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SUMMARY
Structural biologists provide direct insights into themolecular bases of human health and disease. The open-
access Protein Data Bank (PDB) stores and delivers three-dimensional (3D) biostructure data that facilitate
discovery and development of therapeutic agents and diagnostic tools. We are in the midst of a revolution
in vaccinology. Non-infectious mRNA vaccines have been proven during the coronavirus disease 2019
(COVID-19) pandemic. This new technology underpins nimble discovery and clinical development platforms
that use knowledge of 3D viral protein structures for societal benefit. The RCSB PDB supports vaccine de-
signers through expert biocuration and rigorous validation of 3D structures; open-access dissemination of
structure information; and search, visualization, and analysis tools for structure-guided design efforts. This
resource article examines the structural biology underpinning the success of severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) mRNA vaccines and enumerates some of the many protein structures
in the PDB archive that could guide design of new countermeasures against existing and emerging viral
pathogens.
INTRODUCTION

Structural biology represents an essential tool in our quest to un-

derstand fundamental biology, biomedicine, bioenergy, and

biotechnology/bioengineering in 3D at atomic resolution (Burley

et al., 2018). The Protein Data Bank (PDB) was established in

1971 with just seven X-ray crystal structures of proteins as the

first open-access digital data resource in biology (Protein Data

Bank, 1971). Now in its 50th year of continuous operations, the

PDB is the single global archive of >180,000 experimentally

determined 3D structures of proteins, DNA, and RNA. Since

2003, the global PDB archive has been managed jointly by the

Worldwide PDB partnership (wwPDB; Berman et al., 2003;

wwPDB consortium, 2019). Current wwPDB member organiza-

tions include the US-funded RCSB PDB (RCSB PDB; Berman

et al., 2000; Burley et al., 2021), the PDB in Europe (PDBe; Arm-

strong et al., 2020), PDB Japan (PDBj; Kinjo et al., 2018), the

Electron Microscopy Data Bank (EMDB; Abbott et al., 2018),

and the Biological Magnetic Resonance Bank (BMRB; Romero

et al., 2020). In addition to the PDB archive, wwPDB members
are also jointly responsible for global management of the

EMDB and BMRB archives. The wwPDB supports tens of thou-

sands of structural biologists from all inhabited continents, who

freely contribute their data to the archive and many millions of

PDB data consumers (e.g., researchers, educators, students,

policy makers, science funders, and the curious public) living

and working in every sovereign nation and territory around the

world (Burley et al., 2018).

Structural biologists and the PDB are playing critical roles in

efforts to improve global health and fight disease in humans, an-

imals, and agricultural crops (Burley et al., 2018; Goodsell et al.,

2020). Approximately 90% of United States Food and Drug

Administration (US FDA) new drug approvals between 2010

and 2016 were facilitated by open access to PDB data, much

of it contributed by researchers in universities, government lab-

oratories, and not-for-profit research institutes largely funded

by taxpayer monies (Galkina Cleary et al., 2018; Westbrook

and Burley, 2019). Structural biologists and the PDB have had

particularly significant impacts on discovery and development

of antineoplastic agents (Westbrook et al., 2020). More than
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70% of new small-molecule anticancer drugs approved by US

FDA in 2010–2018 were products of structure-guided drug dis-

covery in biopharmaceutical companies (reviewed in Burley,

2021). In the vast majority of cases, these for-profit drug discov-

ery efforts were enabled by open access to PDB structures of the

drug target contributed by publicly funded researchers. Every

major drug company and many smaller biotechnology com-

panies maintain copies of the PDB archive inside their firewalls

for interoperation with proprietary information. The charter gov-

erning wwPDB operations (https://www.wwpdb.org/about/

agreement) expressly forbids charging PDB, EMDB, and

BMRB data depositors and data consumers, and provides

access to all archival information under the most permissive

Creative Commons License CC0 1.0 Universal (https://

creativecommons.org/publicdomain/zero/1.0/). Every structure

housed in the PDB archive is identified with a unique code

(currently four alphanumeric character codes; e.g., PDB: 6lu7,

the first deposited structure of the severe acute respiratory syn-

drome coronavirus-2 [SARS-CoV-2] main protease). Minimal in-

formation regarding each PDB structure can be accessed using

its dedicated wwPDB landing page at https://doi.org/10.2210/

pdb6lu7/pdb. These DOIsmay be used to provide citations to in-

dividual structures (strongly recommended for citing PDB struc-

tures lacking primary literature references describing structure

determinations). Links on each landing page in turn provide ac-

cess to wwPDB partner structure summary pages (e.g.,

https://www.rcsb.org/structure/6LU7, hosted by RCSB PDB).

With the growing realization that emerging viral pathogens

pose an increasing threat to global health, structural biologists

have aggressively explored the basic principles of virus biology,

methods for using structure-guided drug discovery to develop

antiviral agents, and new ways to apply knowledge of viral struc-

ture to create safe and effective vaccines. Since late January

2020, more than 1,500 structures of SARS-CoV-2 proteins

have been deposited into the PDB (https://rcsb.org/covid19).

Of central importance to this resource article, as of October

2021 there are �600 PDB structures of the viral surface glyco-

protein. These data are informing our understanding of SARS-

CoV-2 variants and enabling 3D characterization of neutralizing

antibodies generated in response to infection or vaccination, or

engineered for passive immunization of infected individuals.

Vaccines represent one of the great successes of medical sci-

ence, providing long-term protection against multiple life-threat-

ening infections and saving hundreds of millions of lives (Pollard

and Bijker, 2021; Rappuoli et al., 2021). The tried and true

approach in the fight against viral diseases has been protein

based, administering viral antigens to stimulate an immune

response. Given the phenomenal success of early vaccines,

many variations on this approach have been developed and de-

ployed, including inactivated viruses (e.g., poliovirus); live cell-

culture adapted viruses (e.g., measles, mumps, rubella); empty

viral capsids (e.g., human papillomavirus); recombinant viral pro-

teins (e.g., hepatitis B virus surface antigen); and, more recently,

engineered nanoparticles that display viral proteins (e.g., Nova-

vax). The protein-based approach to vaccine development,

however, is a long and expensive process that must be custom-

ized to each virus. A typical vaccine may require >10 years for

discovery, development, and testing before regulatory approval

(Kowalzik et al., 2021). New approaches using nucleic acids are
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currently being developed to shorten this timeline. Rather than

challenging the immune system directly with viral antigens, these

vaccines deliver genetic material that encodes immunogens.

Once the delivered gene is transcribed and/or translated, viral

proteins are displayed on host cell surfaces and presented to

the cellular immune surveillance system. Current gene-based

approaches include DNA-based vaccines using engineered ad-

enoviruses and messenger RNA (mRNA) vaccines (Pardi

et al., 2018).

Recent successes of the non-infectious Pfizer-BioNTech and

Moderna mRNA vaccines discovered and developed for the co-

ronavirus disease 2019 (COVID-19) pandemic have demon-

strated the promise of this new, more nimble approach to vac-

cine development (Figure 1) (Park et al., 2021). mRNA vaccines

have many advantages: they elicit both humoral (i.e., antibody)

and cell-mediated immune responses, while being well tolerated

by healthy individuals with few side effects and minimal risk of

anaphylaxis. They are also far less expensive and time

consuming to develop. Next-generation mRNA vaccines may

be rapidly deployed by simply changing the sequence of the

mRNA (e.g., for protection against SARS-CoV-2 variants). For

existing or newly emerging diseases, recent experience sug-

gests that vaccine discovery and development timelines can

be substantially reduced going forward.

This resource article is the product of the US-funded RCSB

PDB. The RCSB PDB delivers PDB data using two web por-

tals: research-focused (https://rcsb.org) and education/

outreach-focused (https://pdb101.rcsb.org). Herein, we briefly

introduce a short history of modern mRNA vaccines, and then

present resources that are available from the RCSB.org web

portal to facilitate structure-guided approaches to mRNA vac-

cine design against existing and emerging viral pathogens.

Several case studies are presented that exemplify use of

structural data in vaccine design. We also briefly describe

how the structure-facilitated design of mRNA vaccines is

currently informing advances in the adjacent medical field of

cancer therapy.

History and initial deployment of mRNA vaccines
Prior to the COVID-19 pandemic, a number of viral pathogens

had become the focus of mRNA vaccine design and develop-

ment efforts (e.g., respiratory syncytial virus [RSV], rabies virus,

Zika virus, and human cytomegalovirus [CMV]) (Pardi et al.,

2018). Perfecting this promising new vaccine design technology

became imperative in the face of the COVID-19 global public

health emergency.

A little more than 12 months after individuals infected with

SARS-CoV-2 were first identified in Wuhan in the People’s

Republic of China, the Pfizer-BioNTech and Moderna mRNA

vaccines against SARS-CoV-2 received Emergency Use Autho-

rization in the US and other developed countries. The initial

design of the Moderna mRNA-1273 vaccine was finalized

42 days after the sequence of the SARS-CoV-2 mRNA genome

was made publicly available (Hodgson, 2020). During the design

phase, researchers at both Pfizer-BioNTech and Moderna had

open access to a total of 18 3D structures of the extracellular

portion of the SARS-CoV-1 spike protein (first PDB: 5x5b,

publicly released 5/3/2017; Yuan et al., 2017). At approximately

78% amino acid sequence identity to its SARS-CoV-2
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Figure 1. Idealized artistic conception of a

SARS-CoV-2 mRNA vaccine

mRNA (magenta) is surrounded by a specialized

lipid membrane, which typically includes PEGylated

lipids (green), which protect the surface, and ioniz-

able lipids (blue), which are neutral at physiological

pH but become charged upon acidification of the

endosome, thereby facilitating mRNA delivery into

the cytoplasm. Surrounding the vaccine particle,

IgG antibodies and various human plasma proteins

are depicted. Original painting

(https://doi.org/10.2210/rcsb_pdb/goodsell-gallery-

027) was created with traditional watermedia based

on shapes and sizes of molecular structures taken

from the PDB archive.
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counterpart, they would have known that the 3D structures of the

two spike proteins were highly similar (Sander and Schneider,

1991). For reference, the first PDB structure of a SARS-CoV-2

spike protein (PDB: 6vsb) was publicly released on 2/26/2020

(Wrapp et al., 2020) revealing root-mean-square deviation of

about 1.5Å (PDB: 5x5b) (Yuan et al., 2017) for 917 equivalent

a-carbon pairs. Since PDB: 6vsb became publicly available,

�600 structures of SARS-CoV-2 spike proteins have been

deposited into the PDB, including those of the spike protein

bound to its cellular receptor, angiotensin-converting enzyme 2

(ACE2), and various neutralizing antibodies.

By mid-2021, mass vaccination programs in much of the

developed world (utilizing bothmRNA vaccines described above

and two adenovirus-based DNA vaccines: Oxford-AstraZeneca

ChAdOx1 nCoV-19 or AZD1222; Johnson & Johnson JNJ-

78436735 or Ad26.COV2.S) began to turn the tide of the

pandemic. Israel, for example, had administered more than 10

million doses of the Pfizer vaccine (sufficient to fully vaccinate

approximately 59% of the country’s estimated population of

more than nine million). Also, by mid-2021, new infections in

Israel had declined from a peak of more than 10,000 per day in

mid-January 2021 to less than 100, and daily fatalities in Israel

had declined from a peak of more than 60 per day in late January

2021 to zero (7-day averages). In Israel and around the globe, the

race is now on to vaccinate asmanymedically eligible individuals

as possible before existing and emerging hyper-transmissible

variants of SARS-CoV-2 cause entirely preventable deaths in ge-

ographies with low vaccination rates and put those around the
world who cannot be vaccinated for medi-

cal or religious reasons at needless risk of

serious illness requiring hospitalization

or death.

Visualizing viral surface proteins and
structure/function relationships
in 3D
Structural biology is playing a central role in

the design of new vaccines, by revealing the

structure/function relationships of the viral

targets of vaccines and by providing ways

to optimize the effectiveness of the target

antigens used in vaccines. mRNA viral vac-

cine candidates are typically designed to
elicit both humoral and cellular immune responses against viral

surfaceproteins thatare readily susceptible toantibodyneutraliza-

tion (Figure 2). Macromolecular crystallography (MX) and single-

particle cryoelectron microscopy tools (3D electron microscopy

or 3DEM) are being used routinely to visualize viral proteins in 3D

at the atomic level. Not surprisingly, these studies have revealed

structural features of the viral surface proteins that present chal-

lenges for both structural biologists and vaccine designers.

First, many of these proteins undergo significant structural

transitions during the course of viral infection. Viruses typically

use their surface antigens to recognize and bind to one or

more cellular receptors under physiologic conditions (i.e., pH

7.4). Following endocytosis, spike protein structures can

change dramatically (triggered by acidification of the local

environment that is mediated by proton pumps pre-positioned

in the endosomal membrane) into a fusion-competent confor-

mation (Sollner, 2004). These phenomena make for interesting

extra work by structural biologists, requiring determination of

multiple structures of different conformational states and

computational modeling of putative conformations that cannot

be captured and studied with current experimental methods.

In addition, both conformationally dynamic loops and mem-

brane-spanning regions frequently pose experimental chal-

lenges for structure determination, particularly with MX,

wherein well-ordered crystals are required. Troublesome seg-

ments of the full-length polypeptide chain are often removed

or replaced with more stable, engineered sequences before

they can be visualized in 3D.
Structure 30, 55–68, January 6, 2022 57
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Figure 2. Selected viral surface glycoproteins currently being targeted with mRNA vaccines

Structures are available in the PDB archive for ectodomains, with proteins shown in shades of blue and purple and surface glycans (when included in the atomic

coordinates) in green. The extent of the lipid bilayer is indicated in gray, and transmembrane portions are shown schematically. SARS-CoV-2 spike (PDB: 6vyb;

Walls et al., 2020); RSV fusion glycoprotein (PDB: 4jhw; McLellan et al., 2013b); rabies virus glycoprotein (PDB: 6lgx; Yang et al., 2020) with trimeric assembly

(based on PDB: 5i2s; Roche et al., 2007); Zika virus E (blue) andM (purple) proteins (PDB: 5ire; Sirohi et al., 2016); cytomegalovirus (CMV) pentamer with subunits

depicted in shades of blue and purple (PDB: 5vob; Chandramouli et al., 2017); andCMV glycoprotein B (PDB: 7kdp; Liu et al., 2021b). Figure createdwith Illustrate

software (ccsb.scripps.edu/illustrate).

ll
Resource
Second, many viral surface proteins are glycoproteins (i.e.,

they are decorated with carbohydrate moieties resulting from

enzymatic post-translational modification). Glycosylation plays

an important functional role in shielding portions of these pro-

teins from immune surveillance (Julien et al., 2012). Glycosyla-

tion, however, can pose difficulties in structure determination

because of the static or dynamic disorder and chemical hetero-

geneity of glycan chains. Frequently for MX studies, wherein car-

bohydrates are notorious for interfering with crystallization, sites

of glycosylation are mutated to eliminate post-translational

modification. Single-particle 3DEM does not require crystalliza-

tion, permitting structural studies of glycoproteins in their native

states. For vaccine designers, however, the entire glycan may

not be visible in the structure-determination experiment using

either MX or 3DEM, because of dynamic disorder. As a result,

atomic-level 3D structures of glycoproteins in the PDB do not al-

ways provide information regarding the full complement of cova-

lently bound sugars.

The RCSB PDB provides a number of resources to help PDB

data consumers navigate these challenges. The research-

focused RCSB.org web portal maintains strong and accessible

connections to over 50 biodata resources, such as UniProt

(UniProt, 2021), NCBI/RefSeq (Li et al., 2021), GlyTouCan (Tie-

meyer et al., 2017), GlyCosmos (Yamada et al., 2020), and Gly-

Gen (York et al., 2020), allowing ready access to authoritative

sequence and functional information. External sequence data

integration can be useful, for example, in identifying regions

of the polypeptide chain that are not represented in the atomic

coordinates and learning more about their functional roles.

wwPDB partners recently performed a remediation of carbohy-

drate-containing structures across the entire PDB archive
58 Structure 30, 55–68, January 6, 2022
(Shao et al., 2021). Nearly 15,000 PDB structures (�10% of

archival holdings at the time) were remediated, including

many viral glycoproteins. These remediated structures (and

those of every glycoprotein that will be deposited to the PDB

in future) use standardized atom and residue nomenclature

for all carbohydrates based on the 1996 International Union

of Pure and Applied Chemistry (IUPAC) recommendations

(McNaught, 1996). All glycoproteins in the PDB are now prop-

erly annotated for glycosylation sites and all glycans are uni-

formly represented as branched oligosaccharides, utilizing the

Symbol Nomenclature for Glycans (SNFG) representation stan-

dard (Varki et al., 2015). Improved representation and annota-

tion now support glycosylation-specific searching and analyses

using the RCSB.org web portal.

PDB archival holdings for viral surface glycoproteins
Given the importance of a structural understanding of the mech-

anisms of viral entry and immune neutralization, the structural

biology community has launched a comprehensive effort to

characterize many of the viruses currently posing risks to global

health. Table 1 and Figure 2 include a representative selection of

the many viral glycoprotein structures currently housed in the

PDB archive. Well-studied exemplars include hundreds of indi-

vidual PDB structures, providing a detailed portrait of the struc-

ture and function of each glycoprotein. The RCSB.org web portal

includes powerful tools for streamlining exploration of the cur-

rent holdings for a particular protein. The Structure Summary

Page (SSP) of a representative PDB entry may be easily found

through a simple text search using the main search bar. Once

a relevant text search hit is identified and selected, the user is

taken to the SSP. Therein, several tools allow enumeration of

http://RCSB.org
http://RCSB.org
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Table 1. Selected viral pathogen glycoprotein structures in the PDB

Virus name Protein name PDB ID UniProt hitsa 80% hitsb References

Coronaviruses

SARS-CoV spike glycoprotein 6crz 49 43 Kirchdoerfer et al. (2018)

SARS-CoV-2 spike glycoprotein 6vsb 444 438 Wrapp et al. (2020)

MERS-CoV spike glycoprotein 5w9n 38 32 Pallesen et al. (2017)

Paramyxoviruses

RSV A fusion glycoprotein F0 4jhw 63 82 McLellan et al. (2013b)

Measles virus hemagglutinin 2zb5 6 8 Hashiguchi et al. (2007)

Mumps virus hemagglutinin-

neuraminidase

5b2d 4 4 Kubota et al. (2016)

Rhabdoviruses

Rabies virus rabies glycoprotein 6lgx 2 3 Yang et al. (2020)

Vesicular stomatitis virus glycoprotein G 5i2s 3 5 Roche et al. (2007)

Orthomyxoviruses

Influenza virus hemagglutinin 1ruz 17 81,432c Gamblin et al. (2004)

neuraminidase 1nn2 11 35,218c Varghese and

Colman (1991)

Herpesviruses

Herpes simplex virus envelope glycoprotein B 3nw8 12 12 Stampfer et al. (2010)

Human cytomegalovirus envelope glycoprotein B 7kdp 6 6 Liu et al. (2021b)

Flaviviruses

Zika virus envelope protein E 5ire 48 42 Sirohi et al. (2016)

Dengue virus envelope protein E 1tg8 2 45 Zhang et al. (2004)

West Nile virus envelope protein E 2i69 1 13 Kanai et al. (2006)

Tick-borne

encephalitis virus

envelope protein E 1svb 5 14 Rey et al. (1995)

Hepatitis C virus envelope glycoprotein E2 4mwf ndd 23d Kong et al. (2013)

Retroviruses

HIV-1 Envelope glycoprotein 4nco 93 121 Julien et al. (2013)
aNumber of PDB structures with identical UniProt IDs versus the representative PDB ID, evaluated July 15, 2021.
bNumber of PDB structures obtained using an 80% sequence identity search versus the representative PDB ID, then filtered using the "Scientific Name

of Source Organism" refinement on the SSP. (the non-intuitive cases where 80% sequence identity number is smaller than the UniProt ID search num-

ber is due in large part to the presence of PDB structures with small peptide fragments of the proteins, which are not recognized by the sequence

similarity search, or inclusion of other domains in cases where the UniProt ID corresponds to a polyprotein.)
cBecause influenza virus proteins are so diverse, a fuller representation of PDB holdings was evaluated using the ‘‘Structure’’ similarity search versus

the representative PDB ID.
dA 50% sequence identity search versus the representative PDB ID was used to capture multiple subtypes of hepatitis C virus glycoprotein E2; the

UniProt entry includes the entire genome polyprotein, so results for the UniProt search are not included here.
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related entries. Because of the diversity of viruses (many of

which have variants with proteins differing slightly in amino

acid sequence and structure), use of several search options

may be necessary to get a comprehensive view of current

archival holdings for a particular spike protein. The simplest

search option supports finding all structures corresponding to

a given UniProt ID. For viruses that encode multiple proteins

within one or more polyproteins, however, searching on UniProt

ID may return PDB structure hits other than the desired spike

protein. A more consistently reliable approach allows the PDB

data consumer to search for all structures with a desired

sequence identity to the representative entry (available

sequence identity options: 100%, 95%, 90%, 80%, 70%,

60%, 40%, 30%). One-click sequence searching at 100% iden-

tity will not return structures of variants. When searching for var-
iants of a particular glycoprotein, we recommend performing

sequence searching at 95% identity, which should eliminate

false-positives corresponding to related viruses (e.g., SARS-

CoV-2 and SARS-CoV spike proteins are �78% identical). Oc-

casionally, PDB data depositors have studied chimeric struc-

tures composed of sequence segments from related viruses.

Sequence searching at lower sequence identity can help reveal

such cases. (Note that care must be taken to exclude false-pos-

itive structure search results that encompass only a small frac-

tion of the protein sequence, such as affinity purification tags.)

When studying the structures of surface glycoproteins from

related viruses (e.g., from SARS-CoV-2 and other coronavi-

ruses), one-click structure similarity searching from an RCSB.

org SSP using our Zernike polynomial-based system (Guzenko

et al., 2020) can be very effective.
Structure 30, 55–68, January 6, 2022 59

http://RCSB.org
http://RCSB.org


Figure 3. PDB archival holdings related to

SARS-CoV-2 proteins accumulated during

the COVID-19 global pandemic
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RCSB PDB and open-access data
To make structure-enabled mRNA vaccine design possible, and

indeed all structure-enabled science, standardized structure

archiving, rigorous validation, expert biocuration, and facile

data delivery are essential. Ample evidence of the central role

played by the PDB archive has been published in peer-reviewed

scientific journals (Burley et al., 2018; Feng et al., 2020; Goodsell

et al., 2020; Markosian et al., 2018), going well beyond the fields

of structure-guided drug discovery (Burley, 2021; Westbrook

and Burley, 2019; Westbrook et al., 2020) and protein structure

prediction (Burley and Berman, 2021). The RCSB PDB and its

wwPDB partners are dedicated to timely archiving of new re-

sults, continuing the 50-year PDB tradition of supporting scienti-

fic discovery and technical innovation based on experimental

data freely contributed by structural biologists. Making good

on this commitment involves complementary activities, including

timely validation/biocuration and archiving of newly deposited

information, open access to 3D structure data with no limitations

on usage, provision of effective tools for searching and down-

loading archival data, and enabling web-based visualization

and analysis of PDB structures.

The RCSB PDB response to the COVID-19 global pandemic

highlights the PDB’s long-standing adherence to the FAIR prin-

ciples of findability, accessibility, interoperability, and reus-

ability (Wilkinson et al., 2016). It is no exaggeration to state

that the PDB was ‘‘walking the walk’’ decades before people

began ‘‘talking the talk’’ about concepts such as FAIR and fair-

ness, accuracy, confidentiality, and transparency (FACT) (van

der Aalst et al., 2017). As illustrated in Figure 3, the first

SARS-CoV-2 protein structure was deposited to the PDB within

months of the initial outbreak. The shared commitment of the

scientific community, including structural biologists, the PDB,

and most scientific publishers, was to make pandemic-related

research results immediately accessible. This unprecedented

level of cooperation, and our ability to build on abundant and

freely available structure data from previous coronavirus out-

breaks, is supporting rapid discovery and development of mul-

tiple vaccines, neutralizing antibodies, and small-molecule

drugs targeting SARS-COV-2.
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In particular, we are enjoying the fruits of

a ‘‘resolution revolution’’ in 3DEM (Kuhl-

brandt, 2014), which is providing structural

results for challenging biological systems

at a pace far exceeding the capabilities of

more established structure-determination

techniques (e.g., MX). Improved sample

preparation and cryo-preservation tech-

niques, cryogenically cooled electron mi-

croscopes, direct electron detectors, and

advances in software for data processing

and structure determination are together

providing new opportunities and posing

new challenges to the scientific commu-
nity, the wwPDB, and RCSB PDB. Of immediate concern is the

need for new methods for assessing and validating 3DEM struc-

tural results and methods for interpretable display and explora-

tion of large macromolecular assemblies. The wealth of struc-

tural information now available for the SARS-CoV-2 spike

protein and its interactions with cell-surface receptors and anti-

bodies, described in more detail below, is testament to the po-

wer of 3DEM.

Recent admission of EMDB to the wwPDB partnership formal-

ized a long-standing arrangement, wherein the OneDep global

system for PDB structure deposition, validation, and biocuration

served the needs of the 3DEM community. OneDep is the ‘‘one-

stop shop’’ for deposition of atomic coordinates and supporting

experimental data for structures determined using MX, 3DEM,

and nuclear magnetic resonance (NMR) spectroscopy. Atomic

coordinates for structures determined by MX, 3DEM, or NMR

are stored in the PDB archive. Supporting experimental data

are stored in the core archives jointly managed by the wwPDB;

MX data are stored in the PDB archive, 3DEM maps are stored

in the EMDB archive, and NMR data are stored in the BMRB

archive. All three wwPDB core archives interoperate with one

another.

The PDB is one of the most highly curated biological data ar-

chives. The PDB and individual structures therein are trusted by

data depositors and data consumers alike. For this reason, and

others discussed below, PDB usage is among the highest of any

data repository in biology (Read et al., 2015).

Free availability of rigorously validated and expertly biocurated

3D structures from the PDB archive has enabled progress in the

fields of structural biology and structural bioinformatics (re-

viewed in Burley and Berman, 2021) in myriad ways, including

development of new structure-determination methods, struc-

ture-guided drug discovery, predicting the impact of point muta-

tions in proteins, comparative or homology protein structure

modeling, protein-ligand pose prediction and scoring, prediction

of protein-protein interactions, molecular dynamics simulations,

and de novo protein structure prediction.

Open access to 3D biostructures supports established

research efforts broadly in fundamental biology, biomedicine,
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bioenergy, and biotechnology/bioengineering, and studies of

newly emerging topics. Because the vast majority of PDB data

consumers are not structural biologists (and are indeed unlikely

to ever contribute a structure to the archive), our RCSB.org web

portal has been engineered (1) to enable searching for relevant

structure(s), (2) to provide integrated complementary information

from trusted external data sources, and (3) to support facile 3D

visualization of structures:

(1) Multi-dimensional approaches to structure searching

allow RCSB.org web portal users to pinpoint the data

they need for their particular research or teaching needs.

Simple text searching available at the top of every RCSB.

org web page often suffices. A powerful, intuitive interface

is also available for performing specialized searches

across hundreds of structural features and descriptors

with the option of using Boolean logic to further narrow

the results set. Once an initial set of structures is returned

by the search system, the user can further narrow the re-

sults. A variety of options are available to manage exam-

ination of a results set, such as easy "Refinement" check-

boxes, which are particularly useful in cases with large

numbers of structures, such as viral structures or struc-

tures related to immunoglobulin structure and binding.

Browsing and detailed examination of individual struc-

tures is supported by dedicated SSPs, as described

above for viral surface glycoproteins.

(2) On every dedicated SSP, extensive interoperation with

trusted external data sources facilitates exploration of

multiple sources of information for the protein of interest.

Currently more than 40 external data resources are inte-

grated with PDB data. A robust pipeline connects individ-

ual PDB structures to corresponding UniProt (UniProt,

2021) and NCBI/RefSeq (Li et al., 2021) accession codes

with mapping at the amino acid level between the 3D

structure and the protein sequence in both cases.

Sequence and function information in UniProt is available

graphically in the RCSB Protein Explorer, and links

embedded in the SSP allow direct access to UniProt pa-

ges and other PDB entries with the same UniProt ID.

Reciprocally, UniProt provides a simple browser and

viewing capability for PDB holdings, and direct links to

wwPDB member web sites. Links are also provided to

CATH (Sillitoe et al., 2021), SCOP (Andreeva et al.,

2019), DrugBank (Wishart et al., 2018), PubChem (Kim

et al., 2021), BindingDB (Gilson et al., 2016), and Pharos

(Nguyen et al., 2017), all of which are relevant to the prob-

lem of discovery and development of viral pathogen

countermeasures.

(3) Turnkey molecular visualization is accessible on the

RCSB.org web portal as a stand-alone feature and from

within every dedicated SSP, using the web-native 3Dmo-

lecular graphics display systemMol* (Sehnal et al., 2021).

The principal advantage of Mol* versus other currently

available web-native molecular graphic tools stems from

deep integration of protein sequence information with

the 3D atomic coordinates made possible by its reliance

on the PDBx/mmCIF data standard that underpins the

PDB archive. This unique feature of Mol* enables naviga-
tion of PDB structures and communication with one-

dimensional (1D) protein sequence features integrated

from external data resources. The Mol* software library

provides a technology stack for state-of-the-art data de-

livery, web-native molecular graphics, and analysis tools

for interrogating 3D macromolecular structure data.

Mol* is the collaboratively developed successor of the

RCSB PDBNGL Viewer (Rose et al., 2018) and PDB in Eu-

rope LiteMol (Sehnal et al., 2017). It works entirely within

the user’s web browser, avoiding the need to license,

download, install, or maintain external software.

Mol* supports routine display of atoms and interatomic bonds,

metal ions, and bound ligands in a variety of commonly used bio-

molecular representational styles and rendering of molecular

surfaces for depiction of protein-protein interfaces and small-

molecule binding sites. It also supports graphical display and an-

alyses (structural interrogation) of intra- and inter-molecular con-

tacts, and more generally inter-molecular contacts between any

number of polymer chains and ligands in macromolecular as-

semblies of any size (e.g., larger than an entire ribosome). Mol*

provides a user-friendly and rapid way to visualize structures

‘‘on-the-fly,’’ streamlining exploration of many structures during

the initial search phase of a study and providing advanced op-

tions for detailed study and analysis of the most salient

structures.
Vaccine design case studies: prefusion state
stabilization of viral glycoproteins
The power of structure-facilitated vaccine design is being

demonstrated in an ongoing effort to discover and develop a

vaccine against RSV, which is the most common cause of bron-

chiolitis and pneumonia in children under 1 year of age in the US.

Infants, young children, and older adults with chronic medical

conditions are at risk of severe disease from RSV infection.

Annually in the US, RSV is responsible on average for approxi-

mately 58,000 hospitalizations, with 100–500 deaths among chil-

dren younger than 5 years old and 177,000 hospitalizations with

14,000 deaths among adults aged 65 years or older. RSV, a

member of the Orthopneumovirus family, is an enveloped virus

carrying a negative-sense single-stranded RNA genome that en-

codes 11 proteins (�15,000 nucleotides in length). Although

there is currently no vaccine against RSV, passive immunization

with monoclonal antibodies (MAbs) is available to prevent RSV

infection and hospitalization in infants at highest risk. F and G

glycoproteins are the twomajor surface proteins that control viral

attachment and the initial stages of infection. They are the pri-

mary targets for neutralizing antibodies during natural infection

(Battles andMcLellan, 2019). The G protein is produced as either

a membrane-bound form that mediates viral attachment or a

secreted form involved in immune evasion. It is largely disor-

dered, but structures of a central region have revealed details

of its interactions with antibodies The most successful anti-

RSV MAb palivizumab (Astra Zeneca, brand name Synagis) is

directed against the A antigenic site of the surface fusion (F)

glycoprotein of RSV. The fusion glycoprotein is also the target

in a structure-facilitated design effort for vaccine development.

Analysis of antibody binding revealed that the most effective

antigenic sites are present on the metastable prefusion state of
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Figure 4. Stabilization of prefusion conformations of viral surface glycoproteins

(A) Space-filling representation of the prefusion conformation of the RSV glycoprotein F ectodomain (PDB: 4jhw; McLellan et al., 2013b), with antibody epitopes

colored by neutralization sensitivity (dark red, highest; light red, intermediate; pink, lowest; white, antibody inaccessible) and a neutralizing antibody D25 Fab

shown in yellow.

(B) Space-filling representation of the post-fusion conformation of the RSV glycoprotein F ectodomain (PDB: 3rrr; McLellan et al., 2011), showing that the most

neutralization-sensitive epitopes are inaccessible to antibodies in the altered conformation.

(C) Polypeptide chain backbone representation of the RSV F glycoprotein stabilized in the prefusion conformation (PDB: 4mmv; McLellan et al., 2013a) with an

engineered disulfide bridge (yellow), several sites of mutation to fill pockets (turquoise and blue), and a foldon to stabilize the homotrimer (magenta).

(D) Polypeptide chain backbone representation of the MERS-CoV virus spike protein homotrimer stabilized in a prefusion conformation (PDB: 5w9j; Pallesen

et al., 2017) with two prolines (red spheres) linking the heptad repeat (HR1,magenta) and the central helix (pink). (A) and (B) createdwith Illustrate software; (C) and

(D) created with Mol* (Sehnal et al., 2021) at the RCSB PDB website.

ll
Resource
the F glycoprotein, suggesting that stabilization of this conforma-

tion would lead to a more effective vaccine (Gilman et al., 2016;

Magro et al., 2012). Based on structures of the glycoprotein ec-

todomain in pre- and post-fusion conformations, a series of sta-

bilizing amino acid changeswere predicted and tested (Figure 4).

These substitutions included addition of a disulfide bridge be-

tween a pair of amino acids that are 4.4 Å apart in the prefusion

form but 124.2 Å apart in the post-fusion conformation, plus

several changes intended to fill small cavities and a T4-phage fi-

britin trimerization domain (foldon) to stabilize the C terminus

(McLellan et al., 2013a). The resulting prefusion-stabilized form

of the protein showed much improved RSV-neutralizing activity.

This landmark study has led to subsequent work demonstrating

a proof of concept for effectiveness of this approach in a subunit-

based vaccine in humans (Crank et al., 2019) and use in an

mRNA vaccine tested in rodent models (Espeseth et al., 2020).

Building on this work, the idea of stabilizing prefusion confor-

mational states of surface glycoproteins has been applied to co-

ronaviruses. Analysis of RSV and HIV surface glycoproteins

identified a structurally critical region in their interiors, linking

the heptad repeat (HR1) to the central a helices. Adding two pro-

lines to this loop was found to stabilize the prefusion form of

Middle East respiratory syndrome coronavirus (MERS-CoV)

glycoprotein and other coronaviruses (Pallesen et al., 2017).

Similar stabilizing prolines are included in both the Moderna

and BioNTech/Pfizer mRNA vaccines against SARS-CoV-2,

and combined with inactivation of the furin cleavage site in the

virus-vectored vaccine from Janssen/Johnson&Johnson and a

subunit vaccine from Novavax (reviewed in Dai and Gao,
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2021). We expect that a similar approach will be applied to all

manner of viral targets as the body of structural information

grows. For example, the recent structure of hepatitis C glycopro-

tein E2 in complex with its cellular receptor (PDB: 7mwx; Kumar

et al., 2021), compared with a decade of previous structural

studies of the glycoprotein alone and with neutralizing anti-

bodies, reveals conformational changes upon acidification in

preparation for membrane fusion. These structural insights will

potentially allow targeted design of prefusion-stabilized glyco-

protein in future vaccine development programs.

Looking ahead: the challenge of SARS-CoV-2 variants
One of the great promises of mRNA vaccines is that they will pro-

vide a timely and effective way of responding to newly emerging

variants of SARS-CoV-2. Every time the virus replicates in a hu-

man (or animal) host, there is a non-zero likelihood that one or

more of the viral protein sequences (and consequently 3D struc-

tures) will change. Coronaviruses have the longest RNA virus ge-

nomes of all known single-stranded RNA viruses (�30,000 nu-

cleotides). SARS-CoV-2 RNA-dependent RNA polymerase

(multi-subunit enzymes composed of non-structural proteins

[nsps] 7, 8, and 12) acts in concert with an RNA helicase

(nsp13) and a proofreading exonuclease (nsp14) to carry out effi-

cient and relatively faithful copying of the lengthy genome (Deni-

son et al., 2011). Proofreading notwithstanding, coronavirus

genome replication is not perfect, and coronaviruses evolve as

they passage serially from one host to the next (Harvey et al.,

2021). A recently published study of SARS-CoV-2 protein evolu-

tion in 3D during the first 6 months of the pandemic examined



Figure 5. Sites of mutation in the SARS-CoV-2 spike protein Delta variant

(Left) Ribbon representation of the SARS-CoV-2 spike protein homotrimer (one protomer in blue) with attached carbohydrates (pink atomic stick figures) created

using the RCSB.org web portal with Mol*. Selected sites of amino acid substitutions in the Delta variant (versus the original viral isolate) are highlighted in green

from the upper sequence selection panel (PDB: 6vxx; Walls et al., 2020). (Upper right) Close-up view of L452 occurring in the receptor-binding domain was

generated in Mol* by clicking on the position, triggering automatic Mol* display of the location showing interactions with neighboring amino acids (PDB: 7ora; Liu

et al., 2021a). (Lower right) Consequences of the L452R substitution showing a new hydrogen bond (dashed line) with Y351 (PDB: 7orb; Liu et al., 2021a). Atom

color coding: C, green or yellow; N, blue; O, red. Figure created with Mol* (Sehnal et al., 2021) at the RCSB PDB website.
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amino acid changes in >48,000 viral isolates and documented

how each one of the 29 viral proteins underwent amino acid

changes (Lubin et al., 2020).

Of greatest concern at the time of writing is the Delta variant of

SARS-CoV-2 (B.1.617.2; https://www.who.int/en/activities/

tracking-SARS-CoV-2-variants/) with spike glycoprotein substi-

tutions T19R, V70F, T95I, G142D, E156-, F157-, R158G, A222V,

W258L, K417N, L452R, T478K, D614G, P681R, D950N (https://

www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html).

These substitutions include a critical change in the receptor-

binding domain (position 452) that is thought to confer a stronger

binding to the ACE2. An additional change at position 681 affects

the rate of cleavage of the spike protein precursor (Cherian et al.,

2021). Figure 5 illustrates the locations of some amino acid

changes in the Delta variant spike protein. Initial reports suggest

that both the Pfizer-BioNTech and Moderna mRNA vaccines

offer high levels of protection against serious illness requiring

hospitalization and death for doubly vaccinated individuals (but

not for those who are singly vaccinated or previously infected

with another SARS-CoV-2 variant; Callaway, 2021). Experts

around the world concur that continued infections in geogra-

phies with low rates of complete vaccination represent potential

breeding grounds for new variants that could threaten a second
global pandemic. Both Pfizer and Moderna have reported prog-

ress in developing booster mRNA vaccines, which could be re-

designed to include Delta and/or possibly newer post-Delta var-

iants. Structural biologists are providing critical information

archived in the PDB that contribute to our understanding of

new SARS-CoV-2 spike protein variants and how substitutions

at various positionswithin the homotrimer impact function, infec-

tivity, and virus neutralization by antibodies of either natural or

human-made origin.

The RCSB.org web portal 3D Protein Feature View (PFV) is

equipped with tools that assist users in relating changes in 3D

structure due to sequence/structure variation with changes in

function. Based on data integrated from UniProt, the PFV in-

cludes mappings of variant locations with assorted protein

sequence features, including domains, proteolytic processing

sites, and glycosylation sites. The 1D graphical view is also

linked to a Mol* structure viewer, allowing protein sequence fea-

tures to be visualized in the context of atomic-level 3D structure.

Figure 6 exemplifies uses of the 3D PFV, illustrating the struc-

ture of the SARS-CoV-2 spike protein D614G variant implicated

in increased infectivity. Analysis of >33,000 viral genomes

sequenced before late June 2020 revealed that�74%of the viral

isolates possessed the D614G amino acid substitution in their
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Figure 6. Screenshot of the RCSB PDB 3D PFV for the D614G substituted form of the SARS-CoV-2 spike protein

(Left) The location of the substitution is selected using the sequence-based display in the PFV (red box). (Right) The amino acid G614 is highlighted with a green

halo using Mol* structure viewer, revealing loss of a stabilizing interaction with T859 in a neighboring protomer within the homotrimer. Structure is shown from

PDB: 6xs6 (Yurkovetskiy et al., 2020).
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spike proteins (Lubin et al., 2020). Structural characterization of

an engineered D614G spike protein by 3DEM revealed a signifi-

cantly increased population of conformations in which the ACE2

receptor-binding domains occur in the open state, presumed to

be due to loss of an interaction with T859 in a neighboring sub-

unit (PDB: 6xs6; Yurkovetskiy et al., 2020). Alteration of the equi-

librium between closed and open states is thought to explain

increased infectivity. Figure 6 (right) shows that G614 is �8Å

from the sidechain of T859 of another copy of the protein within

the trimer. In the structure of the spike protein from the original

viral isolate, D614 makes a hydrogen bond with T859, stabilizing

the structure in a closed state that is unable to interact with ACE2

(data not shown).

Design of future antiviral mRNA vaccines and potential
anticancer therapies
The wealth of 3D structure information available for the SARS-

CoV-2 spike protein and its potential to influence design of sec-

ond-generation COVID-19 mRNA vaccines suggests that there

is much to be optimistic about for design of additional mRNA

vaccines against other viral pathogens. mRNA vaccines are

non-infectious, do not become integrated into the host genome,

stimulate both humoral and cell-based immunity, are well toler-

ated by healthy individuals with few side effects, can be rapidly

designed, and are less expensive to develop and manufacture.

They have enormous potential as vehicles for addressing viral

diseases more broadly. A number of candidate mRNA vaccines

are currently being evaluated in clinical trials for Zika virus, meta-

pneumovirus, parainfluenzavirus, cytomegalovirus, rabies, and
64 Structure 30, 55–68, January 6, 2022
others (Wadhwa et al., 2020), while contributing to a multi-

pronged effort to combat the COVID-19 pandemic (Park

et al., 2021).

mRNA vaccines are also making inroads as experimental

agents for treating human cancers. The past decade has wit-

nessed a revolution in cancer immunotherapy with approval of

monoclonal antibodies that recognize cell-surface antigens (first

CTLA-4, followed by PD-1, and then PD-L1) that are responsible

for downregulation of T cell responses to cancers expressing

neoantigens specific to the tumor. In a subset of antibody-

treated individuals (with the exact proportion depending on the

type of cancer), interdiction of the T cell immune checkpoint pre-

vents the malignant cell from ‘‘persuading’’ the T cell that it

should not be killed. President Jimmy Carter was on the verge

of death due to late-stage melanoma when he received pembro-

lizumab (Merck, brand name Keytruda). At the time of writing,

Carter was in long-term remission and may well have been

cured. Current challenges with immune checkpoint therapies

include their relatively low response rates and ascertaining why

some individuals respond to antibody treatment while others

do not. mRNA vaccines represent a potentially important means

of increasing the likelihood of long-term remissions for some

cancers.

Both Moderna and BioNTech have been active in this arena

with their respective lipid nanoparticle formulations for mRNA

delivery. Other cancer vaccine approaches include naked syn-

thetic mRNA, an individual’s own dendritic cells that have been

manipulated and expanded ex vivo, protamine formulations,

and self-amplifying mRNA (SAM) vaccines (reviewed in Miao
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et al. (2021). A SAM vaccine vehicle carries viral replication ma-

chinery capable of self-amplifying over 1–2 months and inducing

more potent and persistent immune responses. SAM platforms

are expected to support significant antigen production following

vaccination with very low doses (versus those used for non-repli-

cating mRNA vaccines). As for design of antiviral mRNA vac-

cines, the challenge will be to deliver a genetic payload that en-

codes the right antigen. Indeed, selection of tumor-associated or

tumor-specific antigens (TAAs or TSAs) preferentially expressed

in malignant cells appears to be the problem. BioNTech’s

BNT111 vaccine encoding four TAAs identified in melanoma

cells has yielded T cell responses in early-stage clinical trials.

Alphavax has also reported encouraging results for their

AVX701 SAM, which encodes carcinoembryonic antigen (CEA).

While certainly promising, mRNAs encoding one or more TAAs

may not prove to be broadly effective. Individuals with highly var-

iable TAAs present in their polyclonal tumors due to errors in

DNA replication may not respond to vaccines that deliver

mRNAs encoding wild-type proteins. There is also the problem

of autoimmune attack of normal tissues that may encode TAAs.

An alternative approach to antigen selection focuses on neo-

antigens, which derive from random somatic mutations in malig-

nant cells. The success of the immune checkpoint antibodies is

thought to result from T cell recognition of neoantigens as non-

self-proteins. The challenge of this approach is identification of

oligopeptide fragments of mutant proteins that have high immu-

nogenicity. Moderna and Merck, a leader in antibody immuno-

therapy, are collaborating on development of mRNA-5671,

which encodes four well-characterized somatic mutations of

KRAS affecting amino acid glycine 12 (see PDB: 4l8g for the

3D structure of KRAS G12C; Ostrem et al., 2013), for use as a

monotherapy and in combination with pembrolizumab in partic-

ipants with KRAS mutant advanced or metastatic non-small cell

lung cancer, colorectal cancer, or pancreatic cancer. BioNTech

is currently collaborating with Genentech (a member of the

Roche group) on individualized neoantigen-specific therapy us-

ing its mRNA delivery platform, which aims to customize vac-

cines according to the repertoire of immunogenic neoantigens

detected in a particular tumor.

In all of these exciting developments, the PDB archive has

played an essential role by providing open access to the global

corpus of structural knowledge, and the RCSB PDB has pro-

vided the resources to find and utilize this information. This has

streamlined the structural understanding of the basic mecha-

nisms of carcinogenesis, facilitated the structure-based design

of antineoplastic drugs, and provided detailed structural under-

standing of antibodies and their neutralization of cancer anti-

gens. Indeed, a recent analysis revealed that open access to

3D structural information facilitated the discovery and develop-

ment of the majority of recent antineoplastic agents, including

25 biologics (Westbrook et al., 2020).

While no one expects that every new effort involving an mRNA

vaccine will succeed, it appears likely that at least some of them

will work and improve the range of options available to intervene

medically and improve the human condition. Strategic invest-

ments by Pfizer/BioNTech and in parallel by Moderna (with

considerable financial assistance from the US government and

philanthropic contributors) in the face of the global pandemic

transformed the landscape for mRNA vaccine design and devel-
opment. The public now knows much more about the science

and technology of mRNA vaccines and how they can generate

live-saving results in a short time. Absent COVID-19, it would

have taken much longer for the technology to mature and

become broadly available. There is much more to come and

the RCSBPDB team looks forward to ensuring that the PDB con-

tributes to the good of humankind for another 50 years in this

arena and more broadly across the biological and biomedical

sciences.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All data are generated from the datasets provided in the key resources table.

METHOD DETAILS
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