, it was possible to engineer
glycan variants of soluble ACE2 and perform binding studies with trimeric SARS-CoV-2 S.
Whilst the impact of fucosylation and the removal of the N-linked glycans was minimal, the
removal and addition of sialic acids on ACE2 resulted in the increase and decrease of
ACE2/SARS-CoV-2 S binding affinities, respectively. It was also interesting to note that
kifunensine-treated ACE2 resulted in adecrease in binding affinity, which was recovered to
the WT binding affinity when all but the first GIcNAc was removed by endoH. This indicates
that there may be unfavourable interactions when the carbohydrate modifications on ACE2
are predominantly bulky MansGIcNAcz glycans.

These results suggest alimited role for the glycans of ACE2 in SARS-CoV-2 binding.
When a glycan is critical for binding, the removal of the entire glycan will negatively impact
binding 2¢8. Likewise when a glycan is shielding an antigenic protein surface the remova of
the entire glycan will greatly increase the affinity to its binding partner 9. In this case, the
removal of glycans from ACE2 has minimal effects on SARS-CoV-2 binding, revealing that
the glycans do not play a critical role in this interaction. What these studies suggest,
however, is that the binding of ACE2 to SARS-CoV-2 S protein can be influenced by the
particular composition of ACE2 glycans, albeit only to a modest degree. There is growing
evidence for arole in sialic acid binding of SARS-CoV-2 on the cell surface, however this
data suggests that the binding pocket for sialic acid is not productively utilized by ACE2

receptor glycans 122.383,384,394,

The use of recombinant ACE2 is being developed as a therapeutic against COVID-
19 378.395-398 gnd our results suggest that the SARS-CoV-2 S protein can bind to ACE2
promiscuously regardless of its glycosylation status. Whilst the study cannot address the
impact of glycosylation in vivo or in a clinical setting this data suggests that therapeutic
manufacture may be facilitated by a lack of strict glycan dependencies in its mode of
recognition. However, it must be noted that sialylation of therapeutics can influence their
half-life 121, Overall, although ACE2 receptor glycosylation modestly impacts viral spike
binding, it is highly likely that the glycosylation of virus and host target cells will have a
significant impact upon the pathobiology of COVID-19 due to the extensive range of host
lectins and the capacity of SARS-CoV-2 S protein to interact with host glycans. In
conclusion, any role of glycosylation in the pathobiology of SARS-CoV-2 will lie beyond its
immediate impact of receptor glycosylation on virus binding.
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Chapter 8 Discussion, perspectives, and

future work

8.1 Theglycosylation of Env and S protein and how they differ

Using a combination of biophysical techniques this thesis aimed to provide in-depth
determination of the glycosylation state of immunogens used to vaccinate against viral
pathogens and compare and contrast the observed glycan signatures with those on their
viral derived counterparts. Prior to the execution of this project little was known of how the
glycosylation of recombinant immunogens compared to their viral derived counterparts at a
site-specific level. Previous analyses included global analysis of Env produced in different
cell lines, however, as broadly neutralizing antibodies bind to specific N-linked glycans it is
importantto compare the site-specific glycosylation of key bnAb epitopes, such as the N332
glycan supersite. During the course of the project several studies have additionally defined
the glycan signatures of viral derived HIV-1 Env 163.264. These studies supported the
observations of the comparative site-specific glycan analysis of BG505 SOSIP.664 and
BG505 viral-derived Env. The oligomannose-type glycans that dominate the glycosylation
of the glycan shield are conserved across many regions of the viral spike, notably at the
intrinsic mannose patch (IMP) centred around the N332 supersite and also at the trimer
associated mannose patch (TAMP) which contains the key bnAb epitopes at N156 and
N160. At sites flanking these regions, divergent processing was observed, with sites that
presented amixture of processing states onthe SOSIP platform in both CHO and HEK293F
cells such as N197 displaying elevated glycan processing on viral derived Env.

One key difference between viral derived and soluble recombinant SOSIP was the
glycan occupancy at several sites across the protein. Closely spaced potential N-linked
glycan sites (PNGS) on gpl120 such as N133/ N137 and N190/N190c lacked glycan
attachment on a significant proportion of sites on BG505 SOSIP.664 produced in HEK293F
cells and in CHO cells. This is in contrast to the same sites on viral derived material which
were fully occupied. Following this study, the underoccupancy of SOSIP glycosylation has
been shown to influence the immune response elicited towards the immunogen. Macaque
immunizations using BG505 SOSIP.664 generated neutralizing antibodies 186, however
they were only able to neutralize BG505 and similar viruses. In addition to these analyses,
epitopes foranumber of non-neutralizing antibodies were defined at several regions on Env
299, The most immunodominant non-neutralizing epitope was located on the base of the
SOSIP trimer, which is exposed as a result of the truncation of the full length Env, required
for the generation of soluble immunogens. However, an additional subset of non-
neutralizing antibodies were isolated that bound to BG505 SOSIP.664, but were unable to
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neutralize BG505 virus, unless the N611 glycan is knocked out. In addition to this, more
recent studies have suggested that V1 glycan underoccupancy on SOSIP trimers may
potentially induce non-neutralizing antibodies 2%. To close the artificial glycan holes and
diminish the presentation of disadvantageous non-neutralizing antibody epitopes, the
glycan sequons at regions that display underoccupancy on SOSIP trimers were modified to
optimize their affinity to the glycosyltransferase enzymes. This approach demonstrated that
it was possible to improve glycan occupancy across a number of different Env strains,
without compromising the integrity of the glycan shield, and demonstrates that it is possible

to modulate immunogen glycosylation towards more viral-like.

When comparing viral derived BG505 Env with BG505 SOSIP.664, produced in a
research laboratory setting and under GMP for human clinical trials, subtle differences in
the glycan shield were observed that have implications regarding the generation of non-
neutralising antibodies. This highlighted the importance of applying the methodologies used
to study HIV-1 Env to SARS-CoV-2 S protein. In a similar manner to vaccine design against
HIV-1, many of the now authorized SARS-CoV-2 vaccines use a subunit vaccine-based
approach, involving the presentation of the SARS-CoV-2 S protein prior to infection. As
such it is important to establish the parameters that govern the presentation of N-linked
glycans on the surface of the spike protein. With the determination of the three-dimensiona
structure of the SARS-CoV-2 S protein, the heterogeneous glycan shield was unresolved
due to the flexibility of N-linked glycans. Using the same stabilized soluble 2P variant used
to determine the structure of the S protein, the compositions of the glycans attached to the
N-linked glycan sites were resolved. As with HIV-1 Env, regions of the glycan shield are
sterically occluded from glycan processing and present elevated levels of oligomannose-
type glycans not normally observed on healthy host glycoproteins. Despite this, the majority
of N-linked glycan sites on S protein contained high levels of more processed, complex-
type glycans, indicating that the glycan shield of SARS-CoV-2 S protein is less dense than
HIV-1 Env. In addition, the glycan sites of S protein were highly occupied, in comparison to
BG505 SOSIP.664.

To further compare the glycan shields of HIV-1 Env and SARS-CoV-2 S protein the
glycosylation of soluble recombinant S protein from HEK293F and CHO cells were
compared to the glycosylation of viral-derived S protein. This study demonstrated that, for
SARS-CoV-2 S protein, the glycosylation of viral and recombinant S protein is consistent
with respect to the site-specific presentation of oligomannose-type glycans, but that the
processing of complex-type glycans differed. In addition, molecular dynamics simulations
demonstrated a connection between the N-linked glycan processing state, with regards to
the presentation of oligomannose-type glycans, and the accessible surface area of the

glycan site to glycosidase enzymes. Correlating the accessible surface area to glycan
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processing in this way demonstrates the differences in the glycan shields of HIV-1 and
SARS-CoV-2. Whilst both S protein and Env possess oligomannose-type glycans, the
abundance of oligomannose-type glycans was around half that observed on BG505
SOSIP.664 and demonstrates that the glycan shield of HIV-1 Env is denser compared to
that of the SARS-CoV-2 S protein. This likely contributes to the relative ease with which
patients infected with SARS-CoV-2 can elicit strong neutralizing antibodies targeting protein

epitopes compared to HIV-1 infected individuals.

In addition to the SARS-CoV-2 S protein, the ACE2 receptor is also glycosylated. As
such, the glycans on the ACE2 receptor must be considered when understanding the
pathology of SARS-CoV-2. Using similar methodologies, the glycosylation of ACE2 was
determined, displaying a diverse range of complex-type glycans at all sites analysed. By
engineering the glycans of ACE2 using both enzymatic inhibitors and in vitro glycosidase
treatmentit is possible to investigate the role the glycans on ACE2 play in S protein binding.
Differences in binding were observed when the sialylation of ACE2 was enhanced by ST6
co-transfection, however removal of the N-linked glycans did not ablate S protein binding,
demonstrating that glycan microheterogeneity of ACE2 in the host cell will likely not provide
a barrier to SARS-CoV-2 infection, specifically in the interaction between the S protein and
ACE2. This work demonstrates that whilst glycosylation can be heterogeneous in places,
there are certain trends and phenomena that are conserved across viral spike proteins,
which can be informative for broader vaccine design strategies.

8.2 Observations of membrane bound vs recombinant HIV-1,
composition,and occupancy

The glycosylation of viral envelopes differs from soluble immunogens on several fronts,
each of which impacts the processing of the glycan shield, with hierarchies of
consequences. The impact of membrane tethering on the glycosylation of HIV-1 Envis seen
across the trimer, such as the higher abundance of sialic acid containing glycans which
indicates that membrane tethering brings Env in closer proximity to the glycan processing
enzymes. This effectis also contributing to the increased activity of GICNAc transferases
resulting inincreased branching at sites populated by complex-type glycans and membrane
tethering also likely results in enhanced oligomannose-type glycan processing of sites
presenting a mixture of both complex-type glycans and oligomannose-type glycans, such
as N197, on soluble forms of Env. These phenomena were also observed in a study
comparing recombinant SOSIP with recombinant full length (FL) Env, and UPLC analyses
revealed that the complex-type glycans were larger, more branched and more sialylated on
the full length material compared to the SOSIP 301, In addition, site-specific analysis
revealed that mixed sites such as N197 were processed analogously to viral derived Env,
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even though the Env used in the cited study is the clade B isolate AMCO11 and the virus
was BG505. Other studies have observed larger branched glycans on membrane tethered
Env, confirming this observation 163264, Interestingly, whilst the SARS-CoV-2 viral derived S
protein did display elevated processing at sites such as N149 and N165 compared to the
averaged recombinant S protein data (Figure 6-1), the elevation in glycan processing was
not as extensive as observed when viral derived Env glycosylation was compared to that of
SOSIP. Unlike viral-derived Env, S protein produced from infectious virions did not display
enhanced glycan branching and possessed almost no sialylation at every site analysed
(Figure 6-2 and Appendix G.2). One potential explanation for this is that the egress from
the ER and Golgiapparatus differsfor SARS-CoV-2 and HIV-1. Ithas been established that
the SARS-CoV-2 virus buds into the ERGIC, the presence of Golgi-specific glycan
modifications such as galactosylation implies that the virions do not exit the secretion
pathway at this stage, but rather buds into the ERGIC lumen 4%, This will effectively ablate
the effect of membrane tethering keeping the nascent glycan sites in close proximity to the
glycan processing enzymes, and therefore reduces both the branching and sialylation of

the viral derived S protein (Figure 8-1).

Itis important to note that other reasons for these differences could be contributing to
the different glycan processing states between the two viruses. The producer cell for the
SARS-CoV-2 and HIV-1 viruses used in this thesis were different, and therefore the
expression levels of glycosyltransferases may be different, which could impact the glycan
processing. The AMCO11 FL construct described above was produced in HEK293 cells
alongside the SOSIP and the correlation with this analysis and the BG505 analysis likely
means that the cell line is not the main driver of the changes observed between membrane
tethered Env and soluble SOSIP. The other difference that could be contributing to the
observed changes in glycosylation is that the stabilising mutations introduced into both the
SOSIP and 2P soluble glycoproteins are stabilising the soluble structures beyond those on
their viral counterparts, effectively generating a more stable quaternary structure that
reduces the accessible surface area of the PNGS of the soluble variants. This is difficult to
control for, as removal of the stabilising mutations creates a metastable protein that is no
longer native-like. However, the oligomannose-type glycan processing of SARS-CoV-2 is
analogous for both soluble and viral S protein, suggesting that the introduction of the 2P
mutations is not affecting glycan processing. Further work will be needed to address the
impact of stabilizing mutations on glycan processing, including broadening the number of
viral comparisons. The trends observed for full length Env have only been determined on a
handful of viruses, and a full understanding of the glycosylation of viruses will need to
investigate the glycosylation of infected patient-derived virus, although the yield of virus

would be too small to obtain high quality data using the methods outlined above.
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Figure 8-1:Rationalizing the differences in S protein and Env glycosylation resulting
fromthe presence/ absence of the transmembrane portion of the protein.

Representative cartoon displaying the differences in how soluble, and membrane tethered
virions interact with glycosyltransferases. Whereas HIV-1 Env assembles on the plasma
membrane, SARS-CoV-2 virions bud into the ERGIC, this effectively distancesthe S protein
fromthe glycosyltransferase enzymes, reducing the complex-type glycan elaboration that
can occur, such as sialylation, to a similar extent to soluble Env and S protein.

8.3 Repairing holes in the glycan shield is an important

considerationinvaccinedesign

In addition to localized differences in glycan processing, differences in site -specific glycan
occupancy were observed between recombinant and viral envelope glycoproteins.
Throughout the course of this project studies on HIV-1 Env immunizations using SOSIP
trimers has revealed the difficulties created by artificial glycan holes in that they result in the
generation of epitopes on the soluble immunogen that are not present on the virus, and
therefore result in the elicitation of non-neutralizing epitopes 21829, Glycan holes can arise
on HIV-1 Env through a number of routes; firstly, a glycan hole that is strain specific due to
a lack of a particular N-linked glycan that is abundantin the circulating viral population, such

as the N241/N289 glycan hole present on BG505 281, In addition to strain-specific glycan

142



holes, this work demonstrated that glycan sites on BG505 are differentially occupied
between SOSIP and virus. These were termed artificial glycan holes due to their absence
on infectious virus. In addition, recombinant SARS-CoV-2 S protein displayed regions of
under occupancy, however these were much less apparent than for HIV-1 Env. These
studies showed that glycan holes can arise for many reasons, but that it is possible to
enhance glycan occupancy of soluble trimers by modifying the N-linked glycan sequon for
particular sites. Unoccupied PNGS appear as a result of a combination of three features.
Firstly, closely spaced glycan sites, such as N190 and N190c, display underoccupancy,
likely due to the difficulty for the glycosyltransferase enzymes that add the precursor N-
linked glycan from the dolichol phosphate to the NxS/T to both sites before the nascent
polypeptide chain moves away from the ribosome/ER translocon complex as a result of
continued translation. This phenomenonis notobservedon SARS-CoV-2 S protein as there
are no sites which are this closely spaced, the two closest are 8 amino acids apart at N709
and N717.

This alone cannot explain the reduced occupancy of SOSIP trimers as the viral
counterpart has high occupancy at both N190 and N190c and therefore other factors play
a role as well. The third position of the N-linked glycan sequon impacts glycan occupancy,
as can be seen at several sites, most noticeably N611, whereby the NxS N-linked glycan
sequon has reduced affinity to the glycosyltransferase machinery and glycan attachment is
less likely. Converting the NXS glycan sequons to NXT generally increased N-linked glycan
occupancy, however if this dictated glycan occupancy alone then likely the immune
selection pressure would mean that viral Env would contain exclusively NxT glycan sequons
to ensure maximum occupancy. In addition, SARS-CoV-2 S protein contains several NxS
sites, and these are highly occupied on both viral and soluble material.

Finally, artificial glycan holes are more prominent towards the C-terminus of the viral
spike. On HIV-1 Env gp41 displays decreased glycan occupancy compared to the viral
counterpart at all four sites, depending on the strain. In Chapter 6 recombinant soluble S
protein from several labs was compared. The Amsterdam, Harvard, Swiss, and to a lesser
extent Oxford S protein possessed moderately reduced occupancy at sites proximal to the
C-terminus of the protein, specifically N1173 and N1198, or N1134 for the Amsterdam S
protein, as this soluble construct was truncated prior to the last three glycan sites. For both
SARS-CoV-2 and HIV-1 viral derived glycoproteins the same C-terminal sites were fully
occupied. Whilst N611 was not resolved in the HIV-1 Env virion analysis the ability of N611-
glycan hole binding Abs to neutralize BG505 virus lacking the N611 site provides evidence
that this site is highly occupied. These artificial glycan holes are likely arising due to the
truncation of the C-terminus required to remove the transmembrane region. As the nascent

polypeptide finishes translation it subsequently detaches from the translocon complex and
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therefore the glycosyltransferases have reduced capacity to attach N-linked glycansto sites
closer to the C-terminus 362, The presence of an extended C-terminus on viral derived
glycoproteins likely enhances glycan occupancy of these C-terminal N-linked glycan sites
compared to the solubilized equivalents.

In addition to directinfluences fromthe amino acid composition, broader parameters
contribute to the differences in occupancy between viral and soluble glycoproteins. In order
to produce large amounts of glycoproteins required for biophysical assays and clinical trial,
a process known as codon optimization is used. As the same amino acid can be coded for
by different RNA sequons, there are multiple tRNA within the cell that have the same amino
acid attached with different RNA sequences. The abundance of tRNAs vary between
organisms, and it is possible to optimize the codon usage so that the most abundant tRNAs
for aparticular amino acid are used during translation. The more abundant tRNAs are more
likely to bind to a ribosome during translational elongation and therefore the elongation
process progresses faster the more codon optimized agene is 4°1. As the attachment of N-
linked glycans occurs co-translationally, the longer the process of elongation takes the
longer the glycosyltransferase enzymes have to attach an N-linked glycan at a PNGS. As
codon optimization is required for the production of high yields of recombinant material, this
could contribute to the reduced occupancy of soluble recombinant envelope glycoproteins
compared to their viral counterparts. In addition the env gene in infectious virions has been
shown to possess a bias towards rare codons, which will slow the elongation process,

further enabling high levels of glycan occupancy to be achieved 401,

These analyses have revealed the importance of monitoring candidate immunogens for
artificial glycan holes. To fully map the elicited antibody response of HIV-1 Envit is essentia
to define any glycan holes, especially considering the modern germline targeting
approaches involves glycan deletions. An additional example of a germline targeting
approach developed is fusion peptide bnAb germline targeting, to attempt to elicit PGT151-
like bnAbs. Fusion peptide targeting antibodies are able to recognize and neutralize virus
lacking the N611 glycan site 402403 and germline targeting approaches will likely involve
priming the immune system with an immunogen lacking N611. In a subsequent boost
immunogen, the N611 site will need to be reintroduced, as the majority of Env strains
contain this site. If this booster immunogen is under occupied at N611 then the antibody
response will not evolve to accommodate the N611 glycan and the germline targeting
approach will not be successful, highlighting the need to monitor and repair artificial glycan
holes in the glycan shield. Further efforts are required to silence the glycan hole located at
the base of the SOSIP trimer and the introduction of N-linked glycans on the base of the
trimer is one approach to achieve this. In addition, it will be important to identify any glycan

holes in material produced by the host following administration of nucleotide-based
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vaccines, such as mRNA, for both HIV-1 Env and SARS-CoV-2, to probe the integrity of the

glycan shield and ensure the best chance of success for potential vaccine candidates.

8.4  Atypical glycan processing is a conserved feature of viral
spike glycoproteins.

The presence of elevated levels of oligomannose-type glycans on SARS-CoV-2 and HIV-1
envelope glycoproteinsreveal a shared feature of viral glycan shields that is distinct from
typical host glycoprotein. The work outlined in Chapter 6 demonstrates the steric protection
that regions of the SARS-CoV-2 glycan shield are under, using a combination of site-
specific glycan analysis and molecular dynamics modelling. The correlation between the
accessibility of a glycan site and it’s processing state has been shown for HIV-1 Env, with
poorly accessible sites correlating with those that present high levels of oligomannose-type
glycans 153404 Additional studies have highlighted this phenomenon for other viral
glycoproteins, notably Influenza Haemagglutinin (HA) from H3N2 and Lassa virus GPC
323,405 As the glycan shield becomes denser, the processing of N-linked glycans decreases,
resulting in a weaknessin the glycan shield that provide distinction betweenhost cell glycan
processing. Additionally, the evolution of the H3N2 glycan shield has revealed a selective
pressure to introduce N-linked glycan sites onto the immunodominant head region of HA,
which has increased during the endemic circulation of the virus between 1968 and 2011.
This resulted in a concomitant increase in under processed oligomannose-type glycans on
HA 495, In addition, HIV-1 displays similar trends, albeit over a much shorter timescale due
to the high mutation rate of the HIV-1 genome. Within a single infection cycle, the number
of PNGS on Env can vary, with initial transmitter/founder strains possessing fewer N-linked
glycans, followed by a steady increase as the infection becomes chronic, and finally a
decrease as the immune system fails 145, The glycan shield was likely present prior to
species crossover to humans. A recent study investigating the glycosylation of a SOSIP
trimer of a simian immunodeficiency virus (SIV) termed MT145k 4% demonstrated
remarkable conservation in the glycan shield between HIV and SIV Env, with respect to the
presentation of oligomannose-type glycans. The glycan shield, therefore, likely plays an
important role in avoiding the host immune response in multiple organisms.

These observations highlight the shielding role that N-linked glycans perform when
evading the host immune system. However, for SARS-CoV-2, the position and number of
N-linked glycan sites has, so far, remained consistent, with mutations more common around
the RBD 497, One potential reason why glycan site additions are less prevalent is the
potential fitness cost to viral infectivity resulting from glycan addition. A recent study
demonstrated that genetically similar coronaviruses contain a glycan at position N370 and
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that the loss of the N370 glycosylation site in SARS-CoV-2 may have increased the
availability of the “open” S form, which may contribute to its higher infectivity relative to
SARS-CoV1 and other variants containing the N370 site.

In addition to potential fitness costs of additional glycan sites to the virus, disease
mechanisms may explain why SARS-CoV-2 does not have an extensive glycan shield.
Unlike HIV-1, SARS-CoV-2 is an acute infection, whereby infectivity is at its peak over a
relatively short period. This means that viruses are able to transfer to a new host quickly
without a protracted interaction with the host immune response, and the remaining viruses
are cleared by the immune system. As such SARS-CoV-2 S protein does not have the same
selection pressures as HIV-1 Env, which can exist for years within the host. Over time,
however, as the immune memory of the population expands, there is the possibility that the
virus will evolve a denser glycan shield. Coronaviruses have been circulating in the human
population far longer than the outbreaks in the 21st century. A portion of the common cold
viruses are coronaviruses, including NL63 and 229E 408,409 |nterestingly the spike proteins
of HCoV-229E and HCoV-NL63 are of a similar size to SARS-CoV-2 S protein, however
they contain a significantly larger number of N-linked glycan sites compared to SARS-CoV-
2 with HCoV-NL63 containing 39 and HCoV-229E possessing 30 per protomer, compared
to 22 on the SARS-CoV-2 S protein. These viruses have been circulating in the human
population for longer than SARS-CoV-2 419, As with H3N2, it appears that circulation within
the human population has resulted in the addition of N-linked glycan sites to evade the
immune system. As SARS-CoV-2 continues to circulate and mutate, the chances of
introducing a potential N-linked glycan site increase and demonstrate the key role that the
glycan shield plays in shielding the antigenic protein surface. This work demonstrates that
even relative sparse glycan shields, such as that of SARS-CoV-2, display regions of
restricted glycan processing, such as at N234. This demonstrates a conserved feature of
viral glycan shields that may be exploited by anti-mannose lectins in potential future vira
therapeutics 405411,

8.5 The differential importance of N-linked glycosylation in
vaccinedesign

Whilst over time the glycan shield of viruses may evolve and increase in density, what
matters most for vaccine design is protecting against immediate circulating strains and
closely related mutants. The recent outbreak of SARS-CoV-2 and the rapid development
and success of SARS-CoV-2 vaccines, as well as the strong patient immune response,
demonstrate a differential importance of N-linked glycosylation in vaccine design compared
to HIV-1 Env. Whilst a knowledge of the glycan shield of SARS-CoV-2 is useful as it
demonstrates potential glycan clusters that may shield particular regions of the antigenic
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spike protein, recent vaccines have been developed which clearly demonstrate that the
particular composition of N-linked glycans on the S protein will have a limited role in
governing the antibody-mediated immunity to SARS-CoV-2. This is best exemplified in the
apparent success of the Novavax vaccine candidate, NVX-CoV2373, which demonstrated
an efficacy of ~85% for the B.1.17 (Kent/alpha) SARS-CoV-2 variant 412, This vaccine is
produced in moth cells and will therefore be glycosylated and processed by an insect N-
linked glycan processing pathway 3°0. The early stages of oligomannose-type glycan
processing are conserved between insects and mammalians, however complex-type N-
linked glycan processing, such as the addition of sialic acids, is not conserved and the
resultant compositions of sites presenting high abundances of complex-type glycans are
distinct from protein produced in mammalian cells 34°. Despite this the vaccine is able to
provide protection with an analogous efficacy as other vaccine immunogens which are
produced by human/mammalian cells and demonstrate that the glycan shield of SARS-

CoV-2is not a barrier to generating an immune response.

Despite the glycan shield not providing a barrier for the induction of effective antibody-
based immunity the N-linked glycans of SARS-CoV-2 S protein are stillimportant for other
reasons. Molecular dynamics simulations and binding assays have explored the role of the
N234 and N165 glycans stabilizing RBD conformations 346. Glycans are also critical for
stabilising the structure of the SARS-CoV-2 S protein, with a recent study reporting that
N801Q and N1194Q S protein mutants resulted in severely decreased protein yield,
including protein degradation 413, Additionally, the role of glycosylation in SARS-CoV-2
infection is still under investigation. This thesis demonstrated that modifying the glycans on
the ACE2 receptor can modulate SARS-CoV-2 S protein binding, however they are not
critical for binding as the near complete removal of the N-linked glycan did not ablate ACE2
binding. Additional studies have shown that modification of SARS-CoV-2 glycans using
similar approaches can impact ACE2 binding 413. Taken together, the N-linked glycans on
the SARS-CoV-2 S protein are required for correct protein folding and function, however, in
vaccine design the glycan shield does not act as a barrier to providing antibody-mediated
immunity as the glycan shield is not dense enough to obscure the underlying antigenic
protein surface, as can be seen in the conserved low levels of oligomannose-type glycans
on S protein, relative to other viral spike glycoproteins.

Unlike SARS-CoV-2 S protein the N-linked glycans of HIV-1 Env play acritical role in
the induction of antibody-mediated protection against infection. The N-linked glycans
comprise half the mass of Env and can contain over 30 glycans per protomer. In addition,
the Env ectodomain consists of ~700 amino acids, whereas S protein consists of over 1200
and as such the density of the HIV-1 Env far exceeds that of S protein. This can be seen in

the high levels of oligomannose-type glycans across multiple regions of the protein, with
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many sites lacking any further processing beyond the initial stages of N-linked glycan
maturation. The critical role of the dense glycan shield in evading immune surveillance can
be seen in its cross-species conservation between SIV and HIV 4%, Additionally when holes
appear in the glycan shield, a strong immune response is capable of targeting the region
underneath the glycan, with these epitopes forming the dominant targets of the antibody
response following immunization 281, Due to its importance in shielding the more antigenic
protein surface, the glycan shield is one of the more conserved features of Env. Sites such
as N332 are present on the majority of Env strains, and for every strain analysed in this
study this site contains exclusively oligomannose-type glycans (Figure 4-5). A combination
of this cross-clade conservation, and the distinct glycan processing fromhost glycoproteins,
means that, in a subset of infected patients, broadly neutralizing antibodies have been
elicited, with almost all of them either directly recognizing a glycan or accommodating the
presence of a glycan as part of their epitope 414. Although the majority of glycan binding
antibodies recognize the mannose clusters in the IMP and TAMP, other antibodies such as
PGT151 display preferences for complex-type glycans, specifically tri- and tetra-antennary
glycans 197, Whilst not all classes of bnAbs will be elicited, the glycan compositions and
locations will dictate the success of many vaccination approaches against HIV-1. The work
outlined in Chapter 4 demonstrated the role that artificial glycan holes can have in
distracting the immune system from potential neutralizing responses and demonstrate the

importance of the work outlined in this study in the vaccine design process against HIV-1.

8.6 Futurework

This thesis aimed to explore the differences between the glycan shield of SARS-CoV-2 and
HIV-1 envelope glycoproteins, and how they compare to their viral counterparts. Due to
sample availability and requirements viruses were produced in cell lines. As the
glycosyltransferase expression levels can differ between cell types the next stages of this
work will include analysis of virus from an infected individual. In addition to different
glycosyltransferase expression rates there may be additional stresses on cells in a patient
that are not presentin cells in culture, for example extracellular signalling f rom the immune
system, that could be influencing the processing of complex-type glycans in the glycan
shield. This thesis has demonstrated that the presentation of oligomannose -type glycans
on SARS-CoV-2 S protein and HIV-1 Env are driven by the steric protection afforded by
either neighbouring glycans, or through protein clashes, and that these features will likely

be conserved, despite the differences outlined above.

To date only a handful of viral-derived Env proteins have been analysed using site-
specific analysis. Broadening the number of clades and strains with which the site -specific

glycosylation is known will further inform vaccine design. An example of key strains of
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interest includes those viruses which are resistant to bnAb neutralization. A recent clinical
trial investigated the ability of a single monoclonal antibody, VRCO01, to prevent HIV-1
infection 3%0. Whilst some efficacy was observed, therewere several breakthroughinfections
and work is currently ongoing to identify what features of the virus enable the evasion of
broad and potent bnAbs, and the glycan shield will likely be playing arole in this resistance.
Furthermore, as more subunit vaccines enter clinical trials it will be important to monitor
both the glycan composition and the presence of artificial glycan holes to rationalize the
antibody response elicited towards the immunogen.

Finally, the vaccine development of SARS-CoV-2 has demonstrated that new vaccine
technologies offer the potential for the rapid design and testing of new vaccines. A key
innovation is the use of nucleotide-based vaccines whereby the vaccine recipient produces
the immunogen within their own cells. As a result, novel approaches are required to define
the glycosylation of the material made by nucleotide-based vaccinesto ensure thatthey are
consistently glycosylated to material produced recombinantly. This will range fromthe in
vitro production of viral immunogens into particular cell lines relevant to the sites of
vaccination, such as muscle cells. Beyond this, as the mass spectrometric methods become
increasingly sensitive, it will be important to investigate the post-translational processing of
immunogen extracted from lymph nodes of vaccine recipients to investigate the exact
glycan compositions presented to the recipient’s immune system, as these compositions
will be the ones that are driving the evolution of vaccine induced immunity. The analysis of
viral envelope glycoproteinsisintegral to understanding the antigenic surface of the protein.
Even though the precise processing and presentation of N-linked glycans requires less
attention for certain viruses, such as SARS-CoV-2, it is impossible to know ahead of time
whether or not the glycan shield will provide a barrier to vaccine design strategies, and as
such the development of a broadly applicable workflow to define the glycosylation of viral
spike proteins that can be rapidly deployed to newly emergent viruses remain crucial to
modern vaccine design strategies.
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Appendix A

List of non-structural proteins in SARS-

CoV-2 and their molecular functions.

Protein name

Nspl

Nsp2

Nsp3

Nsp4

Nsp5

Nsp6

Nsp7

Nsp8

Nsp9

Nsp10

Nspl12

Nspl3

Nspl4

Nsp15

Nspl6

Nspll

Description

Nspl is the N-terminal product of the viral
replicase

Nsp2 is a replicase product essential for
proofreading viral replication

Nsp3 is a papain-like proteinase contains
several domains.

A membrane-spanning protein contains
transmembrane domain 2 (TM2)

3C-like proteinase and main proteinase

Putative transmembrane domain

Nsp7 is an RNA-dependent RNA polymerase

Multimeric RNA polymerase; replicase

A single-stranded RNA-binding viral protein

Growth-factor-like protein contains two zinc-
binding motifs

RNA-dependent RNA polymerase
(Pol/RdRp)

Zinc-binding domain, NTPase/helicase domain,
RNA 5'-triphosphatase

Proofreading Exoribonuclease domain
(ExoN/nsp14)

EndoRNAse; nsp15-Al and nsp15B-NendoU

2'-O-ribose methyltransferase

Made of 13 amino acids (sadagsflngfav) and
identical to the first segment of Nsp12.

Proposed function

Leader protein host translation inhibitor. Mediates
RNA replication and processing. Involved in mRNA
degradation.

Modulation of host cell survival signalling pathway by
interacting with host PHB and PHB2.

Functions as a protease to separate the translated
polyprotein into its distinct proteins.

Believed to anchor the viral replication-transcription
complex to modified ER membranes.

Involved in viral polyprotein processing during
replication.

Plays a role in the initial induction of
autophagosomes from host endoplasmic reticulum.

It forms a hexadecameric super-complex with nsp8
that adopts a hollow cylinder-like structure implicated
replication.

It forms a hexadeca-meric super-complex with nsp7
that adopts a hollow cylinder-like structure implicated
replication.

Participate in viral replication by acting as an sSRNA-
binding protein.

In viral transcription by stimulating both nsp14 3'-5’
exoribonuclease and nsp16 2'-O-methyltransferase
activities. Plays an essential role in viral mMRNAs cap
methylation.

Responsible for replication and transcription of the
viral RNA genome.

A helicase core domain that binds ATP. Zinc-binding
domain is involved in replication and transcription.

Exoribonuclease activity acting in a 3' to &' direction
and N7-guanine methyltransferase activity.

Mn(2+)-dependent endoribonuclease activity
Methyltransferase that mediates mRNA cap 2'-O-

ribose methylation to the 5'-cap structure of viral
MRNAs.

Unknown

150



Appendix B Schematic of Waters Synapt G2Si used for
released glycan composition and structural analysis
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Schematic obtained from Waters Synapt G2Si Brochure 415
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Appendix C  Schematic of an Orbitrap Fusion mass
spectrometer used for site-specific glycan analysis
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Schematic obtained from “Planet Orbitrap”, a web resource detailing the applications and

uses of orbitrap mass spectrometers 416,
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Appendix D  Supplemental information for Site-Specific
Glycosylation of Virion-Derived HIV-1 Env Is Mimicked
by a Soluble Trimeric Immunogen.

D.1 Construction and purification of the BG505.T332N-LAl
infectious molecular clone (IMC) and its Env proteins.
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(A) Schematic representation of the BG505.T332N-LAI IMC. (B) Lane 1: Two-dye SYPRO-
stained (total protein, red; glycoproteins, green) SDS-PAGE gel analysis of BG505.T332N-
LAI Lane 2: M.W. standards. Lanes 3-5: Positive control samples (3: HIV-1 BAL, 4: HIV-1
NL4/3, 5: SIVmac239). The gel-staining was calibrated using the gp120 (200-12.5 ng) and
purified p24 (600-37.5ng) standards shown on the right. (C) HPLC separation of
BG505.T332N-LAI/A66-R5 (P4408) under non-reducing conditions. UV absorbance was
measured at 206 nm. Viral protein peaks (identified by subsequent SDS-PAGE gel, protein
sequencing and immunoblot analyses) are labelled above the chromatogram. (D) SDS-
PAGE gel of gp120. Lanes 1 and 8: M.W. standards, Lane 2-7: pooled HPLC fractions
underscoredinred onpanel C. (E) SDS-PAGE gel of gp41l. Lanes1and 7: M.W. standards,
Lanes 2-6: pooled HPLC fractions are underscored in red on panel C. The gel bandsin D
(gp120) and E (gp41) indicated with red arrows were excised and used for released glycan
analysis by UPLC and mass spectrometry. (F) HPLC separation of BG505.T332N-LAI/AG6-
R5 (P4408) under non-reducing conditions for site-specific analysis. Viral protein peaks
(identified by subsequent SDS-PAGE gel, protein sequencing and immunoblot analyses)
are labelled above the chromatograph. (G) SDS-PAGE gel of gpl120. Lane 1. M.W.
standards, lane 2: pooled HPLC fractions underscored in red on panel A. This HPLC-
purified material was subsequently used for site-specific glycan analysis. Externa
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collaborators from the laboratory of Prof. Lifson (Frederick National Laboratory, USA)
assisted this study by producing and purifying the viral Env

D.2 MS/MS fragmentationspectraof oligomannose-type glycans
to determinetheir fine structure.

BG505 SOSIP.664 293F gp120 BG505.T332N-LAI Env gp120
100 17° 135 399 100 ags® 899 1720
1953 13 \ 953
s..l.’. . |
o 00 809 1517 1720 5 = 1517
i 3239485 \ 7 193 140811558 |00, ° s . a7 1498}, . 2680| M+H,PO,
o 11234 1396\ / 1660 l ‘ 3230 85 / ;‘“39 _ 1553[ X
o J ll ‘ [ |1953 m lll ll L 0 1 .1“““ Lu/ub 1234 bl l L
179 389 485 1558
100 §’791 ] 1558 100 !_.791 }
647@° 4 i : 2.
665 v 1-’"55 665 ".’l'.. /
% 737 1336 % Q 665 /737
o 323 g4gs b“wo 791 010 2 1498 | S a7 707 s 1336 1498
DN S TN R T s 1 P
0 fu | - 1 J-l.__) A - l bl i 0 | Il Lo Pyl W | S, ()
100 ol | o e 1396 100 @ 791 13%
179 6473’*.“ i o omE 1193 Sonm . ‘
- 545 ‘ 50 $ 1336 £6o : v gss 1193
% 323 . o 3: 1234) % 737 1336
‘ ’ FO?,;M /9810q 1031 l l F— J179 323, 385 t,zz 77)% 12341 —
uid.) 1| I/ 91 o i calil i 0 l 1 [‘x ll { /809 1031 l iy
100 ..629 1234 100 ..629 1234
o omm " o o omm
: / 1031 4 ¢
%1 179@373 117 % o 10311174
l l il t:onn ve 38 [ 1 g il
5’33 47 869 \ l 503 16 l
ol 1“ i | AR IK MiHIPO. 0 .1 l | S L’"’"./ 869 ll MIHIPOS
503 i ;
100{ @ (629 | 1072 1001 @620 1072
[} i e |
o omm \
% O’.,QII
% 869 1012 % D-18 869 1012
179 S 298, M+H,PO, Cpy 6290 [0 M+H,PO,
}l l 03 l 647|910 ‘ / 179 323 503 /647 l I 1114 l
ol b L il L R .
200 600 1000 1400 1800 200 600 1 000 1400 1800
m/z m/z

(A) Fragmentation spectra of oligomannose-type glycans released from 293F-derived
BG505 SOSIP.664 with diagnostic structural ions highlighted in orange. (B) Fragmentation
spectra of oligomannose-type glycans released from 293F-derived BG505.T332N-LAI with
diagnostic structural ions highlighted in orange. Peaks are annotated according to the
scheme proposed by Domon and Costello 127,
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D.3 lon mobility mass spectrometric analysis of gp120 and gp4l
N-glycans released from BG505 SOSIP.664 produced in 293F

cells.
A B
BG505 SOSIP.664 293F BGS505 SOSIP.664 293F
gp120 onn gp41 .
) L (3 e o3
100 . ogre %y 1817 I' 1366 1549
o 8 K 100 g 1386
1331 ::.“ E % I
1393 1699 .{“ .
% 1559 | 1762 1979 —drift time {ms) == % To;rf:lme (ms)-»
1721 35
1840
04 . Ill.“ |ll.|l lI..l.b r . . .
1000 1400 1800 2200 2600 1200 1300 1400 1500 1600 1700
m/z miz
fucose
3 galactose . N-acetylglucosamine - a-linked 46 8
N-acetylneuraminic acid — B-linked 3
@ mannose b ty 2

(A) Mobility-extracted singly charged negative ions found on BG505 SOSIP.664 gp120.The
corresponding singly charged ions are encircled with the white oval in the DriftScope image
(m/z against drift time). (B) Mobility-extracted doubly charged negative ions found on 293F-
derived gp41. The corresponding doubly charged ions are encircled with the white oval in
the DriftScope image (m/z against drift time).
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D.4 MS/MSfragmentation spectraof BG505.T332N-LAlIgp120and
BG505 SOSIP.664 complex N-glycans.

BG505.T332N LAl BG505 SOSIP.664
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(A) MSMS fragmentation spectrato determine the fine structure of the top 5 most common
singly charged ions corresponding to complex-type glycans released from BG505.T332N-
LAl gp120. (B) MSMS fragmentation spectra to determine the fine structure of the top 3
most common singly charged ions corresponding to complex-type glycans released from
BG505 SOSIP.664 gp120 produced in 293F cells. (C) Doubly charged N-glycans extracted
in Driftscope based on their m/z and retention time through the ion mobility cell from gp120
derived from BG505.T332N-LAl virions. Peaks with additional phosphate adducts are
labelled in orange. (D) Doubly charged N-glycans from gpl120 derived from BG505

SOSIP.664 produced in
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D.5 Calculated Gag:Env ratios for the HIV-1 LAI
BG505.T332N/A66-R5 P4408

sample gag:env ~trimer
P4408 HIV-1 LAl BG505.T332N/A65-R5 24 20
P4239 HIV-1 BAL/SupT1-RS 16 28
P4249 HIV-1 NL43/SupT1 42 1"
P4004 SIVmac 239/SupT1-R5 10 48

Preparation and reference standard virus preparations based on densitometric
measurements, normalized for molecular weights. The average number of trimers per virion
was estimated assuming there are 1400 Gag molecules present. External collaborators
fromthe laboratory of Prof. Lifson (Frederick National Laboratory, USA) assisted this study
by producing and purifying the viral Env

D.6 Quantification of N-linked glycans using exoglycosidase

digests
gpl20 gpdl
Viral-  SOSIP  SOSIP  Viral- SOSIP  SOSIP
derived 293F CHO derived 293F CHO
M5 2.7 8.1 15 0.3 6.9 14
g M6 4.5 3.7 4 1.4 4.8 4
S M7 77 6.8 5 2.0 7.0 4
E M8 136 21.0 14 0.0 3.7 3
%ﬁ M9  21.4 23.5 35 0.0 0.0 1
TOTAL 49.9 63.1 73 3.7 22.4 26
< a2-3 96 3.3 N.D. 9.3 4.2 N.D.
ﬁ a2-6 6.6 2.1 N.D. 16.9 3.4 N.D.
& TOTAL 163 5.3 N.D. 26.1 7.5 N.D.

Quantification of N-linked glycans using endoglycosidase H, a2,3 and 02,6 sialidase digests
and subsequent HPLC analysis of gp120 and gp41 glycans from the BG505.T332N-LAl
virion and 293F-derived BG505 SOSIP.664. Values represent percentages of total glycan
population. CHO data reproduced from Dey et al. 2018. ‘Sialic acids’ refers to sialylated
glycans.
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Appendix E  Supplementary information for: Enhancing
glycan occupancy of soluble HIV-1 envelope trimers to
mimic the native viral spike.

E.1 Several PNGS
underoccupied.

on BG505 SOSIP.v4.1 trimers
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(A) NS-EM analysis of 2G12/SEC-purified WT proteins, showing the 2D class-averages. (B)
HILIC-UPLC analysis of the 2G12/SEC-purified WT protein (C) The data sets show the
glycoforms found at each PNGS. Data for oligomannose/hybrid-type glycans are shaded in
green, fully processed complex type glycans are shaded in magenta, while the absence of
a glycan from some PNGS is shaded in grey. Oligomannose-type glycans are categorized
according to the number of mannose residues present, hybrids by the presence/absence of
fucose and complex-type glycans by the number of processed antenna and the
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presence/absence of fucose. Data that could only be obtained from low intensity peptides
cannot be allocated into the above categories. They are merged to cover all
oligomannose/hybrid compaositions or complex-type glycans. The data presented in this
panel are the mean of two independent biological replicates of WT protein. (D) Reducing
SDS-PAGE analysis of unpurified WT, NXT and NxS proteins expressed in 293T cells,
followed by western blotting with the CA13 (ARP3119) mAb. (E) BN-PAGE analysis of the
same proteins blotted with the 2G12 bNAb. The trimer, dimer and monomer bands are
indicated. (F) D7324-capture ELISA quantifying the binding of the bNAbs 2G12, VRCO01,
PGT145 and PGT151 to the WT, NXT and NxS proteins. (G) Non-reducing and reducing (+
DTT) SDS-PAGE followed by Coomassie staining (left panel), and BN-PAGE analysis
followed by Coomassie blue staining (right panel) of PGT145- and 2G12/SEC-purified WT
and NxT proteins, as indicated. Electron microscopy was performed by Prof. Ward
laboratory (Scripps Research Institute). Antigenic characterization was performed in the
laboratories of Prof. Rogier Sanders (University of Amsterdam)
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E.2 Glycan occupancy is enhanced by PNGS sequon
engineering.
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(A) NS-EM analysis of NXT proteins, showing the 2D class-averages. (B) HILIC-UPLC
analysis of the NxT protein. The colour coding of the spectraand pie chart is the same as
in Figure S1B. (C) Quantification of site-specific occupancy and composition for 28 PNGS
on NXT trimers, purified using the 2G12/SEC and PGT145 methods as indicated. The data
are derived fromLC-ESIMS experiments. The data set shows the glycoforms found at each
PNGS. The relative under-occupancy and oligomannose and complex/hybrid content at
each individual site are summarized, using the same colour coding as in Figure S1C. (D)
Binding of WT and NXT proteins to three V2-apex directed bNAbs, PGT145, PGDM1400
and CHO1, and also 2G12 for comparison. AUC values derived from derived from ELISA
titration curves are plotted. (E) Summary of the SPR binding kinetics of bNAbs PGT145 and
PGT130. (F) The EC50 values derived using WT and NXT proteins were plotted and
compared using Spearman’s correlation coefficient. Binding data were generated for a
panel of bNAbs spanning all major bNAD epitope clusters. All analyses were performed on
NXT proteins produced in HEK293F followed by 2G12/SEC purification. Electron
microscopy was performed by Prof. Ward laboratory (Scripps Research Institute). Antigenic
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characterization was performed in the laboratories of Prof. Rogier Sanders (University of
Amsterdam

E.3 Antigenic characterization of PGT145- and 2G12/SEC-
purified WT and NXT proteins.

A Binding EC,, (ng,/ml) PGT145 purified
rotein Binding (AUC) PGT145 purified protein
Fold Fold
Epitope | Antibody | WT protein | NxT protein | difference | WT protein | NxT protein | difference
CD4bs VRCO1 66 100 15 3.2 29 0.9
3BNC60 57 81 14 3.2 28 0.9
V1/V2-glycan PG9 388 359 0.9 3.0 2.7 0.9
PG16 144 109 0.8 20 19 1.0
PGT145 40 74 19 2.8 22 0.8
PGDM1400 206 585 28 11 0.5 0.5
CHO1 372 906 24 2.2 14 0.6
Nabs V3-glycan PGT121 316 417 13 28 2.5 09
PGT122 577 799 14 23 2.0 08
PGT123 232 396 1.7 32 27 0.8
PGT125 150 115 08 3.5 34 1.0
PGT126 113 84 0.7 31 28 09
PGT128 45 73 16 34 3.0 0.9
PGT130 193 133 0.7 2.1 18 0.9
0D-glycan 2G12 30 40 13 4.1 3.6 0.9
PGT135 234 601 2.6 4.0 28 0.7
gpl20-gp4l | PGT151 29 23 0.9 31 2.8 0.9
35022 814 2111 2.6 2.5 2.0 0.8
gp4l 3BC315 62 69 11 2.7 19 0.7
HIV-1G >10000 >10000 1.0 0.4 0.3 0.9
B Binding EC., (ng/ml) 2G12 /SEC purified
protein Binding (AUC) 2G12 /SEC purified protein
Fold
Epitope | Antibody | WT protein | NxT protein | Fold difference | WT protein | NxT protein | difference
CD4bs VRCO1 36 47 13 3.6 33 09
3BNC60 91 89 1.0 3.0 2.9 1.0
V1/V2-glycan PG9 201 211 11 29 31 11
PG16 77 59 0.8 21 2.2 1.0
PGT145 34 55 16 23 19 0.8
PGDM1400| 185 193 1.0 1.0 0.5 0.5
CHO1 923 1656 1.8 0.8 0.5 0.6
Nabs V3-glycan PGT121 291 250 09 23 2.4 1.0
PGT122 333 282 0.8 2.0 1.7 09
PGT123 216 280 13 22 18 0.9
PGT125 51 79 15 35 33 0.9
PGT126 32 31 1.0 41 41 1.0
PGT128 43 47 11 4.1 3.8 0.9
PGT130 111 93 0.8 2.0 18 0.9
0D-glycan 2G12 16 20 13 44 4.0 0.9
PGT135 379 644 1.7 3.7 2.7 0.8
gp120-gp41 | PGT151 40 44 11 18 1.5 0.8
35022 2829 3254 1.2 1.1 1.0 0.9
gp41 3BC315 116 71 0.6 2.4 2.0 0.9
HIV-1G 595 960 1.6 3.1 2.8 0.9

(A) Half-maximal binding concentrations (EC50; in ng/ml) were derived from D7324 -capture
ELISAs using PGT145-purified WT and NXT proteins. The values represent the means of
4-10 independent single titration experiments for each bNAb. The fold -differences in EC50
values for NxT vs. WT proteins are listed. Also tabulated are the average AUC values
derived from the titration curves for each mAb. Bold numbers indicate values where the
differences are <0.6- or >3-fold. (B) The same analysis and data presentation but derived
using 2G12/SEC-purified WT and NXT proteins. Antigenic characterization was performed
in the laboratories of Prof. Rogier Sanders (University of Amsterdam
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E.4 NxT sequonengineeringis compatible with Env function and
virus infectivity.

A 31 B 100000y
Infectivity = r=0.8012
E  Joopo] Cl= 0.5459-0.9204
o6 p=<0.0001
2= =
g US 1000+
= = »
1= E 1007 ’Hm
= .
- 104 ® PGT145
= PGDM1400
0= 1 r - r r "
wT NxT NxS Mock 1 10 100 1000 10000 100000
NxT virus (ICsq; ng/ml)
Virus WT NxT NxS

|CA-p24 (ng/ml)| 127 | 1106 | 684

C Neutralization IC., (ng/ml) Neutralization (AUC)
Fold Fold
Epitope | Antibody | WT virus NxT virus difference WT virus NxT virus difference
CD4bs VRCO1 66 40 0.6 2382 200.7 0.8
3BNC6&0 30 21 0.7 2241 1845 0.8
V1/V2-glycan PG9 19 42 22 155.0 181.2 12
PGle 18 42 24 156.3 2083 1.3
PGT145 22 554 25.7 157.6 2666 1.7
PGDM1400 6 19 3.1 126.2 198.7 1.6
CHO1 140 227 16 2038 279.1 14
Nabs V3-glycan PGT121 24 16 0.7 1583 1361 09
PGT122 41 73 1.8 203.5 2045 1.0
PGT123 22 17 08 189.7 178.8 09
PGT125 5 4 08 113.7 99.6 09
PGT126 8 6 0.7 1436 1335 09
PGT128 4 3 0.9 107.9 100.0 09
PGT130 28 38 14 156.0 159.8 1.0
0D-glycan 2G12 24 28 12 1255 1359 11
PGT135 179 359 2.0 218.0 2320 1.1
gpl20-gp41l | PGT151 3 3 11 88.2 107.7 12
35022 70 46 0.6 144.7 1178 0.8
gpdl 3BC315 >150000 >150000 1.0 359.3 3721 1.0
HIV-Ig 10086 6437 1.6 405.7 352.7 09
D 5 150 150
2612 PGDM 1400 CHOL - WT
= = =
3 100 H = 100 -
[} F-] F-]
;? 50 ;? ;? 50
TR TR 1 10 100 0001 001 01 1 10 100 00001 0601 0b1 03 1 10 0001 001 01 1 0 100
MAD g /ml MAD pg/ml MAD pg/ml MAD pg/ml

(A) Infection of TZM-bl reporter cells by WT, NXT and NxS viruses using a range of p24
concentrations (500, 250, 125, 62.5, 31.25, 16.62 and 7.81 pg). The AUC values derived
fromthe titration curve were plotted. The box represents CA-p24 measured in each virus
preparation. (B) Correlation between neutralization of WT and NXT viruses. The midpoint
neutralization concentrations (IC50) were plotted and the Spearman’s correlation
coefficient, r, was calculated. The outliers, PGT145, PGDM1400 and CHO1, are indicated
in blue. Polyclonal HIV-Ig is indicated in red. (C) Midpoint neutralization concentrations
(IC50;in ng/ml) were derived fromsingle cycle infection experiments using TZM-bl cells and
he indicated bNAbs or HIV-1g. The values are averages based on 2-4 independent antibody-
titration experiments. The average AUC values derived from the neutralization curves are
also shown, in the three right-most columns. (D) Representative neutralization curves for
the WT and NXT virus and the 2G12, PGT145, PGDM1400 and CHO1 b NADs.
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E.5 N160occupancycanbe increased by reducing the affinity of

NxT T158S protein
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composition for 28 PNGS on NxT T158S proteins, purified using the 2G12/SEC and

(A) NS-EM analysis of NxT 158S trimers, showing the 2D class-averages. (B) HILIC-UPLC
analysis of the NxT T158S protein. (C) Quantification of site-specific occupancy and
PGT145 methods as indicated. The data are derived from LC-ESI MS experiments. The

data set shows the glycoforms found at each PNGS. The relative under-occupancy and
oligomannose and complex/hybrid content at each individual site are summarized. Electron
microscopy was performed by Prof. Ward laboratory (Scripps Research Institute).
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averages. (B)

showing the 2D class-

Quantification of site-specific occupancy and composition for 28 PNGS on NxT T135S
T158S proteins, purified using the 2G12/SEC and PGT145 methods as indicated. The data
set shows the glycoforms found at each PNGS. The relative under-occupancy and
oligomannose and complex/hybrid content at each individual site are summarized. (C) Site-
(D) Site-specific changesin glycosylation when BG505 SOSIP WT is produced in ExpiCHO-

S cells compared to HEK293F cells. A percentage point (p.p.) increase represents a higher
abundance of a particular glycoform on ExpiCHO-S cells. Electron microscopy was

specific analysis of the WT and NxT T135S T158S proteins produced in ExpiCHO-S cells.
performed by Prof. Ward laboratory (Scripps Research Institute)

(A) NS-EM analysis of NXT T135S T158S proteins
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E.7 PNGSsequon engineering ondiverse Env isolates.

A AMC009 AMCO11 HxB2
WT NxT WT NxT WT NxT
T1588 T1588 T1588
250 kD
150 kD "
100 kD SDS*P{\GE )
- Coomassie stain

Native-PAGE
Coomassie stain

B 2612 "Tvreot 1 rar145 " reris1 —a— & AMCO0Y
/-/-'—!_ -0~ AMCO0Y NxT T1588
g? = P4 . :
2 Z y = AMCOL1
H N 7 . -0 AMCO11 NxT T1588
-+ Mock
0 . * + 4 X T + t
0.001  0.01 0.1 1 0001 001 0.1 1 001 0.1 1 10 0.01 0.1 1 10
MAD (pg/ml) MAD (jig/m1) MAD (pg/m1) MAD (ug/m1)
34 34 34 34 .
c 2G12 VRCO1 PGT145 PGT151 -&- HxB2
— -= HxB2 NxT T1588
571 / 2 g -4 Mock
a - a a
%4 / © © 1
0.001 0.01 01 10001 001 0.1 1 0001 0.01 01 1 0001 001 o1 1
MAD (ug/ml) MAb (ug/ml) MAD (pig/m1) MAD (pg/ml)
D =« S 883 8 8 223328
AMC009 WT 2 z z z z z =z g 2 2 2
High mannose 37085 54 14 50890 87 90 100 99 99 100 0 100 9
Complex 62 5 40 4 91 0 12 o o0 0 1 0 8 0 0 0 9 0 16 0 12
Unoccupied 1 0 6 82 3 10 1 0 0 1 0 0 0 0 0 0 0 0 58 1 65
NxT
Highmannose 370100 70 & 3/ 88 92 20 22/ 98 93 1 2
Complex 55 0 26 8 %49 0 3 75 73 0 0o 7 0 M 82 18
Unoccupied 8 0 4 9 212 5 4 5 1 1 0 0 0 4 0 70
Changeinoccupancy 70 2@ 1 -2 4 -4 18 1 1 1 0 10 51 1 s
® 8 ®m T F 8 8 8 F & F 8 8 B = 2 8§ 8
AMCO11WT 2 z z z z z z z z z 2 Z Z Z 2 2 2z =
Highmannose 34[200°200 14 21079999 73 57098 86 99 97 nd 3 03 19 44
Complex 65 0 0 8 79 0 1 2 41 0 0 0 3 nd 5 0 75 41
Unoccupied i 0 o0 78 0 1 o0 1 2 2 14 1 0 nd. 92 97 6 15
NxT
High mannose 5017967100 18
Complex 41 1 0 82
Unoccupied 8 3 0 0
Change in occupancy -7 -3 OE
g % 8
HXBZ WT =z = =
HighMannose i 12 0052
Complex 88 100 3
Unoccupied 0 0 45
NxT
HighMannose 86 14 3 54
Complex 14 86 97
Unoccupied o 0 0
Change in occupancy 0 0 0

(A) Reducing (+ DTT) SDS-PAGE followed by Coomassie staining (top panel), and BN-
PAGE analysis followed by Coomassie blue staining (bottom panel) of PGT145-purified
AMCO009, AMCO011 and HxB2 WT and NXT T158S proteins, asindicated. (B) D7324 -capture
ELISA quantifying the binding of the bNAbs 2G12, VRCO01, PGT145 and PGT151 to the
AMCO009, AMCO009 NXT T158S, AMC011 and AMCO011 NxT T158S proteins. (C) Ni-NTA-
capture ELISA guantifying the binding of the bNAbs 2G12, VRCO01, PGT145 and PGT151
to the HxB2 and HxB2 NxT T158S proteins. (D) Glycoforms are grouped for all samples
into high mannose (oligomannose- and hybrid-type), complex and unoccupied. The
percentage change in occupancy between the WT protein and the NxT T158S protein is
also shown. Electron microscopy was performed by Prof. Ward laboratory (Scripps
Research Institute). Antigenic characterization was performed in the laboratories of Prof.
Rogier Sanders (University of Amsterdam).
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Appendix F  Supplemental information for Site-specific
glycan analysis of the SARS-CoV-2 spike

F.1 Size-exclusion chromatogram of the affinity purified SARS-
CoV-2 S protein.

-« 670 kDa
~+ 158 kDa

300+
250-
200~
150+
100+

50+
Y

0 10 20 30

mAU

Elution volume (mL)

The elution volume of 670 kDa corresponding to the trimeric mass of the protein is shown.
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F.2 Glycoform abundances observed across SARS CoV-2 S

protein.
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compositions.
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F.3 Extended site-specific N-linked glycosylation of SARS-CoV-2

S glycoprotein.

28 25+
Y
[}
50-
40
%
L] T
80
%
1]
40 &0
. L. i N149 *] d N801
0Lk 4, # - . s @ e et T T T T T T T T e T T e
50 -
% N1074
0 T T T
50
%
0
40
% N282 * ; N1134
n"n'.r?rll|l|rrrnf"l’(rl'.‘lrlm'rl'hlﬁrrlnn'r(J'i‘l‘lrn|1‘|r!||n’rnn'n4|‘hrrr||'.n|r|n|rr.'||'n'|nnlrn' 0 ook I o l- - o T
254 80 .
%
* | i |l N331 . | | N1158
04 t T r T T T
50 100+
} ' I N343 * | | N1173
0|”'rllI'hI‘YII"!f‘I-'r-l"IIP"H TITTTTITTTT Y "-"'f”'lh”rlll|||"|5|'|||'r|r-'-'lr||”|r||||||||||"|'.|' ’ r
100 100~
" . N603 * || N1194
0 s oAt S A R O T

All glycan compositions detected across every N-

linked glycan site are listed and numbered

along the x-axis. The corresponding glycan compositions can be found in supplementary

table 2. The bar graphs represent the mean abu

ndance of each glycan of three biological

repeats (+/- SEM) with oligomannose-type glycan series (green), hybrid glycans (dashed

pink), and complex glycans (pink). Glycan sites

are coloured according to oligomannose-

type glycan content with the glycan sites labelled in green (80-100%), orange (30-79%)

and pink (0-29%).
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F.4 Glycoform abundances observed across SARS CoV-2 S

< @ < @ ™ <
o~ (=2 w g o .= (] © o ~ D ~ = ~ D L2l wn ~ N
~ o = o~ T o fee) © 3 o - w o - (=] o o - -~ -~ -
= © ~ = - - o N @ © © © [ ~ @© = = - - - -
z ps Z Z z Z 4 Z z s z pd Z Z Z Z Z z z 4 r < z Total
M9 0 0 0 O O 0O 3 0 0 0 O 0 0 0 0 0 ©0 ©0 0 o0 o0 0 M9 1
M8 o0 0 0o O O O 4 o o0 0 1 0 0 2 0 0 O0 0O 0 ©0 0 0 M8 2
M7 o 0o 0o O O O 14 0 0 O O O O0 7 17 10 0 1 o 0 o0 0 M7 2
M6 o 1 0 0 O O 4 0 0 O 2 1 0 2 25 17 2 2 0 0 0 0 M6 4
M5 368 498 7 o 4 1 1 2/82 5 o059 32 49908 6 o0 0 1 0 M5 | 19
Hybrid o 8 0 17 0 3 1 0 0 O 3 3 0 0 210 7 8 19 0 0 0 0 Hybrid 4
Fhybrid 2 4 o 2 0 4 © ¢ o @2 o 4 0 @ 4 0 1 5 0 0 0 0 Fhybrid 1
Al 0o 5 1 3 0 0 0 4 0 0O 4 10 0 0 2 3 5 14 0 1.0 0 Al 2
FA1 6 1 5 5 3 0 1 0 4 122 4 2 3 0 1 1 5 7 15 0 0 0 FA1 3
A2/A1B o 6 5 3 0 14 0 11 0 O 0 18 0 0 0 1 2 19 o0/ 48 o 0 A2/A1B 6
FA2/FA1B 32 4 11 10 42 29 1 6/53 46 23 37 39 5 1 8 12 9 4 o0 4 0 FA2FA1B
A3/A2B 0O 6 10 3 0 2 O0 3 o0 0 0 6 0 0 0 0 O0 5 0 4 o 0 A3/A2B 6
FA3/FA2B E I N olMEEsesE 1 s 1 o 2 8 723 oS 8 FA3/FA2B
A4IA3B o 0o 3 0 0 0 O 2 0 0O O O 0O O O O O0O 3 0 6 0 0 A4/A3B 1
FA4/FA3B 3 0 ® 0 3 0 0 0 3 0 0 2 4 0 0 0 1 4 18 o 700 @2 FA4/FA3B 10
Unoccupied 1 0 0 0 1 0 0 0 0 0 0 0 16 0 0 0 0 0 0 0 0 0 Unoccupied 1
~ -~ v 8§ 2 8 3 8 5 ¢ 8 ¢ 5 8 &£ 5 5 &8 ¢ o ¢ &
Tt & &2 & 3 2 8§ 8 8 3 8 @ €@ B £ 8 2 2 ¢ = = =
% 4 Z 4 4 Zz z 4 Z 4 2z Z 4 Z = Z Z Z 4 z 4 Z = zZ Total
Mannose 4069 4 56 8 OO 1 2 2,65 6 olo4 74 7. 57 9 0 0 1 0 Mannose 28
Hybrid 2 9 oMM 1 5 1. 0 0 3 3 4 0 2 7 9 24 0 0 0 0 Hybrid 5
Complex 94 22 9 25 91 95 2 99 98 9 32 90 83 4 16 33 67 100 100 99 100 Complex 66
Unoccupied 1 0 0 0 1 0 0 0 0 0 0 0 16 0 0 0 0 0 0 0 0 Unoccupied 1
Fucosylation 677 18091 63 2 s52]08NG8 20 56183 3 11 27 3168 o Fucosylation 52
Sialylation 20 4 18 5 33 18 0 14 2 4 0 1 2 2 5 6 8 7008 4 Sialylation 15

The upper table shows the categorized glycan compositions at each N-linked glycan site
with the reported value the mean of three biological replicates. The global averages are
shown in the right-hand table. The lower table further categorizes the glycan compositions
into oligomannose-, hybrid-, and complex-type as well as the percentage of glycan
compositions containing at least one fucose or one sialic acid residue.
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F.5 Glycosylated model of SARS-CoV-2 S glycoprotein
highlighting different glycan modifications.

C 1T T T | =S| § i
0 20 40 6 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Mannosylation (%) Fucosylation (%) Sialylation (%)

The experimentally determined quantities of mannosylation, fucosylation and sialylation
were used to colour the glycosylated model of SARS-CoV2 S protein. Glycans are
highlighted according to mannosylation (A), fucosylation (B) and sialylation (C) levels as
denotedinthe keys. S1 and S2 subunits are coloured lightgrey and dark grey, respectively.
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F.6 Detection of low levels of mucin-type O-linked glycosylation
at T323/S325 of SARS-CoV-2S

Extracted ion chromatogram
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O-linked glycan compositions were observed at T323/S325. This analysis was performed
on a single biological replicate. For each peptide/glycopeptide detected the extracted ion
chromatogram (XIC) (A), isotope distribution (B), and fragmentation spectrum (C) is shown.
The monoisotopic peak m/z is labelled in (B). Fragment ions are coloured blue and red for
b- and y-ions, respectively. Oxoniumions are coloured in green.
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Appendix G  Supplementary information for Site-
specific steric control of SARS-CoV-2 Spike
glycosylation

G.1 Averagerecombinant and viral-derived S protein site-specific
glycan compositions averaged

<t (e} < [co} o™ < %

~ o v 8 28 3 8 89 8 3B 385885838338 35 3 5

© — — — N N (a2} (a2} © © © ~ ~ © — - — - — - >

zZ 2 z Zz zZz Z2 Zz2 Z2 Z Z2 Z2 2 Z2 Z2 zZ 2 zZ Z2 zZzZ zZ2 zZ zZ <Z

M9Glc o 0 0 0 0O O O O O o o0 O o o0 o o O O O O 0 o
M9 o 0 o0 0 O O 5 0O O 0O o0 O 0 1 -1 0 -1 0 O 0O O O
M8 0 2 0 O O 02 0 0 0 3 o0 3 -1 2 4 0 O O O 0 1
M7 0 10 0 3 0 O O O O O 6 O 8 8 7 8 0 O 0O 0 0 1
M6 03q 0 3 -1 -1 -2 0 0 0 10 -2 32 7 29 18 0 O O O O 6
M5 -4 -14 -1 -12 -3 -17 -7 -3 -4 -2 -11 -2 -10 -3 -16 -14 -3 -3 -13 -7 -6 -7
M4 o 1 o O -2 0O -1 0 O 0 -2 O 0 3 3 0 0 O O 0 0 -1
M3 0o 1 0 0O O O O O O O o0 O 0 0 0 0 0 0O O O O O
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G.3 Site-specific glycan compositions of thetwo RBD sites, N331
and N343

N331 N343
Viral derived 5 Recombinant S Monomeric RBD Viral derived S Recombinant S Monomeric RBD
MOGIc 0% 0% 0% MaGIc 0% 0% 0%
Mo 0% 0% 0% Me 0% 0% 0%
] 0% 0% 0% M8 0% 0% 0%
M7 1% 0% 0% M7 0% 0% 0%
M6 0% 0% 0% Me 0% 0% 0%
M5 0% 1% 0% M5 0% 0% 0%
e 0% 0% 0% [ 0% 0% 0%
M3 0% 0% 0% M3 0% 0% 0%
FM 0% 0% 0% FM 0% 0% 0%
Hybrid 2% 0% 0% Hybrid 0% 0% 0%
Fhybrid 0% 0% 0% Fhybrid 13% 0% 0%
HexNAc (3)(x) 1% 0% 0% HexNAc(3)(x) 0% 0% 0%
HexNAC(3)(F)(x) 2% 3% 0% HexNAC(3)(F)(x) 0% 1% 1%
HexNAc (4)(x) 16% 0% 1% HexNAc (4)(x) 0% 1% 0%
HexNAc (4)(F)(x) 47% 49% 1% HexNAc (4)(F)(x) 5% 61% 28%
HexNAC(5)(x) 7% 0% 5% HexNAc(5)(x) 11% 0% 0%
HexNAc (5)(F)(x) 20% 40% 10% HexNAc(5)(F)(x) 62% 32% 50%
HexNAc(6+)(x) 0% 0% 48% HexNAc (6+)(x) 9% 1% 0%
HexNAc (6+)(F)(x) 2% 8% 34% HexNAc (6+)(F)(x) 0% 3% 20%
Unocc upied 0% 0% 0% Unoccupied 0% 0% 0%
Core 1% 0% 0% Core 0% 0% 0%
N331 N343
Viral derived S Viral derived S
Sialylated Galactosylated Agalactosylated Mannose Unoccupied Sialylated Galactosylated Agalactosylated Mannose Uncccupied
1.70% 94.46% 384% 067% 0.00% 0.00% 100.00% 0.00% _ 0.00% 0.00%
Recombinant S Recombinant S
Sialylated Galactosylated Agalactosylated Mannose Unoccupied Sialylated Galactosylated Agalactosylated Mannose Unoccupied
27.59% 39.26% 3166% 137% 0.00% 59.09% 31.61% 9.31% _ 0.00% 0.00%
Monomeric RBD Monem eric RED
Sialylated Galactosylated Agalactosylated Mannose Unoccupied Sialylated Galactosylated Agalactosylated Mannose Unoccupied
49.28% 47.45% 327% 047% 0.00% 29.77% 44.02% 26.21%  0.30% 0.00%
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G.4 BLAST

SARS_CoV2_virion

alignment  of

recombinant S

TESNYY FLPTOO!

Mclellan 29 TCTGVLTESNXXPLIPOO
SARS_CoV_2_S_ MGIL LSLVSLLSVLIMCCVAETONIVPLVLLPLVSSQCVNLTTRTOLPPAYT 50 vy TESNERFLPTOO!
SARS_COV2_RS ceeeseeseeeeeeeeeeese e eee s HFVFLVLLPLVSSQCVNLTTRTOLIPAYT 29 wwvisree TRSNKRT]

% s MFVPLVLLPLVSSQCVNLTTRTQLPPAYT 29 etesssesssesssstacssresissenaresasstasetteantensrtesnsttenn
SARS_CoV2_virion NSETRGVYYPDRVFRSSVLESTQOLFLPFFSNVINFHAIHVSGTNGTXRFONPVLIFNOC 8 gl RADGH
Hclellan RSFTAGVYYPDXVFRSSVLHSTOOLFLPFFSNVIWTHATHVSGTNGTRRFDNPVLPFNDG [ Steon
SARS_CoV_2_S_davestuart NSFTRGVYYPDXVFRSSVLESTQOLFLPFFSNVINFHAIHVSGTNGTXRFDNPVLPFNDG 120 app
SARS_COV2_RS NSFTRGVYYPDRVFRSSVLHSTQOLPLPPFSNVINFHATHVSCTNGTXRFONPVLPFROC 89  esesssecenscccnssecssacostacsnsacostacsncacassacasescsntanes
Bingchen_Ecto-$-COVID19 RSFTRGVYYPORVERSSYLHSTOOLYLPFFSNVINFHATHVSCTNCTHRFONPVLPFNDG 9
SARS_CoV2_virion v 1 GTTLDSXTQSLL 1 Q! YYHKNN 149 TPV
Mclellan DSXTQSLL 1 0 LOVYYHENN 149
SARS_Cov_2.8, TRGUIFOTTLOSKTOSLLIVINATHVVIRVCE POFCHORTLOVYYHIM s QTP e D o 8 oo . e b
SARS_COV2_RS vnmxsunmxrcﬁwsm}suxmuwwxumrorcnnwvnuxw 149 .

| 3 v DSXTOSLL TXVCEFQ! YYMRNN 149 TNYICGOSTEC
SARS_CoV2_virion RV EYVSQPrLMDL LAEFVFKNIDGYFKIYSKHTP 200 1CCDsTEC
Mclellan SQPPLMDL LREFVFENIDGYFKIYSKATP 209
SARS_CoV_2_S_ 'SQPFLMDL LREFVFKNIDGYPRIVSKNTP 240
SARS_COV2_RS YSSANNCTFEYVSQPFLMDL KNLAEFVFXNIDGYFKIYSKHTP 209

] 019 YSSANNCTFE ML LAEPVFENIDGYFKIYSKHTP 209
SARS_CoV2_virion INLVRDLPQGE SALEPLVDLPIGINI TRFQTLLALHRSYL YVGY 269
Xclellan INLVRDLPQGFSALEPLVDLPIGINI TREQTLLALHRSYLTPGDSSSGRTAGAAAYYVGY 269
SARS_CoV_2_$_davestuart INLVADLPQGFSALEPLVDLPIGINI TRFQTLLALNRSYLTPGOSSSGRTAGAMY YVGY 300
SARS_COV2_RS INLVRDLPOGF SALEPLVDLPIGINITRFQTLLALHRSYL YVGY 269 SKPSKSSFIEOLLYNKVILADACE LPPLLTOEN
Bingchen_Ecto-$-COVIOL9 INLVRDLIQGFSALEPLVDLPIGINI TRIQTLLALNRSYLTPGDSSSGRTAGANAYYVGY 269  SXPSKRSTIEOLLINXVILADAGEIXQYGOCLGOTANRDLICAQKINGLIVLIPLLTOEN

. SKPSKRSPIEOLLINAVIL PPLLTOEN
SEPSYASTIRDLLYNXVTL O VLIPLLTOEM
SARS_Cov2_virion LQPRTPLLEYNENGTITOAVOCALDPLSETKCTLESFTVERGI YOTSNFRVOPTES IVRF o s T e
Melellan LOPRTFLLEYNENGTITDAVDCALDPLSETXCTLESFTVEXGI YOTSNFRVOPTES VAP 329
SARS_CoV_2_8 ¢ LOPRTFLLEYNENGTY DPLSETKCTLESFTVEXGIYOTSNFRVOPTESIVRF 360 IAQYTEALIAGTE YENQXLIANOINS
SARS_COV2_RS LOPRTPLLEYNENGTITOAVOCALOPLSETKCTLYSFTVEXGI YOTSNPRVOPTES IVRE 129 IAQYTSALLAGTY TANOYRS
Bingchen_Ecto-$-COVID1Y LOPRTFLLEYNENGTITOAVDCALDPLSETXCTLESFTVEXGI YOTSKPRVOPTES IVAF 329 IAQYISALIAGTI YENQRLIANGINS
T T T T T T T I T IAQYTSALLAGTY YENQELIANOFNS
IAQYTSALLAGTI YENQYLIANQINS
SARS_CoV2 virion PNY YGVSPTELND 89
Nclellan PRITNLCPPGEVE s 389 sl
SARS_COV_2_S_ PNITNL KCYGVSPTELND 420 o
SARS_COV2 RS PRITNLCH KLND L L

_Ecto-$ PHITHLCPYCEVINATRPAS KLND 199 NTLVEQL
SARS_CoV2_virion LCFTRVYADS! PCQTGK. DOFTGC 449
Nclellan LCPTNVYADSEV DOF 449 EVOIORLY QTIVICO:.

SARS_CoV_2_S_ LCETNVYADSF 76C 4go BVOIDRLY
SARS_COVZ_RS LCFTNVYADSPVIRGDEVRQIAPGQTGKIADYNYKLPDOF AWNSNNL 44y SRS

cpatess ooy 0 mrto
SARS_CoV2_virion NYLYRLPRESNL) QAGS LOSYGFQ YR 509 Livy T SNGT
Mclellan NYLYRLFRXSNL QAGSTPCNGVEGFNCYFPLOSYGHO! ¥ 509 OSAP AQERNTT
SARS_CoV_2_S_davestuart NYLYRLPRXSNLS QAGS' YPPLOSYGIQP 540 TSAP LHVTYVPAQERNFT PREGVFVSNGT
SARS_COV2_RS NYLYRLPRESNLY YFPLOSYGPQ YR 509 OEAY T T PRECVTVENGTIO
Blayohen_Roto-S-COVIDIY b 309, oresuseesnsascusassnsatsirassnseesoncsinsnsinsessese
SARS_Cov2_virion YEPOIITTONTFVSGNCDVVIGIVNNTVYDPLOPELDSFKEELOKY FENNTSPOVDLGDT 1169
Mclellan YEPQIITTONTY NT LOPELDSFXEEL 1169
SARS_CoV_2_S_davestuart YEPQIITTONTFVSGNCOVY IGIVNNTVYDPLOPELDS P EELDK TFEXHTSPOVDLGD] 1200
SARS_COV2_] YEPQIITTONTF 1138
Bingchen_Ecto-§-COVIDLY YEPQIITTONTY NNTVYDPLOPELDSY! 1169
SARS_CoV2_virion NEVAXNLNESLIDL TEM-— 1212
Mclellan NESL IPEAPRDCOAYVAXDG 1228
SARS_CoV_2_S_ NESL VREDG 1259

_COV2_RS - t VRKDG 1159

n 19 DCQAYVAXDG 1229
SARS_Cov2_virion PRY INLGF IAGLIAIVMVT XGVELHY 1272
Mclellan EWVLLSTFLG- ~RSLEVLPQGP-GHN 1251
SARS_CoV_2_S_davestuart EWVLLSTPLG- ~RSLEVLPQGP-GHH 1282
SARS_COV2_RS ~GRECHHNNHAN - -« ~ 1179
Bingchen_Ecto-§-COVIDI9 EWVLLSTFL 1247

L 1. T
SARS_Cov2_virion T 0! OFEK 1310
Mclellan HEHHEE - e ve e e e m e e e e e e 1257
SARS_CoV_2_S_ 0! 0 1319
SARS_COV2_RS AESERIREY N0V o 2 VR A DN 2 1178
9 1297

proteins.

749
749
700
149
149

L]

1020
5y
959

1049
1049
1080
1049
1049

1109
1109
1140
1109
1109

Sequences are labelled according to the principal investigator responsible for expression

and purification. Protein analysed from the binding site used the McLellan construct.
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G.5 Model demonstrating the differential accessibility of the N410
glycan for glycan processing enzymes between trimeric
MERS S protein and monomeric MERS RBD.

&
~,¢ V{

ER o mannosudase |

&\\”\ 'K(igéw

Model generated by Dr Martin Frank, Biognos AB, Sweden.
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G.6 Validation of probe size for accessible surface area (ASA)

measurement.
A
—_— —_—
ER af.2- Golgi al,2- glycosyltransferases
mannosidase | mannosidase (e.g.GnTH)
(ERManl) (GMIA)
Man9 Man8 Man5 Complex/Hybrid
B
3
Man9 UDP-GicNac
ASN
ERManl (PDB: 5KIJ) GMIA (PDB: 5KKB) GnT | (PDB: 2AM4)
C D
60IIIIIIIIIIIIIIIIIIIIII1.50nm
R S0 $ 11.25 nm
£ 40 " .
=30 b LR
$20 g 8 ° by 4 b
10 - ¥ y b o b " -
0 | I | Iﬁ L qJ | ﬂJ ) Y I ) |
NOVLNANDOD N o B
SERSIERANS8038RE83Sd4
222222222222222222222Z22

(A) A schematic of glycan processing from Man9 to complex/hybrid glycans and examples
of enzymes involved. (B) Cross-section view of the crystal structures of these enzymes
(grey in surface representation) bound to their substrate or substrate analogue (pinkin stick
representation). The circles show the approximate probe radii that could be used for glycan
ASA calculation. (C) Comparison of average ASA values measured using 1.25 and 1.5 nm
probe radii for Man9in chain A of the S protein. Error barsindicate standard deviation along
the simulation trajectory. (D) Accessible points (shown as red spheres) using a probe of 1.5
nm around glycan N74 (orange; van der Waals representation). S proteins are shown in
surface representation in green (chain A), cyan (chain B) and pink (chain C) and other
glycans shown in stick representation in orange. ERManl enzyme shown in cartoon
representation in white. The simulations were performed by the laboratory of Prof. Bond,
A*STAR Bioinformatics Institute, Singapore.

177



G.7 Examples of glycans either buried or exposed in all three

chains.
A
N234
60 T T
50 - .
NE 40 - .
< 30 - -
%)
< 20 T
10 -
0ol & & o
A BC
B
N74
60 I T T
50 |- + + .
Né 40 + -
g 30 .
< 20 F _
10 -
0 | | |
Exposed ABC

(Left) Protein shownin surface representation with the individual chains coloured differently:
chain A, green; chain B, cyan; chain C, pink. The overlay of glycan snapshots taken every
5 ns for the last 50 ns of the simulation is shown in stick representation. (Middle) Average
ASA values for all three chains with error bars indicating the standard deviation along the
trajectory. (Right) The structure of ERMan| (PDB: 5KIJ) docked onto the glycans to show
overlap with the S protein in A and full accessibility of the glycan in B. ERManl is shown in
white and cartoon representation. The simulations were performed by the laboratory of Prof.
Bond, A*STAR Bioinformatics Institute, Singapore.
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G.8 Examples of glycans with bimodal accessibility properties.

N122
60 T Chain A

Chain B
90. [ . Chain C

40 - -
30 - .
20—4’4] -
10 F -

i J
A'B G

N165
60 T

50 - .
40 .
3O-E|J .
20/ .
10

0 L
ABC

N603
60 L——

50 - B
40 B
30 B
20 - 3

10 b . 0 50 100 150 200
Time (ns)

ASA (nm?)

ASA (nm?)

ASA (nm?d)

0 EIJ m
Buried Exposed A B C
(Left) Protein is shown as in Supplementary Figure 3, with glycan snapshots taken from the
portion of the simulation during which they were buried and exposed. (Middle) Average
ASA values for all three chains with error bars indicating the standard deviation along the
trajectory. (Right) ASA values for these glycans throughout the 200 ns simulation. The
simulations were performed by the laboratory of Prof. Bond, A*STAR Bioinformatics

Institute, Singapore.
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G.9 Glycan-glycan contactsfrom MD simulation.

A80||\\III\I\I\I\IIII\IIS1 B
il i |

of o ML

o m J]
ﬂﬂl#ﬂ\l[ﬁl glL &ilrh

80II\\IIII\I\I\I\IIII\II
60 g

TR TR,

]E]m&'d][][ll d]l\l ?EJ

i
80 T T T T T T T T T T
60 o i % g

40 - % | -
20 ¢ I:ijl:lr'x%! = I
N
&
=z

Number of contacts

0 £

N1194

i
™
N~
—
—
Z

N1134 -
N1158 |-

(A) The average number of contacts made by glycans on each glycosylation site with any
other glycans on the S protein throughout the last 50 ns of the simulation. The error bars
show standard deviation along the trajectory. The thick red, blue, and orange horizonta
lines show the average contacts made by all glycans in the S1, S2 and HR2 regions,
respectively. (B) An overlay of glycan snapshots taken every 10 ns along the 200 ns
trajectory. Glycans are shown in stick representation and coloured red, blue and orange for
S1, S2 and HR2 regions, respectively. S protein is shown in surface representation and
coloured grey. The simulations were performed by the laboratory of Prof. Bond, A*STAR
Bioinformatics Institute, Singapore.
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Appendix H Subtle influence of ACE2 (glycan
processing on SARS-CoV-2 recognition

H.1 Site-specific glycan analysis of ACE-2

@ @
w w
2 _ o 2 _
2 @ © @ 5 = @ © w S
=z 1G] w O] =T rd (U] [ @ =
MO 0 0 0 0 0 Mo 0 0 0 0 0
M8 0 0 0 0 0 M8 0 0 0 0 0
M7 0 0 0 0 0 M7 0 0 0 0 0
M6 0 0 0 0 0 M6 0 0 0 0 0
M5 0 0 0 0 0 M5 0 0 0 0 0
Hybrid 0 0 0 0 0  Hybrd 0 0 0 0 0
Fhybrid 0 0 0 0 0  Fhybrid 0 0 0 0 0
Al 0 0 0 0 0 Al 3 0 0 0 3
FA1 2 2 0 2 0 FA1 22 2 0 2 21
A2IA1B 6 6 0 6 0 A2A1B 3 0 0 0 3
FA2/FA1B 23 11 8 3 13 FA2FA1E |52 45 32 13 7
AIAZB 3 3 0 2 0  AYAZB 0 0 0 0 0
FA3FA2B  [IES 14 0 14 29 FA3FAZB 16 11 0 1 5
A4IA3B 7 2 1 1 6  A4A3B 0 0 0 0 0
FA4/FA3B 16 12 4 9 4 FA4IFA3B 0 0 0 0 0
Unoccupied 0 0 0 0 0 Unoccupied 3 0 0 0 0
o %
: 8 - B3
— — W (]
g z o z 5 g 3 ® o 2
o 0 0 0 0 0 MO 0 0 0 0 0
MS 0 0 0 0 0 M8 0 0 0 0 0
M7 0 0 0 0 0 M7 0 0 0 0 0
M6 4 0 0 0 0 M6 0 0 0 0 0
M5 0 0 0 0 0 M5 6 0 0 0 0
Hybrid 0 0 0 0 0  Hvbnd 0 0 0 0 0
Fhybrid 0 0 0 0 o  Fhvbrid 0 0 0 0 0
A 2 1 0 1 T A 0 0 0 0 0
FAT 0 0 0 0 0 FA1 11 0 0 0 11
AoAtB v SR S -
O e e e T 6 o 0o 0o s
FA3/FA2B 27 20 10 10 7 FA3/IFA2B ! ! 0 ! 0
A4AIB 5 5 0 5 0 A4IA3B 2 2 0 2 0
EA4FA3B 0 0 0 0 0 FA4/FA3B 1 1 0 0 0
Unoccupied 0 0 0 0 0 Unoccupied [IRRRINT2 0 0 0 0
o o
w w
o 2 _ © e _
g w o © S B w @ w 3
= 1G] [0 1Y) =< 4 (U] w Y] <<
M9 0 0 0 0 0 M9 0 0 0 0 0
M8 0 0 0 0 0 M8 0 0 0 0 0
M7 0 0 0 0 0 M7 0 0 0 0 0
M6 0 0 0 0 0 M6 0 0 0 0 0
M5 1 0 0 0 0 M5 0 0 0 0 0
Hybrid 0 0 0 0 0 Hybrid 1 0 0 0 0
Fhybrid 0 0 0 0 0 Fhybrid 0 0 0 0 0
Al 0 0 0 0 0 Al 0 0 0 0 0
FAT1 0 0 0 0 0 FA1 [ a4 4 0 4 40
A2A1B 1 0 0 0 0 A2IA1B 0 0 0 0 0
FA2/FA1B 10 10 4 7 0 FA2/FA1B 14 14 0 14 0
AYAZB 0 0 0 0 0 AYAZB 0 0 0 0 0
FA3IFA2B 25 13 0 12 12 FA3/FA2B 23 0 0 0 23
A4/A3B 0 0 0 0 0 A4/A3B 0 0 0 0 0
FA4/FA3B 0 0 0 0 0 FA4/FA3B 0 0 0 7
Unoccupied _ 0 0 0 0 Unoccupied N 0 0 0 0
N53 N90 N103 N332 N432 N546 Total
Oligomannose 0% 4% 0% 6% 1% 0% 2%
Sialylation 33% 17% 33% 0% 4% 0% 15%
Galactosylation 59% 60% 59% 4% 24% 18% 37%
Fucosylation 91% 79% 91% 14% 36% 88% 66%
Unoccupied 0% 0% 3% 2% 62% 11% 25%
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H.2 Site-specific glycan analysis of Kif and ST6 ACE2

ACE2 +ST6

ACE2 + Kif

8 9

2 i s GalnoSia Agal 8 ol sm calnosia Aga % § z z g g Total
Ve ° 0 0 0 0w R T T TR o
M 0o 00w 0 0 0 0 Opg 0o 1 0 43 g M8 -?
M 000 0 0w 0 0 0 0 Oy 0 18 2 0 0 M7 8
B 0 0 0 0 0 M 0 0 0 0 0
T3 0 0 0 0 0 M 0 0 o g oMé 0 0 ] 0 0 ME o
Hybrid 0 0 0 0 0 Hybmd 9 0 o0 7 oMs 0 0 0 0 0 M5 0
Fhybrid 00 0 0 0 Fhybrid 00 0 0 0 Hybrid 0o 0 0 0 0 Hybrid 0
Al 0 [ 0 0 A 1 1 1 0 0 Fhybrid [1] 0 0 0 4 Fhybrid 1
FA1 1 [ 0 1 FA1 i 0 0 0 1a1 0 0 0 0 0 Al o
A2IAIB 7 3 3 0 4 MRB 0 6
FA2FAB | 13 0 0 0 13 FAJFAIB |ﬁ 13 1 4:‘;;1B g g g g g i‘;;m g
A3IA2B 000 00 AAB 6 6 6 0
FasFaee (TGRS 1 1 FAYFAZS 8 7 7 o 1 FAZFAIB o 0o 1 o 0 FAZIFATB 0
AIA3B 0 0 0 0 0 AA3S 0 0 0 0 0AVA2B 0 0 0 0 0 AJA2B 0
FA4FAIB 5 5 & 00 FAYFAIB 00 o 0 0 FA3/FAZB 0o 0 0 0 0 FAAIFA2B 0
Unoccupied 0 00 0 0 Unoccupied 0 _0 0 0 0A4AZB 0 0 0 0 0 A4AZB 0

é’ﬁal oo Gonos A ] FA4IFA3B 0 0 0 0 0 FA4IFA3B 0

= a3 noSia Z Gal Sia GalnoSia  Agal | i
T R T 0m U—LO 5 TR Unoccupied 0 0 0 51 10 Unoccupied | 12
M8 00 0 0 oM 0o 0 0 00
M 00 0 0 owm 0 0 0 00
B 0 0 0 0 0 M 0 0 0 00 8§ § §
ME 0 0 0 00N 00 0 00 zZ =z =z Total
Hybrid 0 0 o0 0 0 Fybrd 0 0 o 0 490 88 Mannose
Fhybrid 0 0 o0 0 0 Fhybrid 00 0 0 0 Hybrid 0 0 1 0 4 Hybrid
Al 2 0 0 0 1A 0o 0 0 0 ] Complex 0 0 1 0 0 Complex 0
E‘ME 1; g g g "; ;;Lm g g g g g Unoccupied o o o &8 10 Unoccupied | 12
FA2FAIB | 23 19 14 4 4 FAJFAIB i 0 0 g 3 fwosyidion) 0 0 10 4 Fucosylation | 1
231428 0 0 0 00 2B 111 o o Sialylation 9 0 o0 0 O Sighiaton ] 0
FeaFcs B 6 6 olNEZ FraFcs 0 0 0 o 0
AIAIB 0 0 0 0 0 AYAB 0o 0 0 00
FA4IFASE 111 0 0 FAYFAIB 101010 00
Unoccupied 0 0 0 0 0 Unoccupied |8 0 0 00

=

S Gal sia GalnoSia Agal 3 Gal_sia_Galnosia Agal
3 0 0 o0 o 0w 0 0 o0 0 0
MB 0 0 0 o 0 M 0 0 0 0 0
g o 0 0 [T 4 0 0 0 [
B 0 0 0 o 0 M 0 0 0 0 0
13 [ ) o0 M 19 0 0 0 0
Hybrid T 0 0 0 0 Hybrd 2 0 2 0 0
Fhybrid 00 0 0 0 Fhybrid 0 0 0 00
Al 0 0 0 0 0 A 1T 1 1 0 0
FA1 0 0 0 [ 0 0 0 [
2B 0 0 0 0 0 AAIB 3 2 2 0 1
FAZFAIB 4 4 4 0 0 FA2FAIB [
A3IA2B | o o o 0 0 AJAB 0 0 0 0 0
FAIFAZB F TR TR 1 0 FAIFA2B [
A4IA3B 0 0 0 0 0 AAIB 0 0 0 0 0
FA4FAIB 161616 00 FAFASB 00 0 00
Unoccupied 0 0 0 0 Unoccuped 6 0 0 0 0

N53 N0 N103  N332 N432  N546 Total

Oligomannose 0% 0% 0% 0% 0% 19% 3%
Sialylation 80% 8%  21%  12% 52%  75% 54%
Galactosylation 1% 1% 4% 0% 1% 0% 1%
Fucosylation 93% 44%  95%  13% 53%  70% 61%
Unoccupied 0% 0% 0% 86%  47% 6% 23%
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H.3 Detected glycopeptides for

glycosidase treated ACE2

Ace? Kif +endoH
StartAA  EndAA Var. Pos_Protein Sequence Glycans Score Validate XIC area
49 69 53 W.NYNT nITEENVONMNNAGDKW.S HexNAc(1) 205.22 True-positive  1.23E+08
80 a4 90 LAQMYPLQEIQnLTVK L HexNAc(1) 29.96-128.67  True-posiive  4.39E+08
99 112 103 QALQANGSSVLSEDK S HexNAc(1) 29.96-115.30  True-positive  3.84E+0T
315 328 322 F FVSVGLPnMTQGFW.E HexMAc(1) 20.06-81.43 True-positive  1.95E+10
5 328 322 323 F FVSVGLPnmTQGFW E HexNAc(1) 29.96 - 69.80 True-positive  1.19E+09
542 553 546 K.CDISnSTEAGQK L HexNAc(1) 2996-21286  True-positive 2 16E+08
ST6 Ace2 + Sia
StartAA EndAA Var. Pos.Protein Sequence Glycans Score Validate XIC area
101 112 103 L.QAnGSSVLSEDK.S HexMNAc{4)Hex(3)Fuc(1) 30 True-positive  5.25E+07
314 325 K.FFVSVGLPNMTQ.G 35.32 True-positive  7.84E+07
420 44 K SIGLLSPDFQEDNETEINFLLKQ 67.58-146.42  True-posiive  3.51E+07
420 40 432 K.SIGLLSPOFQEDNETEINFLLKQ HexNAc(5)Hex(S)Fuc(1) 30 True-positive  2.58E+07
542 553 K.CDISNSTEAGQK L 296.56 True-positive  4.03E+06
Ace2 + Sia
StartAA EndAA Var. Pos. Protein Sequence Glycans Score Validate XIC area
75 94 90 KEQSTLAQMY PLQBIGNLT VKL HexMAc(4)Hex{4)Fuc(1) 30 True-positive  2.58E+08
75 a4 90 K EQSTLAQMY PLQBIQNLT VKL HexMNAc(5)Hex(4)Fuc(1) 2996-114.06 True-positive  3.26E+08
86 a4 L. QEIQNLTVKL 105.23-326.29 True-positive  1.19E+08
86 94 86,90 LgEIQnLTVK L HexMNAc(4)Hex(4) 2999-136.11  True-positive  242E+07
86 94 86,90 LgEIQnLTVK L HexMAc(4)Hex(4)Fuc(1) 2996-169.47  True-positive  4.77E+0T
86 94 86,90 L.gEIQnLTVK L HexNAc(4)Hex(5)Fuc(1) 2998-170.56  True-positive  6.44E+07
10 12 103 LQANGSSVLSEDK S HexNAc(4)Hex(3) 30 True-positive 2. 94E+06
101 112 L.QONGSSVLSEDK.S 120.03- 215,98 True-positive  4.21E+07
101 112 101 LgQNGSEVLSEDK S 68.06 True-positive  3.55E+06
101 12 103 LQQAnGSSVLSEDK S HexNAc(3)Hex(3) 29.98-130.46  True-posiive  340E+07
101 112 103 LQAnGSSVLSEDKS HexMNAc{ 3)Hex( 3)Fuc(1) 29.96-69.91 True-positive  7.19E+07
314 325 K.FFVSVGLPNMTQ.G 95.83-139.82  Truepositive  4.97E+08
314 325 323 KFFVSVGLPNmMTQ.G 28.00-4566  True-posiive  3.96E+07
34 3 332 KFFVSVGLPNMT QGFWENSMLTDPGNVQKA 63.59 True-positive  5.85E+06
315 325 F.FVSVGLPNMTQ.G 55.43 True-positive  1.02E+07
315 327 322 F.FVSVGLPnMTQGF W HexMAc(3)Hex{4)Fuc(1) 29.96- 30.00 True-positive  8.10E+07
315 327 322 F.FVSVGLPnMTQGF W HexNAc(6)Hex(3)Fuc(1) 29.99.30.00  True-posiive  1.60E+08
35 327 322 F.FVSVGLPnMTQGF W HexNAc(6)Hex(3)Fuc(2) 29.98-30.00  True-posiive  7.0BE+08
35 328 F.FVSVGLPNMTQGFW.E 63.41-93.73 True-positive  4.98E+08
316 328 F.VSVGLPNMTQGFW E 2361-163.95 True-positive  1.32E+08
420 441 K SIGLLSPDFQEDNETEINFLLKQ 216.8 True-positive  1.89E+09
420 40 432 K.SIGLLSPOFQEDNETEINFLLKQ HexNAc(3)Hex(3)Fuc(1) 30 True-positive 4. 98E+07
420 441 432 K. SIGLLSPOFQEDNETEINFLLKQ HexNAc(4)Hex(3) 30 True-positive  S.97E+07
420 44 432 K.SIGLLSPOFQEDNETEINFLLKQ HexNAc(6)Hex(3) 62.17 True-positive  1.16E+07
420 441 432 K SIGLLSPOFQEDNETEINFLLKQ HexNAc(4)Hex(5)Fuc(3) 29.96-30.00  True-posiive  1.86E+07
542 553 K.CDISNSTEAGQK L 334.12 True-positive  7.51E+07
542 553 546 K.CDISnSTEAGQKL HexNAc(3)Hex( 3)Fuc(1) 29.96-585.31  True-positive  1.98E+08
542 553 546 K.CDISnSTEAGQK L HexNAc(3)Hex(4)Fuc(1) 381.76 True-positive  4.09E+07
542 553 K.CDISNSTEAGQK L 41.31-430.43  True-posiive  1.74E+08
542 553 546 K.CDISnSTEAGQKL HexNAc(3)Hex(3)Fuc(1) 29.96- 30.00 True-positive  3.94E+08
542 553 546 K.CDISnSTEAGQKL HexMAc(S)Hex(4)Fuc(2) 209.96 - 30.00 True-positive  8.81E+06
WT WT+Sia ST6 ST6+Sia +Kif +Kif +endoH +Fuc |P value
Number of Repeats 30 9 12 9 6 3 3 Paired
Number of KD calculated 10 3 4 3 2 1 1 WTvs WT Sia 0.04
Minimum 52 48 52 45 84 58 60 WTvs ST6 Sia 0.03
Maximum 109 35 23 52 148 58 60 WTvs ST6 0.38
Range 57 7 179 7 64 0 0 WT vs Kif 0.19
Mean 76 52 116 43 116 58 60 Unpaired
Std. Deviation 21 4 79 4 45 0 0 WTvs KifendoH| 0.41
Std. Error of Mean 7 2 40 2 32 0 0 WTvs Fuc 0.46
8T6 vs ST6 Sia 021
ST6vs WT Sia 023
Kif vs EndoH 0.48
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