


Employee Discovery and Invention Report (EIR)
Contributor Information Sheet
# Indicates a required field
(a) Describe technologies, products, processes or services currentty on the market of

which you are aware that accomplish the purpose of this invention; or that are None known
similar to this technology but used for a different purpose:

(b) List any companies you believe may be interested in this technology: Companies involved in development of vaccines

(c) If you have a contact at any of these companies, please provide name, email and
phone numbers for each, if available:

List the names and organizations of all people who participated in conceiving or continued development of the
discovery/invention. Examples include those who made intellectual, theoretical, or innovative contribution to the
discovery. In the case of software, those individuals who were involved in creating program code, manuals,
flowcharts or any related items.

1. Submitting Contributor  Barney Graham Organization: VRC

2. Co-Contributor Jason McLellan Organization: Dartmouth College

3. Co-Contributor Andrew Ward Organization: The Scripps Research Institute _
4. Co-Contributor Robert Kirchdoerfer Organization: The Scripps Research Institute

Enter additional Co-Contributor's names and organizations as necessary:
5. Christopher A. Cottrell (The Scripps Research Institute)
6. Nianshuang Wang (Dartmouth College)
7. Jesper Pallesen (The Scripps Research Institute)
8. Hadi M. Yassine (NIH during invention, currently U of Qatar)
9. Hannah L. Turner (The Scripps Research Institute)
10. Kizzmekia S. Corbett (NIH)

An Additional Contributor Information document (to follow) is to be completed for each contributor listed above. If
required, extra forms may be downloaded at: http://www.ott.nih.gov/sites/default/files/documents/docs/eir-additional-
contributor.docx

In addition to the above names, identify any individuals who could merit authorship credit of any associated
publication:

Masaru Kanekiyo, Gordon Joyce, Mark Denison (Vanderbilt University)

NOTICE: There may be fewer individuals listed as contributors than named as coauthors. Please be aware
that inventorship is strictly defined in patent law. Accordingly, contributors you list in this section will be named on
patent applications resuiting from this EIR only if their contributions meet this legal standard. A co-author may or may
not qualify based on the particular facts; if you have any questions, contact your TDC.

The following acknowledgement pertains to Government employees and those treated as employees. Under 45 CFR

Part 7 "Employee Inventions”, all employees of the Public Health Service have an obligation to report and assign
inventions to the United States of America as represented by the Government of the United States (the Department of
Health and Human Services). Specifically, the Government shall obtain the entire right, title, and interest in
inventions: (i) made during working hours; or (ii) made with a contribution by the Government of facilities, equipment,
materials, funds or information or of time or services of other Government employees on official duty; or (iii) which
bear a direct relationship or are made in consequence of the official duties of the inventor.

If you are employed by HHS to conduct or perform research, it is presumed that the invention was made under these
circumstances. If this is not the case, you should still complete the EIR, but you must contact your TDC and provide
the details pertaining to this particular discovery or invention so that a determination of rights can be made.

Detailed Contributor Information begins on next page
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Employee Discovery and Invention Report (EIR)
Contributor Information Sheet
¢ Indicates a hgquired field

Contributor 2

Name

¢ First i ¢ Middle ‘ ¢ Last B ~ Suffix -
Degree N\ eCitizenship | P

¢ HHS D # (e.g. 999-9999-99) + Associated project NIH Z01 Project #

__#Describe this individual's cortfibution to the discovery.

Current Organization Information:
¢ Organization Name

Division/Branch/Laboratory

¢ Title -
¢ Office Address - N )

¢ City 1 +Zip ¢ Country

¢ Email Telephon Fax - Other contact# (optl)

¢ Has your organizational affiliation changed during Ye development of this discovery? Yes/No, if yes, explain and provide affiliation at
time of discovery:

Home Information (will be used for royalty distribution when applicable)
* Street , +City ¢ State ¢ Zip code
¢ Country B Phone ¢ Email

Please identify with a “X" if this individual falls under one or more of t
partnerships.

following training or fellowship appointments or institutional

CRADA Personnel Howard Hughes Fellow ORISE Fellow NIH-ORAU
| Clinical Fellow Gates Foundation RSA Fell Visiting Fellowship
Fogarty Scholar | IRTA Fellowship Program Other (specify beiow )*
| —A—gcxf‘c;ﬂ:‘cg'bﬁd: National Research Council Award g;:'a?;’ Zﬁla:lwsgzﬂgﬁ:
CNRM Personnel (HJF} Society Fellows specify below
* Note Section i

Contributor: | have read and understand the information submitted in the EIR.

Signature Date

y ‘78}20“9
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Employee Discovery and Invention Report (EIR)
Information
¢ Indicates a required field
Information about this Form

Reporting an invention is required as part of your Government service, and supports the mission of your IC and the NIH in
advancing public health. An EIR should be completed for each discovery or invention* that is:

a) An innovation;

b) A new or improved method or process;

c) Believed to have potential commercial value (e.g. a new reagent, unique antibody, vaccine, medical device, or
therapeutic compound); or

d) Requested from a commercial organization for use or resale.

If you are employed by HHS it is presumed that the invention was made as part your official duties as a Government
employee. If this is not the case, you should still complete the EIR, but you must contact your Technology Development
Coordinator (TDC) and provide the details pertaining to this particular discovery or invention so that a determination of rights
can be made.

IC means a Public Health Service (PHS) Contributor’s Institute, Center, or Office (includes NIH, FDA and CDC).
COMPLETION OF THE EIR

Complete the form by filling in the shaded fields. For “check boxes" insert “X";

Once completed, have each contributor sign their Contributor Information Sheet:
Questions regarding the completion of the EIR should be referred to your TDC;

Email the completed electronic EIR template and any related documents to your TDC; and
After review by your TDC, email a signed copy of the final EIR to your TDC.

The TDC will then forward the completed and signed EIR to the Office of Technology Transfer (OTT). If your IC in
decides not to file a patent application on your invention you may contact your TDC to request a waiver and, if granted,
have an opportunity to obtain the rights to the invention by filing the patent application at your own expense.

O 0RO N

Frequently Asked Questions: http://ottintranet.od.nih.gov/EIR/EIR FAQS 20110915.htm

General questions regarding the form may be directed to your TDC or the NIH Office of Technology Transfer (OTT). It is
suggested, particularly if you leave government service and are receiving royalties, that you keep the Office of Financial
Management apprised of changes in your official address.

Thank you for your contribution toward improving public health!

Privacy Act Notice: HHS is collecting this information under authority of 45 CFR Part 7 “Employee Inventions”. The
information will be maintained as a part of the System of Records: 09-25-0168, “Invention, Patent and Licensing
Documents.” Provision of this information is mandatory and will be used as the initial step toward obtaining patent protection
of inventions submitted by HHS employees, granting licenses to HHS inventions, administering and providing royalty
payments to HHS inventors, and the intended “routine uses” of the information. Failure to provide complete information
may adversely affect the Government's rights to future patent applications and licensing agreements.

*What is the difference between a discovery and an invention?

Discovery Invention
e Elucidating something that already exists * Aninnovation that did not previously exist
¢ Embodied in Nature ¢ Embodied in human-made artifact
* Discovery involves describing something s Always involves creating something
e Product of Nature ¢ Produced through human thought
* e.g. Abotanist discovers a new plant species on e A botanist invents a new topical antibiotic
an island formulation using the plant oils
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Employee Discovery and Invention Report (EIR)
Appendix A - Supplemental Information Sheet for Research Materials

This attachment requests information regarding materials that may be available for potential licensing. The Set1
questions elicit general information regarding specific materials required to practice the invention or ancillary materials
created during the course of development that may be potentially licensed. The Set 2 questions SHOULD BE
ANSWERED IF THIS EIR is being submitted based on an outside party’s request for licensing a material.

Set 1. General material information. (Not required if Set 2 Questions are completed)
a) Identify those materials made during the course of research that are specifically required to practice this
invention. Please identify each unique material or chemical compound developed that are related to this EIR.

b) Identify those material(s) made during the course of research that may be available for licensing as a
research material. Please identify each unique material or chemical compound developed that are related to
this EIR.

c) Material citation or other source:

d) Has material been deposited in the ATCC or similar repository? If yes, please provide the repository and
catalog reference number.

e) Were any of the materials necessary to use or make the Material acquired from someone outside NIH? If yes
and not already listed in Question 5, please provide contact information and a copy of any document that
records this transfer.

Set 2. If a prospective licensee is interested in a material answer the following questions.
Provide a summary regarding the approximate difficulty/time/cost/effort for your laboratory to provide the material to
an outside for-profit requestor. Is it a limited resource?

Identify and describe the Material Type:

Examples of potential material types:

Antibodies: monoclonal, polyclonal Celi Lines: uninfected cells, infected cells, hybridomas
DNA/RNA: genetic clones, expression vectors PCR reagents
Proteins/Peptides Purified Proteins

Viruses: virus isolates, drug resistant, virus isolates, recombinant vaccinia

Opportunistic Infections: (c 4. Candida, Cryptococcus, cryptospondium, cylomegalovirus, mycobactenium, mycoplasma, pneumocystis, toxoplasma)
Model Organisms (e.g. strain, species) Chemical Compounds

Designation: (Laboratory nomenclature)

Source of Material: (i.e. human, mouse, rat)

Reference Citation or other source:

Has the material been deposited in the ATCC or similar repository? If Yes, provide repository & catalog. ref #s.
How can it be provided: (i.e. 2ml vial of frozen cells, plasmid)

Current quantities available for distribution: (i.e. 10 vials)

Recommended propagation medium & growth characteristics: (i.e. expression level, titer, temp., passages)
Recommended freeze medium:

Sterility: (i.e. negative for bacteria, fungi and mycoplasma)

Morphology: (i.e. epithelial-like, lymphoblast-like, fibroblast-like)

Recommended Storage: (i.e. liquid nitrogen)
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Employee Discovery and Invention Report (EIR)
Appendix B - Supplemental Information Sheet for Software

The purpose of this attachment is to provide information regarding evaluation of software for potential
licensing. The following questions should be answered as completely as possible.

1.

10.

1.

12.

Does this software contain code obtained from a third-party or covered by any Open Source License
(e.g., collaborator, under a software agreement, a vendor, purchased etc.)? If Yes, please explain.

Has this software been previously copyrighted? If yes, by whom?

Did you use outsiders to beta-test code? If yes, was this done under an agreement?

How would the lab generally classify the use of this software (e.g., imaging, array analysis, mapping
etc.)?

From the lab's perspective, what would be the preferred way of distri buting this software?

What are the operating system requirements to run this software?

In which computer language is the software code written?

What stage of development is the software? Select one of the following:

Ready to use by anyone

Useable with some effort or assistance

Needs substantial further development
Is the lab willing to release the source code?

Is the lab willing to prepare a demonstration version of the software to give to prospective licensees?

Were the current or prior versions distributed? If yes, explain and supply date of distribution and any
distribution agreement (if any).

Was a government contractor involved in the writing or development of any of the code? If yes, identify
the individual.
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Construct Name

MERS.C6.NW1

MERS.C6.NW2

MERS.C6.NW3

MERS.C6.NW4

MERS.C6.NW5

MERS.C6.NW6

MERS.C6.NW7

MERS.C6.NW8

MERS.C6.NW9

MERS.C6.NW10
MERS.C6.NW11
MERS.C6.NW12
MERS.C6.NW13
MERS.C6.NW14
MERS.C6.NW15
MERS.C6.NW16
MERS.C6.NW17
MERS.C6.NW18
MERS.C6.NW19
MERS.C6.NW20
MERS.C6.NW21
MERS.C6.NW22
MERS.C6.NW23
MERS.C6.NW24
MERS.C6.NW25
MERS.C6.NW26
MERS.C6.NW27
MERS.C6.NW28
MERS.C6.NW29
MERS.C6.NW30
MERS.C6.NW31
MERS.C6.NW32
MERS.C6.NW33
MERS.C6.NW34
MERS.C6.NW35
MERS.C6.NW36
MERS.C6.NW37
MERS.C6.NW38
MERS.C6.NW39
MERS.C6.NW40
MERS.C6.NW41
MERS.C6.NW42
MERS.C6.NW43
MERS.C6.NW44
MERS.C6.NW45

Concept

mutate S2' Furin site

mutate S2' Furin site,Proline substitution
mutate S2' Furin site,Proline substitution
mutate S2' Furin site,Proline substitution
mutate S2' Furin site,Proline substitution
mutate S2' Furin site,Proline substitution
mutate S2' Furin site,Proline substitution
mutate S2' Furin site,Proline substitution
mutate S2' Furin site,Proline substitution
Proline substitution

Proline substitution

Proline substitution

Proline substitution

CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling (for central helix, stablize trimer)
CAV filling

CAV filling

Repacking (intra subunit)

Repacking (intra subunit)

Repacking (inter subunit, dimer stabilization)
Repacking (inter subunit, trimer stabilization)
Repacking (inter subunit, trimer stabilization)
Repacking (inter subunit, trimer stabilization)
Repacking (inter subunit, dimer stabilization)
Repacking (intra subunit)

Repacking (inter subunit, trimer stabilization)
Repacking (subdomain stabilization)
Repacking (subdomain stabilization)
Repacking (RBD base stabilization)

Designer

McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
McLellan
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo
Kanekiyo

Hydrophilic residue at bottom of central water cavit Ward Lab

improve hydrophobic packing of central helix
improve hydrophobic packing of central helix
improve hydrophobic packing at base of S2
$1-51 disulfide crosslink

$1-51 disulfide crosslink

Ward Lab
Ward Lab
Ward Lab
Ward Lab
Ward Lab

Design Date

1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
1-11-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2015
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
2-9-2016
3/10/2016
3/10/2016
3/10/2016
3/10/2016
3/10/2016
3/10/2016



MERS.C6.NW46
MERS.C6.NW47
MERS.C6.NW48
MERS.C6.NW49
MERS.C6.NW50
MERS.C6.NW51
MERS.C6.NW52
MERS.C6.NW53
MERS.C6.NW54
MERS.C6.NW55
MERS.C6.NW56
MERS.C6.NW57
MERS.C6.NW58
MERS.C6.NW59
MERS.C6.NW60
MERS.C6.NW61
MERS.C6.NW62
MERS.C6.NW6E3
MERS.C6.NW64
MERS.C6.NW6E5
MERS.C6.NW66
MERS.C6.NW6E7
MERS.C6.NW68

$1-S2 disulfide crosslink
$1-S2 disulfide crosslink
hydrophobic pocket filling
$1-S2 disulfide crosslink
$1-S2 disulfide crosslink
$1-S2 disulfide crosslink

Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution
Proline substitution

Ward Lab
Ward Lab
Ward Lab
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett
Corbett

3/10/2016
3/10/2016
3/10/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016
2/29/2016



Mutations

None (1-1291, $1/52 furin site mutated Foldon-3C-His-Strep)
884-RSAR-887 to 884-ASAG-887
884-RSAR-887 to 884-ASAG-887, L1058P
884-RSAR-887 to 884-ASAG-887, D1059P
884-RSAR-887 to 884-ASAG-887, V1060P
884-RSAR-887 to 884-ASAG-887, L1061P
884-RSAR-887 to 884-ASAG-887, F1044P
884-RSAR-887 to 884-ASAG-887, 11047P
884-RSAR-887 to 884-ASAG-887, A1049P
884-RSAR-887 to 884-ASAG-887, T1014P
D1059P

V1060P

L1061P

V1060P,L1061P

N1072F,A1083I

N1072F,L1086F

N1072F,V1087I

N1072F,E1090I

T1076F,A1083I

T1076F,L1086F

T1076F,v10871

T1076F,E1090I

T10761,A1083I

T10761,L1086F

T10761,V1087I

T1076l,E1090I

A1018V

A1018I

E793M, K1102F

E793M, K1102F, H1138F

D1068M, R1069W

A1083L

A1083L, V1087l

A1083L, V1087I, E1090L

A834L, Q1084M

Q1066M

S454F

R921W

S612F, G1052F

P476V, T477A, R1057W

A1083S

E1090I

Q10971

D1101F

T63C, V631C

T63C, Q638C



Q733C, D940C
S676C, DS10C
AB53W
V1087C
A432C, L1058C
A432C, D1059C
S919P

A920P

A968P

A965P

1970P

Fo972pP

A973P
N1042P
T1043P
F1044pP
G1045P
A1046P
11047P

K801P

V802P

T803P

V804pP



Sequence

ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA



ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
ATGATTCACTCCGTGTTCCTGCTGATGTTCCTGCTGACTCCTACAGAGAGCTATGTGGATGTGGGACCTGATTCCGTCAA
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CGGCGATATGTACGTGTATTCTGCTGGCCATGCAACAGGGACCACACCTCAGAAGCTGTTTGTGGCTAACTACAGCCAGGA
CGGCGATATGTACGTGTATTCTGCTGGCCATGCAACAGGGACCACACCTCAGAAGCTGTTTGTGGCTAACTACAGCCAGGA



\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
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{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
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\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAGI
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAGC
CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAGC



CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAGC
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
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\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
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\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
(CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
{CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
\CGTCAAACAGTTCGCAAATGGATTTGTGGTCCGCATCGGCGCCGCTGCAAACTCTACCGGCACAGTGATCATTTCACCTAG!
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CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGGE
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
AACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
-ACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG!



ACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG!
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG
CACTTCCGCAACCATCCGAAAAATCTACCCAGCCTTCATGCTGGGAAGCTCCGTGGGCAATTTTAGCGACGGGAAAATGGG



ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCH
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCH
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCH
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCH
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC/
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCA
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCA



ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCA
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCH
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCY
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCCH
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!
ACGGTTCTTTAACCACACCCTGGTGCTGCTGCCTGATGGATGCGGCACACTGCTGAGGGCTTTCTACTGTATCCTGGAGCC!



ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!(
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT(
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!(
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!(
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT(
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGATH
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!(
CGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGATG
CGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGATG



CGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGATG
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT(
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!(
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGATL
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT!
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGAT
ACGCAGCGGAAACCACTGCCCCGCAGGAAATAGCTACACCTCCTTTGCCACATATCATACTCCAGCTACCGACTGTTCCGATL



SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA!
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA)
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA/
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA!
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA/
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAL
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
5GCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
iIGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAA
1IGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAA



iIGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAA
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA/
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA!
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATA!
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
SGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY
GGCAACTACAATCGAAACGCCTCTCTGAATAGTTTCAAGGAATACTTCAACCTGCGGAATTGCACATTCATGTACACTTATAY



ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
CATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACGT
CATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACGT



CATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACGT
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
ACATCACCGAGGACGAAATTCTGGAGTGGTTCGGAATCACTCAGACCGCACAGGGCGTGCACCTGTTTTCTAGTCGCTACG
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TCGACCTGTATGGCGGGAACATGTTCCAGTTTGCCACTCTGCCCGTGTACGATACCATCAAGTACTATTCCATCATTCCTCAT
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Structure-based stabilization of beta-CoV prefusion trimers

Stabilization of prefusion proteins is a method often used to produce highly immunogenic
protein subunit vaccines [3, 4]. Details uncovered in the HKU1-CoV prefusion S
structure provided us with indications as to how we could stabilize other beta-CoV spike
trimers in the prefusion conformation. We tested various stabilizing mutations (table 1,
figure 1a). Notably, mutations V1060P (top 3) and L1061P (top 4), in MERS-CoV spike
stabilized MERS-CoV S in prefusion confirmation (figure 1); namely this construct is
called MERS.C6.NW13 (table 1). Use of proline substitution to stabilize helices is a
method previously utilized to stabilize prefusion RSV-F [5]. We hypothesize that
mutations V1060P and L1061P, located at top of MERS S2 central helix and HR1,
prevent pre-to-postfusion conformational changes. Prefusion stabilization is
preliminarily indicated by increased protein expression levels of MERS.C6.NW13 when
compared to expression levels of wild-type MERS-CoV spike (MERS.C6.NW0 on table
1) (figure 1b,c). WT MERS-CoV 8 likely spontaneously flips from pre-to-postfusion
conformation, thus resulting in expression levels that are nearly undetectable. As well,
corresponding mutations in SARS-CoV and HKU1-CoV spike backbones increased
expression above wild-type protein (data not shown). These data serve as foundations for
structure-based design of beta-CoV vaccine immunogens.

Advancing towards a general solution for beta-CoV vaccine design

While HKU1-CoV infection typically manifests as asymptomatic or mild respiratory
disease [6], it is closely related to SARS-CoV and MERS-CoV, which are both
responsible for previous deadly outbreaks [7]. The necessity for a general vaccine
solution for human beta-Coronaviruses has become more apparent following recent
MERS-CoV outbreaks [8]. Beta-CoV's thrive in animal reservoirs and are constantly
poised for emergence into humans. This phenomenon was most recently suggested with
bat SARS-like CoV, WIV1, which is thought to be an imminent human health threat [9].
To that end, we plan to test stabilized prefusion CoV spike trimers as vaccine candidates.
To date, we have vaccinated mice with stabilized MERS spike protein; we used MERS
S1 protein as a means for comparison, as it is known to induce robust neutralizing
antibody responses [10]. Preliminary findings suggest vaccination with MERS S1 and
stabilized prefusion MERS spike induce similar robust levels of neutralizing antibodies
against homologous MERS Eng pseudovirus (figure 2a) and heterologous MERS
Korea002 pseudovirus (figure 2b). However, vaccination with stabilized prefusion
MERS spike induces significantly more neutralizing antibodies against genetically-
distant heterologous MERS strain Florida-USA?2 than MERS S1 vaccination (figure 2¢).
These findings suggest inclusion of S2 domain in MERS-CoV vaccine may increase
capacity of the vaccine to elicit broadly neutralizing antibodies. Moving forward, we will
dissect the epitope specificities of antibodies from these mice. Additionally, it will be
interesting to prime with MERS stabilized prefusion spike DNA and boost with protein,
as we previously found MERS S1 DNA vaccine protects against MERS challenge [10].
We also plan to use multiple beta-CoV prefusion spike trimers in combination vaccine
regimens to assess induction of cross-reactive beta-CoV antibodies and cross-protection.
As the ultimate goal of this AIM is to accelerate towards a universal beta-CoV vaccine
that would be effective in the onset of an emerging CoV pandemic, it will prove

| o



beneficial to test prefusion CoV spike protein vaccine platforms in the context of beta-
CoVs that are particularly hypothesized to be on the cusp of human emergence.
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Stabilizing mutations were added to MERS England strain spike protein
(MERS.C6.NWO0) to stabilize the protein in prefusion form. Preliminary studies reveal
mutations V1060P and L1061P (yellow) increase the stability of MERS spike trimer, but
additional stabilizing mutations may be needed for complete stabilization. Additional
mutations, contributed by the Graham lab (blue), McLellan lab (black) and Ward (lab),
will be tested in the future. Corresponding sequences are attached in excel format.
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HKU1 is a human betacoronavirus that causes mild yet prevalent respiratory disease' and
is related to the zoonotic SARS? and MERS?® betacoronaviruses that have high fatality rates and
pandemic potential. Cell tropism and host range is determined in part by the coronavirus spike
(S) protein". As the largest known class I membrane fusion protein, its size and extensive
glycosylation have hindered structural studies of the full ectodomain, thus preventing a
molecular understanding of its function and limiting development of effective interventions. Here
we present the 4.0 A resolution structure of the HKU1 S protein trimer determined using single-
particle cryo-electron microscopy. In the prefusion conformation, the receptor-binding subunits,
S1, rest atop the fusion-mediating subunits, S2, preventing their conformational rearrangement.
Surprisingly, the S1 C-terminal domains are interdigitated and form extensive quaternary
interactions that occlude surfaces known to bind protein receptors in other coronaviruses. The
C-terminal domains are connected to two previously unidentified sub-domains, one of which
contains the N-terminus of S2. This work provides a structural basis to support a model of
membrane fusion mediated by progressive S protein destabilization through receptor binding
and proteolytic cleavage. In addition to these mechanistic insights, these studies should serve as a
foundation for the structure-based design of betacoronavirus vaccine immunogens and isolation
of therapeutic antibodies from convalescent patients.

Human coronavirus HKU1 (HCoV-HKU1)' is an airborne betacoronavirus that circulates
globally and causes respiratory illness that can be severe in children, the elderly and adults with
underlying health conditions’. Two other betacoronaviruses are associated with even more severe
disease: severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in 2002 with a 10%

mortality rate® and Middle East respiratory syndrome coronavirus (MERS-CoV) emerged in 2012 with
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a 36% mortality rate’. Both viruses emerged from animal reservoirs due in part to the ability of the
viral spike (8) glycoprotein to recognize human receptors*.

Coronavirus S proteins are processed into S1 and S2 subunits by host proteases®. Like other
class I viral fusion proteins, the two subunits trimerize and fold into a metastable prefusion
conformation. Similarly, the S1 subunit is responsible for receptor binding while the S2 subunit
mediates membrane fusion. Coronaviruses typically possess two domains within S1 capable of binding
to host receptors: an N-terminal domain (NTD) and a C-terminal domain (CTD), with the latter
recognizing protein receptors for SARS-CoV and MERS-CoV”'’. Although these individual domains
have been structurally characterized, they represent only a portion of the S protein, and their
organization within the functionally active spike has not yet been determined, preventing a mechanistic
understanding of S protein function.

Here, we present the structure of the HKU1 S protein ectodomain determined using cryo-
electron microscopy (cryo-EM) to 4.0 A resolution (Fig. 1a and Extended Data Fig. | and 2 and Table
1). The reconstructed S trimer resembles an inverted bell and is ~150 A tall with a maximum radius of
~70 A near the membrane-distal apex. The SI subunit adopts an extended conformation with short
linkers between domains and sub-domains (Fig. 1b). The S1 NTD (amino acids 14-297) has strong
structural and sequence homology to the Bovine coronavirus (BCoV) S1 NTD (Extended Data F ig. 3),
which recognizes acetylated sialic acid residues on cell-surface proteins''. The glycan-binding site in
the BCoV 81 NTD is conserved in the HKU1 S1 NTD and is located at the apex of the trimer directed
toward target cells, suggesting that it too functions as a glycan-binding domain. Indeed, HKU1 S1 was
recently shown to bind O-acetylated sialic acids on host cells, and these sugars were required for

efficient infection of primary human airway epithelial cultures'>.
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The HKU1 S1 CTD (amino acids 325-605) consists of a structurally conserved core connected
to a large, variable loop (HKU1 S amino acids 428-587)" (Extended Data Fig 4). For SARS-CoV and
MERS-CoV, this loop interacts with the host protein receptors ACE2 and DPP4, respectively'*'*. A
protein receptor has not yet been identified for HKU1, but the S1 CTD was recently identified as the
receptor-binding site'®. The HKU1 S1 CTD is located at the trimer apex close to the three-fold axis. In
the HKUI S cryo-EM map, the core of the S1 CTD is well resolved, including the regions structurally
homologous to those of the SARS-CoV and MERS-CoV S1 CTDs'*'". However, some regions of the
variable loops distal to the core appear disordered (Extended Data Fig. 4). The structurally conserved
CTD core interacts near the three-fold trimer axis with the other two S1 CTD cores, and with one NTD
from an adjacent protomer. The domain swapping between protomers results in the appearance of the
trimer being woven together when viewed looking down toward the viral membrane (Fi g. 2a).
Structural alignment of the SARS-CoV and MERS-CoV CTD-receptor complexes'*'* with the HKU1
prefusion S protein reveals that the protein-receptor-binding surface of the S1 CTD is buried in the
HKUI S protein trimer and is therefore incapable of making equivalent interactions without some
initial breathing and transient exposure of these domains (Fig. 2b). These findings are consistent with a
model where conformational changes upon receptor binding destabilize the trimeric S protein to
promote the membrane-fusion process.

The HKU1 S1 also contains two smaller, largely B-sheet sub-domains (which we term SD-1
and SD-2) that lack significant homology to previously determined structures (Fig. 2c and d). These
sub-domains are primarily composed of S1 amino acid sequences following the CTD. However,
stretches of amino acids preceding the CTD as well as S2 residues adjacent to the S1/S2 cleavage site
also contribute to the sub-domains. This complex folding of elements dispersed throughout the primary

sequence may allow receptor-induced conformational changes in the CTD to be transmitted to other
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parts of the structure. Indeed, the parallel B-strands in these sub-domains may dissociate during the
conformational changes that occur during membrane fusion, analogous to other class I viral fusion
proteins'’.

In contrast to other viral fusion proteins such as influenza hemagglutinin (HA)'® or HIV
envelope (Env)'>*, the HKU1 81 subunits are rotated about the trimeric three-fold axis with respect to
the S2 subunits, causing the S1 subunit from one protomer to sit atop the S2 subunit of an adjacent
protomer (Extended Data Fig. 5). The NTD of S1 makes no direct contacts with S2. However, the S1
CTD and the two S1 sub-domains make extensive contacts with the membrane-distal portion of the S2
subunit. Similar to influenza HA and HIV Env, a region in the HKU1 S1 CTD (amino acids 371 -380)
caps the S2 central helix, thereby preventing the fusion machinery from springing into action
(Extended Data Fig. 6).

Proteolytic cleavage of coronavirus S proteins by host proteases plays a critical role in the entry
process®. Though mutated in the protein construct used here and disordered in the density map, the
HKUI S furin-cleavage site at the S1/S2 junction lies in a loop of SD-2 (Fig. 3). Examination of
cleaved HKU1 S protein using negative-stain electron microscopy did not reveal any large
conformational differences (Extended Data Fig. 7), suggesting that cleavage of the S1/82 site is not
required to adopt the prefusion conformation. Furin cleavage would leave a single S2 B-strand
participating in the SD-2 B-sheets (Fig. 2d). Notably, the furin-recognition sequence is not conserved
across all coronaviruses® and several coronavirus S proteins are reported to be cleaved only after
receptor recognition, as is the case for SARS-CoV>'. SARS-CoV S is targeted by trypsin-like
proteases at Arg677>, a site equivalent to the HKU1 S1/S2 furin-cleavage site. SARS-CoV S is also

reported to be cleaved by cathepsins at amino acid 678% (HKU1 S homologous amino acid 772). By
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homology to the HKU1 S protein structure presented here, this cathepsin cleavage would occur after

SD-2, closer to the viral membrane (Fig. 3).

Many class 1 viral fusion proteins possess fusion peptides adjacent to their cleavage sites. In
contrast, coronavirus S proteins are unusual in having a fusion peptide located more than 100 amino
acids C-terminal to the S1/S2 cleavage site*’. However, coronaviruses also have a secondary cleavage
site, termed S2° (Arg900)®, adjacent to the viral fusion peptide (amino acids 901-918) (Fig. 3b).
Cleavage at S2’ by furin- or trypsin-like proteases likely follows S1/S2 cleavage and may not occur
until host-receptor engagement and viral endocytosis®. Based on the HKU1 S protein structure,
cleavage at the coronavirus S2’ position would not likely cause the resulting protein fragments to
dissociate immediately from the prefusion trimeric S protein. The protein region between the S1/S2
and S2’ cleavage sites (HKU1 S amino acids 758-900) is partially buried beneath the heptad repeat 1
(HRI) helices suggesting that this peptide is not released from the trimeric S protein prior to
conformational rearrangement of the S2 fusion machinery.

As in all class I viral fusion proteins, the coronavirus S2 subunit contains four elements
required for membrane fusion: a fusion peptide or loop, HR1, HR2, and a viral transmembrane

domain 17,18,25

. Refolding of HR1 into a long a-helix thrusts the fusion peptide into the host-cell
membrane, and as the two heptad repeats interact with each other to form a coiled-coil. This process
results in S2 adopting a hairpin conformation and the host and viral membranes are brought into close
proximity. The HKU1 8 fusion peptide, conserved among coronavirus S proteins®, begins at amino
acid 901 and is located on the exterior of the trimer and adjacent to the putative S2’ cleavage site,
which remains uncleaved in the sample used for structure determination here. In the HKU1 S

structure, density for the fusion peptide is visible starting at amino acid 902. The fusion peptide forms

a short helix and a loop where most of the hydrophobic amino acids are buried in an interface with S2.
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indicates that the a-helices of the prefusion central core must come together during fusion. Formation
of the three-helix bundle may be prevented by interactions between the C-terminal end of the S2 HR1
and the S1 CTD in the prefusion conformation (Extended Data Fig 6 and 8). Disruption of this
interaction through receptor-induced conformational changes in S1 provides an additional means by

which receptor binding can initiate S2-mediated membrane fusion.

The HCoV-HKUI S trimer in a prefusion conformation is the largest class I viral fusion protein
structure determined to date (Fig. 4 and Extended Data Fig. 9). Since betacoronavirus S proteins are
similar in size and have a conserved domain organization, our findings should be generally applicable
to other betacoronaviruses, including SARS-CoV and MERS-CoV. Our studies provide a structural
basis for S protein function where the prefusion S protein is progressively matured and destabilized by
binding of a protein receptor and cleavage by host proteases. These changes would free the viral fusion
peptide and allow the HR1 region of the prefusion spike to straighten and transition to a long a-helix
extending towards the host membrane. The conformational changes in HR1 would release the fusion
peptide from the side of the S2 subunit, allowing insertion into host membranes. The structure and
mechanistic insights presented here should enable engineering of stabilized coronavirus S proteins for
testing conformationally relevant, prefusion S vaccine immunogens against current and emerging
betacoronaviruses, similar to recent efforts for other viral fusion proteins®~’. This work also acts as a
springboard for future studies to define mechanisms of antibody recognition and neutralization, which

will lead to an improved understanding of coronavirus immunity.
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Figure 2 | Architecture of the HKU1 S1 subunit. a, The NTD and CTD of HKU1 S are interdigitated
at the trimer apex. EM density corresponding to each S1 protomer is shown as a surface. b, The HKU1
S1 CTD forms quaternary interactions with an adjacent CTD using a surface similar to that used by
SARS CTD to bind its receptor, ACE2". ¢, Sub-domain 1 is a collection of B-sheets contributed by
amino acid residues before and after the S1 CTD. d, Sub-domain 2 is primarily composed of S1
sequence C-terminal to the CTD, but it also contains a short peptide following the NTD as well as the

N-terminal strand of S2, which follows the S1/S2 furin-cleavage site.
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Figure 4 | Comparison of structurally related class I viral fusion proteins. The viral fusion proteins

from coronaviruses, influenza and HIV-1 are cleaved into receptor-binding subunits (pink, light green,

light blue) and the viral fusion machinery (dark red, dark green, blue)'®2**,
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METHODS
Protein expression and purification. A mammalian-codon-optimized gene encoding HKUI S (isolate
N5, NCBI accession QOZME7) residues 1-1276 with a C-terminal T4 fibritin trimerization domain, a
HRV3C cleavage site, and a 6x His-tag was synthesized and subcloned into the eukaryotic expression
vector pVRC8400. The S1/S2 furin-recognition site RRKRR was mutated to GGSGS to generate the
uncleaved construct used for cryoEM studies. Three hours after this plasmid was transfected into
FreeStyle 293-F cells (Invitrogen), kifunensine was added to a final concentration of 5 pM. Cultures
were harvested after six days, and protein was purified from the media using Ni-NTA Superflow resin
(Qiagen). The buffer was then exchanged using a HiPrep 26/10 desalting column (GE Healthcare
Biosciences) from a high-imidazole elution buffer to a low pH buffer (20 mM Bis-Tris pH 6.5, 150
mM NaCl). Afterward, Endoglycosidase H (10% w/w) and HRV3C protease (1% w/w) were added to
the protein and the reaction was incubated overnight at 4°C. The digested protein was further purified
using a Superose 6 16/70 column (GE Healthcare Biosciences).

The furin-cleaved HKU1 S construct analyzed by negative-stain EM was similar to the one
described above except that it encoded residues 1-1249 and contained the wild-type RRKRR furin-
recognition site. Expression and purification were also similar, except that a plasmid expressing furin

was co-transfected into the FreeStyle 293-F cells to ensure complete processing of the protein.

Sample preparation for negative-stain electron microscopy. HKU1 samples were placed directly
onto 400 copper mesh grids and then stained with 1% uranyl formate. Tris-buffered saline (TBS) was

used as buffer if dilution was necessary.

Negative-stain electron microscopy data collection. Grids were loaded into a Tecnai T12 Spirit
operating at 120 keV and imaged using a Tietz TemCam-F416 CMOS at 52,000 x magnification at a

nominal defocus of ~1.5 pM. Micrographs were collected using Leginon®' and processed within



Appion®, Particles were picked using a difference-of-Gaussians approach®. Stacks were made with
picked particles and 2D classification was undertaken in XMIPP*. Classes that did not represent views
of HKU1 were discarded giving a final stack of 5,281 particles. Final 2D stacks were made using

ISAC* and a 3D model was generated using EMAN,

Sample preparation for cryo-electron microscopy. Sample solution (3 pL) was applied to the carbon
face of a CF-2/2-4C C-Flat grid (Electron Microscopy Sciences, Protochips, Inc.) that had been plasma
cleaned for five seconds using a mixture of Ar/O, (Gatan Solarus 950 Plasma system). The grid was

then manually blotted and immediately plunged into liquid ethane using a manual freeze plunger.

Cryo-electron microscopy data collection. Micrographs were collected via the Leginon interface on
a FEI Titan Krios operating at 300 kV mounted with a Gatan K2 direct electron detector’'. Each
micrograph was collected in counting mode at 22,500 * nominal magnification resulting in a calibrated
pixel size of 1.31 A/pix at the object level. A dose rate of ~10 e/((cam pix)xs) was used; exposure time
was 200 ms per frame. The data collection resulted in a total of 1,049 micrographs. Total dose for

these micrographs was 57 e/A”. The nominal defocus range used was -1.0 to -3.5 pum.

Cryo-Electron Microscopy Data processing. All of the collected frames were aligned®’, CTF
estimation was carried out using CTFFIND3 **, and particles were picked employing a difference-of-
Gaussians approach™. Reference-free 2D classification was performed employing iterative
multivariate statistical analysis/multi-reference alignment using a binning factor of 2 to remove
amorphous particles®. After 2D classification, unbinned selected particles were refined in RELION

1°%%! against the HKU1 negative-stain density map filtered to 60 A resolution imposing

version 1.4b
C3 symmetry. This refinement was followed by particle polishing and refinement of the resulting

realigned, B-factor-weighted and signal-integrated particles. The resolution of the final map was 4.04
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A at an FSC cutoff of 0.143. The FSC was calculated using a soft-edged mask with a Gaussian falloff,

encompassing the entire structure.

Model Building and Refinement

Initial models of the S1 NTD were generated using the Modeller*? homology modeling tool in UCSF
Chimera* with the BoCoV NTD (PDB 4H14)"' as a template. The NTD homology model was docked
into the HKU1 EM density and refined with Rosetta density-guided iterative local refinement* while
imposing C3 symmetry. Rosetta output models were clustered based on pairwise RMSD using a
cluster radius of 2.15 A. The lowest energy model from the largest cluster was selected for additional
refinement. This model and the conserved core CTD from SARS CoV (PDB 2AJF)" were used as
starting structures for model building and refinement. These starting models and the remaining HKU1
protein sequence was modeled manually using COOT* and refined using Phenix real space

refinement*®. Figures were produced in the PyMol*” or UCSF Chimera® software packages.



Extended Data Tables and Figures

Measure Value
Resolution 40
Chimera CC* 0.88
Clash score 206
EM Ringer Score® 3.0
Molprobity*® 2.5
Ramachandran (%)

Favored 80.0

Qutliers 0.2

Table 1 | Structure statistics.






Extended Data Figure 1 | Data processing flowchart. a, Processing resulting in density map of
prefusion HKU1 spike glycoprotein at 4.04 A resolution. b, FSC plot illustrating correlation between
two volumes refined independently from two distinct half sets of raw data. A final resolution of 4.04 A
is indicated in the plot. ¢, Angular distribution of raw data within the data set. A slight, but within

normal range, over-representation of top and side views was observed (tall red bars).
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Extended Data Figure 2 | Resolution of the prefusion HKU1 S density map. a, Local resolution
within the EM density map. Resolution ranges from 3.74 A in stable internal secondary structures to
greater than 5.00 A in flexible peripheral loops. b, Close-ups of secondary-structure densities. To the
left is displayed the central a-helix of an S2 monomer and to the right is a B-sheet from the NTD

domain in an S1 monomer.
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Extended Data Figure 4 | Betacoronavirus S proteins possess a conserved structural core in their
C-terminal domains. a, The structurally divergent loop of the S1 CTD is poorly ordered distal to the
core CTD domain. The conserved S1 CTD cores'? of b, HKU1 Cov highlighted in the trimeric
prefusion S, ¢, HKU1 CoV as an isolated domain, d, MERS CoV'® and e, SARS CoV'* are colored
according to secondary structure (B-sheets: pink, a-helices: blue, lacking regular secondary structure:
gray) and the insert which differs amongst coronaviruses is colored yellow. Atoms participating in
quaternary interactions with other HKU1 S protomer CTDs are shown in green surface in (¢). f, The
positions of these interacting atoms are mapped on to the conserved core topology. The sheet and helix

nomenclature is taken from reference'”.
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Extended Data Figure 5| S1 sits atop an adjacent protomer’s S2. a, The HKUI S1 subunits are
rotated about the trimeric 3-fold axis relative to their corresponding S2 subunits such that the S1 CTD
from one protomer caps the S2 central helix from an adjacent protomer (CTD,, blue, capping S2, red).
The third protomer of the trimer has been omitted for clarity. b, The S2 N-terminal strand is connected
to the remainder of the S2 subunit via a loop and an a-helix (dotted lines). These regions of the EM
density are of insufficient quality to confidently build this protein region but enable interpretation of

connectivity.



HA1
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HKU1 CoV S Influenza HA

Extended Data Figure 6 | The central helix of HKU1 S2 is capped by the receptor-binding
subunit. a, HKU1 CoV S1 CTD (blue) uses a short helix to cap the central helix (dark red) and a

portion of HR1 (pink). b, The influenza hemagglutinin (HA) HA?2 central helix is also capped by a

helix in HA1 (blue)'®*.



HKU1 Cleaved HKU1 Uncleaved

Extended Data Figure 7 | Cleavage at the S1/S2 junction does not induce large conformational
changes in HKUI1 spike. a, HKU1 spike 1-1249 with an attached foldon domain and wild-type furin-
cleavage site was reconstructed using negative-stain electron microscopy. b, HKU1 spike 1-1276 with
an attached foldon and a mutated furin-cleavage site reconstructed using negative-stain electron

microscopy. Side and top views are shown.
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Extended Data Figure 8 | The central helices of the prefusion S2 subunit splay open. a, In the
prefusion HKUI S protein, the tops of the central S2 helices (blue, red, green) are splayed outwards
from the three-fold axis and capped by the S1 CTDs (white). The S1 NTD, SD-1 and SD-2 have been
omitted for clarity. b, In the postfusion six-helix-bundle structure of SARS S*, the corresponding

helical regions form a well-packed three-helix bundle.
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Extended Data Figure 9 | HKUI1 S glycosylation. a, Sites of N-linked glycosylation on the HKU1 S
trimer and b, a single monomer. Of the 30 potential N-linked glycosylation sites in a single protomer,
the asparagine residues are observed for 21 sites and of these a small portion of density in the EM map
is observed for 10 sites corresponding to the EndoH-trimmed sugars. Asparagines where glycan
density is observed are shown as magenta spheres. Asparagines lacking glycan density are shown in

green.
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Structure-based design of a prefusion-stabilized CoV S protein

Nianshuang Wang, Robert N. Kirchdoerfer, Christopher A. Cottrell, Jesper Pallesen, Hadi M. Yassine,
Hannah L. Turner, Kizzmekia S. Corbett, Barney S. Graham, Andrew B. Ward& Jason S. McLellan

Coronaviruses (CoV) are large enveloped RNA viruses that usually cause mild illnesses in animals
and humans. However, SARS-CoV and MERS-CoV can cause severe acute respiratory diseases that
present severe challenges to global public health. The CoV spike (S) protein, a large trimeric protein
on the surface of the virion, binds the host receptor and mediates fusion of the viral and host cell
membranes by undergoing a large conformational change from the prefusion state. The S protein
is the main target for protective antibody responses and also a critical candidate for vaccine design.
However, the low expression level and instability of prefusion S proteins have hindered their
development as vaccine immunogens. To address this issue, we recently determined the cryo-EM
structure of hCoV-HKU1, and used this structural information to rationally design mutations that
stabilize S proteins in the prefusion conformation. The same mutations stabilized SARS-CoV, MERS-
CoV and hCoV-HKU1 S protein, boosted the expression of trimeric S protein by 10~100 fold and
generated more homogeneous protein samples. The stabilized MERS S protein can also induce high
neutralizing antibody titers in mice, indicating that it is a promising candidate for immunogen
design. Collectively, these results demonstrate a universal stabilizing method for B-coronavirus
prefusion S proteins, and additionally provide insights into the structure and function of CoV S
proteins.



Employee Discovery and Invention Report (EIR)

An EIR should be completed for each discovery or invention that is a) a novel innovation, b) a new or improved
method or process; or c) believed to have potential commercial value (e.g. a new reagent, unique antibody,
vaccine, medical device, or therapeutic compound); or d) a request from a commercial organization for use or
resale of the new discovery or innovation.

If you are employed by PHS it is presumed that the invention was made as part your official duties as a
Government employee. If this is not the case, you should still complete the EIR, but you must contact your
Technology Development Coordinator (TDC) and provide the details pertaining to this particular discovery or
invention so that a determination of rights can be made.

COMPLETION OF THE EIR
1. This is the WORD 2007 formatted version
http://www.ott.nih.gov/forms model agreements/forms model agreements.aspx
« complete the form by filling in the shaded fields. For “check boxes” insert “X”.
* once completed, print the EIR and have each contributor sign their Contributor Information Sheet
« questions regarding the completion of the EIR should be referred to your NIH/FDA Technology
Development Coordinator (TDC)
» email the completed electronic EIR template and any documents listed in questions 2.e., 5 or 6 to
your NIH/FDA Technology Development Coordinator (TDC); and
* Submit the signed EIR to your NIH/FDA Technology Development Coordinator (TDC)

2. The TDC will then forward the completed electronic report and the printed, signed EIR to the Office of
Technology Transfer (OTT). If your IC in conjunction with the OTT decides not to file a patent
application on your invention you may contact your Technology Development Coordinator (TDC) to
request a waiver and, if granted, have an opportunity to obtain the rights to the invention by filing the
patent application at your own expense.

Frequently Asked Questions: http:/ottintranet.od.nih.gov/EIR/EIR_FAQS 20110915.htm

General questions regarding the form may be directed to the NIH Office of Technology Transfer (OTT).
It is suggested, particularly if you leave government service and are receiving royalties, that you keep
the Office of Financial Management apprised of changes in your official address.

Thank you for your cooperation

Privacy Act Notice: The PHS is collecting this information under authority of 45 CFR Part 7 “Employee
Inventions”. The information will be maintained as a part of the System of Records: 09-25-0168, “Invention,
Patent and Licensing Documents.” Provision of this information is mandatory and will be used as the initial
step toward obtaining patent protection of inventions submitted by PHS employees, granting licenses to PHS
inventions, administering and providing royalty payments to PHS inventors, and the intended “routine uses” of
the information. Failure to provide complete information may adversely affect the Government's rights to future
patent applications and licensing agreements.
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Employee Discovery and Invention Report (EIR)

The following questions are designed to answer whether any part of the research resulting in this discovery
involved collaborations outside of your laboratory, used materials/software/equipment obtained from an another
party, and/or included outside funding. (Consult with your laboratory chief and/or your TDC if there is a
question.)
a. CRADA: Is the subject matter of your disclosure related to a PHS Cooperative Research and Development
Agreement (CRADA or M-CRADA) involving you or your laboratory or IC?,
If Yes, please identify the collaborator, the NIH principle investigator, CRADA title and the Institute’s CRADA
reference number:
| No |
b. Collaborations: Is the subject matter based on research collaborations other than a CRADA? If Yes, please
identilfy your collaborator and the name of their organization. ]
No
¢ Outside Materials/Information Transfer: |s there subject matter in this discovery based on proprietary materials
or confidential information obtained from an outside party or organization?,
If Yesl, please identify the third party contributor, their email or telephone number, and the organization's name.
No
Please provide a copy of any document that records this transfer. This may include an email, Material
Transfer Agreement, Confidential Disclosure Agreement, Clinical Trial Agreement, or Research Collaboration
Agreement.

d. Non-NIH awards: Did this discovery arise based on non-NIH support? (e.g. grants, fellowships) If Yes, please
identify
| No |
e. Human Subjects: Does this discovery rely upon materials or information obtained from human subjects or
from data involving human subjects as defined in and regulated under 45 CFR Part 467, If Yes, please
provide the Protocol title, Institutional Review Board (IRB) protocol approval number and date or the OHSR
exemption number, name or explain fully.
| VRC 200 |

7. Identification of Contributors

a. Iclientify the individuals who could merit co-authorship credit for any associated publication. |
b. List below the names and organizations of all people who participated in conceiving or continued development
of the discovery/invention. Examples include those who made intellectual, theoretical, or innovative
contribution to the discovery. In the case of software, those individuals who were involved in creating
program code, manuals, flowcharts or any related items.
NOTICE: This may be fewer individuals than named in 7.a. above. Please be aware that inventorship
is strictly defined in patent law. Accordingly, contributors you list in this section will be named on patent
applications resulting from this EIR only if their contributions meet this legal standard. A co-author may or
may not qualify based on the particular facts; if you have any questions, contact your TDC.

The following acknowledgement pertains to Government employees and those treated as employees. Under 45 CFR
Part 7 "Employee Inventions”, all employees of the Public Health Service have an obligation to report and assign
inventions to the Government of the United States, as represented by the Department of Health and Human Services.
Specifically, the Government shall obtain the entire right, title, and interest in inventions: (i) made during working hours;
or (ii) made with a contribution by the Government of facilities, equipment, materials, funds or information or of time or
services of other Government employees on official duty; or (iii) which bear a direct relationship or are made in
consequence of the official duties of the inventor.

If you are employed by PHS to conduct or perform research, it is presumed that the invention was made under these
circumstances. If this is not the case, you should still complete the EIR, but you must contact your Technology
Development Coordinator (TDC) and provide the details pertaining to this particular discovery or invention so that a
determination of rights can be made.

1. Submitting Barney Graham
Contributor :

- Org VRC, NIAID
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Employee Discovery and Invention Report (EIR)
Attachment 2
Supplemental Information Sheet for Software

The purpose of this attachment is to provide information regarding evaluation of software for potential licensing.
The following questions should be answered as completely as possible.

10.

11.

12.

Does this software contain code obtained from a third-party or covered by any Open Source License (e.g.,
collaborator, under a software agreement, a vendor, purchased etc.)? If Yes, please explain
|
Has this software been previously copyrighted? If Yes, then by whom?
I |

Did you use outsiders to beta-test code? If Yes, was this done under an agreement?

I |

How would the lab generally classify the use of this software (e.g., imaging, array analysis, mapping etc.)?

I |
From the lab’s perspective, what would be the preferred way of distributing this software?

|

That are the operating system requirements to run this software?

I |
In which computer language is the software code written?

I |
What stage of development is the software? Select one of the following:
Ready to use by anyone
Usable with some effort or assistance

Needs substantial further development
Is the lab willing to release the source code?

I |

Is the lab willing to prepare a demonstration version of the software to give to prospective licensees?

Were the current or prior versions distributed? If Yes, explain and supply date of distribution and any
distribution agreement (if any).

I

Was a government contractor involved in the writing or development of any of the code? If yes, identify the
individual.

I |
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Employee Discovery and Invention Report (EIR)
Contributor Information Sheet
¢ Indicates a required field
(a) Describe technologies, products, processes or services currently on the market of

which you are aware that accomplish the purpose of this invention; or that are None known
similar to this technology but used for a different purpose:
(b) List any companies you believe may be interested in this technology: Companies involved in development of vaccines

(¢) If you have a contact at any of these companies, please provide name. email and
phone numbers for each, if available:

List the names and organizations of all people who participated in conceiving or continued development of the
discovery/invention. Examples include those who made intellectual, theoretical, or innovative contribution to the
discovery. In the case of software, those individuals who were involved in creating program code, manuals,
flowcharts or any related items.

1. Submitting Contributor  Barney Graham v Organization: VRC
2. Co-Contributor Jason McLellan Organization:  UT-Austin
3. Co-Contributor Kizzmekia (S/eretr/ Organization: VRC
4. Co-Contributor Olu Abiona Organization: VRC

Enter additional Co-Contributor's names and organizations as necessary:
Geoffrey Hutchinson (VRC): Daniel Wrapp (UT-A): Nian Shuang (UT-A)

An Additional Contributor Information document (to follow) is to be completed for each contributor listed above. If
required, extra forms may be downloaded at: http://www.ott.nih.gov/sites/default/files/documents/docs/eir-additional-
contributor.docx

In addition to the above names, identify any individuals who could merit authorship credit of any associated
publication:

NOTICE: There may be fewer individuals listed as contributors than named as coauthors. Please be aware
that inventorship is strictly defined in patent law. Accordingly, contributors you list in this section will be named on
patent applications resulting from this EIR only if their contributions meet this legal standard. A co-author may or may
not qualify based on the particular facts; if you have any questions, contact your

The following acknowledgement pertains to Government employees and those treated as emoloyees. Under

, all employees of the Public Health Service have an obligation to report and assign
inventions to the United States of America as represented by the Government of the United States (the Department of
Health and Human Services). Specifically, the Government shall obtain the entire right, title, and interest in
inventions: (i) made during working hours; or (ii) made with a contribution by the Government of facilities, equipment,
materials, funds or information or of time or services of other Government employees on official duty; or (iii) which
bear a direct relationship or are made in consequence of the official duties of the inventor.

If you are employed by HHS to conduct or perform research, it is presumed that the invention was made under these
circumstances. If this is not the case, you should still complete the EIR, but you must contact your and provide
the details pertaining to this particular discovery or invention so that a determination of rights can be made.

Detailed Contributor Information begins on next page
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Employee Discovery and Invention Report (EIR)
Additional Contributor Information

The Additional Contributor Information document should be used when an EIR has already been completed
and there are more than four (4) Contributors identified in the EIR. It is to be completed by any individual
whose name was listed as a Contributor, but their Contributor information was not provided in EIR Question 7.

If you are employed by PHS it is presumed that the invention was made as part your official duties as a
Government employee. If this is not the case, you should still complete the EIR, but you must contact your

Technology Development Coordinator (TDC) and provide the details pertaining to this particular discovery or
invention so that a determination of rights can be made.

COMPLETION OF THE CONTRIBUTOR INFORMATION PAGE

1. Review the EIR
* download the fill able electronic Additional Contributor Information Page WORD template form.
* complete the Contributor Information Page found on the next page by filling in the shaded fields.
For*check boxes” insert “X".
* questions regarding this EIR should be referred either to NIH/FDA Technology Development
Coordinator (TDC)

* print and sign the form
+ email the completed Contributor Information Page to NIH/FDA Technology Development Coordinator

{TDC); and :
* submit the printed and signed EIR to the Agency's TDC.

2. Upon receipt, the TDC will forward your information as part of the completed electronic EIR report and
- the printed, signed EIR to the Office of Technology Transfer (OTT). If your IC in conjunction with the
OTT decides net to file a paterit application on your invention you may contact your Technology
Development Coordinator (TDC) to request a waiver and, if granted, have an opportunity to obtain the
rights to the invention by filing the patent application at your own expense.

Frequently Asked Questions: http://ottintranet.cd.nih.qov/EIR/EIR FAQS 20110915.htm

Gerieral questions regarding the form may be directed to the NIH Office of Technology Transfer (OTD.
Itis suggested, particularly if you leave government service and are receiving royalties, that you keep
the Office of Financial Management apprised of changes in your official address.

Thank you for your cooperation

Privacy Act Notice: The PHS is collecting this information under authority of 45 CFR Part 7 “Employee
Inventions”. The information will be maintained as a part of the System of Records: 09-25-0168, "Invention,
Patent and Licensing Documents.” Provision of this information is mandatory and will be used as the initial
step toward obtaining patent protection of inventions submitted by PHS employees, granting licenses to PHS
inventions, administering and providing royalty payments to PHS inventors, and the intended “routine uses” of
the information. Failure to provide complete information may adversely affect the Govemment's rights to future
patent applications and licensing agreements.
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Employee Discovery and Invention Report (EIR)
Information
¢ Indicates a required field
Information about this Form

Reporting an invention is required as part of your Government service, and supports the mission of your IC and the NIH in
advancing public health. An EIR should be completed for each discovery or invention* that is:

a) An innovation;

b) A new or improved method or process;

c) Believed to have potential commercial value (e.g. a new reagent, unique antibody, vaccine, medical device, or
therapeutic compound); or

d) Requested from a commercial organization for use or resale.

If you are employed by HHS it is presumed that the invention was made as part your official duties as a Government
employee. If this is not the case, you should still complete the EIR, but you must contact your Technology Development
Coordinator (TDC) and provide the details pertaining to this particular discovery or invention so that a determination of rights
can be made.

IC means a Public Health Service (PHS) Contributor's Institute, Center, or Office (includes NIH, FDA and CDC).
COMPLETION OF THE EIR

Complete the form by filling in the shaded fields. For “check boxes” insert “X",

Once completed, have each contributor sign their Contributor Information Sheet;
Questions regarding the completion of the EIR should be referred to your TDC;

Email the completed electronic EIR template and any related documents to your TDC; and
After review by your TDC, email a signed copy of the final EIR to your TDC.

The TDC will then forward the completed and signed EIR to the Office of Technology Transfer (OTT). If your IC in
decides not to file a patent application on your invention you may contact your TDC to request a waiver and, if granted,
have an opportunity to obtain the rights to the invention by filing the patent application at your own expense.

R Sl

Frequently Asked Questions: http:/ottintranet.od.nih.qov/EIR/EIR _FAQS 20110915.htm

General questions regarding the form may be directed to your TDC or the NIH Office of Technology Transfer (OTT). It is
suggested, particularly if you leave government service and are receiving royalties, that you keep the Office of Financial
Management apprised of changes in your official address.

Thank you for your contribution toward improving public health!

Privacy Act Notice: HHS is collecting this information under authority of 45 CFR Part 7 “Employee Inventions’. The
information will be maintained as a part of the System of Records: 09-25-0168, “Invention, Patent and Licensing
Documents.” Provision of this information is mandatory and will be used as the initial step toward obtaining patent protection
of inventions submitted by HHS employees, granting licenses to HHS inventions, administering and providing royalty
payments to HHS inventors, and the intended “routine uses” of the information. Failure to provide complete information
may adversely affect the Government's rights to future patent applications and licensing agreements.

*What is the difference between a discovery and an invention?

Discovery Invention
¢ Elucidating something that already exists e An innovation that did not previously exist
¢ Embodied in Nature ¢ Embodied in human-made artifact
s Discovery involves describing something e Always involves creating something
s  Product of Nature o  Produced through human thought
s« e.g. A botanist discovers a new plant species on * A botanist invents a new topical antibiotic
an island formulation using the plant oils
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Employee Discovery and Invention Report (EIR)
Appendix B - Supplemental Information Sheet for Software

The purpose of this attachment is to provide information regarding evaluation of software for potential
licensing. The following questions should be answered as completely as possible.

gt

10.

11

12

Does this software contain code obtained from a third-party or covered by any Open Source License
(e.g., collaborator, under a software agreement, a vendor, purchased etc.)? If Yes, please explain.

N/A
Has this software been previously copyrighted? If yes, by whom?

Did you use outsiders to beta-test code? If yes, was this done under an agreement?

How would the lab generally classify the use of this software (e.g., imaging, array analysis, mapping
etc.)?

From the lab's perspective, what would be the preferred way of distributing this software?
What are the operating system requirements to run this software?

In which computer language is the software code written?

What stage of development is the software? Select one of the following:

Ready to use by anyone

Useable with some effort or assistance

Needs substantial further development
Is the lab willing to release the source code?

Is the lab willing to prepare a demonstration version of the software to give to prospective licensees?

Were the current or prior versions distributed? If yes, explain and supply date of distribution and any
distribution agreement (if any).

Was a government contractor involved in the writing or development of any of the code? If yes, identify
the individual.
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Employee Discovery and Invention Report (EIR)
Contributor Information Sheet
¢ Indicates a required field
Contributor 1

Name

First +Middle +Last Suffix
Degree + Citizenship

+HHS ID # (e.g. 999-9999-999) # Associated project NIH Z01 Project #

+Describe this individual's contribution to the discovery.

Current Organization Information:
+ Organization Name
Division/Branch/Laboratory

+Title

+ Office Address

+City +State +Zip + Country

¢ Email Telephone Fax Other contact# (optl)

+Has your organizational affiliation changed during the development of this discovery? Yes/No, if yes, explain and provide affiliation at
time of discovery:

Home Information (will be used for royalty distribution when applicable)
+Street + City +State +Zip code

+ Country Phone +Email

Please identify with a “X" if this individual falls under one or more of the following training or fellowship appointments or institutional
partnerships.

CRADA Personnel Howard Hughes Fellow ORISE Fellow NIH-ORAU
Clinical Fellow Gates Foundation NRSA Fellowship Visiting Fellowship
Fogarty Scholar IRTA Fellowship Program Postdoctoral Fellow Other (specify below )*

Oxford-Cambridge NIH Contract Employee —

Scholars Proaram National Research Council Award Research Fellowship specify employer name *
; ; Graduate Partnership
CNRM Personnel (HJF) Society Fellows specify below e p—

* Note Section

Contributor: | have read and understand the information submitted in the EIR.

Signature Date
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Employee Discovery and Invention Report (EIR)
Contributor Information Sheet
¢ Indicates a required field
Contributor 2

Name

First +Middle +Last Suffix
Degree + Citizenship

+HHS ID # (e.g. 999-9999-999) # Associated project NIH Z01 Project #

+Describe this individual's contribution to the discovery.

Current Organization Information:
+ Organization Name
Division/Branch/Laboratory

+Title

+ Office Address

+City +State +Zip + Country

¢ Email Telephone Fax Other contact# (optl)

+Has your organizational affiliation changed during the development of this discovery? Yes/No, if yes, explain and provide affiliation at
time of discovery:

Home Information (will be used for royalty distribution when applicable)
+Street + City +State +Zip code

+ Country Phone +Email

Please identify with a “X" if this individual falls under one or more of the following training or fellowship appointments or institutional
partnerships.

CRADA Personnel Howard Hughes Fellow ORISE Fellow NIH-ORAU
Clinical Fellow Gates Foundation NRSA Fellowship Visiting Fellowship
Fogarty Scholar IRTA Fellowship Program Postdoctoral Fellow Other (specify below )*

Oxford-Cambridge NIH Contract Employee —

Scholars Proaram National Research Council Award Research Fellowship specify employer name *
; ; Graduate Partnership
CNRM Personnel (HJF) Society Fellows specify below e p—

* Note Section

Contributor: | have read and understand the information submitted in the EIR.

Signature Date
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Employee Discovery and Invention Report (EIR)
Contributor Information Sheet
¢ Indicates a required field
Contributor 3

Name

First +Middle +Last Suffix
Degree + Citizenship

+HHS ID # (e.g. 999-9999-999) # Associated project NIH Z01 Project #

+Describe this individual's contribution to the discovery.

Current Organization Information:
+ Organization Name
Division/Branch/Laboratory

+Title

+ Office Address

+City +State +Zip + Country

¢ Email Telephone Fax Other contact# (optl)

+Has your organizational affiliation changed during the development of this discovery? Yes/No, if yes, explain and provide affiliation at
time of discovery:

Home Information (will be used for royalty distribution when applicable)
+Street + City +State +Zip code

+ Country Phone +Email

Please identify with a “X" if this individual falls under one or more of the following training or fellowship appointments or institutional
partnerships.

CRADA Personnel Howard Hughes Fellow ORISE Fellow NIH-ORAU
Clinical Fellow Gates Foundation NRSA Fellowship Visiting Fellowship
Fogarty Scholar IRTA Fellowship Program Postdoctoral Fellow Other (specify below )*

Oxford-Cambridge NIH Contract Employee —

Scholars Proaram National Research Council Award Research Fellowship specify employer name *
; ; Graduate Partnership
CNRM Personnel (HJF) Society Fellows specify below e p—

* Note Section

Contributor: | have read and understand the information submitted in the EIR.

Signature Date
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Employee Discovery and Invention Report (EIR)
Contributor Information Sheet
¢ Indicates a required field
Contributor 4

Name

First +Middle +Last Suffix
Degree + Citizenship

+HHS ID # (e.g. 999-9999-999) # Associated project NIH Z01 Project #

+Describe this individual's contribution to the discovery.

Current Organization Information:
+ Organization Name
Division/Branch/Laboratory

+Title

+ Office Address

+City +State +Zip + Country

¢ Email Telephone Fax Other contact# (optl)

+Has your organizational affiliation changed during the development of this discovery? Yes/No, if yes, explain and provide affiliation at
time of discovery:

Home Information (will be used for royalty distribution when applicable)
+Street + City +State +Zip code

+ Country Phone +Email

Please identify with a “X" if this individual falls under one or more of the following training or fellowship appointments or institutional
partnerships.

CRADA Personnel Howard Hughes Fellow ORISE Fellow NIH-ORAU
Clinical Fellow Gates Foundation NRSA Fellowship Visiting Fellowship
Fogarty Scholar IRTA Fellowship Program Postdoctoral Fellow Other (specify below )*

Oxford-Cambridge NIH Contract Employee —

Scholars Proaram National Research Council Award Research Fellowship specify employer name *
; ; Graduate Partnership
CNRM Personnel (HJF) Society Fellows specify below e p—

* Note Section

Contributor: | have read and understand the information submitted in the EIR.

Signature Date
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Employee Discovery and Invention Report (EIR)
Information
¢ Indicates a required field
Information about this Form

Reporting an invention is required as part of your Government service, and supports the mission of your IC and the NIH in
advancing public health. An EIR should be completed for each discovery or invention* that is:

a) An innovation;

b) A new or improved method or process;

c) Believed to have potential commercial value (e.g. a new reagent, unique antibody, vaccine, medical device, or
therapeutic compound); or

d) Requested from a commercial organization for use or resale.

If you are employed by HHS it is presumed that the invention was made as part your official duties as a Government
employee. If this is not the case, you should still complete the EIR, but you must contact your Technology Development
Coordinator (TDC) and provide the details pertaining to this particular discovery or invention so that a determination of rights
can be made.

IC means a Public Health Service (PHS) Contributor’s Institute, Center, or Office (includes NIH, FDA and CDC).
COMPLETION OF THE EIR

Complete the form by filling in the shaded fields. For “check boxes” insert “X”;

Once completed, have each contributor sign their Contributor Information Sheet;
Questions regarding the completion of the EIR should be referred to your TDC;

Email the completed electronic EIR template and any related documents to your TDC; and
After review by your TDC, email a signed copy of the final EIR to your TDC.

The TDC will then forward the completed and signed EIR to the Office of Technology Transfer (OTT). If your IC in
decides not to file a patent application on your invention you may contact your TDC to request a waiver and, if granted,
have an opportunity to obtain the rights to the invention by filing the patent application at your own expense.

S o R

Frequently Asked Questions: http://ottintranet.od.nih.gov/EIR/EIR_FAQS 20110915.htm

General questions regarding the form may be directed to your TDC or the NIH Office of Technology Transfer (OTT). It is
suggested, particularly if you leave government service and are receiving royalties, that you keep the Office of Financial
Management apprised of changes in your official address.

Thank you for your contribution toward improving public health!

Privacy Act Notice: HHS is collecting this information under authority of 45 CFR Part 7 “Employee Inventions”. The
information will be maintained as a part of the System of Records: 09-25-0168, “Invention, Patent and Licensing
Documents.” Provision of this information is mandatory and will be used as the initial step toward obtaining patent protection
of inventions submitted by HHS employees, granting licenses to HHS inventions, administering and providing royalty
payments to HHS inventors, and the intended “routine uses” of the information. Failure to provide complete information
may adversely affect the Government's rights to future patent applications and licensing agreements.

*What is the difference between a discovery and an invention?

Discovery Invention
+ Elucidating something that already exists » Aninnovation that did not previously exist
¢ Embodied in Nature e Embodied in human-made artifact
 Discovery involves describing something + Always involves creating something
e Product of Nature ¢ Produced through human thought
s e.g. A botanist discovers a new plant species on ¢ A botanist invents a new topical antibiotic
an island formulation using the plant oils
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Employee Discovery and Invention Report (EIR)
Administration Section
(To be completed by the IC Technology Transfer Office)
+ Indicates a required field

; ; g Division/Lab/
Lead IC sponsoring this invention: Biaioh
Identify any other ICs (if necessary, include Division/Lab/Branch

Confirm the scientist who will serve as the key point of contact (Scientific Point of

Contact or SPC) to receive and respond to patent correspondence. This may be different

from the person identified as the Submitting Contributor.

IC CRADA Determination: (Answer required if the EIR is related to a CRADA)
The invention was conceived or first actually reduced to practice in the performance of the activities
under the CRADA Research Plan during the term of the CRADA. Enter Y or N.

IC is requesting the following action regarding this EIR. Only 1 of the following option boxes should be checked.
Do Not File
Do not file; EIR is being submitted due to a request for material(s) licensing. Requester’s contact
information is attached
Do not file; market as a research material
Do not file a patent application based on other patent and/or policy reasons
Evaluation/Searching
Request evaluation and recommendation, Qutside search/opinion are authorized, if needed
Request evaluation and recommendation, Outside search/opinion is not authorized
Patent Application Filing
Emergency Patent Filing - File immediate provisional patent application based on an imminent
publication. Authorization for filing is provided. In the “Additional Information or Instructions” box enter
the date, location of public release and any other instructions
File Patent: File a fully enabled provisional patent application
File Patent/Patent Opinion: File a fully enabled provisional patent application and conduct a patentability
opinion/assessment immediately after the provisional patent application has been filed
Patent Opinion/File Patent: Conduct a patentability opinion/assessment (Completed by contract law firm).
If the patentability opinion/assessment is positive, proceed with the filing a fully enabled provisional
patent application
Third Party Filing Patent Lead: Third party has already filed or will be doing the filing. Please provide 3
Party contact information. Application number(s), filing date(s), and copy(ies) of application(s) should be
provided as well as filing receipts or paperwork identifying the inventors as filed
Other Filing Instructions
Additional Information or Instructions

Is the IC submitting the EIR represented by a Service Center?
If yes, identify IC:
All patent recommendations and patent correspondence will be directed the Lead IC's central email account.

Name of LPM designated for this EIR by IC:

The TDC, IC delegate, or Service Center Representative Authorized IC official for expenditure of IC funds for
confirms receiving the EIR and acknowledges a patent related expenses or attach authorization memo.
complete EIR packet is being forwarded to OTT.

Name Date Ll Date

Title Title
Signature Signature

An OCR'd PDF containing the signed EIR containing all documents such as manuscripts, presentations, articles and citations referred
to in the EIR, as well as any related IC reviews and authorization documents should be forwarded to OTT at ottfileroom@mail.nih.gov.
The email’s subject line should include “New EIR for IC, (PI's Last Name), (IC Ref. #, if exists).” Original formatted documents, i.e. MS
Word, PowerPoint, should be attached for EIRs with recommendations of “Evaluate”, “File Patent”, "Patent Opinion" or any combination
of these.
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Employee Discovery and Invention Report (EIR)
Appendix A - Supplemental Information Sheet for Research Materials

This attachment requests information regarding materials that may be available for potential licensing. The Set 1
questions elicit general information regarding specific materials required to practice the invention or ancillary materials
created during the course of development that may be potentially licensed. The Set 2 questions SHOULD BE
ANSWERED IF THIS EIR is being submitted based on an outside party’s request for licensing a material.

Set 1. General material information. (Not required if Set 2 Questions are completed)
a) Identify those materials made during the course of research that are specifically required to practice this
invention. Please identify each unique material or chemical compound developed that are related to this EIR.

b) Identify those material(s) made during the course of research that may be available for licensing as a
research material. Please identify each unique material or chemical compound developed that are related to
this EIR.

c) Material citation or other source:

d) Has material been deposited in the ATCC or similar repository? If yes, please provide the repository and
catalog reference number.

e) Were any of the materials necessary to use or make the Material acquired from someone outside NIH? If yes
and not already listed in Question 5, please provide contact information and a copy of any document that
records this transfer.

Set 2. If a prospective licensee is interested in a material answer the following questions.
Provide a summary regarding the approximate difficulty/time/cost/effort for your laboratory to provide the material to
an outside for-profit requestor. Is it a limited resource?

Identify and describe the Material Type:

Examples of potential material types:

Antibodies: monoclonal, polyclonal Cell Lines: uninfected cells, infected cells, hybridomas
DNA/RNA: genetic clones, expression vectors PCR reagents
Proteins/Peptides Purified Proteins

Viruses: virus isolates, drug resistant, virus isolates, recombinant vaccinia
Opportunistic Infections: (e.g. Candida, Cryptococcus, cryptosporidium, cytomegalovirus, mycobacterium, mycoplasma, pneumocystis, toxoplasma)
Model Organisms (e.g. strain, species) Chemical Compounds

Designation: (Laboratory nomenclature)

Source of Material: (i.e. human, mouse, rat)

Reference Citation or other source:

Has the material been deposited in the ATCC or similar repository? If Yes, provide repository & catalog. ref.#s.
How can it be provided: (i.e. 2ml vial of frozen cells, plasmid)

Current quantities available for distribution: (i.e. 10 vials)

Recommended propagation medium & growth characteristics: (i.e. expression level, titer, temp., passages)
Recommended freeze medium:

Sterility: (i.e. negative for bacteria, fungi and mycoplasma)

Morphology: (i.e. epithelial-like, lymphoblast-like, fibroblast-like)

Recommended Storage: (i.e. liquid nitrogen)
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Appendix B - Supplemental Information Sheet for Software

The purpose of this attachment is to provide information regarding evaluation of software for potential
licensing. The following questions should be answered as completely as possible.

1.

10.

11.

12.

Does this software contain code obtained from a third-party or covered by any Open Source License
(e.g., collaborator, under a software agreement, a vendor, purchased etc.)? If Yes, please explain.

Has this software been previously copyrighted? If yes, by whom?

Did you use outsiders to beta-test code? If yes, was this done under an agreement?

How would the lab generally classify the use of this software (e.g., imaging, array analysis, mapping
etc.)?

From the lab’s perspective, what would be the preferred way of distributing this software?

What are the operating system requirements to run this software?

In which computer language is the software code written?

What stage of development is the software? Select one of the following:

Ready to use by anyone

Useable with some effort or assistance

Needs substantial further development
Is the lab willing to release the source code?

Is the lab willing to prepare a demonstration version of the software to give to prospective licensees?

Were the current or prior versions distributed? If yes, explain and supply date of distribution and any
distribution agreement (if any).

Was a government contractor involved in the writing or development of any of the code? If yes, identify
the individual.
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Additional Contributor Information

The Additional Contributor Information document should be used when an EIR has already been completed
and there are more than four (4) Contributors identified in the EIR. It is to be completed by any individual
whose name was listed as a Contributor, but their Contributor information was not provided in EIR Question 7.

If you are employed by PHS it is presumed that the invention was made as part your official duties as a
Government employee. If this is not the case, you should still complete the EIR, but you must contact your
Technology Development Coordinator (TDC) and provide the details pertaining to this particular discovery or
invention so that a determination of rights can be made.

COMPLETION OF THE CONTRIBUTOR INFORMATION PAGE

1. Review the EIR
» download the fill able electronic Additional Contributor Information Page WORD template form.
» complete the Contributor Information Page found on the next page by filling in the shaded fields.
For‘check boxes” insert “X”.
» questions regarding this EIR should be referred either to NIH/FDA Technology Development
Coordinator (TDC)
« print and sign the form
« email the completed Contributor Information Page to NIH/FDA Technology Development Coordinator

(TDC); and
+ submit the printed and signed EIR to the Agency's TDC.

2. Upon receipt, the TDC will forward your information as part of the completed electronic EIR report and
the printed, signed EIR to the Office of Technology Transfer (OTT). If your IC in conjunction with the
OTT decides not to file a patent application on your invention you may contact your Technology
Development Coordinator (TDC) to request a waiver and, if granted, have an opportunity to obtain the
rights to the invention by filing the patent application at your own expense.

Frequently Asked Questions: http://ottintranet.od.nih.gov/EIR/EIR_ FAQS 20110915.htm

General questions regarding the form may be directed to the NIH Office of Technology Transfer (OTT).
It is suggested, particularly if you leave government service and are receiving royalties, that you keep
the Office of Financial Management apprised of changes in your official address.

Thank you for your cooperation

Privacy Act Notice: The PHS is collecting this information under authority of 45 CFR Part 7 “Employee
Inventions”. The information will be maintained as a part of the System of Records: 09-25-0168, “Invention,
Patent and Licensing Documents.” Provision of this information is mandatory and will be used as the initial
step toward obtaining patent protection of inventions submitted by PHS employees, granting licenses to PHS
inventions, administering and providing royalty payments to PHS inventors, and the intended “routine uses” of
the information. Failure to provide complete information may adversely affect the Government's rights to future
patent applications and licensing agreements.

EIR Additional Contributor Form Confidential
v20110915.1
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First Inventor's Name:
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CDC Ref, #
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CDC Employee Invention Report USp Al ot

. . - . .S, Filing (date)
Use plain paper if more space is needed. '

Part I: To Be Completed by the Inventor
Olen M, Kew Phone No. 404-0639-3040)

Give a short descriptive title of your discovery or invention.

Modulation of peliovirus replicative fitness by deoptimization of synonymous codons

2. Please provide (in non-scientific terms if possible) a one paragraph description of the essence of your discovery

or invention and identify the public lealth need it fills.

See attached

Who contributed to the invention or discovery? Please identify all colleagues who could merit co-authorship credit
for the associated publication, whether or not you belicve them to be * co-inventors. ™

Cara Carthel Burns, Ph.D., Jing Shaw, M.D., Raymond Campagnoli, M.S.) Jacqueline Quay, M.S., Jaume
Jorba, M.S., Annalet Vincent, B.S.

Is anyone outside of the Public Health Service aware of your invention or discovery? If so, please identify them
and describe the dates and circumstances.

No, apart from a few overseas visitors who came to the lahoratory for training in poliovirus molecular diagnostics.
Are you aware of any PHS patent applications that are related to your invention or discovery?
No

Please list the most pertinent previous articles, presentations or other public disclosures, made by you or by other
rescarchers, that are related to your invention or discovery. Also, attach four sets of coples, please!

sec attached list
















2. Bricf description of invention

The atlenuatcd Sabin oral polio vaceine (OPV) straing arc genctically unstable, principally
because only 2 — 5 basc substitutions confer the attenuated phenotype (7). This instability is
the underlying causc of vaccine-associated paralytic poliomyelitis in immunologically
normal (8) and immunodcficient people (4, 6), and of outbreaks associated with circutating
vaccine-derived polioviruses (3, 5). We sought to increase the genetic stability of the OPV
strains by distributing additional new attenuating mutations over many sites within the
genome, such that the observed phenotype reflects the cumulative cffects of many
substitutions, cach incrementally reducing replicative fitness (i.c., attenuation), To achicve
this, we engincered changes in the codon composition of the capsid region (which encodes
for all poliovirus antigens) without changing the encoded amino acid sequence, forcing the
virus to use rare synonymous codons and low-abundance tRNAgs for translation (i.¢., protein
synthesis). In both the Sabin type 2 OPV strain and the Salk MEF-1 type 2 inactivated polio
vaccine ([PV) strain, the extent of fitness decrcase was linearly proportional, over a 100-fold
range, to the length of the interval containing replacement codons. Full reversion of the
attcnuated phenotype may require back-mutation at many sites, thereby conferring enhanced
genetic stability to this important virus trait. Because all replacement codons were
synonymous, the encoded protcins (and thus, antigenic properties) were identical to those of
the prototype strains,

We are currently investigating the underlying molccular mechantsms of the observed [itness
reductions, which most likely involve ribosome stalling during translation, as wcll as other
cffects currently not well understood. Apart [rom the relevance of these findings to basic
science, codon deoptimization may have important applications in the development of morc
stable attenuated vaccines and safer production conditions for inactivated vaccines, The
principles established here with polioviruses potentially have broad applications, cutting
across, and quite possibly beyond, the world of microbial pathogens.

The impetus for this work was the desirability of saler OPV and IPV strains for the global
polio eradication endgame (2). It is probably now unrcalistic to cxpect that new OPYV strains
could be tested and iniroduced at this late stage of global polio cradication (1, 2), However,
I[PV is likely to be used for the foresccable future, and codon-deoptimized seed stocks,
incapablc ol elficiently infecting humans but capable of infecting appropriately engincered
cells, may have prospects [or use. They might substantially reduce the risks of inadvertent
infeetion of workers producing [PV from high titers of the virulent Salk TPV strains, thereby
strengthening poliovirus containment and further reducing the risk that poliovirus could be
inadvertently released into the community. This appreach, if found to provide additional
biological contaimnent within [PV production lacilities, may also provide similar protections
in other [acilities producing inactivated vaccines from pathogenic seed stocks, such as for
foot-and-mouth disease virus (FMDV; like poliovirus, a picornavirus) and influenza virus.

Other potential applications would be the genetic stabilization ol other RNA virus vaccinges,

and the devclopment of new, stable attenuated vaccines by precise modulation of replicative
fitness of bacterial or protozoan pathogens through the deoptimization of synonymous codon
usage of critical singlc-copy genes,




6.

Aylward, .. B., and S, L. Cochi, 2004, Framework for evaluating the risks of
paralytic poliomyelitis after global interruption of wild poliovirus transmission. Bull.
WHO 82:40-46,

Dowdle, W. R, E. de Gourville, O, M. Kew, M. A. Pallansch, and D. J. Wood.
2003. Polio eradication: the OPV paradox. Rev, Med. Virol, 13:277-291.

Kew, O, M., V., Morris-Glasgow, M. Landaverde, C. Burns, J. Shaw, Z., Garib, J.
André, E. Blackman, C, J. Freeman, J. Jorba, R. Sutter, G. Tambini, L.. Venczel,
C. Pedreira, F. Laender, H, Shimizu, T. Yoneyama, T. Mivamura, H. van der
Avoort, M. S. Oberste, D. Kilpatrick, S, Cochi, M, Pallansch, and C. de Quadros.
2002, Qutbreak of poliomyelitis in Hispaniola associated with circulating type 1
vaccine-derived poliovirus. Science 296:356-359.

Kew, O. M., R. W, Sutter, B, Nottay, M. McDonough, D. R. Prevots, L. Quick,
and M. Pallansch. 1998. Prolonged replication of a type 1 vaccine-derived poliovirus
in an immunodef(icient patient. J. Clin. Microbiol. 36:2893-2899.
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and M. A. Pallansch, 2004, Circulating vaccinc-derived polioviruses: current state of
knowledge, Bull, WHO 82:16-23,

Khetsuriani, N., D. R, Prevots, L. Quick, M. E, Elder, M. Pallansch, O. Kew, and
R, W. Sutter. 2003. Persistence of vaccine-derived polioviruses among
immunodeficient persons with vaccine-associated paralytic poliomyelitis. J. Infect.
Dis. 188:1845-1852.

Ren, R., E, G. Moss, and V., R, Racaniello. 1991, [dentification of two determinants
that attenuate vaccine-rclated type 2 poliovirus. J, Virol, 65:1377-1382,

Strebel, P. M., R. W. Sutter, 8. L. Cochi, R. J. Biellik, E. W. Brink, O. M. Kew,
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0. Previous pertinent articles
The original article on codon-deoptimization was:

Hoekema, A., R, A, Kastelein, M. Vasser, and H. A. de Boer. 1987, Codon
replacement in the PGK T gene of Saccharomyces cerevisiae: experimental approach
to study the rele of biased codon usage in gene cxpression. Mol. Cell Biol. 7:2914-
2924,

Other pertinent codon-deoptimization articles that appeared after the start of our project
were:

Carlini, 1. B., and W, Stephan. 2003, [n vivo introduction of unpreferred
synonymous codons into the Drosophila Adh gene results in reduced levels of ADI
protein. Genetics 163:239-243,

Zhou, J., W. J. Liu, S. W, Peng, X. Y. Sun, and I. Frazer. 1999, Papillomavirus
capsid protein expression level depends on the match between codon usage and IRNA
availubility. J. Virol. 73:4072-4982,

Pionccering articles on codon-optimization were:

Bennetzen, J., and B, Hall. 1982, Codon sclection in yeast. J. Biol, Chem,
257:3026-3031.

Robinson, M., R. Lilley, 8. Little, J. 8. Emtage, GG. Yarronton, P. Stephens, A,
Millican, M. Eaton, and G. Humphreys. 1984. Codon usage can affect cfficiency of
translation of genes in Fscherichia coli. Nucleic Acids Res. 12:6663-6671.

8. Potential applications

» Development of new generation live, attenuated OPV strains with enhanced genetic
stabilitics,

* Development of codon-deoptimized sced strains for [PV and other inactivated
vaccines (e.g., FMDV or influcnza} production suitable for large-scale production in
cngineered host cells for IPV production, but capable of only inefficient replication in
humans, thus creating a biclogical barrier to inadvertent infection of workers in a
vaccine production lacility.

» Opcning a new avenue to develop new live, attenuated vaccines (e.g., for newly
discovered agents such as the SARS coronavirus) or improve the genetic stabilitics of
existing vaccines for RNA and DNA viruses, and bacterial and protozoan pathogens.
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Abstract

We replaced the original capsid region codons of the Sabin type 2 oral poliovaccine strain with
synonymous codons less [requently used in poliovirus genomes, An unpreferred synonymous
codon was used nearly exclusively to code for each of nine amino acids. Codon changes were
introduced into four contiguous intervals spanning 97% of the capsid region. Replicative fitness
in HeLa cells, measuted by plaque size and virus yields in single-step growth experiments, was
inversely proportional to the number of codon-replacement nucleotide substitutions. Virus yields
varied over a ~65-fold range in response to the extent of codon deoptimization. 1In the capsid
region of the most highly modified virus construct, the effcctive number of codons used (N fell
from 56.2 to 29.8, the number of CG dinucleotides rose from 97 to 302, and the G + C content
increased from 48.4% to 56.4%. Replicative fitness of both modified and unmedified viruses
increased with passage in HeLa cells. After 25 serial passages (~50 replication cycles), the
relative fitness of the modified viruses remained well below that of the unmodificd virus and
most codon modifications were preserved. The increased replicative fitness of high-passage

modified virus was associated with the elimination of several CG dinucleotides.
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INTRODUCTION

Codon usage bias, the use of synonymous codons at unequal frequencics, is ubiquitous
among genctic systems (19, 20).  The strength and dircetion of codon usage bias 1s related to
genomic G + C content and the rclative abundance of different isoaccepting tRNAs [reviewed in
{1, 13, 38)]. Codon usage can affcet the efficiency of gene expression. In Escherichia coli (19,
60), Saccharomyces cerevisiae (4, 20), Caenorhabditis elegans (13), Drosophila melanogaster
(306), and Arabidopsis thaliana (8) the most highly cxpressed genes use codons matched to the
most abundant tRNAs (2). By contrast, in humans and other vertebrates, codon usage bias is
much more strongly corrclated with the G + C content of the isochore where the genc is located
(37, 56) than with the breadth or level of gene expression {13) or the number of tRNA genes (21,
23). Despile the weak correlation between codon usage and the levels of gene expression in
mammalian cells (13, 56), mismatch between codon usage and tRNA abundance can sharply
reduce the levels of gene expression. For example, translation of mRNA encoding the 1.1 and 1.2
capsid proteins of papillomavirus is restricted by the prevalence of unpreferred codons in the
message (64). The translational limitation could be overcome in vivo by changing the codon
composition of the L1 and L2 gencs and in vitro by addition of charged tRNAs {64).

Optimization of codon compesition is frequently required for cfficient expression of
genes in heterologous host systems (3, 24, 51, 61). For example, the expression human
immunodecficiency type 1 gpl20 in mammalian cells (3) and Plasmodium falciparum surface
antigens in Pichia pastoris (01) arc ecnhanced by replacing the natural codons with prelerred
codons of the most highly cxpressed genes of the expression system. Conversely, engineered
codon deoptimization can dramatically decrcase the cfficicncy ol gene expression in £ coli (46),

S. cerevisiae (17), D. melanogaster (7), and mammalian cells (64).
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Codon usage bias in human RNA viruscs gencerally appears to be low, and differences in
codon usage are most strongly correlated with genomic G + C content (22), which range from
~35% in rotavirus (14) to ~70% in rubella virus (11). Codon usage in vertchrate genomic DNA
and most cukaryotic RINA viruscs is also shaped by the suppression of CG dinucleotides (25),
Polioviruses and the closcly rclated species C human enteroviruses have moderate (44% to 47%)
(r + C confents in their RNA genomes (5), apparently low codon usage bias (22), and low
abundancc of CG dinucleotides (25, 55).

We have studicd the cffects of altered codon composition on the replicative fitness of
poliovirus type 2. Polioviruses are small (28 nin diameter), non-cnveloped viruses whose single-
stranded genome is enclosed in a capsid of 60 identical subunits arranged in icosahedral
symmetry. Their positive-stranded genomes (~7500 nt) can serve directly as a messenger RNA,
which is translated as a large (~250 kD) polyprotein from a single open reading frame (ORF).
The polyprotein is co-translationally processed in a proteolytic cascade catalyzed by virus-
cncoded proteases, producing at least 10 distinet [inal cleavage products. Polioviruses grow
rapidly in a wide variety of cultured human and simian cclls, yielding 10° to 10 infectious
particles per infected cell in ~ 8 hours. As with other RNA viruses, the poliovirus replicasc lacks
proofreading activily and consequently has a very high rate of base misincorporation [~10 * basc
substitution per base pair per replication (10, 12)]. Because poliovirus causcs acute infection of
lymphoid tissuc of the small intestine and oropharynx, and is normally spread hy person-to-
person transmission (53), poliovirus replication under natural conditions is probably nearly
continuous. The poliovirus genome evolves at the exceptionally high rate of ~107° nucleotide
substitutions per site per year during replication in humans (31, 62). Most of the substitutions

are transitions at synonymous third codon-positions (31, 62), and codon usage among
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polioviruses (27, 55) and the closcly related species C enteroviruses (5} is conscrved.
Paolioviruscs exist as three stable serotypes, and for cach serotype strains with reduced replicative
fitness (the “attenuated” Sabin oral poliovirus vaccine [OPV] strains) have been used throughout
the world as live virus vaceines (53).

In this study, we replaced the natural codons of the Sabin type 2 (Sabin 2) OPV strain
(49, 55) with synonymous unpreferred codons in scquences encoding the capsid proteins. Virus
plaque size and yield in cclf culture decrcased in proportion to the number of unpreferred codons
incorporated into the capsid sequences, The altered codon composition was largely conserved
during 25 serial passages in Hela cells. Fitness for replication in HelLa cells of both the
unmodificd Sabin 2 and modified constructs increased with higher passage; however, the relative
fitness of the modified constructs remained lower than that of the unmodificd construct. These
obscrvations may be important to the development of improved attenuated RNA virus vaccines

with well-delined levels of replicative fitness and enhanced genetic stabilities.
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MATERIALS AND METHODS

Virus and cells. The Sabin Original + 2 (49) master secd of the Sabin type 2 oral
poliovaccine strain (P712 ch 2ab) was kindly provided by R. Mauler of Behringwerke AG
(Marburg, Germany), Virus was grown at 35°C in suspension cultures (48) of S3 HeLa cclls
(human ccrvical carcinonia cells; ATCC CCL- 2.2) or in monolaycr cultures of HeLa (ATCC

CCL-2), and RD (human rhabdomyosarcoma cells; ATCC CCL-1306) cells.

Preparation of infections Sabin 2 clones. Poliovirus RNA was cxtracted from 250 pl of

ccll culture lysate (from ~75,000 infected cells) by using TRIZOL, 1S reagent (Life
Technologies, Rockville, Md.) and further purified on CENTRI-SEP columns (Princeton
Separations, Adclphia, N.JI.}. Full-length ¢cDNA was reversed transcribed (42°C for 2h) from ~1
g of viral RNA in a 20 pl reaction containing 500 &M dNTP (Roche Applied Science,
Indianapelis, Ind.), 200 U Superscript IT Reverse Transcriptase (Lifc Technologies), 40 U
RNasc-inhibitor {(Roche), 10 mM dithiothreitol, and 500 ng primer S2-7439A-B
[CCTAAGC(T)CCCCGAATTAAAGAAAAATT TACCCCTACA] (9) in Superscript 11
buffer, After reverse transcription, 2 U RNase H (Roche) was added and incubated at 37°C for
40 min. Long PCR amplification of viral cDNA was performed using Tagllus Prceision
(Stratagene, La Jolla, Calif.) and AmpliwWax PCR Gem 100 beads (Applied Biosystems, Foster
City, Calif.} for “hot start” PCR in thin-walled tubes. The bottom mix (50 ul} contained 200 pM
each ANTP (Rochc) and 250 ng each of primers $2-7439A-B and §2-1S-C
(GTAGTCGACTAATACGACTCACTATAGGTTAAAACAGCTCTGGGGTTG) in TagPlus
Precision buffer. A wax bead was added to each tube, and samples were heated at 75°C for 4

min and cooled to room temperature. The top mix (50 pl) contained 2 pl of the cDNA and 10 U




9

10

11

12

14

15

16

17

18

19

20

21

22

23

TaqgPlus Preeision in TagqPlus Precision buffer, The samples were incubated in a thermal cycler
at 94°C for 1 min and then amplified by 30 PCR cycles (94°C for 30 s, 60°C for 30 s, and 72°C
for 8 min), followed by a final 94°C for 1 min and final extension of 72°C for 20 min.

PCR products were purificd using QIAquick PCR purification kit (Qiagen, Valencia,
Calif)) and sequentially digested for 2 h at 37°C with restriction enzymes Sal [ and Hind III prior
to gel purtfication. PCR products were ligated to pUCT9 plasmids following standard methods
(50) and ligated plasmids were transformed into XL-10 Gold supercompcetent E. coli cells
(Stratagene) according to the manufacturcr’s instructions. Colonics were screcned for
recombinant plasmids on X-gal indicator plates (50) and ¢ white colonies werc transferred to 1.5
ml Luria-Bertani broth containing 50 pg/ml ampicillin {(LB/amp) (Roche). Plasmids were
purified using QIAprep Spin Miniprep columns and scquences of the inserts were determined by
cycle sequencing using an automated DNA sequencer (Applied Biosystems, Foster City, Calif.)
(31). The full-length viral insert was sequenced in hoth orientations using overlapping sense and
antiscnsc primers spaccd ~500 nt apart. Selected clones were grown in 50 ml LB/amp, and
recombinant plasmids were purified using the QIAfilter Plasmid Maxi kit.

Virus Preparation. Plasmids were linearized with Hind 11T and gel-purified prior to
RNA transcription from 1 pg of plasmid DNA using the Megascript 17 In Vitro Transcription kit
(Ambion, Austin, Tex.). RNA yields were estimated using DNA Dipsticks (Invitrogen,
Carlsbad, Calif) and RNA chain length was analyzed by electrophoresis on 1% formaldchyde
gels prior to transfection. RD cells were transfected with transcripts of viral RNA by using Tfx-
20 (Promega, Madison, Wis.). Briefly, scmi-confluent RD cells in 12-wcll cell culture plates
were inoculated with 500 1 MEM (MEM incomplete) (Life Technologies) containing 0.1 pg

viral RNA transcript and 0.45 ul Tfx-20 Reagent. Plates were incubated for 1 h at 35°C prior 1o
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addition of 1.5 ml MEM complete [MEM incomplete supplemented with 100 U penicillin and
100 pg streptomyein, 2 mM L-glutamine, 0.075% NallCO,, 10 uM HEPES (pH 7.5)] (Lifc
Technologies) containing 3% fetal calf serum (FCS; HyClone, Logan, Ut.). Negative controls
were performed using RNA transcribed from pBlueseriptll SK+ (Stratagene) containing a viral
insert truncated at basc 7200 by digestion with BamHI and transcribed in a reversce orientation
from a T3 promoter. Complete CPE was observed afler incubation at 35°C for 18 20 h at which
point 400 pl from the transfected wells were transferred 1o a confluent RD cell monolayer in 75
cm’ flasks containing MEM complete. Complete CPE was observed after 24 h in the second
passage, and virus was liberated from the infected cells by three freeze-thaw cycles and
clarification by centrifugation for 15 min at 15,000 x g. Conltrol wells werc passaged once and
monitored for 72 h post-transfcction, The sequences of all virus stocks were verified by RT-PCR
amplification of two large overlapping fragments and subscquent scquence analysis of the PCR
product.

Site-Directed Mutagenesis. Singlc-base substitutions were introduced by using the
QuikChange Site-Dirccted Mutagencsis Kit (Stratagenc) following to the manufacturers’
protocols. Briefly, two complementary primers containing the desired mutation were designed
for PCR amplification of the plasmid containing the Sabin 2 inscrt. Amplification was
performed using Pfu Turbo DNA polymerase on 5 ng of template DNA for 15 cycles at 95°C for
30 s, 50°C for | min, and 68°C for 23 min. PCR produets were digested for 1 h at 37°C with 10
U of Dpn I prior to transformation in XL-1 Blue Supercompetent cells. Colonies were grown
and screened by scquencing as described above.

Assembly PCR. Multiple base substitutions were introduced by assembly PCR (52).

Primers werc designed to span the region of interest with complementary 40-mers overlapping
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by 10 nt on each end. A first round of assembly (30 PCR cyclcs of 94°C for 45 5, 52°C for 45 s,
and 72°C for 45 s) was performed with a 20 ul reaction mixture containing Taq Plus Precision
buffer, 10 U Taq Plus Precision, 5 pmolcs of cach primer, and 200 pM dNTP. A second round
of assembly (25 PCR cycles of 94°C for 45 s, 50°C for 45 s, and 72°C for 2 min) was performed
using the outermost sensc and antisensc primers in a 100 pl reaction mixture in Tag Plus
Precision buffer containing 2 ul of product from the first assembly round, 10 U Taq Plus
Precision, 200 ng of each primer, and 400 uM dNTP. PCR products were colunmn purified prior
to dipestion, ligation, and transformation into X1.-10 gold supcrcompetent cells. Clones were
grown and sercened by sequencing of insert as described.

Plaque Assay. Plaque assays were performed by a modification of previously described
methods (62). Bricfly, confluent Hel.a cell monolayers in 100 cm? ccll culture dishes were
washed, inoculated with virus in MEM incomplete, and incubated at room temperature for 30

min priot to the addition of 0.45% ScaKem LE Agarosc (BioWhittaker Molecular, Rockland,

Me.) in MEM complete containing 2% FCS. Plates were incubated for 60 h at 35°C, fixed with
(.4% formaldehyde and stained with 0.1% gentian violet, Plaque size was quantificd by
scanning plates on a FOTO/Analyst Archiver system (Fotodyne, Hartland, Wis,) and subscquent
image analysis using Scion Image for Windows (Scion Corp., Frederick, Md.).

Single-step growth curves. 53 HeLa suspension cells (1 X 107) were infected at a

multiplicity of infection (moi) of § PFU/cell with stirring for 30 min at 35°C. After 30 min, cclls

were sedimented by low-speed centrilugation and resuspended in 2.5 ml warm complete media
SMEM containing glutamine, 5% FCS, penicillin-streptomyecin, and 25nmiM HEPES (pH 7.5).

Incubation continued at 35°C in a water buth with orbital shaking at 300 rpm. Samples werc
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withdrawn at 2-hour intervals from O to 14 hours postinfcction, and titered by plaque assay at
35°C.

Construction of recombinant clones. Our Sabin 2 infectious clone, S2R9 (4BCD
construct), differcd from the published sequence of a reference Sabin 2 strain (45) at 4
synonymous third-codon positions: Gagi (in VP1 region; A replaced to introduce an Eagl site)
T30z (in VP1 region; A replaced to introduce a Xhol site), Tazeq (in 2C region), Asgao (in 3CP°
region), This modified construct was used as our reference Sabin 2 strain. Rccombinant clones
having different combinations of blocks of replacement codons were construeted using standard
methods (28).

RNA sccondary structure analysis. Prediction of the secondary structure of the original
and codon-dcoptimized RNA templates was performed using the MFOLD program (34).

In vitro translation. RNA transcribed from rccombinant plasmids was translated in
vitro in rabbit reticulocytes lysates (Promega, Madison, Wis.) supplemented with Hel.a cell
extract.

Serial passage of recombinant virus in HeLa cells. Poliovirus constructs S2R9,

S2R19, and S2R23 were scrially passaged in Hel.a cell monolaycers in T75 flasks at 35°C for 36

h, at an input ol ranging from 0.1 PFU/ccll to 0.4 PFU/cell.
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RESULTS

Codon usage in poliovirus. Mononucleotide and dinucleotides [requencies, and codon
usage were analyzed in the original reports of poliovirus genomic sequences (27, 43, 47, 55).
The mono-, di-, and trinucleotide frequency patterns arc similar for the three Sabin strains (55)
and appear to be generally conscrved across poliovirus genotypes (18, 26, 29, 30, 33, 62) and
human enterovirus specics C serotypes (5). As with other enteroviruses, the component bascs in
the Sabin 2 ORF are present in approximately equal proportions [24.0% U, 22.9% C, 29.9% A,
and 23.1% G (45, 55}], thus permitting a low bias in codon usage (38). Indeed, all codons arc
uscd in poliovirus ORFs (55), and the overall degree of codon usage bias is low (22). One
measure of codon usage bias is the number of cffective codons (N¢), which can vary from 20
(only onc codon used for cach aminoe acid) to 61 (all codons uscd randomly) (59). The N¢ values
[or Sabin 2 arc 56.0 for the capsid region and 54.6 for the complete ORF. As with thc genomes
of vertebrates and nearly all RNA viruses (25), the dinucleotide CG is suppressed in the Sabin 2
genome (55), and the observed pattern of codon usage reflects this CG suppression (Table 1).

Stratepy for codon replacement, Despite the low overall bias in codon usage in Sabin
2, some synonymeus codons are used at much lower frequencics than others (Table 1), To
cxamine codon usage in Sahin 2, we replaced the preferred codons for cach of nine amino acids
with a synonymous unpreferred codon (Table 1). The codon replacements were introduced only
within the capsid scquences, because those sequences uniqucely identify a poliovirus or
enterovirus scrotype (5, 16, 30, 62), as both noncapsid and 5-UTR rcgion scquences are
cxchanged out by recombination with other species C enterovirusces during poliovirus circulation

(5, 16, 30, 62). Because codon usage bias was very low for most two-fold degencrate codons
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(cxcept codons for His and Tyr), we replaced only six-fold, four-fold, and three-fold degenerate
codons. Synonymous codons for nine amino acids were replaced by a single unprefcrred codon:
CUU for Leu, AGC for Ser, CGG for Arg, CCG flor Pro, GUC for Val, GCG for Ala, GGU for
Gly, and AUC for ilc (Table 1), Whenever possible, we chose codons with G or C at degencrate
positions, in order to incrcase the G + C content of the modified viral genomes.

Codon replacements were introduced into a full-length infectious eDNA clone derived
from Sabin 2 (Fig. 1), The recombinant insert diffcred in sequence from the reference Sabin 2
strain (41, 45) at two synonymous third-position sitcs (ACA16> ACG and CCAg—~> CCT)
modificd to introduce unique Eagl and Xhol restriction sites, Replaccment codons were
mtrodueed into S2ZRY within an interval (nt 748 to 3303) spanning all but the last 27 codons of
the capsid region. The capsid interval was divided into four mutagenesis cassettes: A (nt 657 to
1317; 661 bp), B (nt 1318 to 2102; 785 bp), C (nt 2103 to 2615; 513 bp), and D (nt 2616 to
3302; 687 bp) (Iig. 1). Mutagenesis cassette A, bounded by restriction sites BstZ171 and Avrll,
includes the last 91 bp of the 5’-untranslated region (S“UTR), but no 5-UTR sequenccs were
modified in casscttc A. Within each cassette, synonymous codons for the nine amino acids were
comprehenstvely replaced cxcept at positions where replacement would have gencrated an
unwanted rcstriction site. Unmodified cassettes werce identified by uppercase italic letters; the
corresponding cassettes with modified codons were identificd by lowercasc italic letters, Thus,
the reference Sabin 2 clone, S2R9, was identificd as ARCPH, and the [ully modificd construct
{clone S2R23), was identified as abed (Fig. 1).

The modifications dramatically altered the mono-, di-, and trinucleotide {codon)
frequencics in the capsid region (Tables 1 and 2). In the fully modificd construct, abed, ncarly

balf (427/879; 48.6%) of the capsid rcgion codons were replaced, and a total of 544 substitutions
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(90 first codon position, 44 sccond position, and 410 third position) were introduced into the
2555 mutagenized capsid region nueleotides (supplementary table). Compared with ABCD, the
Ne values in the capsid region of abed fell from 56.2 to 29.8, the number of CG dinucleotides
rose from 97 to 302, and the %G + C increased from 48.4% 10 56.4% {Table 2). Thesc changes
wcre nearly uniformly distributed over the mutagenized capsid region (Fig. 1; Table 2).

Growth properties of codon-replacement constructs. The growth properties of the
virus constructs (Fig. 2) in cultured cells at 35°C were measured by plague assays on HeLa cells
{Fig. 3) and single-step growth experiments in Hel.a cells (Fig. 4).

(i) Plaque assays. Dcscribe cxperiment: Virus from in vitro transeripts transfected into
HcLa cells, titered, and used to infect Hel.a cells, plaque assays on Hela eclls (35°C 60 h).  An
approximately lincar inversc relationship was observed between mean plaque arca in Hela cells
and the number of nucleotide changes in the capsid region (Fig. 3). Similar inverse Jincar
relationships werc observed when the abscissa was rescaled to the number of replacement
codons or to the number of CG dinucleotides (supplementary material}. There was no strong
polarity to the cffccts of codon replacement within the capsid region, as introduction of
replacement codons into any comhination of the four casscttes reducced plaque areas
approximately in proportion to the total number of replacement codons. However, replacement
of codons into VP1 (casscttc D) appeared to have slightly stronger effects than replacement
elsewhere (Fig. 3). Codon replacement in three or four cassettes generally conferred a minute-
plaque phenotype (mean plague area <25% that of the unmutagenized ABCD prototype), and the
mean areas of the observed plaques of the abed construct were ~9% of the ABCD prototype (Fig,

3). An exception was the abeD construct, which had a greater mean plaque area (~38% that of
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the ABCD prototype) than the Abed, uBed, and abCd constructs, underscoring the stronger
mnfluence upon plaque size of codon replacement within VP1,

Measurement of plaque areas and total plaque number became increasingly difficult as
plaque sizc decreased. The diameters of poliovirus plaques are typically heterogeneous, and this
heterogencity wus observed with the plagues of all constructs. Precise measurement was most
difficult with the smallest of the minute plaques, as was discriminating very minute plaques from
otber small defects in the cell monolayers. Extended incubation of plague cultures to 72 h
increascd plaque diameters but did not markedly increase the plaque counts. Virus titers of all
constructs were also determined by limit dilution infectivity assays in HEp-2(C) cells, yiclding
titers in good agreement with those obtained by plaque assay (data not shown).

(if) Single-step growth experiments. A plaque is the result of several cycles of
replication, which cffectively amplifies any difference in replication rate. To cxamine the
relationship between plaque size and virus yield, single-step growth experiments (input moi: 5
PFU/cell) were performed in Hela cells at 35°C and the burst sizes were determined by plaque
assay. Mecan virus yields fromn the single-step growth experiments generally decreased as the
numbet of replacement codons increased (Fig, 4). Virus yields werc higbest (-200 PFU/ccll) for
the ABCD prototype and constructs ABeD and «BCD, Yields were 4- to 8-fold lower with
constructs ABCd abCD, and ABcd, 12- to 24-fold lower with constructs abeD and aBed, 30- to
45-fold lower with constructs Abcd and abCd, and ~65-fold lower with construct abcd.
Maximum plaque yields were obtained at 10-12 h for all constructs (Fig. 4).

Physiclogical properties of codon-replacement_ constructs. Table: particle yields,
particle/PFU ratios; Fig.; Intraccliular viral proteins. Work in progress.

In vitro translation. Fig, Work in progress..
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Predicted RNA sccondary structurcs of codon-replacement construct genomes, M-
FOLID analysis (34, 39, 58). Work in progress.

Stability of the mutant phenotypes. We examined the stability of the plaque and
single-step growth yicld phenotypes during serial passage in Hel.a cells, Three constructs were
studied: ABCD (unmodified prototype), ABCd (modified VP1 region), and abed (modified
Pl/capsid region). Each virus was passaged 25 times (35°C for 36 h) in Hel.a monolayers with
the input moi varying from 0.1 to 0.4 PFU/cell; cach passage represented at least two rounds of
replication. At cvery fifth passage, virus plaque yiclds, plaque arcas, and the genomic scquences
of the bulk virus populations were determined, and the 1moi was readjusted to ~0.1 PFU/cell.

All three constructs evolved during serial passage, as measurcd by increasing plaque size,
Increasing virus yield, and changing genomie sequences (Table 3; Fig. 5). Evolution of the
ABCD prototype was the lcast complex. Plaque arcas increased ~6-fold from passage 0 to
passage 15, and this was accompanied by nucleotide substiiutions at 6 sites. By contrast, virus
yiclds increcased 2.5-fold over the 6 passage intervals. A Cig30—> T substitution was fixed by
passage 3, and the five other substitutions were fixed by passage 20. Mixed bases were found at
passage 5 (Copoe>T), passage 10 (Cigz4> T Gasge™>A; Gsspi™A) and passage 15 (Assip>T). We
found no cvidence of back mutation or serial substitutions at a site. All substitutions mapped to
the coding region, and 2 of 6 (33%) mapped to the capsid region, which represents 35.4% of the
genome. In distinct contrast to the pattern of poliovirus evolution in umans, where the large
majority of base substitutions generatc synonymous codons (31), all six of the obscrved basc
substitutions (4 at the second codon position and 2 at the first codon position) generated amino

acid replacements (Table 3). None of the substitutions involved loss of a C( dinucleotide.
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Evolution of the codon-replacecment constructs was much more complex and dynamic. In
construct ABCd, 4 of the 8 (50%) variahlc positions mapped to VP1 (12.1% of gecnome), and 3 of
these 4 mapped within the replacement-codon d interval (9.2% of genomce) (Table 3).
Substitutions at half of the positions involved the apparent loss of CG dinucleotides (3.7% of
total genome), although in all instances the loss was incomplete. One d interval substitution
(Ga120~> A) climinating a CG dinucleotide represcnted a back mutation to the original
synonymous codon, A sccond d interval substitution (Garse— A) reduced the frequency of a CG
dmucleotide hy Hel.a passage 10, but the CG pair was largely restored by Hela passage 25.
Another substitution (Cssz7— T), which resulted in the partial loss of a CG dinucleotide, mappced
just downstream from the o interval. Two adjacent substitutions, mapping to positions 3808 and
3809 in 2A, resulted in a complex pattern of substitution involving first and second positions of
the same codon, which may have gencrated a CGT codon as an intermediate. The ABCd
construet resembled the ABCD prototype in that substitutions in 6 of the 8 gencrated amino acid
replacements. By contrast, the ABCd construct differed markedly from the ABCD prototype
because the dynamics of substitution had apparently not stabilized hy passage 25, and mixed
bascs were found at all 8 positions of variability (Table 3). The active sequence evolution was
accompanicd by steadily increasing plaque areas over a ~6-fold range, while virus yields
fluctuated over a narrow (~2-fold) range (Fig. 5).

Evolution of the abed construct was the most dynamic, with 13 sites of variability, Most
(11/13; 84.6%) of the variable sites mapped to the capsid region, all within the codon-
replacement interval, 8 within VP1 and 3 within VP2 (Table 3). As with the other constructs,
most (8/13; 61.5%) of the substitutions encoded amino acid replacements, Substitutions at 6

sites involved partial, transient, or complote loss of CG dinucleotides, As in the ABC construct,
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a Gapp—> A substitution eliminated a CG dinucleotide and restored the original Sabin 2 base.
Interestingly, this same reversion was observed in 8 other independent passages of the abed
construct (data not shown), The two variablc sites outside of the capsid region (one in 2A, the
other in 2C) stabilized with new substitutions by HeLa passage 20, whereas 8 of the 11 varlablc
sifcs within the capsid region still had mixed bases at passage 25. Apart from the site of
reversion at position 3120, all other variable sites differed between the ABCD, ABCd, and abed
constructs. No net changes were obscrved at site Aqgy (in the 5-UTR), and Ujggs (in the VP1
region}, known to be strongly selected against when Sabin 2 replicates in the human intestine
(32, 35, 62, 63).

Most (9 of 13) of the capsid amino acid replacements mapped within or near surface
determinants forming neutralizing antigenic sitcs. For example, four replacements mapped to
site 1, four to site 2, and cne to sitc 4 (Table 3). Although surface determinants arc generally the
most variable (55), amino acid replacements also occurred in naturally variable non-surface
residues in VP (Lys>Glu) and 2A™ (Ser>Arg). Most of the synonymous mutations mapped 1o
conserved amino acid positions. However, scveral of the amino acid replacements, including S
of the 6 in the ABCD construct, were substitutions to non-consensus residucs (Table 3), Plaque
arcas increased ~15-fold from passage 0 to passage 15, and virus yields increasced ~4-fold

between passages 5 and 10 (Fig. 5).
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VP1 (0.3% to 1.6% of capsid codons) with CGG [among the lcast preferred codons in poliovirus
(55)] did not result in any apparent reduction in plaque arcas, The requircment for multiple
codon replacements for impairment of gene cxpression is consistent with the results of codon
replacements 1n the phosphoglycerate kinase gene of ycast (17) and in the L1 and 1.2 capsid
protein genes of bovine papillomavirus (64). By contrast, introduction of 1, 6, and 10 strongly
unpreferred CUA-Leu codons into the 5-region of the alcohol dehydrogenase gene of
Drosophila resulted in significant reductions in enzyme activity (7).

Although fitness of the ABCd and abed constructs increased during scrial passage in
Hel.a cells, the virus yields of the ABCd and abed derivatives werc still below that of the
unmodificd ABCD construct, However, the sclection experiments were complicated by the
scquence and fitness evolution of the reference ABCD construct, along with the ABCd and abed
construets, during passage in HeLa cells. It is known that Sabin 2 accumulates mutations during
propagation in cell culture, but the substitutions obscrved here arc distinet from those previously
deseribed (54). Perhaps more significantly, the substifutions accumulating in the ABCd and abed
derivatives during ccll culture passage were distinct froni those frequently selected during
replication of the Sabin 2 strain in the human intestine, which is primarily associatcd with
changes al two positions (Gag1—> A in the 5“UTR and leiss— Thr in VP1) (41, 44, 63). It
appears likely that multiple substitutions contribute to the obscrved phenotypes of the codon-
deoplimized constructs, and that full reversion to increased replicative fitness is a mullistep
process involving changes at multiple sites whose individual sclection cocfficients may be small
(7).

A combination of mechanisms may contribute to the observed reduction in fitness of the

codon-deoptimized constructs. The depletion of the tRNA pools may result in ribosomal pausing
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at unpreferred codons, which may have several different physiological effects including
incrcased costs of translational proofreading (6), amino acid misincorporation (40), frameshifting
(15), premature polypeptide chain termination (40), degradation of the RNA template (17), and
possible disruption of the closcly synchronized co-translational protcolytic processing of the
poliovirus polyprotein (42).

The biclogical basis for CG suppression in RNA viruses is poorly understood (25).
Howcver, upon codon deoptimization, CG shifted from the least abundant dinucleotide in ABCD
[181] to the most abundant in abcd [386]. In at least six mutational events during serial passage
of the ABCd and abced constructs, selection against CG dinucleotides was apparently sufficiently
strong to overcome the general tendency for amino acid conservation in the poliovirus capsid,
although most of the changes mapped in or near variable antigenic sites. The presence of
additional CG dinucleotides was so destabilizing that 1t led to a broader distribution of
mutational variants within the populations of ABCd and abed derivatives.

It may be possible to further deoptimize the Sabin 2 capsid sequences. Additional [c.g.,
AUA (Ile), AAA (Lys), and CAU (Ilis)] and redesigned [e.g., UCG (Scr)] codon substitutions,
better inatched to the least abundant tRNA genes in the human genome (21), may further impair
translational efficiency and reduce replicative fitness. Additional CG dinucleotides may be
incorporated into the ORF by uniform replacement of degencrate third-position bascs with C
when the first base of the next codon is G. Replacement of codons speceifying conserved amino
acids may further stabilize the reduced fitness phenotype, as only synonymous mutations are
most likely to confer increased f{itness. Although additional capsid substitutions may have
measurable cffects, we do not anticipate that the additional fitness losses to be as large as those

alrcady obscrved. Biological effects may be more dramatic if codon deoplimization 1s extended
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to the noncapsid region, representing ~54% of the poliovirus ORF, However, comprehensive
deoptimization of the entire poliovirus ORF may reduce fitness below the threshold of viability.

Modulation of RNA virus replicative fitness by codon deoptimizatien may have possible
application for producing RNA viruses with stabilized phenotypes of reduced replicative fitness.
If the observed fitness reductions in the codon-deoptimized constructs arc the cumulative cffects
of many individual substitutions, full phenotypie reversion may require numercus mutational
steps occurring over many replication cycles. Such constructs would likcly be morc stable than
most RNA virus point mutants (57), and might have potential application to the genetic

stabilization of live, attenuated RNA virus vaccines.
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Table 1. Codon usage in mutagcenized capsid interval and complete open reading frame

n both unmodificd and deoptimized Sabin 2 genomes

? ]
: _ Codon usage (number) L
Capsid interval Complete ORF i
(nt 748 to 3303) (nt 748 107368} :
Amino Construct o .
acid Codon’ ABCD” abed’ ABCD abed
Lew | UTA 9 1 25 17
LUG 18 2 40 24
CLU 4 55 22 73
CUC 7 0 27 20
CUA 7 1 33 27
UG 14 0 25 11
ser [ UCU 8 0 19 T
ucc 14 2 33 21
CCA 8 | o 4 25 |
ueG | 0 8 )
AGU 10 0 26 6
T AGe 0 63 20 "]
Arg CGU 0 0 3 3]
o cae L 0 13 2]
CGA & 0 7 3
CGG 2 39 7 44
AGA 17 0 45 28 |
AGG 5 | o 23 18
Pro CCU 12 2 18 g
cece 19 0 32 13 _
CCA 21 e 0 . 53 iz |
CCG 9 59 1 19 69
Thr ACU 20 o . 47 27
CACC 24 1 ,- 55 32
o ACA 20 0 ' 47 27 _
ACG [1 74 i 17 80 »
val | GUU 17 0 ' 40 23
[ GUC 10 55 21 66
GUA 10 1 4 5
GUG 20 1 55 36
Ala__|GCU D9 0 49 30
IR C C CRRT: 0 40 %
GCA 23 0 61 38
GCG | o 66 17 73




Table 1. (continued)

Gly jGGU | 14 52 42 '. 80
| G6GC § 0 30 2
GGA 12 0 38 1 26
GGG 20 2 37 o 19
lle AUU 14 0 59 ] 45
"AUC 15 45 4 77
AUA 16 0 30 14
Phe , UUU 21 21 48 48
“uuC 14 14 36 36
Tyr UAU 16 16 43 43
: UAC 20 21 57 i 57
- Cys UGuU 5 s 22 22
: UGC | 10 10 20 20
His CAU | 6 6 19 19
| CAC 12 12 3 |30
Gln ' CAA 18 18 47 47
CAG 5 9 32 32
Asn - AAU 25 25 52 52
. ]aAC 25 25 61 61
- Lys AAA K 13 64 | 64
: AAG CE 18 | 58 58
Asp GAU | 19 19 e 62
'éac | 23 23 st 51
Glu  iGAA | 16 16 s 57
 GAG |1 19 s6 56
Trp UGG 13 13 28 28
Mct | AUG | 26 26 } 67 67

“ Unpreferred codons used for codon deoptimization are shown in boldface font
p P

" ARCD is construct S2RY, which differs [ron the reference Sabin 2 strain sequence only

at two synonymous third-position sites

© abed is construet S2R23, which has replacement codons across an interval spanning

97% of the capsid region




Table 2. Effective number of codons used (N¢), number of CG dinucleotides, and G+C content in mutagenized capsid region
sequences

N’ No. of CG dinucleotides® %G+C
Length of Muta- Complete Muta- Complete Muta- Complete
mutagenized | genized capsid Complete | genized capsid Complete | genized capsid Complete
Construct” | interval (bp) | interval region’ ORF interval region ORF interval region ORF

ABCD 2555¢ 56.07 56.2 54.6 94 97 181 48.5 48.4 46.0
aBCD 570° 30.8 56.1 56.3 63 140 224 56.0 50.1 46.7
AbCD 785 29.9 531 55.7 89 161 245 56.1 50.7 47.0
ABcD 513 28.2 56.3 56.0 59 143 227 57.0 50.1 46.7
ABCd 687 28.4 54.6 56.5 88 149 233 57.7 50.7 46.5
abcd 2555 293 298 47.3 299 302 386 56.7 56.4 492

@ Constructs corresponded to the following recombinant plasmids; ABCD, S2R9; aBCD, S2R28; AbCD, not constructed; ABcD,
S2R20; ABCd, S2R19; abed, S2R23; N, number of CG dinucleotides, and %G+C of all other constructs can be calculated from table.
% N effective number of codons used (1); one deoptimized codon spanned the Eagl restriction cleavage site and was counted as part
of Fragment D.

¢ One CG dinucleotide spanned the Eagl restriction cleavage site and was counted as part of the Fragment D.




a Complete capsid region: nt 748 1o 3384.
¢ Does not include terminal 91 bases of 5-UTR at 5-end of Fragment A (nt 657 to 747) that were not mutagenized.

7 All values for mutagenized interval for ABCD construct represent baseline data for unmutagenized capsid interval targeted for

codon-deoptimization (nt 748 to 3302).

1. Wright, F. 1990. The effective number of codons used in a gene. Gene 87:23-29.




Table 3. Nucleotide substitutions im ABCD, ABCd, and abcd constructs during passage in tHcla cells

Nucleotide substitutions Aamino
Nt -1 Cedon 4 acid Location in
Construct’ position RD! Hela5 Helal0 Helal5 HelLa20 Hela25 nt’ change™™ o’  subst? Gene Polyproteir!
1439~ U U cC C C C C CCU-CCU G L-P VP2 S NAg2
2609 C U U U U U U GCA»GUA T A=V VPl LNC
ABCD 3424 U U»C C>=1) C C C C UAC—- CAC A Y-H 24 NC
3586 A A G»A G G G G AGA-GGA A R->G 2A NC
5501 A A G>A G G G C AAA-AGA G K»R 3C NC_
5630 A A A A>U U U U  CAG—»CUG G O—L 3C NC
1456 A A>»>G A>G A>G A=G G>A U AAC-GAC C N-=D VP2 S: NAg-2
2776 A A A A>G A>G A>G G AAG-GAG C K—E VPl  $:NAgl
2780 G GrrA A>G G>A G=A GrA G  CGG+CAG G ReQ  VPI S: NAg-1
ABCd 31206 G G G GXA AXG™>C A>C>>G U GCG-GCA A A VPL . IC
377 C C C C>U Cc>u C>U A ACGeALG A ToM VPL LNC
3808 u U U U=C U=C U=>C .
4350 A A>G G>A . G=A G=A G=A C TA-UTUG U L. 2C C
1169 G G GeA A>G GPA G>A G LGGeoCAG A ReQ VP2 - S:NAg4
a7 A A A A L AG GeA .G AAL>GAC G N=>D VP2 - 5:NAg?2
1608 u u U U Uu-C C>U C  GATU—=CGAC A D VP2 I.C
2622 C C C>>U  U>>C C>U C C GUCoGUL G vV VPl I: C
2633 C C C U==C C=>U C T GCG~GUG A AV VPI I NC
2903 A A A A A=G G>A €  AAC>AGC U N->S§ VPl  $:NAg-I
abed 2915 C C C>U  C>U U C>>LU U  GCGeGUG A AeV VPl ~§: ~NAgl
29% A A A A A=G  G>A U AAA>GAA U K-E VPRI LV
32060 G GFA G=A  AXG A>G A>>G U GCG>GCA A A VPl . NC
3121 A A A A>>C A>C A>C G AAA— CAA G K—=Q VP1 I.C
3150 G G G ASG G G C ACG-ACA G T VPl §-NAg2
3480 u =G G>U G>>U G G G AGU— AGG G - 5=R 2A v
4473 G G G A>G A A C AAG— AAA C K. 2C C




Footnotes to Table 3

“ Constructs: ABCD, S2R9; ABCd, S2R19; abed, S2R23.
® Nucleotides immediately preceding (1 nt) and inumediately following (+4 nt) codon
“ Varying nucleotide is shown in boldface

¢ Rightward pointing arrows indicate substitutions that steadily accumulated with increased passage; bidirectional arrows indicate
bidirectional fluctuations among substitutions

¢ CG dinucleotides, including those across codons, are underlined

/ Location of amino acid replacements: S, virion surface residue; NAg, neutralizing antigenic site; ~NAg, adjacent to neutralizing
antigenic site; I, internal capsid residue not exposed to virion surface; NC, non-consensus amino acid; V, variable amino acid

£ Represents direct reversion of engineered codon change




Figure legends

FIG. I, A. Locations of the codon replacement cassetles A-D in the infectious Sabin 2 {S2R9) cDNA
clone. The single open reading frame (ORY) is represented by an open rectangle, flanked by the 5" and 3°
untranslated regions (UTRs). The restriction sites used for construction of the codon replacement
constructs arc indicated at the appropriate positions, in the context of the mature viral proteins. Colored
bars identify replacement codon positions. Location CG dinucleotides (original, gray above; new, black
below) are indicated by asterisks, B, Deoptinuzed codons of cassette D. Original S2R9 Sabin 2 triplets
are shown above the codon-replacement residucs; the deduced amino acids for both the D and d
constructs are indieated above the triplets, Original CG dinucleotides are shown in green, new CG

dinucleotides are shown in blue, CG dinucleotides lost during codon-deoptimization are shown in red.

FIG. 2. Sabin 2 codon replacement constructs. The Sabin 2 genome is represented with open rectangles,
Filled rectangles indicate the locations of individual cassettes, black-filled rectangles indicate cassettes
with rcplacement codons. Unmodified cassettes are indicated by upper case letlers; the corresponding

cassettes with replacement codons arc indicated by lower case letiers,

FIG. 3. A (upper left) Mean plaque area in [eLa colls versus the number of nucleotide substitutions in
the capsid region, Mean plaque areas were determined for plagues on monolayer Hel.a cells after 52
hours incubation at 35°C. The coefficient of determination (R®) for the regression line was 0.88. B,
(upper right} Virus yields (12-hour postinfeetion) of a single-step growth curve versus the number of
nucleotide substitutions in the capsid region. The coefficient of determination (RZ) for the regression line

was 0.94. C. (lower) Plaque phenotypes at 35°C in IlcLa cells.




FIG. 4. Single-step growth curves in HeLLa 83 cells at 35°C. Single-step growth curves were performed
as described in Materials and Mcthods, and burst sizes were determined by plaque assay of HEp-2C cells

at 35°C.

FIG. 5. Virus passage in HeLa cells at 35°C. A. {(upper left) Mcan plaque areas of evolving viruses were
deterimined by plaque assay of HeLa cells after 52 hours incubation at 35°C. B. {(upper right) Virus titers
were determined by plaque assay of Hela cells at 35°C on every fifth passage. C. (lower) Plaque

phenotypes at 35°C in HeLa cells.
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