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Dear Ms. Lawrence-Patel,
RE:

Request for Accommodation (COVID Vaccine Requirement) – Josh Jacob

I write as counsel for Josh Jacob, a first-year student at Western. The purpose of this letter is to
formally request Creed-based accommodation for Mr. Jacob regarding Western’s COVID
vaccine requirement pursuant to section 1.0(i)(b) of Policy 3.1.1, effective September 6, 2022.
Mr. Jacob requires in-person access to campus, yet section 1.0(i)(a) of the Policy excludes
students who do not prove receipt of the first two doses of the COVID vaccines. Unless, that is,
they have been granted a human rights accommodation.
Mr. Jacob requested accommodation on the basis of his religious beliefs at the start of the
school year, but received the same brief, unexplained, anonymous denial of his request as many
other Christian Western students.
Mr. Jacob is unable to receive any COVID vaccines due to his Christian religious beliefs. So as
to confirm that he holds sincere religious beliefs that have a nexus with religion (Christianity),
and that would be interfered with in a manner that is more than trivial or insubstantial, 1 enclosed
is a statement of Mr. Jacob’s relevant religious beliefs. These are the beliefs he will attest to
See Syndicat Northcrest v Amselem, 2004 SCC 47, at paragraphs 39-59. The Amselem test for demonstrating a protected
religious belief has been adopted by the Ontario Human Rights Tribunal.
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should accommodation be denied and he is compelled to submit an application to the Ontario
Human Rights Tribunal.
Any assertions on the part of Western that Mr. Jacob’s religious beliefs are not sincerely held or
do not have a nexus with Christianity are disingenuous, including suggestions that Mr. Jacob’s
beliefs are somehow not “personal” enough because they are shared by other Christian students.
As you know, Ms. Lawrence-Patel, I am in receipt of your letters of September 28 in which you
communicated Western’s refusal to reverse its denial of accommodation to other Christian
Western students who cannot receive the COVID vaccines due to their sincere Christian
religious beliefs. Contrary to your bizarre conclusion in said letters that a Christian student’s
beliefs are not protected by law if they are similar to those of other students, such shared, similar
beliefs reinforces the nexus to religion, it does not sever it. So much is obvious to those not
determined to find any excuse to defend their discriminatory actions.
The specificity of Mr. Jacob’s appended beliefs plainly establishes the required nexus with a
religion (Christianity). Further, any reasonable person, upon reviewing the highly-detailed
beliefs he herein provides, would conclude that receiving the COVID vaccines would interfere
with Mr. Jacob’s religious beliefs in a manner that is far more than trivial or insubstantial.
I need not remind you your client may not discriminate against Christians by denying reasonable
accommodation.
COVID vaccine mandates may assist Western in establishing its bona fides as a “woke”
institution, but the law—and dare I say ethics—cares about whether such discriminatory policies
are scientific. Notwithstanding the ideological and optical motivation for Western’s COVID
vaccine mandates, Mr. Jacob reminds your client that, scientifically, both the COVID vaccines
themselves and vaccine mandates are unnecessary and ineffective, like so many other
undesirable control measures that only serve to abrogate rights and undermine human dignity. If
indeed the vaccines are effective, unvaccinated persons pose no concern whatsoever. If the
COVID vaccines are ineffective, which real-world data repeatedly demonstrates, then
discriminating against, stigmatizing, and excluding those who are unable to receive the vaccines
due to protected characteristics is not only unlawful, it is nothing short of asinine and cruel.
Providing reasonable accommodation to Mr. Jacob jeopardizes the “health and safety” of no one
on campus.
It would seem Western concedes the foregoing, as neither you nor Western have suggested
otherwise, preferring instead to arbitrarily claim the duty to accommodate has not been triggered
because the beliefs of Christians who cannot receive the COVID vaccines are somehow not good
enough. The contempt your client has shown for the Christian students it has discriminated
against by disingenuously claiming their beliefs are not protected at law is disgraceful.
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Mr. Jacob submits he is entitled at law to be accommodated such that he is able to effectively
complete all his in-person academic requirements, notwithstanding his inability to receive the
COVID vaccines due to his religious beliefs.
He requests a substantive response to his request herein no later than October 26, 2022. Should
your client persist in rebelling against its legal obligation to accommodate Mr. Jacob, he will be
compelled to take all legal action necessary to enforce his rights and receive compensation for
any resulting delay or loss to his education.

Regards,

James S.M. Kitchen
Barrister & Solicitor
Counsel for Josh Jacob
cc

John Doerksen, Vice-Provost, Students (doerksen@uwo.ca)
vaxinfo@uwo.ca

Enclosures
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STATEMENT OF SINCERE RELIGIOUS BELIEFS OF JOSH JACOB

Introduction
1. I, Josh Jacob, am a first-year undergraduate student at Western University. I have not
received any of the COVID vaccines.

2. This statement of my sincere religious beliefs I make for the purposes of requesting
human rights accommodation on the basis of religious belief, or “Creed” as it is referred
to in the Ontario Human Rights Code.

3. I am a Christian; a follower and disciple of the Lord Jesus Christ, and I believe the
entirety of the Holy Bible is true.

4. I understand, as part of my request for accommodation, I am obligated to demonstrate I
hold sincere religious beliefs that have a nexus with religion (Christianity) and would be
interfered with in a manner that is more than trivial or insubstantial. Reproduced herein is
the full articulation of my relevant sincere Christian religious beliefs, including

references to the Bible, regarding the COVID vaccines.

5. I sincerely hold to Christian religious beliefs that compel me to not receive into my body
the COVID vaccines due to the known and unknown contents of the vaccines, the manner
in which they were produced, the deception that surrounds them, and the coercion
involved in the mandatory imposition of them upon myself and those around me.

6. If I received any of the COVID vaccines, it would be an act of disobedience against the
Lord Jesus Christ. It would be sin. A sin which, if I committed, would grieve me deeply
and cause me spiritual and moral distress.

Foundational Beliefs of General Application to All of My Life, Including the Issue of the

COVID Vaccines and Mandates to Receive Them
7. I steadfastly believe that “all scripture is God-breathed” (II Timothy 3:16-17), and it is
through the Scriptures that God communicates His instructions and expectations, which

are perfect and true for my life (Psalms 18:30). God desires and values obedience to His
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word, stemming from our love for Him, more than any religious ritual or sacrifice (1

Samuel 15:22; Hosea 6:6; Mark 12:32-33). I am duty-bound out of love for my God and
King to abide by all the commands in Scripture to the best of my ability. As a Bible-

believing follower of Christ, my first loyalty is to Christ and His Word (the Bible), not to

any particular Christian leader or their teachings. For this reason, my beliefs

are exclusively grounded in scripture, which is the Word of God, and wholly independent

of any philosophies, beliefs or doctrines of any congregational associations I may have.
Thus, for example, it is religiously irrelevant to me that some Christian teachers or

leaders, even very important ones such as the Pope, have endorsed the COVID vaccines.

8. Out of love and obedience to God, I strive to live by the scriptures and “live a life worthy
of the calling to which [I] have been called” (Ephesians 4:1), that is, a godly life
reflective of the salvation gifted to me at Calvary.

9. Jesus Christ is the supreme King of all, and I am subject to His final authority alone in all
matters of conscience, what I do with my body, and how I respond to societal injustice
and coercive efforts to control my behaviour, which is a form of temptation (Ephesians

4:4-6; Colossians 1:16-18). Christians recognize that they will one day stand before God
to give an account for their lives and therefore seek to exercise wisdom and discernment
in all their decisions, and to live to please the Lord (Romans 12:2; II Corinthians 5:10).

10. God commands me to “take pains to have a clear conscious towards both God and man”
(Acts 24:16), “desiring to act honourably in all things” (Hebrews 13:18) and warns me
not to reject my conscience or otherwise shipwreck my faith (1 Timothy 1:18-19). James,

the brother of Christ, states it clearly: “any person who knows what is right to do but does
not do it, to him it is sin” (James 4:17). Thus, I will not blindly conform to the rules,
regulations or mandates of any country, state, principality, or institution but will first test

everything to ensure it is within the will of God, and only when those rules align with

God’s Law will I comply (Romans 12:2; 1 Corinthians 8:1-13).
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Specific Beliefs Which Preclude Me from Receiving any COVID Vaccines
The known and unknown contents of the vaccines, and the manner in which they were

produced
11. Fundamental to the Christian faith is the belief that all human persons bear the image of
God (Genesis 1:27, 9:6). This has two applications relevant to the COVID vaccines.

12. Christians are instructed by Scripture to view their bodies as temples of the Holy Spirit
and to steward their bodies as creatures ultimately accountable to God (Romans 12:1-2; I
Corinthians 3:16-17, 6:19-20). For me, this extends to not injecting my body with

substances such as those contained in the COVID mRNA vaccines. Some of these
substances are not fully known, potentially dangerous, and have the effect of interfering
with or manipulating my natural cell composition and cell mechanisms. The mRNA and

the toxic “spike protein” this mRNA codes for are examples. I am compelled to maintain
both the physical and spiritual integrity of my body, including my divinely-designed cell

mechanisms, and to not take unnecessary risks with my body. To do would be an

expression of a lack of faith and a manifestation of putting my trust in man before God,

when I am called to do the opposite. It is for this reason that I do not take hard drugs,
drink alcohol to excess, engage in high-risk thrill-seeking behaviour, permit my body to

be used for medical experimentation, or engage in high-risk sexual behaviour.

13. I believe I am fearfully and wonderfully made by God and must trust my health first to
God, to His design of my immune system over a man-made intervention may which alter

the function of my immune system and is necessarily inferior to God’s design. I further

trust the sources of natural health and healing that God has provided (Genesis 1; Exodus
23:25; Psalms 91:5-7 and 139:14; I Corinthians 3:19; Jeremiah 17:5).

14. Indeed, when I recently contracted COVID, I trusted in both God’s design of my immune
system and His healing power and I came through just fine, acquiring natural immunity

in the process.

15. How products for human consumption are obtained and what they are derived from is
important for me, just like it was for King David and the prophet Daniel (2 Samuel 23:15
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-17 and Daniel 1:8-14). Christians are required to fully, diligently, and resolutely honour
the sanctity of human life, which I believe manifests at conception and includes pre-natal

life (Genesis 1:27, 4:1 and 17, 9:6; Jeremiah 1:5; Psalms 22:10-11, 106:35-38, 113:7-9,

127:3, 139:13-16; Matthew 18:1-4, 19:13-15). “Whoever sheds human blood, by humans
shall their blood be shed; for in the image of God has God made mankind” (Genesis 9:6).
For me, this necessarily extends to protecting, through my choices, unborn children from
medical experimentation in the testing, development, or production of vaccines, and not
participating directly or indirectly in any vaccine that was derived directly or indirectly

from aborted human fetal cell lines (Exodus 20:13, Leviticus 18:21, 20:2-5, Deuteronomy

12:30-32, 18:10, 2 Kings 16:3, Psalm 16:38).

16. Receiving any of the COVID vaccines available in Canada would be to violate this belief
and commit a sin before God (James 4:17; Romans 14:23; Leviticus 20:1-5), as they were

all developed from and/or researched or produced in a way that was dependent on human
fetal cell lines. It would implicate me in endorsing an act that intrinsically asserts that

human life is neither sacred nor valuable.

17. I understand and am aware that a new COVID vaccine has recently become available
which Western purports is not implicated by the sin of Abortion (Novavax). The fact is,

Novavax is implicated by abortion. The cell line HEK293, notoriously derived from an
aborted fetus, was used in the testing of the Novavax COVID vaccine. Enclosed with my
statement is a peer-reviewed scientific paper published in October 2020 and an article

from Liberty Counsel which discusses this.

The deception surrounding the COVID vaccines

18. I sincerely believe the COVID vaccines are covered in deception. This is not merely or
primarily a “political” or “personal” belief. It arises out of my Biblically-informed views

and Holy Spirit-guided discernment. It is first and foremost a religious belief and my
religious belief.

19. The Holy Spirit is the third person of the Trinity (consisting of God the Father, the Son
Jesus Christ, and the Holy Spirit). As Jesus said, he gave Christians the Holy Spirit, the
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“Spirit of Truth”, to guide and teach us (John 14:17, 26; 16:13). Part of being a Biblefollowing Christian is having, to the degree possible, the mind of Christ and being able to

discern between what appears to be right and what is actually right (I Corinthians 2:14; I
John 4:1; Colossians 2:8; Romans 12:2; Proverbs 9:10). The Bible says, and I believe, I

must not be conformed to the ways of the world, but be transformed by the renewing of

my mind based on God’s ways, which are above the ways of the world and the ways of
men, so that I “will be able to test and approve what God’s will is—his good,
pleasing and perfect will (Romans 12:2; Isaiah 55: 8-9). As I believer, I am to test

everything (1 Thessalonians 5:21).

20. Based on the discernment described above, I believe it is a deception that the COVID
vaccines are as safe as Western and other institutions and authorities propagate them to
be. I further believe it is a deception that the COVID vaccines are effective at preventing

the spread and infection of the virus that causes COVID. These deceptions form the

purported rationale for COVID vaccine mandates.

21. As a Christian, I am called to live according to truth and not be complicit in deceit (John
4:23; I John 3:18 and 4:1; John 8:32; I Peter 3:10; Psalms 5:6 and 101:7; Proverbs 9:10,
12:17, 14:8, 19:9, and 20:17; II Timothy 3:13; and Colossians 2:8 and 3:9). Walking in
the light and truth of Jesus and shunning all lies and deceit is fundamental to my walk

with the Lord. I cannot receive the COVID vaccines and thereby knowingly participate in

deceit, which would be to walk in darkness.

22. Further, in all circumstances Christians seek to live in freedom, without fear, and openly
before God and other people because “it is for freedom that Christ set us free” (Galatians

5:1). If I received the COVID vaccines, it would be for no other reason than because
someone in a position of power over me told me to. To do that would be to act out of

fear. I am commanded by the Bible to fear God, not other people (Matthew 32-33;

Galatians 1:10; Proverbs 1:7, 29:25). If I received the COVID vaccinations, I would be
violating my conscience and committing a sin (James 4:17). “Do not be afraid of those

who kill the body but cannot kill the soul. Rather, be afraid of the One who can destroy

both soul and body in hell. … Whoever acknowledges me before others, I will also
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acknowledge before my Father in heaven. But whoever disowns me before others, I will

disown before my Father in heaven” (Mathew 10:28).
The injustice and immorality of coercion

23. My Lord and Saviour, Jesus Christ is a God of justice who hates injustice, oppression,
and tyranny (Deuteronomy 10:17–20; Isaiah 1:15–17; Ecclesiastes 3:16–17; 4:1; 5:8;

Psalms 7:11; 9:7–9). He has appointed government to do good and to avenge evil

(Romans 13:3–4; 1 Peter 2:13–14). Jesus’ concern for justice is my concern, as a follower
of Jesus Christ. Out of love for neighbor and obedience to Christ, I am called to resist
oppression and vitiation of consent, which necessarily includes coercive vaccination

programs, whether at the hands of government or private entities (Ephesians 5:11).

24. If I were to submit to a COVID vaccine mandate such as Western’s, I would be an
endorser of oppression and injustice, acting in hate and spite of God, my neighbours, and
even myself. Once discriminatory and oppressive policies are normalised in peoples’
hearts and minds, freedom ends, mass atrocities begin, and evil reigns. I must abstain

from all evil (I Thessalonians 5:22-23).

25. I believe, as a Christian, it is morally wrong and sinful to take away the free choice of
something as important as what people put into their bodies. I care deeply about matters

of free will and consent. I believe all human beings have the divine right to exercise free

will, as established by God long before the creation of the State (Deuteronomy 30:19;

Joshua 24:15; Revelation 3:20). Jesus gives people free will and lets them choose

whether they will follow Him in love, or live for themselves. Conversely, Satan uses
coercive, extortionary, forceful, manipulative, and deceitful tactics to make people

comply with his directives (Genesis 2; Matthew 4:1-11; Job 1:6-22).

26. By their very nature, COVID vaccine mandates are irrefutably coercive and extortionary
in nature. The entire impetus for such mandates is to withhold something important from

someone until that person does something they will not voluntarily do and would not

otherwise do. These tactics reflect the darkness and bondage of Satan, not the light and
freedom of Jesus. They are the tactics of those who are controlled by fear and therefore
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seek to control the actions of others so as to selfishly create for themselves the illusion of
the elimination of all risk to themselves from those around them.

27. Obtaining an advanced education is no mere luxury or leisure activity. It is often required
for full participation in society and the economy, and is certainly required to fulfil dreams

to enter a particular vocation. Some may call it a “choice” to “choose” between a post-

secondary education and injecting unwanted substances into one’s body, but my
definition of choice is not so ethically and morally bankrupt. I concur with the 1992

comments of former Justice La Forest of the Supreme Court of Canada:
“A man cannot be said to be ‘willing’ unless he is in a position to choose
freely; and freedom of choice predicates the absence from his mind of
any feeling of constraint interfering with the freedom of his will." A
“feeling of constraint” so as to “interfere with the freedom of a person's
will” can arise in a number of situations not involving force, threats of
force, fraud or incapacity.
…
Professor Klippert in his book Unjust Enrichment (1983) refers to the
doctrines of duress, undue influence, and unconscionability as “justice
factors.” He lumps these together under the general term “coercion” and
states…, “In essence the common thread is an illegitimate use of power or
unlawful pressure which vitiates a person's freedom of choice.”1

The mark of the beast

28. I am deeply concerned that the COVID vaccine and associated vaccine passports and
mandates are a precursor to or may become the “mark of the beast” referred to in the
Bible (Revelation 13:16-17). I am compelled to exercise wisdom regarding this matter
(Revelation 13:18), as to receive the mark is to commit a sin and to betray Christ, while

the rewards of remaining loyal to Christ are eternal life (Revelation 14:11, 16:2, 19:20,

20:4). I must avoid anything that could be associated with the mark of the beast.

Conclusion
29. I have prayed about the above beliefs as they apply to the COVID vaccine and associated
mandates and I have received confirmation from the Holy Spirit that it is the Lord’s Will

1 Norberg v Wynrib, [1992] 2 S.C.R. 226, at paragraphs 27-28 [emphasis added].
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for me to act in accordance with these beliefs in rejecting the COVID vaccines. I
sincerely believe that if I received the COVID vaccines, I would commit a sin before

God and that God’s will for me is to not receive the COVID vaccines.

30. I affirm the above statements are true.

___________________________

Josh Jacob
Date:

[8]

10/3/22, 11:47 AM

Novavax COVID Shot Associated With Aborted Fetal Cells - Liberty Counsel
ABOUT

ACT

CHURCHES

LEGAL HELP

NEWS

SUBSCRIBE

Novavax COVID Shot Associated With Aborted
Fetal Cells

DONATE

MY ACCOUNT
LOGIN

TAKE ACTION

Jun 9, 2022

Despite erroneous claims that Novavax’s COVID-19 injection (NVX-CoV2373) does not have any
connection to abortion-derived cell lines, evidence from Novavax’s own published study shows
otherwise.
While Novavax claims that no human fetal-derived cell lines or tissue, including HEK293 cells,
were used in the development, manufacture, or production of the Novavax COVID-19 shots, it is
not true that there is no association with abortion because an aborted fetal cell line was used in
the testing phase of Novavax.
Novavax’s published study, “Structural Analysis of Full-Length SARS-CoV-2 Spike Protein From
an Advanced Vaccine Candidate,” shows that the HEK293 aborted fetal cell line was used in the
testing phase. The HEK293 cell line was originally harvested from the kidney of an aborted baby
girl in 1973.
In a letter obtained by the Charlotte Lozier Institute, Novavax admits that HEK293 cells were
indeed used as part of the testing phase for NVX-CoV2373:
“Testing was conducted to compare the structural integrity of the SARS-CoV-2 spike protein
produced in the Sf9 insect cells versus the spike protein produced in the mammalian human
embryonic kidney HEK 293F cells. The comparison determined the Sf9 cell technology produced
spike proteins were comparable in structural integrity as the spike proteins produced in the HEK
293F cell.”

Novavax’s COVID-19 shot has now been recommended for emergency use authorization (EUA)
in the U.S. for adults 18 and older by the Food and Drug Administration’s Vaccines and Related
Biological Products Advisory Committee. This came after they voted 21 to 0 with one abstention
when asked if the benefits of the two-dose “vaccine” series outweigh the risks for U.S. adults
“based on the totality of scientific evidence available,” according to the live-streamed committee
meeting.
The Novavax shot, like mRNA COVID injections, has also demonstrated increased risk for heart
inflammation. Several cases of myocarditis and pericarditis were observed in the trial participants
within two weeks of injection.
Similar to Moderna and BioNTech, Novavax has never successfully brought a product to market
in its 33-year history. The company has zero track record of success, safety, and/or efficacious
products.

https://lc.org/newsroom/details/060922-novavax-covid-shot-associated-with-aborted-fetal-cells-1
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Novavax and the FDA panel have already stated that two doses of the Novavax shot will not be
enough to “protect” people from the virus and repeated boosting will be necessary. The shot was
developed over two years ago, but there is no trial data on the Omicron variant.
The FDA said: “Relevant data to assess effectiveness of NVX-CoV2373 (Novavax shot) against the
Omicron variant and sublineages, including observational data from use in other countries where
the vaccine has been deployed, are currently unavailable.”
Liberty Counsel Founder and Chairman Mat Staver said, “Novavax used aborted fetal cell lines in
the testing phase, and it is already known that Novavax increases the risk of myocarditis. But the
FDA continues to rubber stamp pharmaceutical companies with no history of success so long as
the product is associated with COVID-19. The FDA is supposed to be the watchdog to protect
public health, but, sadly, the FDA has become the lapdog of Big Pharma.”

Liberty Counsel advances religious liberty, the sanctity of human life, and the family
through litigation and education. We depend on your support, which enables us to
represent people at no cost. Click here to GIVE NOW.
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Orlando, FL 32854
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Structure of a vaccine candidate
Much effort is being targeted at developing vaccines that will provide protection against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). A trimeric spike protein that decorates the virus is a primary target of the host immune system and the focus of vaccine development. Bangaru et al. present the structure of a
leading vaccine candidate: a full-length spike protein with some modifications aimed at enhancing stability
that is formulated in polysorbate 80 detergent. The study confirms that the full-length immunogen is in a stable prefusion conformation and provides a basis for understanding immune responses to the vaccine.
Science, this issue p. 1089

Abstract
Vaccine efforts to combat the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is responsible for the current coronavirus disease 2019 (COVID-19) pandemic, are focused on SARS-CoV-2 spike glycoprotein, the primary target for neutralizing antibodies. We performed cryo–election microscopy and site-specific glycan analysis of one of the leading subunit vaccine candidates from Novavax, which is based on a fulllength spike protein formulated in polysorbate 80 detergent. Our studies reveal a stable prefusion conformation of the spike immunogen with slight differences in the S1 subunit compared with published spike
ectodomain structures. We also observed interactions between the spike trimers, allowing formation of higherorder spike complexes. This study confirms the structural integrity of the full-length spike protein immunogen
and provides a basis for interpreting immune responses to this multivalent nanoparticle immunogen.

Severe acute respiratory syndrome coronavirus (SARS-CoV) caused a global outbreak from 2002 to 2003 (1). Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), from the same lineage of the β-CoV genus as SARS-CoV,
recently emerged in China and spread rapidly, infecting more than 28 million people worldwide by September 2020
(2). Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2, was declared a pandemic by the World Health
Organization (WHO). In response, several SARS-CoV-2 vaccine candidates are being developed and tested at various stages of clinical trials (3–5). The SARS-CoV-2 spike (S) trimeric glycoprotein is a focus of vaccine development because it is the primary target of host immune defenses (5, 6).
Like other type 1 fusion proteins, the SARS-CoV-2 S prefusion trimer is metastable and undergoes structural rearrangement from a prefusion to a postfusion conformation upon S-protein receptor binding and cleavage (7, 8).
https://www.science.org/doi/10.1126/science.abe1502
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The structure of the stabilized SARS-CoV-2 spike ectodomain has been solved in its prefusion conformation and
resembles the SARS-CoV spike (9–11). Here, we describe the structure of a leading SARS-CoV-2 S vaccine candidate (NVAX-CoV2373) based on a full-length (FL) S, residues 1 to 1273, which includes the transmembrane (TM)
and the cytoplasmic tail (CT) (Fig. 1A). The final construct, SARS-CoV-2-3Q-2P, was also modified at the S1/S2
polybasic cleavage site from RRAR to QQAQ to render it protease resistant, along with two proline substitutions at
residues K986 and V987 in the S2 fusion machinery core for enhanced stability (Fig. 1A). The FL spikes, expressed
and purified from insect cells, were formulated in 0.01% (v/v) polysorbate 80 (PS 80) detergent. To characterize the
structural integrity of the 3Q-2P-FL immunogen, we performed negative-stain electron microscopy of the FL spike
constituted in PS 80 in the presence of Matrix-M adjuvant, recapitulating the vaccine formulation being tested in
humans. Imaging revealed trimeric spike proteins present as free trimers or as multitrimer rosettes, containing as
many as 14 trimers with their TM domains enclosed in micellar cores of PS 80 detergent (Fig. 1B). Tight clustering
of the spikes in the NVAX-CoV2373 nanoparticle formulation may lead to stronger immune responses over soluble
trimers alone, similar to other viral glycoprotein immunogens (hemagglutinin and respiratory syncytial virus F)
(12, 13).

Fig. 1 Evaluation of SARS-CoV-2 3Q-2P-FL spike glycoprotein.

(A) Linear diagram of the sequence and structure elements of the FL SARS-CoV-2 spike protein showing the S1 and S2 ectodomain. Structural
elements include a cleavable signal sequence (SS, white), NTD (blue), RBD (green), SD1 and SD2 (light blue), protease cleavage site 2′ (S2′, arrow), fusion peptide (FP, red), heptad repeat 1 (HR1, yellow), central helix (CH, brown), heptad repeat 2 (HR2, purple), TM domain (black), and
https://www.science.org/doi/10.1126/science.abe1502
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CT (white). The native furin cleavage site was mutated (RRAR→QQAQ) to be protease resistant and stabilized by introducing two proline (2P)
substitutions at positions K986P and V987P to produce SARS-CoV-2 3Q-2P-FL spike. A, Ala; D, Asp; E, Glu; K, Lys; L, Leu; N, Asn; P, Pro; Q, Gln;
R, Arg; S, Ser; V, Val. (B) Representative negative-stain EM images and 2D classes of SARS-CoV-2 3Q-2P-FL, formulated in PS 80 detergent in
the presence of Matrix-M adjuvant. In the raw micrograph, spike rosettes are circled in yellow and Matrix-M adjuvant cages are circled in
white. 2D classes showing individual spikes, higher-order spike nanoparticles, and Matrix-M cages of different sizes. Matrix-M does not appear to interact with the spike nanoparticles.

We next performed single-particle cryo–electron microscopy (cryo-EM) on the spike formulated in PS 80 detergent
(Fig. 2A). Initial two-dimensional (2D) classification revealed the presence of two distinct classes: free spike
trimers and dimers of trimers (Fig. 2A). The threefold symmetric (C3) reconstruction of the free spike trimer resulted in a 3.6 Å–resolution map, whereas the asymmetric reconstruction (C1) was refined to 3.8-Å resolution (Fig.
2B and fig. S1, A and B). In previous structures, receptor binding domains (RBDs) exist in either a closed (RBDdown) or an open (RBD-up) conformation that can engage in ACE2 binding (9, 10, 14). By contrast, we observed
that all three RBDs on the 3Q-2P-FL spike trimer were in the closed conformation in our reconstructions (Fig. 2B
and fig. S1C). Despite the RBD-down conformation, binding analysis of the 3Q-2P-FL immunogen to ACE2 by both
biolayer interferometry and enzyme-linked immunosorbent assay clearly shows binding to ACE2, indicating that
the RBD is dynamic and the receptor binding site accessible (15). Another study on the prefusion structure of an FL
spike protein reported similar findings with RBDs clamped down as a consequence of potential clashes between S2
residues 828 to 853 and subdomain 1 (SD1) when RBD is in open conformation (16). Recent reports by Henderson
et al. have revealed that introducing mutations and removing N-linked glycosylation at certain positions can alter
the propensity toward “up” and “down” states of the RBD (17, 18).
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Fig. 2 Cryo-EM analysis of SARS-CoV-2 3Q-2P-FL spikes.

(A) Representative electron micrograph and 2D class averages of 3Q-2P-FL spikes showing free trimers and complexes of trimers. (B) Side
and top views of the B factor–sharpened cryo-EM map of 3Q-2P-FL free trimers showing the spike in prefusion state, with the RBDs in closed
conformation. The protomers are colored in blue, green, and coral for clarity. (C) Side and top view of the atomic model of free trimer represented as a ribbon diagram fit into the map density. The protomers are colored in blue, green, and coral, and the map is shown as a transparent gray density. (D) Comparison of 3Q-2P-FL spike with published structures (PDB IDs 6VXX and 6VSB) on a subunit level. PDB 6VXX is
shown in cyan, PDB 6VSB in blue, and 3Q-2P-FL spike in coral.

Overall, our cryo-EM map was well resolved in both S1 and S2 subunits (fig. S1D), enabling us to model the full S1
N-terminal domain (NTD) and C-terminal domain (CTD) that were less resolved in previous structures (9, 10). Our
final atomic model contains residues 14 to 1146 with breaks only in the flexible loop (619 to 631) and the cleavage
site (678 to 688) (Fig. 2C). Superimposition of the coordinate models of 3Q-2P-FL spike with published spike structures [Protein Data Bank (PDB) IDs: 6VXX and 6VSB] revealed substantial domain rearrangements in the S1 subunit of 3Q-2P-FL spike (Fig. 2D). The S1 NTD rotated ~14° relative to published models, whereas the CTD and subhttps://www.science.org/doi/10.1126/science.abe1502
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domains showed minor local rearrangements (Fig. 2D). Another recent study also observed differences in NTD conformations at lower pH, although our cryo-EM studies were carried out at neutral pH (19). In our 3Q-2P-FL structure, we observed a shift in residues flanking the 615 to 635 loop, resulting in a salt bridge between residue D614
on one protomer and K854 on a neighboring protomer (Fig. 3A). This observation is particularly notable given the
increased prevalence of D614→G (D614G) mutation in the emerging SARS-CoV-2 strains and its potential role in
viral transmission and pathogenesis (20). The 615 to 635 loop that is generally disordered in spike trimer structures, including ours, was recently modeled as a helix (PDB ID: 6X6P) (Fig. 3B), although the cryo-EM density
(EMD-22078) does not support this assignment (fig. S1E) (11).

Fig. 3 Structural features of the SARS-CoV-2 3Q-2P-FL spike trimer.

(A) Interprotomeric salt-bridge interaction between D614 and K854 in 3Q-2P-FL spike trimer. (B) Comparison of the 615 to 635 loop between
3Q-2P-FL spike shown in coral and PDB 6X6P shown in blue. The residues that were built in 6X6P model but not in our model are shown in
dark blue. Threonines at positions 618 and 632 flanking the gap in the 3Q-2P-FL trimer model are shown on both models to highlight their relative positions. T, Thr. (C) Linoleic acid (dark blue) binding within a hydrophobic pocket of one RBD where the fatty acid head group reaches out
to interact with the closed RBD of the adjacent protomer. The interacting residues are shown in pink. F, Phe; I, Ile; Y, Tyr. (D) PS 80 detergent
(blue) binding within the NTD with potential hydrogen bonding with R190 and H207. The interacting residues are shown in orange. Adjacent
protomers are shown in yellow and gray in (A), (C), and (D). H, His.

We observed two additional densities in the S1 subunit that did not correspond to peptide or glycans within the
spike (fig. S2A). The first density was buried within a hydrophobic pocket of the CTD (Fig. 3C). We have previously
showed palmitoleic acid occupying a similar pocket in the structure of porcine epidemic diarrhea virus (21). This
density in SARS-CoV-2 S corresponded to linoleic acid, a polyunsaturated fatty acid; the presence of this ligand
was confirmed by mass spectrometry of 3Q-2P-FL spike (fig. S2, B and C). The main chain carboxyl group of
linoleic acid interacts with the R408 and Q409 residues of the RBD from the adjacent protomer, potentially stabilizing the observed RBD-down state (Fig. 3C) and consistent with a recent report (22). The second unassigned density, present in the NTD, was larger and more surface exposed than the first (Fig. 3D and fig. S2D). The aliphatic
tail of PS 80 fit well into this hydrophobic pocket, whereas the carbonyl and hydroxyl groups were in proximity to
residues R190 and H207 with potential for multiple hydrogen bonds between them (Fig. 3D and fig. S2D). The location of the PS 80 ligand provides a possible explanation for the S1 shift seen in our FL trimer density. PS 80 is specific to the formulation of the Novavax 3Q-2P-FL immunogen, but other ligands may also bind this pocket and provide a potential target for drug design against SARS-CoV-2.
Classification of multimeric spike trimer particles yielded two separate classes: a dimer-of-trimers class that reconstructed to a final resolution of 4.5 Å with twofold symmetry and a trimer-of-trimers class that was resolved to
https://www.science.org/doi/10.1126/science.abe1502
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8.0-Å resolution (Fig. 4, A and B, and fig. S3A). In both reconstructions, the interaction between each pair of
trimers involved the SD2 of one protomer from each trimer engaging with the NTD of the adjacent trimer (Fig. 4C),
with trimer axes tilted 44.5° relative to each other. The dimer-of-trimer interaction was mainly coordinated by the
615 to 635 loop, which, in contrast to the free-trimer structure, was now fully resolved (Fig. 4D). The loop reaches
into and induces subtle changes to a pocket on the adjacent NTD compared with the free-trimer model (Fig. 4D).
Residues Y145 and H146 in the binding pocket appear to switch positions in the loop-bound state, resulting in a
salt-bridge interaction between H146 and D627 and potential stacking between W152 and H146 (Fig. 4E). We also
observed minor displacement of residues 68 to 75 and 248 to 250 surrounding the pocket. In the dimer-of-trimers,
we also observed N282 glycans at the dimer interface (fig. S3B). As a control, we also performed cryo-EM studies of
the SARS-CoV-2-3Q-FL (without 2P). Notably, the structures of the trimers were identical, and we also observed
dimers of trimers (fig. S3, C to E)

https://www.science.org/doi/10.1126/science.abe1502
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Fig. 4 Trimer-trimer interactions and glycan analysis.

(A) Side and top views of the sharpened cryo-EM map of 3Q-2P-FL dimers of spike trimers. Individual spike trimers are shown in blue and
coral along a twofold axis of symmetry (dotted line). (B) Top view of the B factor–sharpened cryo-EM map of trimer-of-trimers complex with
individual trimers colored in blue, coral, and green. (C) Ribbon representation of a protomer from one trimer (blue) interacting with the protomer from the adjacent trimer (coral) docked into the dimers-of-trimers density. (D) A close-up view of the interaction between the protomers
of adjacent trimers. One protomer is shown as a ribbon diagram in blue, and its binding partner is shown as surface in gray. Residues 621PVAIHADQ-628 in the loop with potential interactions to the neighboring NTD are colored yellow and the residues in the NTD binding pocket
Expand for more

https://www.science.org/doi/10.1126/science.abe1502
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Sequence alignment of residues in the 615 to 635 loop and corresponding NTD binding pocket across representative CoV strains belonging to lineage B of betacoronaviruses revealed residues 621-PVAIHADQ-628 are well conserved, but there are notable differences in the binding pocket residues (fig. S4A). Substantial gaps in the interacting NTD loops along with the absence of H146 at the corresponding site on SARS-CoV make it unlikely that SARSCoV participates in similar intertrimeric interactions. Although the residues in the NTD pocket were almost identical between SARS-CoV-2 and its closely related bat strain Bat-SL-RatG13, we observed some residue differences
and one to three amino acid deletions in the loops comprising the NTD binding pocket of representative strains
Bat-SL-CoVZC45, BetaCoV/pangolin/Guangdong/1/2019, and BetaCoV/pangolin/Guangxi/P4L/2007 (fig. S4A).
Some human CoVs, including OC43, exclusively use NTD–sialic acid (SA) interactions as their receptor engagement, whereas others such as Middle East respiratory syndrome (MERS) CoV that use the CTD-RBD for primary receptor binding have also been reported to bind SA receptors through their NTD to aid initial attachment to the
host cells (23–25). Structural comparisons of the SARS-CoV-2 NTD dimerization pocket with that of the SA binding site on MERS spike revealed that they did not coincide with each other (PDB ID: 6Q04) (25) (fig. S4B).
Computational and structural studies have proposed residues on SARS-CoV-2 spike that may be involved in SA
binding (26, 27). Structural comparison of this putative glycan binding site to the dimerization site revealed them
situated adjacent to one another with residues in loop 70 contributing to both the binding pockets (fig. S4C).
We next performed cell surface expression and pseudovirus replication assays with SARS-CoV-2 wild-type (WT)
spike and spikes containing mutations in the 615 to 635 loop and NTD pocket. Each residue in the loop 621PVAIHADQ-628 and residue H146 in the binding pocket were individually mutated to either alanine or glycine.
Additionally, we made a spike construct with all eight residues 621-PVAIHADQ-628 replaced with a glycine-serine
(GS) linker to completely abrogate binding. Compared with the WT, the mutants generally exhibited lower levels of
infectivity (Fig. 4F). Cell surface expression of these mutants in 293T cells revealed that these mutations also disrupted surface expression of the spike protein, with linear correlation between surface expression and pseudovirus
replication (Fig. 4G).
Glycans on viral glycoproteins play a wide role in protein folding, stability, and immune recognition and also in facilitating immune evasion. We therefore conducted site-specific glycosylation analysis of the SARS-CoV-2 prefusion spike protein produced in Sf9 insect cells as previously described (28) to assess the extent of glycosylation and
the degree of glycan processing from high-mannose or hybrid type to complex type. The analysis detected glycosylation at all 22 N-linked glycan sequons present on SARS-CoV-2 spike (Fig. 4H). Overall, there was high glycan occupancy of >98%, with only two sites (603 and 657) >5% unoccupied. We did not see clear glycan density at either
603 or 657 in the cryo-EM reconstruction of the 3Q-2P-FL spike. Most sites showed extensive glycan processing to
complex or paucimannose-type glycans, with only four sites exhibiting ≥40% oligomannose. The glycan analysis
also confirmed the presence of glycans at sites 1158, 1173, and 1194 present in the membrane-proximal region of
the spike not resolved by cryo-EM. By comparison with site-specific glycan processing of the spike protein produced in mammalian human embryonic kidney (HEK) 293F cells, both mammalian cells and insect cells exhibit extensive processing at most sites. In general, however processing of glycans on the 2019 CoV prefusion spike protein from insect cells was somewhat greater, particularly at sites 709 and 717, which were predominately oligomannose in spike from HEK293 cells but exclusively complex or paucimannose in spike from Sf9 cells (29).
Our structural work is consistent with the burgeoning body of spike structures, albeit with notable differences in
the rearrangement of S1 domains and formation of intertrimer interactions (9, 10). Both these findings were seen
in the FL spike immunogens assembled into compact and dense nanoparticles. Cryo–electron tomographic reconstructions of intact SARS-CoV-2 virions showed a relatively dispersed distribution of spike protein trimers on the
viral surface and no evidence of higher-order aggregates (30). However, another study showed that the D614G mutation present in close proximity to the dimerization loop results in a several-fold increase of spike numbers on the
viral surface, resulting in higher spike protein density and a more infectious virion (20). The greater density may be
aided by the ability to form such higher-order multimers. Alternatively, the loop that mediates interspike interactions may play a role in viral viability, consistent with our loop mutant data.
Analysis of safety and immunogenicity of the Novavax SARS-CoV-2-3Q-2P-FL immunogen in mice and baboons
revealed strong B and T cell responses to the vaccine with no evidence of vaccine-associated enhanced respiratory
disease (15). Phase 1 and 2 clinical trial results showed that the vaccine induced immune responses exceeding levhttps://www.science.org/doi/10.1126/science.abe1502
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els seen in COVID-19 patients (31). Overall, we found that NVAX-CoV2372 is stable, homogeneous, and locked in
the antigenically preferred prefusion conformation. With structural, biophysical, and antigenic characterization
now complete, ongoing evaluation in humans will provide the true proof-of-principle for this vaccine concept.

Acknowledgments
We thank B. Anderson, H. L. Turner, and C. A. Bowman for their help with electron microscopy, data acquisition,
and data processing. We thank B. Webb and L. T. Hoang for their assistance with mass spectrometry and data processing. We thank L. Holden for her assistance with the manuscript. We also thank A. M. Greene at Novavax, Inc.,
for editing the manuscript. Funding: This work was supported by grants from the National Institute of Allergy and
Infectious Diseases Center for HIV/AIDS Vaccine Development (UM1 AI144462 to J.C.P. and A.B.W., R01 AI113867
to J.C.P., R01 AI132317 to D.N., and P01 AI110657 to A.B.W.), the Bill and Melinda Gates Foundation (OPP1170236
to A.B.W.), and Novavax, Inc., Molecular graphics and analyses were performed with UCSF Chimera developed by
the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, with
support from National Institutes of Health (R01-GM129325 and P41-GM103311) and the Office of Cyber
Infrastructure and Computational Biology, National Institute of Allergy and Infectious Diseases. Author contributions: S.B. and A.B.W. conceived and designed the study. S.B., H.L.T., G.O., and A.A. performed cryo-EM data collection, data processing, and model building. X.W., J.K.D., J.R.Y., and J.C.P. performed site-specific glycan analysis
and data interpretation. J.L.T., D.H., and D.N. performed mutagenesis and pseudovirus assays. S.B., G.O., and
A.B.W. analyzed and interpreted data. S.B. and A.B.W. wrote the paper, and all authors reviewed and edited the paper. J.H.T., A.D.P., N.P., M.J.M., G.G., and G.S. contributed NVX-CoV2373 and Matrix-M adjuvant and provided advice for sample handling. J.H.T., A.D.P., N.P., M.J.M., G.G., and G.S. also contributed to drafting of the manuscript.
Competing interests: Authors J.H.T., A.D.P., N.P., M.J.M., G.G., and G.S. are current employees of Novavax, Inc., a
for-profit organization, and these authors own stock or hold stock options. These interests do not alter the authors’ adherence to policies on sharing data and materials. Authors H.L.T. and A.B.W. are inventors on U.S. patent
application no. 62/412,703 (“Prefusion Coronavirus Spike Proteins and Their Use”). All other authors have no competing interests to declare. Data and materials availability: The EM maps have been deposited at the Electron
Microscopy Data Bank (EMDB) with accession codes EMD-22352 (SARS-CoV-2 3Q-2P-FL spike trimer with C3 symmetry), EMD-22353 (SARS-CoV-2 3Q-2P-FL spike trimer with C1 symmetry), EMD-22354 (SARS-CoV-2 3Q-2P-FL
spike dimer-of-trimers with C2 symmetry), EMD-22355 (SARS-CoV-2 3Q-2P-FL spike trimer-of-trimers with C1
symmetry), and EMD-22356 (SARS-CoV-2 3Q-FL spike trimer with C3 symmetry). The atomic models have been
deposited at the Protein Data Bank with PDB IDs 7JJI (SARS-CoV-2 3Q-2P-FL spike trimer with C3 symmetry) and
7JJJ (SARS-CoV-2 3Q-2P-FL spike dimer-of-trimers with C2 symmetry). The vaccine construct was provided to the
Scripps Research Institute under a Material Transfer Agreement with Novavax, Requests for this material should be
addressed to Gale Smith at Novavax. Other materials are available from A.B.W. under a Material Transfer
Agreement with the Scripps Research Institute. This work is licensed under a Creative Commons Attribution 4.0
International (CC BY 4.0) license, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited. To view a copy of this license, visit
https://creativecommons.org/licenses/by/4.0/. This license does not apply to figures, photos, artwork, or other content included in the article that is credited to a third party; obtain authorization from the rights holder before using such material.

Supplementary Material
Summary
Materials and Methods
Figs. S1 to S4
Table S1
References (32–52)

https://www.science.org/doi/10.1126/science.abe1502

9/15

10/3/22, 11:42 AM

Structural analysis of full-length SARS-CoV-2 spike protein from an advanced vaccine candidate | Science

MDAR Reproducibility Checklist
Resources
File (abe1502_bangaru_sm.pdf)
DOWNLOAD

File (abe1502_mdar_reproducibility_checklist.pdf)
DOWNLOAD

View/request a protocol for this paper from Bio-protocol.

References and Notes
1

J. D. Cherry, P. Krogstad, SARS: The first pandemic of the 21st century. Pediatr. Res. 56, 1–5 (2004).
•

 GO TO REFERENCE
2

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang, J. Song, X. Zhao, B. Huang, W. Shi, R. Lu, P. Niu, F. Zhan, X. Ma, D. Wang, W. Xu, G. Wu, G. F. Gao,
W. Tan, China Novel Coronavirus Investigating and Research Team, A novel coronavirus from patients with pneumonia in China, 2019. N.
Engl. J. Med. 382, 727–733 (2020).
•

 GO TO REFERENCE
3

PUBMED

•

ISI

•

GOOGLE SCHOLAR

•

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

N. Lurie, M. Saville, R. Hatchett, J. Halton, Developing Covid-19 vaccines at pandemic speed. N. Engl. J. Med. 382, 1969–1973 (2020).
CROSSREF

5

•

F. Amanat, F. Krammer, SARS-CoV-2 vaccines: Status report. Immunity 52, 583–589 (2020).

 GO TO REFERENCE
4

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

G. Salvatori, L. Luberto, M. Maffei, L. Aurisicchio, G. Roscilli, F. Palombo, E. Marra, SARS-CoV-2 spike protein: An optimal immunological
target for vaccines. J. Transl. Med. 18, 222 (2020).
•

 SEE ALL REFERENCES
6

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

S. Belouzard, J. K. Millet, B. N. Licitra, G. R. Whittaker, Mechanisms of coronavirus cell entry mediated by the viral spike protein. Viruses 4,
1011–1033 (2012).

 GO TO REFERENCE
7

•

CROSSREF

•

PUBMED

•

GOOGLE SCHOLAR

A. C. Walls, M. A. Tortorici, J. Snijder, X. Xiong, B.-J. Bosch, F. A. Rey, D. Veesler, Tectonic conformational changes of a coronavirus spike glycoprotein promote membrane fusion. Proc. Natl. Acad. Sci. U.S.A. 114, 11157–11162 (2017).

 GO TO REFERENCE
8

•

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

B. J. Bosch, R. van der Zee, C. A. de Haan, P. J. Rottier, The coronavirus spike protein is a class I virus fusion protein: Structural and functional
characterization of the fusion core complex. J. Virol. 77, 8801–8811 (2003).

 GO TO REFERENCE
9

•

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

A. C. Walls, Y.-J. Park, M. A. Tortorici, A. Wall, A. T. McGuire, D. Veesler, Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 181, 281–292.e6 (2020).

 SEE ALL REFERENCES
10

•

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

D. Wrapp, N. Wang, K. S. Corbett, J. A. Goldsmith, C.-L. Hsieh, O. Abiona, B. S. Graham, J. S. McLellan, Cryo-EM structure of the 2019-nCoV
spike in the prefusion conformation. Science 367, 1260–1263 (2020).

 SEE ALL REFERENCES
11

•

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

N. G. Herrera, N. C. Morano, A. Celikgil, G. I. Georgiev, R. J. Malonis, J. H. Lee, K. Tong, O. Vergnolle, A. B. Massimi, L. Y. Yen, A. J. Noble, M.
Kopylov, J. B. Bonanno, S. C. Garrett-Thomson, D. B. Hayes, R. H. Bortz, A. S. Wirchnianski, C. Florez, E. Laudermilch, D. Haslwanter, J. M.
Fels, M. E. Dieterle, R. K. Jangra, J. Barnhill, A. Mengotto, D. Kimmel, J. P. Daily, L. A. Pirofski, K. Chandran, M. Brenowitz, S. J. Garforth, E. T.
Eng, J. R. Lai, S. C. Almo, Characterization of the SARS-CoV-2 S protein: Biophysical, biochemical, structural, and antigenic analysis. bioRxiv
2020.06.14.150607 [Preprint]. 17 June 2020; .

 SEE ALL REFERENCES

•

CROSSREF

https://www.science.org/doi/10.1126/science.abe1502

•

GOOGLE SCHOLAR

10/15

10/3/22, 11:42 AM

12

Structural analysis of full-length SARS-CoV-2 spike protein from an advanced vaccine candidate | Science

G. Smith, R. Raghunandan, Y. Wu, Y. Liu, M. Massare, M. Nathan, B. Zhou, H. Lu, S. Boddapati, J. Li, D. Flyer, G. Glenn, Respiratory syncytial
virus fusion glycoprotein expressed in insect cells form protein nanoparticles that induce protective immunity in cotton rats. PLOS ONE 7,
e50852 (2012).
•

 GO TO REFERENCE
13

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

V. Shinde, L. Fries, Y. Wu, S. Agrawal, I. Cho, D. N. Thomas, M. Spindler, E. Lindner, T. Hahn, J. Plested, D. Flyer, M. J. Massare, B. Zhou, A.
Fix, G. Smith, G. M. Glenn, Improved titers against influenza drift variants with a nanoparticle vaccine. N. Engl. J. Med. 378, 2346–2348
(2018).
•

 GO TO REFERENCE
14

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

J. Shang, G. Ye, K. Shi, Y. Wan, C. Luo, H. Aihara, Q. Geng, A. Auerbach, F. Li, Structural basis of receptor recognition by SARS-CoV-2. Nature
581, 221–224 (2020).
•

 GO TO REFERENCE
15

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

J.-H. Tian, N. Patel, R. Haupt, H. Zhou, S. Weston, H. Hammond, J. Lague, A. D. Portnoff, J. Norton, M. Guebre-Xabier, B. Zhou, K. Jacobson, S.
Maciejewski, R. Khatoon, M. Wisniewska, W. Moffitt, S. Kluepfel-Stahl, B. Ekechukwu, J. Papin, S. Boddapati, C. J. Wong, P. A. Piedra, M. B.
Frieman, M. J. Massare, L. Fries, K. L. Bengtsson, L. Stertman, L. Ellingsworth, G. Glenn, G. Smith, SARS-CoV-2 spike glycoprotein vaccine
candidate NVX-CoV2373 elicits immunogenicity in baboons and protection in mice. bioRxiv 2020.06.29.178509 [Preprint]. 30 June 2020; http
s://doi.org/10.1101/2020.06.29.178509.
•

 SEE ALL REFERENCES
16

GOOGLE SCHOLAR

Y. Cai, J. Zhang, T. Xiao, H. Peng, S. M. Sterling, R. M. Walsh Jr.., S. Rawson, S. Rits-Volloch, B. Chen, Distinct conformational states of SARSCoV-2 spike protein. Science 369, 1586–1592 (2020).
•

 GO TO REFERENCE
17

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

R. Henderson, R. J. Edwards, K. Mansouri, K. Janowska, V. Stalls, M. Kopp, B. F. Haynes, P. Acharya, Glycans on the SARS-CoV-2 spike control
the receptor binding domain conformation. bioRxiv 2020.06.26.173765 [Preprint]. 26 June 2020; .
•

 GO TO REFERENCE
18

CROSSREF

•

GOOGLE SCHOLAR

R. Henderson, R. J. Edwards, K. Mansouri, K. Janowska, V. Stalls, S. M. C. Gobeil, M. Kopp, D. Li, R. Parks, A. L. Hsu, M. J. Borgnia, B. F.
Haynes, P. Acharya, Controlling the SARS-CoV-2 spike glycoprotein conformation. Nat. Struct. Mol. Biol. 27, 925–933 (2020).
•

 GO TO REFERENCE
19

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

T. Zhou, Y. Tsybovsky, A. S. Olia, J. Gorman, M. A. Rapp, G. Cerutti, P. S. Katsamba, A. Nazzari, A. Schon, P. D. Wang, J. Bimela, W. Shi, I. T.
Teng, B. Zhang, J. C. Boyington, G. Y. Chuang, J. M. Sampson, M. Sastry, T. Stephens, J. Stuckey, S. Wang, R. A. Friesner, D. D. Ho, J. R.
Mascola, L. Shapiro, P. D. Kwong, A pH-dependent switch mediates conformational masking of SARS-CoV-2 spike. bioRxiv 2020.07.04.187989
[Preprint]. 4 July 2020; .
•

 GO TO REFERENCE
20

CROSSREF

•

GOOGLE SCHOLAR

L. Zhang, C. B. Jackson, H. Mou, A. Ojha, E. S. Rangarajan, T. Izard, M. Farzan, H. Choe, The D614G mutation in the SARS-CoV-2 spike protein reduces S1 shedding and increases infectivity. bioRxiv 2020.06.12.148726 [Preprint]. 12 June 2020; .
•

 SEE ALL REFERENCES
21

CROSSREF

•

GOOGLE SCHOLAR

R. N. Kirchdoerfer, M. Bhandari, O. Martini, L. M. Sewall, S. Bangaru, K.-J. Yoon, A. B. Ward, Structure and immune recognition of the porcine
epidemic diarrhea virus spike protein. bioRxiv 2020.02.18.955195 [Preprint]. 19 February 2020; .
•

 GO TO REFERENCE
22

CROSSREF

•

GOOGLE SCHOLAR

C. Toelzer, K. Gupta, S. K. N. Yadav, U. Borucu, A. D. Davidson, M. Kavanagh Williamson, D. K. Shoemark, F. Garzoni, O. Staufer, R. Milligan,
J. Capin, A. J. Mulholland, J. Spatz, D. Fitzgerald, I. Berger, C. Schaffitzel, Free fatty acid binding pocket in the locked structure of SARS-CoV2 spike protein. Science 370, 725–730 (2020).
•

 GO TO REFERENCE
23

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

R. J. G. Hulswit, Y. Lang, M. J. G. Bakkers, W. Li, Z. Li, A. Schouten, B. Ophorst, F. J. M. van Kuppeveld, G.-J. Boons, B.-J. Bosch, E. G. Huizinga,
R. J. de Groot, Human coronaviruses OC43 and HKU1 bind to 9-O-acetylated sialic acids via a conserved receptor-binding site in spike protein
domain A. Proc. Natl. Acad. Sci. U.S.A. 116, 2681–2690 (2019).
•

 GO TO REFERENCE
24

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

W. Li, R. J. G. Hulswit, I. Widjaja, V. S. Raj, R. McBride, W. Peng, W. Widagdo, M. A. Tortorici, B. van Dieren, Y. Lang, J. W. M. van Lent, J. C.
Paulson, C. A. M. de Haan, R. J. de Groot, F. J. M. van Kuppeveld, B. L. Haagmans, B.-J. Bosch, Identification of sialic acid-binding function for
the Middle East respiratory syndrome coronavirus spike glycoprotein. Proc. Natl. Acad. Sci. U.S.A. 114, E8508–E8517 (2017).
CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

https://www.science.org/doi/10.1126/science.abe1502

11/15

10/3/22, 11:42 AM

25

Structural analysis of full-length SARS-CoV-2 spike protein from an advanced vaccine candidate | Science

Y. J. Park, A. C. Walls, Z. Wang, M. M. Sauer, W. Li, M. A. Tortorici, B.-J. Bosch, F. DiMaio, D. Veesler, Structures of MERS-CoV spike glycoprotein in complex with sialoside attachment receptors. Nat. Struct. Mol. Biol. 26, 1151–1157 (2019).
•

 SEE ALL REFERENCES
26

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

E. Milanetti, M. Miotto, L. Di Rienzo, M. Monti, G. Gosti, G. Ruocco, In-silico evidence for two receptors based strategy of SARS-CoV-2.
bioRxiv 2020.03.24.006197 [Preprint]. 6 April 2020; https://doi.org/10.1101/2020.03.24.006197.
•

 GO TO REFERENCE
27

GOOGLE SCHOLAR

M. Awasthi, S. Gulati, D. P. Sarkar,, S. Tiwari, S. Kateriya, P. Ranjan, S. K. Verma, The Sialoside-Binding Pocket of SARS-CoV-2 Spike
Glycoprotein Structurally Resembles MERS-CoV. Viruses 12, 909 (2020).
•

 GO TO REFERENCE
28

CROSSREF

•

PUBMED

•

GOOGLE SCHOLAR

L. Cao, M. Pauthner, R. Andrabi, K. Rantalainen, Z. Berndsen, J. K. Diedrich, S. Menis, D. Sok, R. Bastidas, S. R. Park, C. M. Delahunty, L. He, J.
Guenaga, R. T. Wyatt, W. R. Schief, A. B. Ward, J. R. Yates III, D. R. Burton, J. C. Paulson, Differential processing of HIV envelope glycans on
the virus and soluble recombinant trimer. Nat. Commun. 9, 3693 (2018).
•

 GO TO REFERENCE
29

CROSSREF

•

PUBMED

•

GOOGLE SCHOLAR

Y. Watanabe, J. D. Allen, D. Wrapp, J. S. McLellan, M. Crispin, Site-specific glycan analysis of the SARS-CoV-2 spike. Science 369, 330–333
(2020).
•

 GO TO REFERENCE
30

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

Z. Ke, J. Oton, K. Qu, M. Cortese, V. Zila, L. McKeane, T. Nakane, J. Zivanov, C. J. Neufeldt, B. Cerikan, J. M. Lu, J. Peukes, X. Xiong, H.-G.
Kräusslich, S. H. W. Scheres, R. Bartenschlager, J. A. G. Briggs, Structures and distributions of SARS-CoV-2 spike proteins on intact virions.
Nature 10.1038/s41586-020-2665-2 (2020).
•

 GO TO REFERENCE
31

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

C. Keech, G. Albert, I. Cho, A. Robertson, P. Reed, S. Neal, J. S. Plested, M. Zhu, S. Cloney-Clark, H. Zhou, G. Smith, N. Patel, M. B. Frieman, R.
E. Haupt, J. Logue, M. McGrath, S. Weston, P. A. Piedra, C. Desai, K. Callahan, M. Lewis, P. Price-Abbott, N. Formica, V. Shinde, L. Fries, J. D.
Lickliter, P. Griffin, B. Wilkinson, G. M. Glenn, Phase 1-2 trial of a SARS-CoV-2 recombinant spike protein nanoparticle vaccine. N. Engl. J.
Med. 10.1056/NEJMoa2026920 (2020).
•

 GO TO REFERENCE
32

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

C. S. Potter, H. Chu, B. Frey, C. Green, N. Kisseberth, T. J. Madden, K. L. Miller, K. Nahrstedt, J. Pulokas, A. Reilein, D. Tcheng, D. Weber, B.
Carragher, Leginon: A system for fully automated acquisition of 1000 electron micrographs a day. Ultramicroscopy 77, 153–161 (1999).
•

 GO TO REFERENCE
33

CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

G. C. Lander, S. M. Stagg, N. R. Voss, A. Cheng, D. Fellmann, J. Pulokas, C. Yoshioka, C. Irving, A. Mulder, P.-W. Lau, D. Lyumkis, C. S. Potter,
B. Carragher, Appion: An integrated, database-driven pipeline to facilitate EM image processing. J. Struct. Biol. 166, 95–102 (2009).
CROSSREF

34

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

N. R. Voss, C. K. Yoshioka, M. Radermacher, C. S. Potter, B. Carragher, DoG Picker and TiltPicker: Software tools to facilitate particle selection
in single particle electron microscopy. J. Struct. Biol. 166, 205–213 (2009).
CROSSREF

35

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

T. Ogura, K. Iwasaki, C. Sato, Topology representing network enables highly accurate classification of protein images taken by cryo electronmicroscope without masking. J. Struct. Biol. 143, 185–200 (2003).
CROSSREF

36

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

C. Suloway, J. Pulokas, D. Fellmann, A. Cheng, F. Guerra, J. Quispe, S. Stagg, C. S. Potter, B. Carragher, Automated molecular microscopy: The
new Leginon system. J. Struct. Biol. 151, 41–60 (2005).
CROSSREF

37

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

S. Q. Zheng, E. Palovcak, J.-P. Armache, K. A. Verba, Y. Cheng, D. A. Agard, MotionCor2: Anisotropic correction of beam-induced motion for
improved cryo-electron microscopy. Nat. Methods 14, 331–332 (2017).
CROSSREF

38

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

A. Punjani, J. L. Rubinstein, D. J. Fleet, M. A. Brubaker, cryoSPARC: Algorithms for rapid unsupervised cryo-EM structure determination. Nat.
Methods 14, 290–296 (2017).
CROSSREF

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

https://www.science.org/doi/10.1126/science.abe1502

12/15

10/3/22, 11:42 AM

39

K. Zhang, Gctf: Real-time CTF determination and correction. J. Struct. Biol. 193, 1–12 (2016).
CROSSREF

40

Structural analysis of full-length SARS-CoV-2 spike protein from an advanced vaccine candidate | Science

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

J. Zivanov, T. Nakane, B. O. Forsberg, D. Kimanius, W. J. H. Hagen, E. Lindahl, S. H. W. Scheres, New tools for automated high-resolution
cryo-EM structure determination in RELION-3. eLife 7, e42166 (2018).
CROSSREF

41

PUBMED

•

ISI

•

GOOGLE SCHOLAR

P. Emsley, M. Crispin, Structural analysis of glycoproteins: Building N-linked glycans with Coot. Acta Crystallogr. D 74, 256–263 (2018).
CROSSREF

42

•

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

R. Y. Wang, Y. Song, B. A. Barad, Y. Cheng, J. S. Fraser, F. DiMaio, Automated structure refinement of macromolecular assemblies from cryoEM maps using Rosetta. eLife 5, e17219 (2016).
CROSSREF

43

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

B. A. Barad, N. Echols, R. Y.-R. Wang, Y. Cheng, F. DiMaio, P. D. Adams, J. S. Fraser, EMRinger: Side chain-directed model and map validation
for 3D cryo-electron microscopy. Nat. Methods 12, 943–946 (2015).
CROSSREF

44

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

C. J. Williams, J. J. Headd, N. W. Moriarty, M. G. Prisant, L. L. Videau, L. N. Deis, V. Verma, D. A. Keedy, B. J. Hintze, V. B. Chen, S. Jain, S. M.
Lewis, W. B. Arendall III, J. Snoeyink, P. D. Adams, S. C. Lovell, J. S. Richardson, D. C. Richardson, MolProbity: More and better reference data
for improved all-atom structure validation. Protein Sci. 27, 293–315 (2018).
CROSSREF

45

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

N. W. Moriarty, R. W. Grosse-Kunstleve, P. D. Adams, electronic Ligand Builder and Optimization Workbench (eLBOW): A tool for ligand coordinate and restraint generation. Acta Crystallogr. D 65, 1074–1080 (2009).
CROSSREF

46

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

T. D. Goddard, C. C. Huang, E. C. Meng, E. F. Pettersen, G. S. Couch, J. H. Morris, T. E. Ferrin, UCSF ChimeraX: Meeting modern challenges in
visualization and analysis. Protein Sci. 27, 14–25 (2018).
CROSSREF

47

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng, T. E. Ferrin, UCSF Chimera—A visualization system for
exploratory research and analysis. J. Comput. Chem. 25, 1605–1612 (2004).
CROSSREF

48

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

H. McWilliam, W. Li, M. Uludag, S. Squizzato, Y. M. Park, N. Buso, A. P. Cowley, R. Lopez, Analysis Tool Web Services from the EMBL-EBI.
Nucleic Acids Res. 41, W597–W600(2013).
CROSSREF

49

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

T. F. Rogers, F. Zhao, D. Huang, N. Beutler, A. Burns, W. T. He, O. Limbo, C. Smith, G. Song, J. Woehl, L. Yang, R. K. Abbott, S. Callaghan, E.
Garcia, J. Hurtado, M. Parren, L. Peng, S. Ramirez, J. Ricketts, M. J. Ricciardi, S. A. Rawlings, N. C. Wu, M. Yuan, D. M. Smith, D. Nemazee, J. R.
Teijaro, J. E. Voss, I. A. Wilson, R. Andrabi, B. Briney, E. Landais, D. Sok, J. G. Jardine, D. R. Burton, Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from disease in a small animal model. Science 369, 956–963 (2020).
CROSSREF

50

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

L. M. Walker, S. K. Phogat, P.-Y. Chan-Hui, D. Wagner, P. Phung, J. L. Goss, T. Wrin, M. D. Simek, S. Fling, J. L. Mitcham, J. K. Lehrman, F. H.
Priddy, O. A. Olsen, S. M. Frey, P. W. Hammond, S. Kaminsky, T. Zamb, M. Moyle, W. C. Koff, P. Poignard, D. R. Burton, Protocol G Principal
Investigators, Broad and potent neutralizing antibodies from an African donor reveal a new HIV-1 vaccine target. Science 326, 285–289
(2009).
CROSSREF

51

•

PUBMED

•

ISI

•

GOOGLE SCHOLAR

V. Tretter, F. Altmann, L. März, Peptide-N4-(N-acetyl-β-glucosaminyl)asparagine amidase F cannot release glycans with fucose attached α1
→ 3 to the asparagine-linked N-acetylglucosamine residue. Eur. J. Biochem. 199, 647–652 (1991).
CROSSREF

52

•

PUBMED

•

GOOGLE SCHOLAR

E. Staudacher, V. Kubelka, L. März, Distinct N-glycan fucosylation potentials of three lepidopteran cell lines. Eur. J. Biochem. 207, 987–993
(1992).

 GO TO REFERENCE

•

CROSSREF

https://www.science.org/doi/10.1126/science.abe1502

•

PUBMED

•

GOOGLE SCHOLAR

13/15

