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Project Summary

Receptor recognition and cell entry by viruses are two initial and essential steps in viral infection cycles.
They are important determinants of viral host ranges, tissue tropisms and pathogenesis, and are primary targets
for human intervention. Coronaviruses (CoVs) pose serious health threats to humans and other animals.
SARS-CoV and MERS-CoV have infected thousands of people with significant fatality, whereas porcine
epidemic diarrhea CoV is currently causing ~100% fatality in piglets. A virus-surface spike protein guides CoV
entry into host cells by binding to its host receptor via its S1 subunit and fusing viral and host membranes via its
S2 subunit. S1 from different CoVs recognizes a variety of host receptors through one or both of its domains
(S1-NTD and S1-CTD), and the S1/S2 boundary is cleaved by host proteases for activation of membrane fusion
by S2. Our previous research has determined a number of crystal structures of CoV S1 domains by themselves
or in complex with their respective receptor, and also shown how proteolysis regulates the cell entry of some
CoVs. Our research has contributed critically to the current knowledge about the molecular mechanisms for
CoV receptor recognition, cell entry, and cross-species transmission. In this competitive renewal of R01, we will
continue to investigate how CoVs exploit host receptors and host proteases for cell entry. This proposal has
three specific aims. Aim 1 examines receptor binding by CoV S1-NTDs. Specifically, we will investigate whether
S1-NTDs from different CoV genera have the same structural fold and evolutionary origin as host galectins
(galactose-binding lectins). We will also examine how CoV S1-NTDs recognize sugar receptors. These studies
will reveal the evolutionary origins of CoV S1-NTDs, enhance understanding of sugar recognition by CoVs, and
may facilitate future design of sugar analogues and subunit vaccines to inhibit CoV infections. Aim 2 focuses on
receptor binding by CoV S1-CTDs. Specifically, we will analyze the interactions between the S1-CTDs of bat
SARS-like CoVs (SLCoVs) and the protein receptor homologues from humans and other animals, and elucidate
how bat SLCoVs transmitted to humans and other animals to cause the SARS epidemic through evolutionary
changes in their S1-CTDs. These studies will provide critical information for understanding emergence potential
of bat SLCoVs and for facilitating epidemic monitoring and control. Aim 3 investigates cell entry by CoVs.
Specifically, we will investigate what host proteases activate CoV entry and how the proteases motifs in CoV
spikes have evolved to modulate CoV entry. These studies will reveal how host proteases regulate CoV entry to
meet their specific need for host range, tissue tropism and pathogenesis, and may facilitate future design of
protease inhibitors to block CoV entry. Overall, this proposal investigates the molecular and structural
mechanisms for receptor recognition, cell entry, cross-species transmission, and tissue tropism of CoVs, which
will lead to novel principles in virology. This research is also important for evaluating the emerging disease
potentials of CoVs and for preventing, controlling and treating CoV infections in humans and other animals.
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Narrative

This research investigates the molecular and structural mechanisms for the receptor recognition and cell entry
of coronaviruses. It explores novel principles governing viral evolution, receptor recognition, cell entry, host
ranges, cross-species infections, and tissue tropisms. These studies are critical for evaluating the emerging
disease potentials of coronaviruses and for preventing, controlling and treating the spread of coronaviruses in
humans or other animals.
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Resources

(1) Laboratory:

Biochemical and structural portions of the proposal will be conducted in Dr. Fang Li’s laboratory at the
University of Minnesota. Dr. Li's laboratory has six benches, each allowing two experimenters to work
simultaneously.

(2) Computers:

We have free access to computers in the Basic Sciences Computing Laboratory at the University of Minnesota.
(3) Other:

Crystallization screens will be performed using Rigaku’s CrystalMation (crystal growth automation equipment).

In house X-ray data will be collected at the Kahlert Structural Biology Laboratory at the University of
Minnesota.

Synchrotron X-ray data will be collected at national synchrotron facilities including the Advanced Photon
Source near Chicago IL and Advanced Light Source at Berkeley CA.

Negative-stain electron microscopic images will be collected with a new FEI electron microscope operating at
300 kV at the University of Minnesota.

Surface plasmon resonance experiments to measure protein-protein binding interactions will be performed
using a Biacore 3000 at the University of Minnesota.

We also have access to the University of Minnesota Masonic Cancer Center Flow Cytometry facility, which

contains BD LSRII and 3 FacsCalibur flow cytometers as well as high-speed cell sorting capabilities up to
22,000 events/sec with the FACSDiVa and FACSAria cell sorters.

Facilities & Other Resources Page 8
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FACILITIES AND OTHER RESOURCES
UNIVERSITY OF NORTH CAROLINA AT CHAPEL HILL-BARIC

Research Environment. The Department of Epidemiology is internationally recognized as a leader in
epidemiologic research and training. The Department offers research training in most specialized areas
including cancer, cardiovascular diseases, environmental and occupational health, health services/clinical
epidemiology, reproductive health and infectious diseases. For the fiscal year 2010/2011, the Department was
awarded in excess of $28 million in sponsored funding (research, training and public service) and ranks in the
top five largest units at the University of North Carolina at Chapel Hill in the area of sponsored research
awards. The department's current faculty consists of 51 regular full-time faculty and 151 adjunct faculty
members. The department has 218 graduate students enrolled, including 20 in the MPH program, 5 in the
MSPH program, 20 in the MSCR program and 173 in the Ph.D. program. The Department of Epidemiology is
headquartered in the four-story McGavran-Greenberg Building, adjacent to Rosenau Hall directly across the
street from the Carolina Vaccine Center in the School of Medicine. The epidemiology administrative and office
space occupies 10,928 sq. ft. and provides additional classroom space. Most of the department's research
staff occupies a research annex consisting of approximately 7,000 square feet of contiguous rental space in a
commercial office building that is a 10-minute walk from McGavran/Greenberg Hall.

BSL2 Facility. Dr. Baric has three laboratories of [tedacted by |equipped as BL2 space for the molecular
biology, virology, immunology and recombinant D techniques proposed in the application in Hooker

Research Center. Equipment includes gel electrophoresis equipment, power supplies, thermal cyclers, a

programmable heat block, heat blocks, water baths, CO, incubators (2), several -70°C freezers, one -140°C

freezer, refrigerators, DNA documentation system, DNA sequencing and computer assisted sequence analysis

programs, several microfuges, two Nikon microscopes with photographic and fluorescent capabilities, several

class 2 environmental hoods, refrigerated water baths, several IBM and Apple Pentium Il/lll computers with

accompanying software, three thermocyclers, a fume hood, Nuclisens reader, hybridization oven, real time

thermocyclers, three fluorescent inverted scopes with computer software (Olympus [X51), and a

spectrophotometer. A Roche Light Cycler 480ll is available for real time measurements. The laboratory has an

ELISA plate reader, an i||umin0meter,|Redacted by agreement; Specific Animal Location |
Bio Rad low pressure chromatography system, ELISA plate washer, spectrophotometers, and other equipment

that is routinely used in characterizing antibody-protein interactions.

BSL 3 Facility. The Baric laboratory contains Redacted by agreement: Speciric Animal Location: | of newly renovated or new

minrs Condame

BSL3 facilities with enhanced features including|Redacted by agreement; Specific Animal Location; Facility Security
FEdactEa by

Redacted by agreement; Specific Animal Location; Facility Security ﬂr::igcemmi

ocation

Redacted by agreement, Spedific Animal | PAPR and tyvek suits are worn at all times in the BSL3 facility. |

| ~rnticn: Coasilibe Comribe

Redacted by agreement; Specific Animal Location

Redacted by agreement; Specific Animal Location | Each facility is
equipped with sterile hoods (BSCIIA), four CO; incubators, gel electrophoresis equipment, thermal cyclers and
power supplies, and related equipment necessary for virus cultivation and molecular genetic research. The
facilities each house a -70C freezer, an inverted Nikon fluorescent microscope with an assortment of filters,

magnifications and digital camera, an ELISA plate reader and illuminometer. [redacted by agreement. Specific Animal Location
Redacted by agreement; Specific Animal Location

Departmental and University Services. The department provides cold-room, autoclave, centralized
dishwashing and a darkroom with an automated developer. The campus has central facilities for DNA
oligonucleotide synthesis, histopathology, DNA sequencing, EM, light and confocal microscopy, automated
PCR genotyping and Tagman facilities, and Fluorescent activated cell sorter facilities (FAC). As a member of
the Department of Microbiology and Immunology and UNC Cancer center, our laboratory has access to these
facilities and receives discounts. The University provides a variety of core services including: sequencing and

Facilities & Other Resources Page 9
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deep sequencing cores, genomics cores, oligonucleotide synthesis cores, hybridoma cores, transgenic cores,
structural biology cores, etc. typical of any world class research institution. Campus wide core facilities are
available for oligonucleotide synthesis, Sanger and 454 sequencing, RNAseq, pathology and histology
services, and Flow Cytometry. |Redat:tedbyagreement;SpecificAnimal Location

|Redacted by agreement; Specific Animal Location |
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Major Equipment

The following major equipments are available at the PI's laboratory or other facilities at the University of
Minnesota:

Protein purification facilities: AKTA prime protein purification system, Pall Minimate concentrator, protein
purification chromatography columns. Protein binding measurement facilities: Biacore 3000, AlphaScreen,
BLITZ, Isothermal Titration Calorimeter. Cell culture hoods: two 4 ft. Thermo Sci Class Il A2 biosafety hoods.
Dishwasher: Miele G7804 lab glass and plastic washer. Freezers: Thermo Sci Revco UltraPlus -80°C, Thermo
Sci Isotemp —20°C. Refrigerator: Thermo Sci chromatography sliding double-door refrigerator. Incubators:
Thermo Sci Excellar E25 incubator/shaker, Thermo Sci MaxQ 4000 incubator/shaker, three Thermo Sci Forma
Steri-Cycle CO, incubators with gas cylinder monitor and two CO, regulators, and two Bellco Bench Top
Incubators with Bellco Rocker Platform, Bellco Orbital Shaker, and Bellco Cell-Production Roller Apparatus.
Microscopy: Leica DMIL inverted-stand microscope with 3.2, 10, 20, and 40X phase objectives and
fluorescence capabilities. Microcentrifuges: Sorvall Biofuge Pico and Sorvall Biofuge Fresco. Table-top
centrifuge:; Sorvall Legend RT plus refrigerated centrifuge with swinging bucket rotor and adaptors for 50, 15,
and 5ml tubes, and 96-well plates. Floor model centrifuge: Beckman Avanti JE with JA-17 and JLA 10.5 rotors.
Sonicator: Fisher Scientific 60 Sonic Dismembrator with Sonabox Accoustic Enclosure. Thermal cycler: BioRad
DNA engine. Plate reader: Molecular Devices SpectraMaxM5 Plate Reader with SOFTmax PRO Software.
Power supplies: BioRad PowerPac Universal, BioRad Power Pac 200, BioRad Power Pac 1000, and EC
Apparatus Corporation EC-150 units. Electrophoresis: Two BioRad Transblot Cells, two BioRad Mini
PROTEAN 3 Cells, two Continental Lab Products 12 cm x 14 cm horizontal electrophoresis devices, 1
Continental Lab Products mini-gel horizontal electrophoresis device, two BioRad Protean Il xi vertical
electrophoresis rigs. Miscellaneous: Mettler-Toledo PB-S/FACT series balance, Denver Instrument Pl series
analytical balance, Fisher Scientific Accumet Basic AB15 pH Meter, and Panasonic Microwave. Bellco pipet
plugger. Biomate 3 spectrophotometer. Thermo Sci drying oven. FEI electron microscope operating at 300 kV.

Kahlert Structural Biology Lab: one RigakuMSC Micromax 007 X-ray generator with a Cr anode, VariMax
Confocal Max-Flux Cr optics, R-axis IV++ image plate, helium cone, and X-stream low temperature device for
ab initio structure solution by sulfur single wavelength anomalous diffraction (S-SAD); one RigakuMSC
Micromax HF X-ray generator with a Cu anode, and two data collection systems; (1) VariMax Confocal Max-
Flux optics, R-axis IV++ image plate, 26 stage, and RigakuMSC XStream low temperature device for high
resolution in-house X-ray data collection; (2) Confocal Blue optics, inverse phi, and Oxford Instruments low
temperature Cryojet for crystal screening; one RigakuMSC Micromax 007 HFM X-ray generator with a Cu
anode, VariMax-HF Confocal Max-Flux optics, an AFC11 goniometer, a RigakuMSC Saturn 944+ CCD
detector, and an X-Stream 2000 low temperature system. Multiple crystal incubators, running at a range of
temperatures, are available for crystallization trials, and multiple stereomicroscopes enable crystals to be
visualized and photographed. Two data processing computers. Rigaku’s CrystalMation (crystal growth
automation equipment).

Basic Sciences Computing Laboratory: three shared memory systems (SGI Altix 3700, SGI Onyx4, Sun V880),
sixteen workstations (linux, SGI, and PC), and all major software for structural biology.
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BIOGRAPHICAL SKETCH

NAME: Fang Li

POSITION TITLE: Associate Professor with Tenure

eRA COMMONS USER NAME (credential, e.g., agency login): fRA Commons User Name

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, include postdoctoral training and residency
training if applicable. Add/delete rows as necessary.)

DEGREE Completion Date
INSTITUTION AND LOCATION (if applicable) MMAYYYY FIELD OF STUDY
. . . Biochemistry and
Beijing University, Beijing, China B.S. 07/1996 Yy

Molecular Biology
Molecular Biophysics

Yale University, New Haven, CT Ph.D. 05/2002 . .
and Biochemistry
Yale University, New Haven, CT Postdoctoral 06/2002 - Structural Biolo
Y ’ 06/2003 oy
Harvard Medical School, Children’s Hospital, 07/2003 - .
Boston, MA Postdoctoral 12/2006 Structural Virology

A. Personal Statement.

As a structural and molecular biologist, | study host receptor recognition and host cell entry of viruses. |
received rigorous training in X-ray crystallography from Nobel Laureate Thomas A. Steitz at Yale and NAS
member Steven C. Harrison at Harvard. | have an established program of research in the structural and
functional studies of host receptor recognition and host cell entry by coronaviruses. | have done pioneering
work on the receptor recognition and cell entry of SARS and MERS coronaviruses, which have revealed the
animal origins and cross-species transmissions of SARS and MERS coronaviruses.

My other work includes novel structure determinations of the receptor-binding proteins of human NL63
respiratory coronavirus, mouse hepatitis coronavirus, and bovine coronavirus, in addition to the receptor-
binding proteins of SARS and MERS coronaviruses. My group has also identified the host receptors for bat
coronavirus HKU4 and porcine epidemic diarrhea coronavirus, and elucidated the cell entry mechanisms for a
number of coronaviruses.

Overall, my research has elucidated how coronaviruses transmitted from animals to humans to cause viral
epidemics, and how coronaviruses exploit different host receptors and other host factors to expand their host
ranges and regulate their tissue tropisms. | use multidisciplinary research tools such as structural biology,
protein biochemistry, molecular virology, and vaccine design. My long-term goals are to identify novel
principles in virology that govern viral evolution, receptor recognition, cell entry, cross-species transmission
and epidemics, and to develop novel therapy strategies to treat viral infections in humans.

1. Li, F., Li, W., Farzan, M., Harrison S.C. (2005) Structure of SARS coronavirus spike receptor-binding
domain complexed with receptor. Science, 309, 1864-1868 (PMID: 16166518)

2. Wu, K., Li, W., Peng, G., Li, F. (2009) Crystal structure of NL63 respiratory coronavirus receptor-
binding domain complexed with its human receptor. Proceedings of the National Academy of Sciences
USA, 106, 19970-19974 (PMID: 19901337; PMCID: PMC2785276)

3. Peng, G., Sun, D., Rajashankar, K., Qian, Z., Holmes, K., Li, F. (2011) Crystal structure of mouse
coronavirus receptor-binding domain complexed with its murine receptor. Proceedings of the National
Academy of Sciences USA, 108, 10696-10701 (PMID: 21670291; PMCID: PMC3127895)

4. Yang, Y., Du, L,, Liu, C., Wang, L., Ma, C., Tang, J., Baric, R.S., Jiang, S., Li, F. (2014) Receptor usage
and cell entry of bat coronavirus HKU4 provide insight into bat-to-human transmission of MERS
coronavirus. Proceedings of the National Academy of Sciences USA, 111, 12516-12521 (PMID:
25114257: PMCID: PMC4151778)
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B. Positions and Honors.

1996 — 2002 Ph.D. Student, Department of Molecular Biophysics and Biochemistry, Yale University,

(Advisor: Nobel laureate Dr. Thomas A. Steitz), New Haven, CT

2002 - 2003 Postdoctoral Fellow, Department of Molecular Biophysics and Biochemistry, Yale

University, (Sponsor: Dr. Thomas A. Steitz), New Haven, CT

2003 - 2006 Postdoctoral Fellow, Department of Biological Chemistry and Molecular Pharmacology,

Harvard Medical School, Boston Children’s Hospital (Sponsor: Dr. Stephen C. Harrison)
Boston, MA

2007 — 2014 Assistant Professor (tenure track), Department of Pharmacology, University of Minnesota,

Minneapolis, MN

2014 — present  Associate Professor (with tenure), Department of Pharmacology, University of Minnesota,

Minneapolis, MN

Professional Memberships

American Society for Virology — lifetime member

American Society for Microbiology — full member

American Crystallographic Association — full member
American Society for Biochemistry and Molecular Biology — full member

C. Contribution to Science.

1.

2.

Animal origins and cross-species transmissions of SARS and MERS coronaviruses: SARS coronavirus
(SARS-CoV) and MERS coronaviruses (MERS-CoV) both originated from animals and transmitted to
humans, causing serious threat to global health. One of the main goals of my research is to elucidate
the molecular mechanisms by which emerging animal viruses transmit to humans. To this end, | study
the structures and functions of coronavirus spike proteins, which guide coronavirus entry into host cells.
| determined the crystal structures of the spike receptor-binding domains (RBDs) from different SARS-
CoV strains complexed with their receptor from different host species. My research has revealed that
receptor recognition serves as a critical barrier for cross-species transmissions of viruses and that a
few RBD mutations allowed SARS-CoV to transmit from animals to humans. Moreover, | examined the
cell entry mechanisms of MERS-CoV. My research showed for the first time that cellular proteases from
different host species serve as a barrier for cross-species transmissions of viruses and that two
mutations in the protease cleavage sites in MERS-CoV spike protein allowed MERS-CoV to transmit
from animals to humans. Overall, my research has contributed critically to the knowledge about animal
origins and cross-species transmissions of viruses, and has important implications on epidemic
monitoring, prevention, and control.

a. Li, F,, Li, W., Farzan, M., Harrison S.C. (2005) Structure of SARS coronavirus spike receptor-
binding domain complexed with receptor. Science, 309, 1864-1868 (PMID: 16166518)

b. Li, F. (2008) Structural analysis of major species barriers between humans and palm civets for
severe acute respiratory syndrome coronavirus infections. Journal of Virology, 82, 6984-6991
(PMID: 18448527; PMCID: PMC2446986)

c. Wu, K., Peng, G., Wilken, M., Geraghty, R., Li, F. (2012) Mechanisms of host receptor adaptation
by severe acute respiratory syndrome coronavirus. Journal of Biological Chemistry, 287, 8904-8911
(PMID: 22291007; PMCID: PMC3308800)

d. Yang, Y., Du, L., Liu, C., Wang, L., Ma, C., Tang, J., Baric, R.S., Jiang, S., Li, F. (2014) Receptor
usage and cell entry of bat coronavirus HKU4 provide insight into bat-to-human transmission of
MERS coronavirus. Proceedings of the National Academy of Sciences USA, 111, 12516-12521
(PMID: 25114257; PMCID: PMC4151778)

Receptor recognition mechanisms of coronaviruses: Coronaviruses recognize a variety of receptors,
and display a complex receptor recognition pattern. Another major goal of my research is to elucidate
the receptor recognition mechanisms of coronaviruses and to provide insight into how coronaviruses
have evolved such a complex receptor recognition pattern. To this end, | have determined a number of
crystal structures of coronavirus spike RBDs either alone or in complex with their respective receptor. In
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addition to the aforementioned SARS-CoV RBD complexed with its receptor, my lab has also
determined the structures of the RBDs of human NL63 respiratory coronavirus and mouse hepatitis
coronavirus in complex with their respective receptor, and the RBDs of MERS-CoV and bovine
coronavirus by themselves. These structures account for the majority of the structures in the field. My
lab also identified the receptor for bat coronavirus HKU4 and porcine epidemic diarrhea coronavirus.
My research has shown that coronaviruses have undergone both divergent and convergent evolutions,
resulting in (i) very different coronavirus RBDs recognizing a virus-binding hotspot on the same
receptor, (ii) very similar coronavirus RBDs recognizing completely different receptors though subtle
structural changes in their RBDs, and (iii) coronaviruses stealing a host protein and evolving it into viral
RBD with novel receptor binding specificity. Overall, my research has established novel principles on
the evolution and receptor recognition of viruses.

a. Wu, K., Li, W., Peng, G., Li, F. (2009) Crystal structure of NL63 respiratory coronavirus receptor-
binding domain complexed with its human receptor. Proceedings of the National Academy of
Sciences USA, 106, 19970-19974 (PMID: 19901337; PMCID: PMC2785276)

b. Peng, G., Sun, D., Rajashankar, K., Qian, Z., Holmes, K., Li, F. (2011) Crystal structure of mouse
coronavirus receptor-binding domain complexed with its murine receptor. Proceedings of the
National Academy of Sciences USA, 108, 10696-10701 (PMID: 21670291; PMCID: PMC3127895)

c. Chen, Y., Rajashankar, K.R., Yang, Y., Agnihothram, S.S_, Liu, C., Lin, Y.L., Baric, R.S., Li, F.
(2013) Crystal structure of the receptor-binding domain from newly emerged Middle East respiratory
syndrome coronavirus. Journal of Virology, 87, 10777-10783 (PMID: 23903833; PMCID:
PMC3807420)

d. Li, F. (2015) Receptor recognition mechanisms of coronaviruses: a decade of structural studies.
Journal of Virology, 89, 1954-1964 (PMID: 25428871; PMCID: PMC4338876)

3. Cell entry mechanisms of coronaviruses: For coronaviruses to enter host cells, their spike protein must
be proteolytically activated by one or more host proteases and then undergo dramatic conformational
changes. Using electron microscopy, | established two distinct conformations of the SARS-CoV spike,
corresponding to its conformations before and after cell entry, respectively. My lab has also identified
the specific proteases that activate the cell entry of MERS-CoV and porcine epidemic diarrhea
coronavirus, and the corresponding protease motifs in the spikes of these viruses. Importantly, we
showed for the first time that different activities of host protease serve as a critical barrier for the cross-
species transmissions of viruses. Overall, my research has revealed how host proteases regulate viral
entry, host range, tissue tropism, and pathogenesis.

a. Li, F., Berardi, M., Li, W., Farzan, M., Dormitzer, P.R., Harrison, S.C. (2006) Conformational states
of the severe acute respiratory syndrome coronavirus spike protein ectodomain. Journal of Virology,
80, 6794-6800 (PMID: 16809285; PMCID: PMC1489032)

b. Huang, I.C., Bosch, B.J., Li, F., Li, W., Lee, K.H., Ghiran, H., Vasilieva, N., Dermody, T.S.,
Harrison, S.C., Dormitzer, P.R., Farzan, M., Rottier, P.M., Choe, H. (2006) SARS coronavirus, but
not human coronavirus NL63, utilizes cathepsin L to infect ACE2-expressing cells. Journal of
Biological Chemistry, 281, 3198-3203 (PMID: 16339146)

c. Liu, C., Tang, J., Ma, Y., Liang, X., Yang, Y., Peng, G., Qi, Q., Jiang, S., Li, J., Du, L., Li, F. (2015)
Receptor usage and cell entry to porcine epidemic diarrhea coronavirus. Journal of Virology, 89,
6121-6125 (PMID: 25787280; PMCID: PMC4442452 [Available on 2015-12-01])

d. Yang, Y., Liu, C., Du, L., Jiang, S., Shi, Z., Baric, R.S., Li, F. (2015) Two mutations were critical for
bat-to-human transmission of MERS coronavirus. Journal of Virology, 89, 9119-9123 (PMID:
26063432; PMCID: PMC4524054 [Available on 2016-03-01])

4. Multifunctional roles of proteases in cancer growth, cancer treatment, and blood pressure regulation:
Human cell-surface aminopeptidases cleave residues from the N-terminus of proteins, and play
multifunctional roles in cancer growth and blood pressure regulation. My lab has determined the crystal
structures of two such enzymes, aminopeptidase N (APN) and aminopeptidase A (APA). My research
on APN elucidated the detailed catalytic mechanism of APN, demonstrated the unique structural
features of APN that allow many of its ligands to access its enzymatic site, and revealed a unified
mechanism for the APN-based tumor cell motility and tumor-homing therapy. Moreover, my research
on APA provided a structural basis for the calcium-modulated substrate specificity of APA in blood
pressure regulation and can guide the design and development of antihypertensive APA inhibitors.
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Overall, my research explores the structural and molecular mechanisms of cancer growth and blood
pressure regulation, and seeks treatment of these diseases based on these mechanisms.

a. Chen, L, Lin, Y.L, Peng, G., Li, F. (2012) Structural basis for multifunctional roles of mammalian
aminopeptidase N. Proceedings of the National Academy of Sciences USA, 109, 17966-17971
(PMID: 23071329; PMCID: PMC3497818)

b. Yang, Y., Liu, C., Lin, Y.L., Li F. (2013) Structural insights into central hypertension regulation by
human aminopeptidase A. Journal of Biological Chemistry, 288, 256638-25645 (PMID: 23888046;
PMCID: PMC3757224)

c. Liu, C, Yang, Y., Chen, L, Lin, Y.L., Li, F. (2014) A unified mechanism for aminopeptidase N-
based tumor cell motility and tumor-homing therapy. Journal of Biological Chemistry, 289, 34520-
34529 (PMID: 25359769; PMCID: PMC4263860)

5. Template-independent synthesis of tRNA CCA-adding enzymes. My PhD thesis was about the
structures and functions of tRNA CCA-adding enzymes, which polymerize CCA onto the 3' terminus of
immature tRNAs without using a nucleic acid template. | determined the first crystal structures of tRNA
CCA-adding enzymes. From these structures, | identified a novel protein template in the enzymes that
specifically recognizes and accommodates the incoming ATP or CTP. My PhD research provided
insight into the template-independent nucleic acid synthesis.

a. Li, F.,, Xiong, Y., Wang, J., Cho, H.D., Tomita, K., Weiner, A.M., Steitz, T.A. (2002) Crystal
structures of the Bacillus stearothermophilus CCA-adding enzyme and its complexes with ATP or
CTP. Cell, 111, 815-824 (PMID: 12526808)

b. Xiong, Y., Li, F., Wang, J., Weiner, A.M., Steitz, T.A. (2003) Crystal structures of an archaeal class
| CCA-adding enzyme and its nucleotide complexes. Molecular Cell, 12, 1165-1172 (PMID;
14636575)

c. Li, F., Wang, J., Steitz, T.A. (2000) Sulfolobus shibatae CCA-adding enzyme forms a tetramer upon
binding two tRNA molecules: A scrunching-shuttling model of CCA specificity. Journal of Molecular
Biology, 304, 483-492 (PMID: 11090289)

Complete List of Published Work:
http://www.msi.umn.edu/~lifang/flpublications.html

D. Research Support.
Active

National Institutes of Health 04/1/15 - 03/31/20
RO1AI110700

Role: Co-Principal Investigator (contact Co-Pl: Ralph Baric, University of North Carolina)

Mechanisms of MERS-CoV Entry, Cross-species Transmission and Pathogenesis

Goal: This research investigates genetic pathways regulating MERS coronavirus cross species transmission
and receptor homolog usage, establishes robust animal models of human disease, and discovers critical
reagents for therapeutic and vaccine testing.

Completed

National Institutes of Health 05/15/10 — 04/30/15
RO1AI089728

Role: Principal Investigator

Receptor recognition mechanisms of coronaviruses

Goal: This research investigates how coronaviruses recognize their receptors and how they interact with
receptors from different hosts. It explores novel principles governing viral evolution, virus-receptor
interactions, viral host ranges and cross-species infections, and may lead to new approaches in the
prevention and treatment of coronavirus infections in humans and other animals.

AHC Faculty Research Development Grant, University of Minnesota 01/01/09 — 12/31/11
Receptor recognition and cross-species infections by human coronaviruses
Role: Principal Investigator
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Provide the following information for the Senior/key personnel and other significant contributors.
Follow this format for each person. DO NOT EXCEED FIVE PAGES.

NAME: RALPH STEVEN BARIC

eRA COMMONS USER NAME (credential, e.g., agency login): [RA Commons User Name

POSITION TITLE: PROFESSOR

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing,
include postdoctoral training and residency training if applicable. Add/delete rows as necessary.)

DEGREE Completion
(if Date FIELD OF STUDY
applicable) MM/YYYY

INSTITUTION AND LOCATION

N.C. State University, Raleigh, NC BS 1977 Zoology
N.C. State University, Raleigh, NC PhD 1982 Microbiology
University of Southern CA, School of Med,(Los Post-Doc 1986 Microbiology
Angeles, CA)

A. Personal Statement: The Baric laboratory uses genetic, biochemical, molecular and immunologic
approaches to study the molecular mechanisms regulating viral evolution, virus immunity, virus-host
interactions and vaccine mediated protective immunity using coronaviruses, noroviruses and flaviviruses
(Dengue) as models. This program focuses on identifying the molecular and structural correlates for
Coronavirus (CoV) entry and cross species transmission, using a variety of human, animal, epidemic and pre-
epidemic strains from natural sources. CoV have a long history of host shifting and our group has made major
contributions toward understanding Mouse Hepatitis Virus (MHV), SARS-CoV and MERS-CoV cross species
transmission, receptor usage and entry. Key reagents provided by the Baric laboratory are a panel of CoV
molecular cDNA clones from which recombinant viruses can be isolated from MHV, SARS-CoV, SARS-like bat
coronaviruses (SL-CoV), porcine epidemic diarrhea virus (PEDV) and human coronavirus NL63 (HCoV-NL63).
These molecular clones will be used to introduce targeted mutations, identified by experimental evolution in
vitro or by structural, biochemical and mutagenesis of recombinant proteins in biochemical assays, and
evaluated for impact on virus entry, receptor usage and proteolytic processing of the S glycoprotein during
entry. Major Contributions: We have made significant contributions to our understanding of all aspects of
CoV biology, including: i) CoV genetics and reverse genetics for SARS-CoV, MHV, MERS-CoV, HCoV NL63,
PEDV, TGEV, bat SL-CoV, BtCoV HKU-5 and others, ii) demonstration of proof-reading activities in the CoV
genome, iii) identification and characterization of bat SL-CoV with prepandemic potential, iii) coronavirus
transcription mechanisms, iv) mechanisms of interferon antagonism and interferon stimulated gene expression
control, v) virus host susceptibility allele mapping, vi) epitope mapping of human monoclonal antibodies, vii)
identification of broad spectrum human monoclonal antibodies against SARS-CoV and MERS-CoV, viii) mouse
models of human disease (MERS-CoV and SARS-CoV), ix) aging and emerging coronavirus vaccine efficacy,
and x) live and attenuated vaccine design in young and aged animal models of human disease. As we have
ongoing and well-developed collaborations with Dr. Li, we are well positioned to contribute to the proposal.

A1. Four Papers that Specifically Highlight Qualifications for Project.

1. Menachery, VD, Yount, BL, Debbink, K, Agnihothram, S., Gralinski, LE, Plante, JA, Graham, RL, Scobey,
T., Ge, S-Y, Donaldson, E.F., Randell, S.H., Lanzavecchia, A., Marasco, W.A., Shi, Z-L, Baric, R.S. 2015,
Novel platform identifies threat posed by a SARS-like cluster of circulating bat coronaviruses. In Press,
Nature Medicine.

2. Yount, B, Curtis, K., Fritz L, Hensley, L., Jahrling P., Prentice E., Denison M., Geisbert T and Baric, RS.
2003. Reverse Genetics with a full length infectious cDNA for the SARS Coronavirus. Proc Natl Acad
Sci USA 100(22):12995-13000. PMCID: PMC240733. 242 Citations

3. Yang Y, Du L, Liu C, Wang L, Ma C, Tang J, Baric RS, Jiang S, Li F. Receptor usage and cell entry of bat
coronavirus HKU4 provide insight into bat-to-human transmission of MERS coronavirus. Proc Natl Acad
SciUS A. 2014 Aug 26;111(34):12516-21. PMC4151778. >8800 downloads.
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4. Donaldson EF, Yount B, Sims AC, Burkett S, Pickles RJ, Baric RS. Systematic assembly of a full-length
infectious clone of human coronavirus NL63. J Virol. 2008 Dec;82(23):11948-57. PMC2583659. Cited 40
times.

B. Positions and Honors.

Employment Experience:

1986-1992  Assistant Professor, Department of Parasitology and Laboratory Practice and Department of
Epidemiology, University of North Carolina (UNC), Chapel Hill, NC

1992-2001  Associate Professor, Departments of Epidemiology and Microbiology & Immunology, UNC Chapel Hill

2001- Professor, Departments of Epidemiology and Microbiology and Immunology, UNC Chapel Hill

Selected Awards:

2015 Natl. Acad. Of Sciences “China-U.S. Workshop on the Challenges of Emerging Infections,
Laboratory Safety, and Global Health Security” September 28-30 in Beijing, China

2015 MERS-CoV Stakeholders Workshop, Invited panelist., NIH

2014 National Academy of Sciences: Working Group on Risks and Benefits of Gain of Function Research

2005-2014  Review Board, J. Virology
2008-2014  Senior Editor, Plos Pathogens

2008- Member-Biological Sciences Expert Group (BSEG)
2008 National Academy Sciences: Working Group: Gene Sequence Methods for Classification of
Select Agents

2007-2008  Associate Editor, Plos Pathogens

2005-2009 Permanent Member, NIH VirB Study Section

2003 Finalist/Runner-up, World Technology Award

1989-1994  Established Investigator; American Heart Association
1984-1986.1 Harvey Weaver Scholar, National Multiple Sclerosis Society

C. Most Significant Contributions to Virology: The Baric laboratory has made significant contributions to
coronavirus, norovirus and flavivirus immunology, molecular biology, virus-host interactions, susceptibility allele
mapping, virus genetics, pathogenesis, vaccine and therapeutic design, using traditional and new technologies
like structure guided immunogen design, synthetic genome design, systems biology and systems genetic
approaches. Some representative major contributions outside and within the CoV field include:

C1. Virus-Host Interactions and Susceptibility. We have identified human susceptibility alleles and the

molecular mechanisms that regulate norovirus susceptibility and persistence in human populations,

developed platform strategies to map host susceptibility alleles in the mice, and identified the major targets of
long-term protective immunity in DENV2.

1. Lindesmith L, Moe C, Marionneau S, Ruvoen N, Jiang X, Lindblad L, Stewart P, LePendu J, Baric R.
Human susceptibility and resistance to Norwalk virus infection. Nat Med. 2003;9(5):548-53.
PMID:12692541. 630 Citations

2. Gralinski LE, Ferris MT, Aylor DL, Whitmore AC, Green R, Frieman MB, Deming D, Menachery VD, Miller
DR, Buus RJ, Bell TA, Churchill GA, Threadgill DW, Katze MG, McMillan L, Valdar W, Heise MT, Pardo-
Manuel de Villena F, Baric RS. Genome Wide Identification of SARS-CoV Susceptibility Loci Using the
Collaborative Cross. PLoS Genet. 2015 Oct 9;11(10):e1005504. PMID:26452100. (over 1,000 views)

3. Gallichotte EN, Widman DG, Yount BL, Wahala WM, Durbin A, Whitehead S, Sariol CA, Crowe JE Jr, de
Silva AM, Baric RS. A New Quaternary Structure Epitope on Dengue Virus Serotype 2 |Is the Target of
Durable Type-Specific Neutralizing Antibodies. MBio. 2015 Oct 13;6(5). PMID:26463165.

4. Lindesmith LC, Donaldson EF, Lobue AD, Cannon JL, Zheng DP, Vinje J, Baric RS. Mechanisms of Gll.4
norovirus persistence in human populations. PLoS Med. 2008 Feb;5(2):e31. PMC2235898. 343 citations

C2. Virus Reverse Genetics-Evolution/Disease Emergence. The Baric laboratory has pioneered strategies
for performing reverse genetic analyses in coronaviruses and dengue viruses. Several coronavirus infectious
cDNA clones are available in the lab, including recently emerged strains like SARS-CoV, MERS-CoV, PEDV,
conventional human and model coronaviruses like MHV and HCoV NL63, and several bat coronaviruses.
Using a similar strategy to solve flavivirus genome cDNA instability, we have built full length infectious cDNA
clones for DENV1-4. The availability of these genetic platforms allows for detailed studies into the role of viral
genes in pathogenesis, innate immune antiviral immunity, vaccine performance and design, virus-receptor
interactions, entry and virus evolution.
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1. Graham RL, Becker MM, Eckerle LD, Bolles M, Denison MR, Baric RS. 2012. A live, impaired-fidelity
coronavirus vaccine protects in an aged, immunocompromised mouse model of lethal disease. Nat Med.
Dec 6;18(12):1820-6. doi: 10.1038/nm.2972. PMCID: PMC3518599. Cited 56 times

2. Scobey T, Yount BL, Sims AC, Donaldson EF, Agnihothram SS, Menachery VD, Graham RL, Swanstrom
J, Bove PF, Kim JD, Grego S, Randell SH, Baric R.S. Reverse genetics with a full-length infectious cDNA
of the Middle East respiratory syndrome coronavirus. PNAS USA. 2013 Oct 1;110(40):16157-62.
PMC3791741.Cited 41 times

3. Yount B, Denison MR, Weiss SR, Baric RS. Systematic assembly of a full-length infectious cDNA of
mouse hepatitis virus strain A59. J Virol. 2002 Nov;76(21):11065-78. Cited 228 times.

4. Becker MM, Graham RL, Donaldson EF, Rockx B, Sims AC, Sheahan T, Pickles RJ, Corti D, Johnston
RE, Baric RS, Denison MR. Synthetic recombinant bat SARS-like coronavirus is infectious in cultured
cells and in mice. Proc Natl Acad Sci U S A. 2008 Dec 16;105(50):19944-9. PMC2588415. Cited 95 time

5. Beall, A., Yount, B, Lin, C-M, Hou, Y, Wang, Q, Saif, L, and Baric, R. Characterization of a pathogenic full
length cDNA clone and transmission model of porcine epidemic diarrhea virus strain PC22A. mBIO
(positively reviewed and resubmitted.

C3. Coronavirus Host Range-Experimental Evolution. Our group has studied coronavirus host range
expansion using experimental evolution and SARS-CoV, MERS-CoV, civet SL-CoV, bat SL-CoV, and bat CoV
HKUS5 as models. In many instances, this first required the synthetic reconstruction of civet and bat CoV from
in silico sequence databases, recovery of recombinant bat viruses for the first time, and then characterization
of the virus host range phenotypes both in vitro and in vivo. Applications of experimental evolution have
typically focused on understanding the molecular mechanisms associated with virus-receptor interactions in
viral persistence, host range adaptation in vitro and virus adaptation to increased virulence in mice.

1. Agnihothram S, Yount BL Jr, Donaldson EF, Huynh J, Menachery VD, Gralinski LE, Graham RL, Becker
MM, Tomar S, Scobey TD, Osswald HL, Whitmore A, Gopal R, Ghosh AK, Mesecar A, Zambon M, Heise
M, Denison MR, Baric RS. A mouse model for Betacoronavirus subgroup 2c¢ using a bat coronavirus
strain HKUS variant. MBio. 2014 Mar 25;5(2):e00047-14. PMC3977350. Cited 71 times.

2. Yang Y, Liu C, Du L, Jiang S, Shi Z, Baric RS, Li F. Two Mutations Were Critical for Bat-to-Human
Transmission of Middle East Respiratory Syndrome Coronavirus. J Virol. 2015 Sep;89(17):9119-23. doi:
10.1128/JV1.01279-15. PMID: 26063432.

3. Huynh J, Li S, Yount B, Smith A, Sturges L, Olsen JC, Nagel J, Johnson JB, Agnihothram S, Gates JE,
Frieman MB, Baric RS, Donaldson EF. Evidence supporting a zoonotic origin of human coronavirus
strain NL63. J Virol. 2012 Dec;86(23):12816-25. PMC3497669. Cited 37

4. Sheahan T, Rockx B, Donaldson E, Corti D, Baric R. Pathways of cross-species transmission of
synthetically reconstructed zoonotic severe acute respiratory syndrome coronavirus. J Virol. 2008
Sep;82(17):8721-32. PMC2519660. Cited 35 times.

5. Sheahan T, Rockx B, Donaldson E, Sims A, Pickles R, Corti D, Baric R. Mechanisms of zoonotic severe
acute respiratory syndrome coronavirus host range expansion in human airway epithelium. J Virol. 2008
Mar;82(5):2274-85. PMC2258931. Cited 45 times.

C4. Virus Vaccine Design and Antiviral Immunotherapy. Impact requires the translation of basic science
findings into novel strategies for the detection, control and prevention of human diseases. Coronaviruses,
noroviruses and DENV are major causes of human morbidity and mortality worldwide. We have used structure-
guided immunogen design and epitope exchange between norovirus and denv to broaden immunogenicity and
build multivalent immunogens for increased vaccine breadth and diagnostic potential.

1. Deming, D.J., Sheahan, T., Heise, M, Yount, B., Davis, N., Sims, A., Suthar, M, Harkema J. Whitmore, A.,
Pickles R, West, A., Donaldson, E., Curtis, K., Johnston, RE, and RS. Baric. 2006. Vaccine efficacy in
senescent mice challenged with recombinant SARS-CoV bearing epidemic and zoonotic spike variants.
PLoS Med 3(12)e525 PMCID: PMC1716185. Cited 78 times.

2. Tang XC, Agnihothram SS, Jiao Y, Stanhope J, Graham RL, Peterson EC, Avnir Y, Tallarico AS, Sheehan
J, Zhu Q, Baric RS, Marasco WA. 2014. |dentification of human neutralizing antibodies against MERS-
CoV and their role in virus adaptive evolution. PNAS USA. 2014 May 13;111(19):E2018-26. PMC4024880

3. Rockx B, Sheahan T, Donaldson E, Harkema J, Sims A, Heise M, Pickles R, Cameron M, Kelvin D, Baric
R. Synthetic reconstruction of zoonotic and early human severe acute respiratory syndrome coronaviruses
that produce fatal disease in aged mice. J Virol. 2007 Jul;81(14):7410-23.PMC1933338. Cited 47 times.

4. Lindesmith LC, Ferris MT, Mullan CW, Ferreira J, Debbink K, Swanstrom J, Richardson C, Goodwin RR,
Baehner F, et al. 2015. Broad blockade antibody responses in human volunteers after immunization with a
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multivalent norovirus VLP candidate vaccine: immunological analyses from a phase | clinical trial. PLoS
Med. 2015 Mar 24;12(3);:e1001807 PMC4371888. >4,000 views since published

C5. CoV Pathogenesis Studies. Our group has studied the role of virus-host interactions in coronavirus
pathogenesis using genetically defined mice, systems biology and virus reverse genetics.

1. Frieman MB, Chen J, Morrison TE, Whitmore A, Funkhouser W, Ward JM, Lamirande EW, Roberts A,

Heise M, Subbarao K, Baric RS. SARS-CoV pathogenesis is regulated by a STAT1 dependent but a type
[, I and lll interferon receptor independent mechanism. PLoS Pathog. 2010 Apr 8;6(4):e1000849.
PMC2851658. Cited 34 times.

. Sheahan T, Morrison TE, Funkhouser W, Uematsu S, Akira S, Baric RS, Heise MT. MyD88 is required for

protection from lethal infection with a mouse-adapted SARS-CoV. PLoS Pathog. 2008 Dec;4(12):
€1000240. PMC2587915. Cited 55 times

. Menachery VD, Eisfeld AJ, Schafer A, Josset L, Sims AC, Proll S, Fan S, Li C, Neumann G, Tilton SC,

Chang J, Gralinski LE, Long C, Green R, Williams CM, Weiss J, Matzke MM, Webb-Raobertson BJ,
Schepmoes AA, Shukla AK, Metz TO, Smith RD, Waters KM, Katze MG, Kawaoka Y, Baric RS. 2014.
Pathogenic influenza and coronaviruses utilize similar and contrasting approaches to control interferon-
stimulated gene responses. MBio.2014 May20;5(3):e01174-14. PMC4030454. >3400 downloads.

. Gralinski LE, Bankhead A 3rd, Jeng S, Menachery VD, Proll S, Belisle SE, Matzke M, Webb-Robertson

BJ, Luna ML, Shukla AK, Ferris MT, Bolles M, Chang J, Aicher L, Waters KM, Smith RD, Metz TO, Law
GL, Katze MG, McWeeney S, Baric RS. Mechanisms of severe acute respiratory syndrome coronavirus-
induced acute lung injury. MBio. 2013 Aug 6;4(4). pii: e00271-13. >2800 downloads.

Complete List of Published Work in MyBibliography: >245 total publications, 102 since 2010, >5,000

citations.

http://www.ncbi.nlm.nih.gov/sites/myncbi/ralph.baric.1/bibliography/40583903/public/?sort=date&direction=asc

ending.

D. Research Support.

1. U19 AI100625 (Baric, Heise MPI) 08/05/2012-7/31/2017
NIH/NIAID : Systems Immunogenetics of Biodefense Pathogens in the Collaborative Cross
The Collaborative Cross, a mouse resource designed to study complex genetic interactions in diverse
populations, to identify novel polymorphic genes regulating immune responses to SARS, influenza and
West Nile viruses, gain new insights into genetic interactions that shape immune phenotypes in mice and
humans, and generate panels of genetically defined mice to probe how sets of polymorphic genes affect
immune responses against a variety of pathogens or other immune stimuli.

2. RO1 Al085524 (Pl: Marasco) 06/09/10-05/31/14
Dana Farber/NIH Broad Spectrum Neutralizing Human Abs to SARS-CoV and Zoonotic CoV.
Specific Aims: We will use SARS-CoV as a model to: 1) establish new paradigms for developing universal
therapeutic platforms that protect against new emerging and deliberately designed human pathogens; 2)
define pathways of virus escape as a function therapeutic composition and evaluate pathogenic
consequences and 3) evaluate therapeutic potential in robust animal models, especially in vulnerable
populations that develop acute respiratory distress syndrome (ARDS). Role: Consortium PI

3. U19 AI107810 (PI: Baric) 07/01/13-06/30/18
NIH/NIAID Characterization of novel genes encoded by RNA and DNA viruses
Using highly pathogenic human respiratory and systemic viruses which cause acute and chronic life-
threatening disease outcomes, we test the hypothesis that RNA and DNA viruses encode common and
unique mechanisms to manipulate virus replication efficiency and severe disease outcomes.

U19 Al 107810-Supplement (PI: Baric) 09/01/14-05/31/15

NIH/NIAID Characterization of novel genes encoded by RNA and DNA viruses

One year administrative supplement to identify viral gene products encoded by pathogenic human viruses
that manipulate the host protein synthesis machinery and related signaling pathways.

4. RO1 Al 107731 (PI: De Silva) 07/01/13-06/30/18
NIH/NIAID Molecular Basis of Dengue Virus Neutralization by Human Antibodies
These studies proposed here are directly relevant to developing simple assays to predict the performance,
safety and efficacy of the leading dengue vaccine candidates Role; Co-Investigator

5. RO1 AI108197 (MPI: Denison/Baric) 08/01/13-07/31/18

Vanderbilt Univ./NIH/NIAID Determinants of Coronavirus Fidelity in Replication and Pathogenesis
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