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Abstract

Positive-sense single-stranded RNA (+ssRNA) viruses are highly diverse in the way their
genomes are packaged, polyproteins are arranged, and the hosts they infect. They affect many
lifeforms, from bacteria to humans. Although viruses from different families vary in the complete
panoply of proteins they produce in the infected host, some proteins are characteristic of most
+ssRNA viruses, one being the papain-like protease (PLP). PLPs are cysteine proteases that are
often essential in viral replication by acting to cleave their own polyprotein(s), which is essential
in liberating the functional subdomains from within the larger polyprotein. The polyprotein(s) is a
protein that is translated from a single open reading frame within the genome; yet encapsulates
multiple individual protein domains that are fused together, which maximizes genomic coding
capacity. The individual domains may be rendered inactive if they are not released from their
precursor form. The primary function of PLPs is well understood and has been characterized
extensively for many different +ssRNA viruses; however, PLPs have been shown to be more than
just endopeptidases.

+ssRNA viruses have very small genomes and therefore utilize programmed ribosomal
frameshifting (PRF), allowing for the translation of multiple proteins from one gene. Interestingly,
as seen in Porcine reproductive and respiratory syndrome virus, one of if its PLPs, Nonstructural
protein 1P, acts as a transactivator of PRF to produce two variant viral proteins that appear to be
essential in immune suppression. Herein, nsp1 is shown to interact with a cellular protein and the
viral genome at key residues to facilitate PRF. A biochemical and biophysical investigation
illustrates how this complex forms and provides further insight into the novelty behind viral and

cellular proteins acting in conjunction as transcriptional transactivators of PRF.
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Plant affecting +ssRNA viruses have been studied for decades but the amount of research
done on them is disparate in comparison to those that affect mammals. Here we show yet another
role for plant-affecting viral PLPs, termed PRO, from genera Marafivirus and Benyvirus acting as
deubiquitinases to potentially corrupt the ubiquitin-dependent proteasomal degradation system or
tamper with cellular signaling. We have been able to determine that these proteases act as ubiquitin
hydrolases and have specificity towards different ubiquitin substrates. We have also determined
cleavage sites within the marafiviral polyprotein that had not been determined before. Crystal
structures of PRO from the marafivirus type member Maize rayado fino virus, show differences
within the enzyme in its native and substrate-bound forms. Protein-engineered ubiquitin-like
inhibitors were designed against these enzymes to act as competitive inhibitors with hopes of
imparting agricultural resilience. A similar strategy was used against a deubiquitinating PLP from

Severe acute respiratory syndrome coronavirus 2, termed PLPRO,

il



Acknowledgements

I firstly would like to recognize my supervisor, Dr. Brian Mark. He has been one of my
biggest supporters throughout this degree and has always found healthy, positive ways to keep me
motivated and continuing to thrive. His style of guidance has taught me autonomy, which has
become one of my greatest assets as a scientist. He has taught me so much, personally,
scientifically and professionally and for that I will always be thankful.

A big thank you to my committee members Dr. Joe O’Neil and Dr. Peter Pelka. Thank
you for all the time you have spent reading over my far too lengthy reports, providing insightful
discussion during meetings, the many reference letters, and the overall support towards my
research and degree over the years.

I would not have been able to do all this without the support of my lab members, both past
and present. It has been a pleasure to work in a healthy workplace and I am lucky enough to call
many of my colleagues my friends. Ben, Grishma, Cole, Veronica, Grace, Kristen and Anu—thank
you for everything. A deep respectful thank you to Dr. Judith Winogrodzki who was an immensely
talented scientist and will be missed by many. I would also like to thank the undergraduate
researchers that had a hand in this research, Jessica McBride, Vanessa Hoi, Oxana Katova and
Nathan Glowach.

Thank you to the many collaborators to help enhance all my research endeavours. Dr. Eric
Snijder, Dr. Sachdev Sidhu, Dr. Wei Zhang, Dr. Jacky Chung, Dr. Melvin Bolton, Dr. John
Weiland, Dr. Emmely Treffers, Dr. Trushar Patel and Dr. Markus Meier.

I would also like to thank the funding agencies over the years that have helped fund this

research and my stipends: NSERC, CIHR and Research Manitoba. Thank you to all of the

v



department members. All the support staff, colleagues (many of whom are friends now),
instructors for TAships, and professors. It has been a pleasure.

Lastly, I would like to dedicate this body of work and this whole process to my loving
family and partner. They have all been with me in my corner when times were tough and when I
was losing steam. They all knew how to bring my spirits back up when I would lose faith and
hope. I’m so thankful to all of you for your care, encouragement and support. This literally could

not have been accomplished without you. Thank you, dad, mom, Kashmal and Ursula.



Table of contents

ABSTRAC T ...ttt ettt ettt et et e et e s b e sb e st e e bt ene e st e st et et e benbenaeene e II

ACKNOWLEDGEMENTS ...ttt sttt ettt ettt b enes v

TABLE OF CONTENTS ...ttt sttt ettt ettt naenbesbesneeneas VI

LIST OF FIGURES ..ottt et ettt ettt b e b eaeeas IX

LIST OF TABLES ... .ottt ettt ettt eb e bttt e et e b e sbesaeenes XI

LIST OF COPYRIGHTED MATERIALS. ......coteiiieieeieceeeeeeee e XII

LIST OF ABBREVIATIONS ..ottt ettt sttt nes X1

1  CHAPTER 1: LITERATURE REVIEW ..o 1

1.1 INTRODUCTION TO +SSRINA VIRUSES ...c.ueiiiiiiiiiiiiiiieniieieerenie ettt 2

1.2 VIRAL PAPAIN-LIKE CYSTEINE PROTEASES ......cccoiiiiiiiiiiiiiiiiiiiciic e 3

1.2.1 Traditional function of +sSRNA viral PLCPS.......c.cccccoeviiniiiiiiiieeieeieceee e 7
1.2.1.1  Picornaviridae polyprotein and protease: The discovery of polyproteins and

VITAL PTOEASES ..eeuvvierrieiiieiieeieette et eteeeiteeteestteebeeseaeesseesseeesseenseeenseenseeenseesaesnseenseesnseensees 8

1.2.1.2  Alphavirus polyprotein and PLCP ..........ccccoocieiiiiiiiiieeeeieeeeeeeee e 9

1.2.1.3  Aphthovirus and Erbovirus polyprotein and PLCP ............cccocoveviiieniieiiennnnne. 11

1.2.1.4  Potyviridae polyprotein and PLCP .........ccccccoviviiiiiiiiiiiieciieeceee e 13

1.2.1.5 Closterovirdae polyprotein and PLCP ..........ccccccoeiiieiiiiiiiieieieeieeeeeee 16

1.3 PORCINE REPRODUCTIVE AND RESPIRATORY SYNDROME VIRUS (PRRSV)..................... 17

1.3.1 Overview and implications Of diSEASE .........cceevuieriiieriiiiiieiieeie et 17

1.3.2 PRRSV genome and polyprotein arrangement .............cccveeeveeeveenieenieenneesneeneenneens 18

1.3.3 The various roles of PRRSV NSPI ..ccoiiiiiiiiiiiieciieieeeeeeee e 21

1.3.3.1 Canonical programmed ribosomal frameshifting in viruses..........c..cccceevuenee. 23

1.3.3.2  Alternative PRF events in PRRSV ......cccocoiiiiiiiiiiiiieeeeee 26

1.3.3.3  Nsplp transactivates -1/-2 PRF in the nsp2-coding region ...........c.cceeeveennnnne. 27

1.3.3.4 Roles of nspIf and PCBP1/2 in PRRSV PRF ........ccccoiiiiiiiiiiieieeeee, 28

1.3.3.5 Roles of nsp2TF and nsp2N in PRRSV infection...........ccccoevveviiiiniininnennene. 29

1.4 VIRUSES OF THE FAMILY TYMOVIRIDAE .....ccctiriieiiiniiiiiienieeieesite et ens 30

1.4.1 Overview: hosts, Infection and dISEASE ...........ccoovvviieuiiiieeieiieieceeeeee e eeeeeeeeer e 30

1.42 Tymoviridae genome and ProteOME ...........ecveeruierieeriierieeiieeieesteesaeereeeneesseesneens 32

1.43 RoIeS Of TYMYV PRO ...ooiiiiiiiiiieeeete ettt ens 35

1.5 THESIS OBIECTIVES ...cutiiuiiiiiiiiiietiete ettt ettt sttt st sbe et s sa e e s 38

2 CHAPTER 2: MOLECULAR CHARACTERIZATION OF THE RNA-PROTEIN
COMPLEX DIRECTING -2/-1 PROGRAMMED RIBOSOMAL FRAMESHIFTING DURING

ARTERIVIRUS REPLICASE EXPRESSION .....oouiiiiiiiiitiiiiiiiieieieeieeieieeeeeveeeeeeeeeesseseseseseesseseenees 40
2.1 INTRODUCTION ....ouuiiiiiiiiiie e ettt eite e et e e e ettt e e e e eiaa e e e e ettaeeeeeasaeeeasnssaeeeensseeeeansaneans 42
2.2 MATERIALS AND METHODS .....uviiiiiiiiieeeeiiteeeeeiteeeeestveeeeeivaeeeeesneeeessnssaeeesnsssesessnnsaneans 46

2.2.1 Primers used for DNA CONSIIUCES .......coveiieeiieieeeeieee e et et e e eeave e eeaaeeeeas 46
2.2.2  Expression and purification of nsp1 (XH-GD)....c.ooovvvviieiiiiiiiiiiiiieiecieeeeee 48
2.2.3 Expression and purification of nsp1f3 (SDOL1-08) .....ccccevvieriirciiiniiiiieieeieeiie e 50



2.2.4 Expression and purification of PCBP2 .........cccociiiiiiiiiiiiieieececeeeee e 51

2.2.5 Differential scanning fluorimetry (DSF) ......ccooviiiiiiiiiiiiiieieciececeeee e 51
2.2.6 Cloning of PCBP2 KH2 and KH1-KH2 domains ...........ccceeeevenienennienieneeienene 52
2.2.7 Expression and purification of PCBP2 KH2 and KHI-KH2..........ccccooiviininiennene 52
2.2.8  Site-directed MULAZENESIS ....eevieriieiieeiieriie et eriee et erteeeteesteesbeesseesbeebeesseeseesnseens 53
2.2.9 Electrophoretic mobility shift assays (EMSAS).....c.ccccueeevierieriiienieiiieniieeie e 55
2.2.10  Cell culture and antibodies..........cocueruieriiriiriieieiieeee e 55
2.2.11 Radioactive labeling and radio-immunoprecipitation analysis to determine
frameshifting effiCIENCIES. ......eevviiiiieiieciecece e 56
2.2.12  Dual luciferase assay to determine interferon SUPPIessSion..........ccveerveeeveerveernnenns 57
2.2.13  Large-scale purification of the trimeric complexes for AUC and SAXS............. 57
2.2.14  Characterization of the trimeric complex by sedimentation velocity ................... 58
2.2.15  Measurement of the volumetric mass density of the solvent for sedimentation
VEIOCIEY 1.ttt ettt ettt ettt e e st e et e e st e et e e e tb e et e e sabeenbeeenbeensaeenteenbeennne 59
2.2.16  Solvent viscosity measurements for sedimentation velocity. ........c.ccceceeveeeennnene. 59
2.2.17  SAXS data collection and ProCeSSING..........cccuereueerrrerireerierireeneeseeenieesreenseesneens 60
2.2.18  SAXS envelope fItNG .....oecuieiiieiieeiieiie ettt ettt saneens 61
2.3 RESULTS AND DISCUSSION.......ceiiiiiiiiniieiieieniieie ettt ettt ae e s sre e s 62
2.3.1 Determination of constructs for nsp1p and PCBP2 purification ............ccccceevuvenenne 62
2.3.2  Optimizing buffering conditions for nsp1f and PCBP2...........cccccceviriiniiniinennnn 64
2.3.3 EMSASs using 54 nt RNA and DNA Probes.........ccceevieriienieniieenienieeieeeee e 67
2.3.4  PrODE tIUNCALION .. .couviiieiieie ettt ettt ettt sttt sttt et sbe b e e s b 67
2.3.5 Formation of the most stable and compact quaternary complexes............c.cccuveruenn. 69
2.3.6 Probing the protein-RNA binding interface of the PCBP2:nsp1B:RNA complex.... 72
2.3.7 Mutations in the nsp13 RBM motif also prevent -1/-2 PRF product formation....... 76
2.3.8 Mutations in the nsp13 RBM motif affect innate immune suppression ................... 79
2.3.9 Structural insights into the -1/-2 PRF stimulatory compleX ..........ccccceevverieeniiennnne 82
2.3.10 The Frameshift stimulatory complex exists in a 1:1:1 stoichiometry....................... 84
2.3.11 Small-angle X-ray scattering supports a 1:1:1 binding stoichiometry for the
NSP1P:PCBP2:sSSRNA COMPIEX....cccuiiiiiiiiiiiieiieeieeieeee e 91
2.4 CONCLUSION......ciitiiiiiiiiiiic ittt s 98
2.5 FUTURE DIRECTIONS ....ccuiiiiiiiiiiiiiiiiiiiiete ittt s s 99
2.6 APPENDIX ..uiiiiiiiiiiiiic st 100

3 CHAPTER 3: INVESTIGATING THE PROTEASE AND DEUBIQUITINATING
ACTIVITY OF MEMBERS OF GENUS MARAFIVIRUS WITH AIMS TO DEVELOP

RESILIENT TRANSGENICS ..ottt 122
3.1 INTRODUCTION ...ttt ettt sttt st et 124
3.2 MATERIALS AND METHODS .....eotiiiiiiiiiieniieieetesieete ettt ettt st sne e 128

3.2.1 Primers used in DINA CONSIIUCES........ccieriiiriieniieiieeie et eiteeiee e eieeseeeeaeesnreeeees 128

3.2.2  DINA CONSIIUCTS...ouutieiiiieeiiieeiieeeitee ettt eeiteesteeesteeesibeeeneseessseessseessseesseeesnseeesnnes 129

3.2.2.1 DNA constructs for recombinant protein expression and purification........... 129
3.2.2.2 DNA constructs for Arabidopsis transient gene expression assays and maize

trANSTOIMAION ...ttt ettt et sbe et eesaeetaeensaens 130

3.2.3 Protein expression and purifiCation .............ccceecueeruieriieiienieeniie e 131

3.2.4  ENZYITNIC @SSAYS ..eeerurreeiurieeirieeiteeeiteesitteesureesseeesseesnsseeassseesssseesssseesssseessssesssseessnes 134



3.2.5 Polyubiquitin chain hydrolysis aSSays .........cccceeuveriieiiienieniieiieeie et 134

3.2.6 Ubiquitin variant engineering and COUPIING ........ccceeevreriieriieriieeieeniieeieeieeeveenees 135
3.2.7 Protoplast transient ene eXPreSSION ASSAYS. ...ecuvrerrerreerreerveerseesueerseesseesseessseenses 135
3.2.8 Tobacco (BY-2) cells propagation...........c.eecueeeeeeriiesieenieenieeiieereesieesveeeeesveeenes 136
3.2.9  Protein CryStalliZation ...........ccoecieriieiiienie ettt 137
3.2.10  X-ray data collection and structure determination.............ccceeeveerverieerueennennnen. 137
3.3 RESULTS AND DISCUSSION .....eutiiiiuiiniiiitetesitenie et eiteteene sttt eenesaeeneenesaeeneeanesneennes 139
3.3.1 Comparative sequence analysis of the PRO domains of six marafiviruses and one
EYIMMOVITUS ..evtentieiieenieeeieeeteesiteesteessteesseesaeeesseessaeenseensaeenseesseenseeseeansaenseessseenseesnsanns 139
3.3.2 Marafivirus endopeptidases have auxiliary deubiquitinating activity .................... 141
3.3.3 CSDaV PRO A. thaliana protoplast assays..........cccceeeueereerieeriieniieenienieenieeeveeees 148
3.3.4 MRFV PRO facilitates polyprotein proCesSing ............eccvervveerreerveeseessveerueessveennnes 156
3.3.5 Crystal structure of MRFV PRO........ccccooiiiiiiiiiiiceeceeeee e 161
3.3.6 Comparing the proteases of MRFV and TYMV.......ccccooviiiiiiiiiiiiiiniecieeeeeeeee, 164
3.3.7 The structure of MRFV PRO in complex with Ubiquitin............ccceccvereireurennennnen. 167
3.3.8 Preliminary data of OBDV PRO bound to Ubiquitin...........ccceeeeverriencirenieenneenen. 172
3.3.9 Use of ubiquitin variants as competitive inhibitors ............ccoeevercieeriencieeneenieennen. 174
3.3.10  Development of tranSgenic Z. MAYS .......cceerveeruierieerieenieerieeneeenseesseesseesseensees 178
3.4 CONCLUSION......iiuiiitiiiiieiteitete ettt ettt ettt ettt ettt et a e e saeeneenneas 179
3.5 FUTURE DIRECTIONS ....oiiutiiiiiiiiiiiieteeitesit et ettt et sttt ettt ae st eae e saeene e 180
4  CHAPTER 4: PROBING THE DEUBIQUITINATING ACTIVITY OF BENYVIRUS
AND SARS-COV-2 PAPAIN-LIKE PROTEASES .....ccooiiieieeeeseteeeeeee e 182
4.1 INTRODUCTION ...ttt ettt sttt st et 184
4.1.1 Benyviruses overview and PLCP...........ccccoooiiiiiiiiiiiiiiceceee e 184
4.1.2 SARS-CoV-2and PLP™ ... oottt 185
4.2 MATERIALS AND METHODS ......coctiiiiiiiiiiniiiiieiesiteie ettt 188
4.2.1  DINA CONSIUCES ...uveeiiiiuiiiiieeieesite ettt ettt ettt ettt et st et esateebeesaeeenees 188
4.2.2  Protein expression and pUrifiCation ............ccceeeeerieeriienieeiieenie et eve e eve e 189
4.2.3  DeubiquitiNation @SSAYS ....cc.eerveerveerurerieerieereeerseeseeeseessreeseesseessseesssessseesseessseesses 190
4.2.4  Protein crystalliZation ...........cccoeeiieiiieiieeiiierie et 190
4.3 RESULTS AND DISCISSION......ecutiiiiiiiiieiieienitenie ettt sttt ettt 191
4.3.1 Construction of the BNYVV and BSBMYV protease domains.............ccccceuveenvennne. 191
4.3.2 Exploring DUB activity of BSBMV and BNYVV PRO.......cccoeoviiviiiiiiieiee. 194
4.3.3 Differences in Ubiquitin amongst Various SPECIES.........cueervrerureerueervessveerueesveennnes 195
4.3.4 SARS-CoV-2 PLP* purification and DUB activity.........cccccceerveeviienieeieeieeieenen. 196
4.3.5 PLP™ complexing and crystallization ............cccccveeiieiiienieiiiieniecieeie e 198
4.4 CONCLUSION. ..ottt ettt sttt sttt et st sa e sttt ae s sae e ean e ne e 200
4.5  FUTURE DIRECTIONS .....oiiiiiiiiiiiiiniietieite sttt ettt et sttt e sae e s 202
REFERENCES ...ttt ettt sttt ettt ettt et ettt e ne s e esenbenseebenneas 204

viii



List of Figures

Figure 1.1 PLCP architecture and polyprotein proCesSing. ...........cccverveerveereeerueeneeeveessnessveenneennns 5
Figure 1.2 Classic cysteine protease mechanism featuring a catalytic dyad. ........c.ccooeveeerienennen. 6
Figure 1.3 PRRSV genome, polyprotein and PRF events. ...........cccceevieiiienieniienieeieeeeeieee, 20
Figure 1.4 Tymoviridae genome arrangement and proteins encoded therein............c.cccceeeenene. 34
Figure 2.1 Simplified PRRSV genome, polyprotein and PRF events. ..........ccocevevieniincnniennnne. 45
Figure 2.2 Purification of nsp1, PCBP2 and KH domains. ...........cceccveeiienienieeniieeieeeeeie e 63
Figure 2.3 Differential scanning fluorimetry with nsp13 and PCBP2............ccccoevieviiiinieninenen. 65
Figure 2.4 EMSAs for truncating the probe size and DLS on the purified complex.................... 68

Figure 2.5 Purification of Nsplb and PCBP2 and their interaction with the 34 nt DNA and RNA
PLODES. ..eniieiieeetieeite et et e e e et e eteeeaee et e e s ateaabeesaeeenbeensaeeaseeasseenseeseeenbe e saeeaseenseeenbeesaeenbeenneennseensees 70

Figure 2.6 Structure-guided mutational analysis of PCBP2 and nsp1p binding to PRRSV RNA.

....................................................................................................................................................... 73
Figure 2.7 Analysis of trans-activating frameshift stimulation by nsp13 mutants. ...................... 77
Figure 2.8 Analysis of innate immune supression by expression of PRRSV nsp1 mutants....... 81
Figure 2.9 Purification of nsp1B:PCBP2:nucleic acid complexes for biophysical analysis......... 83
Figure 2.10 AUC of the trimeric complex shows a 1:1:1 stoichiometry. ..........ccccccveveviereenieennen. 87
Figure 2.11 Characterization of the PRRSV nsp13:PCBP2:RNA complex using SAXS. ........... 92
Figure 2.12 Low resolution SAXS structure of the trimeric complex is consistent with a 1:1:1

SEOTCHIOMCIIY ....c.tiiiiieeie ettt ettt ettt et e e e e e e e abeesbeeesbeessaeesseesseeesseensaesnseenseessseenseesnseans 94
Figure 3.1 Marafivirus polyprotein arrangement and endopeptidase comparison ..................... 126
Figure 3.2 Marafivirus polyprotein arrangement and endopeptidase comparison. .................... 140
Figure 3.3 Purified proteases and Ub-AMC Progress CUIVES. .......ccuveeveerreerveenieenveenseesveenseennns 144

X



Figure 3.4 Qualitative analysis of poly-Ub chain hydrolysis by marafivirus proteases. ............ 147
Figure 3.5 A. thaliana transient gene eXpreSSiON ASSAYS.......ccveeveerreerueerreeriveenseesreesseesseesseennns 150

Figure 3.6 MRFV PRO cleaves at the PRO/HEL junction in cis and has catalytic specificity

towards the C-terminal residues of UDIQUILIN. .........oocvieriiriiiirieeiiee e 158
Figure 3.7 Crystal structure of MREFV PRO. ......ccooiiiiiiiiiiiiiieee e 162
Figure 3.8 Crystal structure of MRFV PRO superposed with TYMV PRO. .......ccccccevieninnens 166
Figure 3.9 Crystal structure of MRFV PRO bound to Ub. ..........ccceiiiiiniiniiiinieiceicneecee 169
Figure 3.10 Hydrogen bonding interactions of MRFV PRO and Ubiquitin.............cccccveenuenee 171
Figure 3.11 Purification and preliminary structure determination of OBDV PRO-Ub.............. 173
Figure 3.12 Crystallization of MRFV PRO bound to UbV2. ........coiiiiniiiiiiiiieieieee 176
Figure 4.1 Exploring the theorized protease domains of two beet-affecting benyviruses.......... 192
Figure 4.2 SARS-CoV-2 PLP® purification, complexing and crystallization. ................ccc........ 197



List of Tables

Table 2.1 Primers used for nsp1 and PCBP2 mutations for EMSAS........ccccceviiieninnenieeenee. 46
Table 2.2 Primers used for generating PCBP2 KH2 and KH1-KH2 proteins..........c.cceeeeeeneeee. 46
Table 2.3 Primers used for frameshifting assays .........cccoecierieiiiierieiiiieiiecie et 46
Table 2.4 Biophysical parameters of the PRRSV nsp1[1:PCBP2:ssRNA 1:1:1 complex............ 93
Table 3.1 Oligos used for all DNA CONSLIUCES ......cccvieiiieiieeiieie ettt 128
Table 3.2 BY-2 cell media COMPONENLS........cccueeiieriieiieiieeieeeie ettt eite e siee e eaeessseeeees 136
Table 3.3 Crystallographic statistics for MRFV PRO and MRFV PRO-Ub structures.............. 163
Table 4.1 Primers used for DNA CONSLIUCES ......oc.veruieriirieniieieiienieeie ettt 188

xi



List of Copyrighted Materials

Chapter 2:
Patel, A., Treffers, E.E., Meier, M., Patel, T.R., Stetefeld, J., Snijder, E.J., Mark, B.L.. Molecular
characterization of the RNA-protein complex directing -2/-1 programmed ribosomal
frameshifting during arterivirus replicase expression. J Biol Chem. 2020.
doi:10.1074/jbc.RA120.016105

This is an open access article under the terms of the Creative Commons CC-BY 4.0

licence and does not require permission to be obtainied to reuse this article’s content.

Chapter 3:
Patel, A., McBride, J.A.M., Mark, B.L.. The endopeptidase of the maize-affecting Marafivirus
type member maize rayado fino virus doubles as a deubiquitinase. J Biol/ Chem. 2021.
doi: 10.1016/j.jbc.2021.100957.
This is an open access article under the terms of the Creative Commons CC-BY 4.0

licence and does not require permission to be obtainied to reuse this article’s content.

Xii



List of Abbreviations

+ssRNA
PLP
PLCP
PRF
PRRSV
Nsplp
Nsp
Nsps
RdRp
ORF
OTU
ER

Nsp
HC-PRO
Nla

RSS
siRNA
DCLs
RISC
vsiRNA
HENI1
AGO
FMDV
Lpro

elF
DUB

sg mRNA
ppla
PAM
pplab
ZF

HVR
™
EAV

Ub
ISG15
SRCR
HP-PRRSV

MLV
LDV
RBM
SAP

Positive single-stranded RNA virus
Papain-like protease

Papain-like cysteine protease
Programmed ribosomal frameshift(ing)
Porcine reproductive and respiratory syndrome virus
Nonstructural protein 13
Nonstructural protein
Nonstructural proteins
RNA-dependent RNA polymerase
Open reading frame

Ovarian tumor

Endoplasmic Reticulum
Nonstructural protein

Helper component protease
Nuclear inclusion protein a

RNA silencing suppressor

Small interfering RNA

Dicer-like proteins

RNA-induced silencing complex
Viral small interfering RNA

HUA Enhancer 1

Argonaute

Foot-and-mouth disease virus
Leader protease

Eukaryotic initiation factor
Deubiquitinase

Subgenomic mRNA

Polyprotein 1a

Porcine alveolar macrophage
Polyprotein 1ab

Zinc finger

Hypervariable region
Transmembrane

Equine arteritis virus

Ubiquitin

Interferon-stimulated gene 15
Scavenger receptor cysteine-rich
Highly pathogenic porcine reproductive and respiratory
syndrome virus

Modified live virus

Lactate dehydrogenase-elevating virus
RNA-binding motif

SAF-A/B, Acinus, PIAS

Xiii



IPTG
SAF
PIAS
STAT
SHFV
™
WT
Ab

MS
TRIS
qRT-PCR
PCBP2
Co-IP
PCBPI1

EMSA
IFN
CP
TYMV
MRFV
PRO
HEL
MET
CAT
LUC

HEK
AUC
SAXS
GST
LB
MES
Ni-NTA
SUMO
PMSF
ml
DSF

mM

mg
mm
DTT
TBE

Isopropyl B-D-1 thiogalatopyranoside
Scaffold attachment factor

Protein inactivator of activated STAT
Signal transducer and activator of transcription
Simian hemorrhagic fever virus
Transmembrane

Wild type

Antibody

Mass spectrometry
Tris(Hydroxymethyl)aminomethane
Quantitative reverse transcription-PCR
Poly-(C) binding protein 2
Co-immunoprecipitation

Poly-(C) binding protein 1
K-homology

Electrophoretic mobility shift assay
Interferon

Coat protein

Turnip yellow mosaic virus

Maize rayado fino virus

Protease

Helicase

Methyltransferase

Chloramphenicol acetyltransferase
Luciferase

Rat Kidney

Human embryonic kidney

Analytical ultracentrifugation
Small-angle X-ray scattering
Glutathione S-transferase

Lysogeny broth
2-(N-morpholino)ethanesulfonic acid
Nickel-nitrilotriacetic acid

Small ubiquitin-like modifier
Phenylmethylsunfonyl fluoride
Milliliter

Differential scanning fluorimetry
Liter

Hour

Millimolar

Molar

Microgram

Centimeter

Dithiothreitol
Tris(Hydroxymethyl)aminomethane-borate-Ethylenediamine
tetraacetic acid

X1V



PAGE
uCi

ng

SDS

PBS
Rpm
NMR
DLS
UbV
BIVS
GSyV
OLV3
UPS

MR
OBDV
PEG
Ub-AMC
Ubi-1
BNYVV
BSBMV
SARS-CoV-2
PLprO
Cryo-EM

Polyacrylamide gel electrophoresis
Micro Curie

nanogram

Sodium dodecyl sulfate
Phosphate-buffered saline
Revolutions per minute
Nuclear magnetic resonance
Dynamic light scattering
Ubiquitin variant

Blackberry virus S

Grapevine Syrah virus 1

Olive latent virus 3

Ubiquitin proteasome system
Molecular replacement

Oat blue dwarf virus
Polyethylene glycol
Ub-7-amido-4-methylcoumarin
Ubiquitin 1

Beet yellow vein virus

Beet soil-borne mosaic virus

Severe acute respiratory syndrome coronavirus-2

Papain-like protease
Cryo-electron microscopy

XV



1 Chapter 1: Literature Review



1.1 Introduction to +ssRNA viruses

Positive-sense single-stranded RNA (+ssRNA) viruses, or Group IV viruses by the
Baltimore classification, are remarkably simple in their genomic architecture yet have an immense
host range and have had devastating impacts on virtually all lifeforms. +ssRNA viruses are often
thought of as being relics from a prebiotic world, presumably due to the RNA world hypothesis in
that the earliest forms of life depended sheerly on RNA for the storage of genetic content and also
for ribozyme-mediated catalysis events (1, 2).

The genomes of +ssRNA viruses act as mRNA and are directly accessible by the host cell
ribosome. On average, +ssRNA viruses have the smallest genomes and also have the most
restricted genome sizes, only varying by ~1 order of magnitude at the extremes in terms of kbp
(3). Bacteria and fungi-affecting affecting +ssRNA viruses have a genome size of only ~4 kbp
whereas algae, plant, invertebrate and vertebrate-affecting +ssRNA viruses predominantly range
from 6-12 kbp, though coronaviruses can have genomes >30 kb (3, 4). Interestingly, for being so
simple at the genomic level, they proportionally affect more eukaryotes than their DNA
counterparts, yet they have no known archaea-affecting members (5). Their variation in host range
and preference for eukaryotic systems suggest that their minimalistic genomes are not to be
conflated with restrictive host choice. +ssRNA viral genomes code for their own RNA replication
machinery, including the RNA-dependent RNA polymerase (RdRp), which imparts a large
evolutionary benefit. The error-prone nature of RNA viral replication events dictated by the low
fidelity of the RdRp, coupled with the rapid ability of genome replication due to small genome

size manifests in the generation of a multitude of quasispecies that can often benefit the virus in



infectivity, immune evasion and replication (6, 7). These abilities also allow for host-switching if
the mutations are drastic enough, which can clearly have potential benefits to the virus (6, 8).
Having such small genomes, +ssRNA viruses must be creative to produce all the proteins
they need to successfully replicate in the host cell. This means they must be efficient with minimal
genetic material and thus resort to polycistronic mechanisms to maximize coding capacity. The
stability and topology of the RNA genome also makes it essential for these viruses to optimize
their genomic coding capacity for RNA integrity and genome packaging (9). The translation of
polyproteins and programmed ribosomal frameshifting (PRF) are two staples of +ssRNA viruses
and aid in protein production through a disguised means and importantly do not require additional
genetic elements to direct translation, again limiting the amount of genetic material needed in their
genome (10). Interestingly many viral proteins are multifunctional and the papain-like cysteine
proteases of certain +ssRNA viruses have been found to assist with both polyprotein processing,

immune system antagonism, and programmed ribosomal frameshifting (4, 10)

1.2 Viral papain-like cysteine proteases

Papain is a cysteine protease found in the latex of the papaya fruit (11, 12). Originally
described in 1971, the overall fold and amino acid sequence architecture has been used extensively
to describe many different enzymes today, including viral proteases. Papain-like cysteine proteases
(PLCPs or PLPs) are composed of two (or three) core domains with active sites containing a
catalytic cysteine and histidine in close proximity, which are typically formed at the interface of
two of the core domains as shown in Fig. 1.1A & B (12). Papain-like folds are typically divided
into two domains in which the first is mainly composed of helices and contains the catalytic Cys

(R domain), while the second domain is B-sheet rich and provides the catalytic His (L domain)



(11-13). Sequentially, their active sites characteristically have an N-terminally located Cys residue
and a more C-terminally located His, and often a third polar residue that participates in the
formation of a catalytic triad and found C-terminally to the His (12, 14-16).

PLCPs catalyze the hydrolysis of peptide (or iso-peptide) bonds within the proteins and
have been shown to have specificity towards amino acids with smaller, less bulky side chains (14,
17). Within the active site of these enzymes, the imidazole group of the catalytic His side chain
acts to decrease the pKa of the active site Cys, which results in deprotonation of the Cys thiol
group and generation of the thiolate nucleophile (Fig. 1.2) (14, 16). The third polar residue of the
active site (if present) acts to assist via orienting and polarizing the His imidazole group for more
efficient thiol deprotonation (14, 16). Nucleophilic attack is carried out by the thiolate on the
carbonyl carbon of the scissile peptide bond, resulting in the cleavage of the amino group,
formation of a thioester intermediate and restoration of the deprotonated state of the His base (14,
16). The catalytic cycle is completed upon hydrolysis by a water molecule of the thioester bond,

forming the carboxy terminus of the original C-terminal portion of the substrate (14, 16).
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Figure 1.1 PLCP architecture and polyprotein processing.

A) Crystal structure of papain (PDB: 9PAP). L and R domains shown in blue and orange panelling,
respectively. B) Closeup of papain active site with triad members labeled (Note that Cys is
oxidized). C) Crystal structure of FMDV LP* (PDB: 1QOL) with L and R domains shown
identically to papain. D) Closeup of FMDV LP® active site with triad members labeled. E)
Examples of polyprotein processing events carried out by by PLCPs. Top, PLCP acting in cis on
own polyprotein and also in trans on another (middle). Bottom, PCLP (e.g., LP® or HC-PRO)
located at N-term of a polyprotein only acting in cis on itself with a main protease facilitating other
cleavages.
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Figure 1.2 Classic cysteine protease mechanism featuring a catalytic dyad.



1.2.1 Traditional function of +ssRNA viral PLCPs

+ssRNA viruses depend on the synthesis of polyproteins, which are post-translationally
cleaved into individual functional subunits. This mode of genome expression is common to these
viruses, which aids in minimizing genome size by enabling the production of multiple proteins
from a single open reading frame (ORF). This mode of protein production is also employed by
these viruses since they undergo cytoplasmic replication and alternative RNA splicing strategies,
processes typically occurring in the nucleus, are uncommon (10). The cleavage of polyproteins
into their independent protein subunits is generally mediated by virus-encoded proteases (18, 19),
however, cellular proteins have been shown to act as peptidases of +ssRNA viral polyproteins as
well. This is the case with certain flaviviruses, such as Zika and dengue viruses in which
endoplasmic reticulum- (ER) and Golgi-associated enzymes (signal peptidases and Furin,
respectively) act to process the pr (premembrane), M (membrane) and E (envelope) structural
proteins, which are essential processes for virion maturation (20-22). More conventionally, these
viruses also encode for a viral chymotrypsin-like serine protease (non-structural protein 3 or NS3)
that carries out the bulk of polyprotein processing (21).

Proteases from +ssRNA viruses come in many forms, such as chymotrypsin-like serine
proteases, chymotrypsin-like cysteine proteases, papain-like cysteine proteases, ovarian tumor-
like (OTU) cysteine proteases and pepsin-like aspartic proteases (19, 23-25). Quite often, multiple
types of proteases can be found within the same viral polyprotein for its processing, or
alternatively, the polyprotein is processed by one protease (1820, 23, 26). These proteases can
act in cis and/or trans to cleave their originator polyprotein as well as other polyproteins or act

solely in cis on themselves sheerly for their own liberation (23, 27, 28).



1.2.1.1 Picornaviridae polyprotein and protease: The discovery of polyproteins and viral

proteases

The first mention of the idea of viral polyproteins dates back to the 1960s in studies of
viruses from the family Picornaviridae with the poliovirus and Mengovirus (29-31). In HeLa cells
infected with type 1 poliovirus using a pulse-chase metabolic labelling experiment, ten total non-
capsid proteins were detected from the cytoplasm of infected cells. It was known that the viral
genome acts as mRNA (32) and that the genome size was ~6000 nucleotides long and thusly the
protein to follow would be ~2000 residues in length. After short periods of radioactive amino acid
incorporation, large proteins were detectable; however, over longer incubation periods, these
larger proteins were almost undetectable and many smaller proteins were present (29). The
investigators knew the virus contained only four capsid proteins (VP1-4), which should be
detectable independently; however, ten noncapsid proteins were detectable from HeLa cell
cytoplasm infected with poliovirus or Mengovirus (29, 30). Upon incorporation of phenylalanine,
arginine, proline and methionine amino acid analogues in infected HeLa cells, a protein larger than
~200 kDa was the predominant species, linking some form of specificity regarding amino acid
sequence and cleavage of the nascent polypeptide. Furthermore, when infected cells were treated
with diisopropyl fluorophosphate (a known protease inhibitor), polypeptides of larger size were
detectable in comparison to untreated cells, indicating polyprotein processing by a protease (33).

A later study was performed in reticulocyte lysate with encephalomyocarditis virus (a
closely related picornavirus) in which viral mRNA was used in a cell-free system (34). Again,
larger proteins were present during the early stages of translation; however, smaller proteins
became apparent with time. To assess whether these proteins were an artifact of premature

translational termination, edeine (an initiation inhibitor) was added (34). The studies were able to
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see after the addition of edeine, smaller proteins were still detectable, indicating proteolysis was
occurring by a factor specific to the presented mRNA. Additionally, upon the addition of N-
ethylmaleimide (a cysteine protease inhibitor), smaller cleavage products were not detectable (34).

In 1981, studies were able to sequence the ~7.4 kb genome of poliovirus (35), which
revealed that one single ORF spans ~90 % of the genome, further bolstering the idea of gene
expression being centric around a polyprotein precursor and subsequent processing by internal
viral proteases. When profiling the amino acid sequence, the dipeptide Gln-Gly was present 13
times, a disproportionately high occurrence assuming random distribution of residues and the size
of the polyprotein. They theorized that this must be a signal sequence that is involved with protease
recognition (35). Indeed, this dipeptide along with Gln-Ser, Glu-Ser, Glu-Gly, Ala-Asp, and Asn-
Ser have been repeatedly implicated as cleavage motifs, showing a preference of viral proteases
towards less bulky side chains (19). The main poliovirus protease was eventually described as
being the 3C protease whose X-ray structure determined it to be a chymotrypsin-like Cys protease,
although there is some debate about whether it also resembles papain (35-37). It was also found
that poliovirus contains the additional chymotrypsin-like cysteine protease 2AP™, which cleaves
the polyprotein between the first structural protein VP1 and 2AP™ itself; however, it has been
shown that this cleavage ability is not essential to viral replication (38—40). The following sections
will describe many different types of +ssRNA viruses from different viral classifications and

specifically only those that contain PLCPs that act in polyprotein processing.

1.2.1.2  Alphavirus polyprotein and PLCP

Members of genus Alphavirus from family Togaviridae are vertebrate-affecting

arboviruses (arthropod-borne) to infect humans, horses, birds and rodents (4). Notable members
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of this genus include the human-affecting Sindbis, Semliki Forest and Chikungunya viruses (4).
The alphavirus genome is split into two main ORFs, resulting in two major polyproteins. The first
polyprotein encodes for four non-structural proteins (nsps) and the second predominantly hosts
structural proteins (40, 41). The nsps expressed from ORF1 form the replicase machinery for the
virus. Nsp2 is the only nsp to contain a proteolytic domain, which acts to process all three junction
points between the nsps into their individual functional domains, while the structural protein-
containing-polyprotein is processed by cellular enzymes (Furin and signal peptidases) in the ER
and Golgi (43). As is the case with many +ssRNA viruses, RNA replication cannot occur until the
RdRp (housed in nsp4) is released, showing the essential nature of this cleavage event (41).
Similarly, cleavage of nspl (contains the methyltransferase and GTase domains for 5’ capping)
from nsp2 functionally results in a replicative shift from negative-sense RNA synthesis to positive-
sense RNA synthesis (41). The cleavage order and nature of cleavage is finely regulated (17, 43,
44). Early in infection, cleavage carries out in cis between the nsp3|nsp4 junction of the first
polyprotein. Cleavage events between nspl|nsp2|nsp3 only occur in trans and thus occur later on
during infection, meaning a polyprotein comprised of nspl-nsp2-nsp3 and lone nsp4 dominate at
early stages (an example of cis/trans cleavage is shown in Fig. 1.1E) (17, 43, 44). As the nspl-
nsp2-nsp3 polyprotein accumulates, cleavage by nsp2 from one polyprotein can act on another
nspl-nsp2-nsp3 molecule at nsp1|nsp2, followed by in trans cleavage at the nsp2|nsp3 junction to
complete the cleavage cycle (17, 43, 44).

Work in the late 1980s was able to show that the C-term portion of nsp2 from the Sindbis
virus contained a proteolytic domain (17). Experiments using blocking antibodies for each nsp
only affected polyprotein processing when anti-nsp2 antibodies were used (17). Deletions in the

N-term of nsp2 did not affect polyprotein processing, where C-term deletions greatly reduced
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proteolysis, which could be restored by exogenously supplied viral proteins (17). Originally
thought to be a metalloprotease, nsp2 was subsequently theorized to be a thiol protease, as reducing
agents seem to be required for polyprotein processing during in vitro translation experiments (17).
A later study on the Semliki Forest virus nsp2 domain confirmed this and also showed that
proteolysis was inhibited by N-ethylmaleimide, but not by EDTA (metalloprotease inhibitor),
pepstatin (aspartic protease inhibitor), or PMSF (serine protease inhibitor) (45). The functional
studies on the protease domain of Sindbis virus nsp2 and sequence analysis and comparison with

papain (11, 12) led to the first classification of a viral protease being thought of as papain-like (17).

1.2.1.3  Aphthovirus and Erbovirus polyprotein and PLCP

Aphthovirus is a genus of +ssRNA viruses within the family Picornaviridae. The most
well-known and characterized member of the genus is the Foot-and-mouth disease virus (FMDV).
FMDYV was the first animal-affecting virus to be discovered in 1898 and infects common livestock,
such as cattle, goats, swine and sheep (4). The most related genus is Erbovirus, which contains
three horse-affecting viruses (4). There are two polyproteins produced from the ~8 kb +ssRNA
genome of these viruses, one of which is produced via ribosomal skipping (4). These viruses
encode for three proteases (46). The main 3C chymotrypsin-like Cys protease (termed 3C) is
present in the second polyprotein produced from ribosomal skipping along with another
chymotrypsin-like Cys protease (2AP™), while the third protease, a PLCP, is present at the very N-
term of the primary polyprotein and is termed the leader protease or LP™ and is considered an
accessory protease (46—48).

Lrris cis-acting (Fig. 1.1E) and only has one cleavage site at the junction of its own C-

term and structural protein VP4, liberating it from the polyprotein. LP™ has been theorized as being
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a PLCP for decades based on the location of the catalytic Cys-His as shown in Fig. 1.1C & D (49).
Lrr, like papain, has a triad member in Asp163 (50). Members of the closely related genus
Cardiovirus also have a version of LP™, however, this protein does exhibit protease activity (46).
Interestingly, LP™ can be found as two different variants (LabP™® and LbP™) based on where
translation initiation occurs, as two start codons are present 84 nt apart at the 5’ end of the genome
(46, 47, 51). LabP™ is generated when translation commences from the most 5° AUG, however
LbP™, where translation begins at the AUG 84 nt into the genome, is more abundant in infected
cells (51). Both versions retain catalytic activity as PLCPs, however the loss of LabP™ translation
is much more deleterious than LbP™, the latter of which still results in viable virus capable of
replication in animal models (51). The Lb form of LP™ from FMDYV was the first viral PLCP to be
structurally characterized, although as a catalytic knockout with a Cys51Ala mutation (Fig. 1.1C
& D) (50, 52). The structure revealed similarity to papain, retaining the L and R domains and
active site being formed at the interface of the two core domains (50).

Polyprotein processing is not the singular role of LP™. Studies have shown that FMDV LP
uses its protease activity towards cellular proteins as well, specifically eukaryotic initiation factor
(eIF) 4GI (4, 46, 53, 54). elF4F is the protein complex that recruits the ribosome to bind host
mRNA for cap-dependent translation (55). The complex is made up of a number of proteins,
including elF4GI, which acts a scaffolding protein, using multiple domains to tether the complex
together as well as being involved with 40S ribosomal subunit recruitment to the 5 end of capped
mRNA (55). LP™ is able to cleave elF4GI into two domain, disrupting elF4F complex formation,
inhibiting cellular cap-dependent mRNA translation, which does not affect FMDV and related
viruses, as they are not 5’ capped and use an internal ribosomal entry site for translation initiation,

which in turn drives ribosomal activity predominantly towards viral protein production (50, 51,
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53, 54). FMDV LP™ has also been shown to act as a deubiquitinase (DUB) to corrupt cellular
signaling in the innate immune response to viral infection (51). Specifically, this ability results in
the negative regulation and antagonism of the type I interferon (IFN) pathway (51). Similar activity

will be discussed in detail in relation to nidoviruses.

1.2.1.4 Potyviridae polyprotein and PLCP

Members of the family Potyvirirae have plants as their natural hosts (4). They are the most
biologically and agriculturally relevant family of RNA viruses to affect plants (56). The largest
genus is Potyvirus with over 150 known species (4, 13). These viruses belong to the picornavirus-
like supergroup based on their polyprotein arrangement and phylogenetic analysis of the RdRp
sequences (23, 57). One staple of the picornavirus-like supergroup is the presence of a main 3C-
like Cys protease, whose primary function is polyprotein processing; however, these viruses also
have accessory leader proteases in the form of PLCPs found at the N-term of the polyprotein that
are minorly involved with proteolytic processing and have other roles during infection (13, 23,
27). The main protease of potyviruses, Nla (nuclear inclusion protein a), has strict cleavage
sequence requirements, only being able to cleave at GIn|Gly or Gln|Ser junction points (as above
mentioned with poliovirus 3C) and typically has 6-8 cleavage sites in the primary polyprotein (13).

PLCPs have been theorized in a handful of potyvirids, specifically in the genera Potyvirus
(Tobacco etch virus, Turnip mosaic virus, and Potato viruses A/Y), Macluravirus (Chinese yam
necrotic mosaic virus) and Bymovirus (Barley yellow mosaic virus) (13). Although the locations
of the coding sequence for these proteases in the genome are known, the function and classification
for most are yet to be determined. However, based on the amino acid sequences of these accessory

proteases, they have been thought of as being PLCPs for decades (49). The best characterized
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PLCPs from the potyvirids are from the genera Potyvirus and Rymovirus and are termed the helper
component protease (HC-Pro) (13, 23, 56). This protein is not shared amongst all potyvirids, and
is exclusive to those with monopartite genomes, unlike members of genus Bymovirus who have
bipartite genomes and have an alternative accessory protease termed P2-1, whose function is still
relatively unclear (13).

HC-Pro is considered one of two minor proteases and solely cleaves itself in cis out of the
lone potyvirid polyprotein at its own C-term, which is also done identically by the more N-
terminally-located chymotrypsin-like serine P1-protease (58, 59). HC-Pro is comprised of three
core domains, which are the N-term domain, central domain and the C-term domain, all of which
have been shown to have various functions during potyvirus infection (27, 56, 58, 60, 61). The C-
terminal region of HC-Pro contains the PLCP domain of the protein, composed of a catalytic Cys-
His dyad and no triad member (27). Only one crystal structure of a potyviral HC-Pro PLCP domain
exists and is from the Turnip mosaic virus (not to be confused with the Turnip yellow mosaic
virus) (27). It has a minimalistic PLCP overall fold with its B-sheet rich domain being less
pronounced; however, the two domains are present (27).

Three amino acid motifs of the N-term domain (DAG, PTK, and KITC) within HC-Pro
have been shown to be involved directly with viral transmission (56, 58). Potyviruses are
transmitted to their final plant hosts by aphids, typically as they are feeding on the inner leaf (56).
The virus, which can replicate inside the aphid vector, is transmitted from the insect vector to the
plant upon the physical puncturing of the aphid stylet into the leaf (56). Many studies have shown
that the three N-term motifs of HC-Pro multimers facilitate the transmission of infectious virions
to the plant host by assisting in viral particle association with the mouthparts of the aphid (56, 58).

It has been suggested that these three amino acid motifs aid in forming a bridge between the viral
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coat proteins of assembled viruses and receptors in the aphid stylet, acting to localize the viral
particles to the mouthparts for heightened rates of transmission (56).

Another function of HC-Pro is that of tampering with the host antiviral silencing RNA
mechanism by acting as an RNA silencing suppressor (RSS) (56, 58, 60). In plants, silencing RNA
is one of the main modes of defence against RNA viruses. The process has been well studied and
is triggered by the presence of dsRNA (replicating viral genome or secondary structures) and
begins with the generation of small interfering RNA (siRNA) in the nucleus as double-stranded
RNA, which is subsequently transported out of the nucleopore into the cytoplasm by exportin
proteins (62, 63). The RNA is then recognized by Dicer-like protein(s) (DCLs) endoribonucleases,
cleaving the dsRNA into shorter fragments typically 21-24 nt in length and then use their helicase
domains to separate the dsSRNA into ssRNA (64). Viral RNA can also directly act as template for
siRNA (vsiRNA), which is directly accessible by host DCLs (64). The RNA-induced silencing
complex (RISC) is then formed as the DCLs facilitate loading of the ssSRNA onto Argonaute
(AGO) proteins (65, 66). The RISC complex associates the ssRNA with the complementary viral
RNA and AGO proteins carry out RNA degradation of the target (65-67). Host cell RdRps (present
in plants) also may act to convert sSRNA to dsRNA, which can then be picked up by DCLs for
subsequent RISC complex formation, amplifying silencing events (64).

HC-Pro from potyviruses and rymoviruses have been shown to act as RSSs by preventing
loading of vsiRNA onto RISC (56). The 3’ ends of siRNA molecules are methylated for their
protection by an RNA methyltransferase called HUA Enhancer 1 (HEN1), preventing degradation
(68). Studies have shown that HC-Pro can inhibit methylation by preventing the production of the
methyl group in the first place, which leads to siRNA degradation, or by obstructing the HEN1

methylation process altogether (64). HC-Pro can also act as an RSS by direct interaction with
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AGOL, obstructing RISC formation, or by downregulating mRNA encoding for AGO1 by
enhancing the production of an miRNA that targets AGO1 (miR168) (64). All of these roles

combined make HC-Pro a truly multifunctional PLCP

1.2.1.5 Closterovirdae polyprotein and PLCP

Members from family Closteroviridae (type member: Beet yellow virus) have the largest
genome size of plant-affecting +ssRNA viruses (4, 58). These viruses produce two polyproteins,
with the one translated from ORF1a being substantially larger and also harbours the lone putative
PLCP at the N-terminus termed LP™ (61, 69). As described with FMDV, closteroviruses have a
leader protease located at the beginning of the major polyprotein. The catalytic domain is confined
to the C-terminus region and is composed of a catalytic Cys-His dyad that only recognizes its C-
terminus in cis at a Gly-Gly motif for autocatalytic release from the polyprotein (23, 70). Some
closteroviruses encode for a second leader protease (L2) downstream of LP™, however, its function
is not well-known, but is believed to be involved in host range extension (58, 71).

This LP™ does not have DUB activity, but other accessory functions have been shown. As
described with HC-Pro of the potyvirids, LP® has been shown to have a role in genome
amplification by acting as an RSS, presumably protecting the RNA genome from RISC-mediated
degradation (61, 72). Another study showed by alanine scanning mutagenesis that the N-term
region of LP™ is implicated in cell-to-cell movement of assembled viral particles within the phloem,
implicating this protein’s importance in long-distance transport (72).

As described above for many different viruses, PLCPs do not act solely as peptide cutters
of the viral polyprotein. They often have very far-reaching functionality that acts to impart large

advantages by modulating host cell response mediated by viral infection and also have purpose in
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ensuring more successful and efficient replication and transmission. Taken together, it is no
surprise that these enzymes are often targets for antiviral therapies. The auxiliary functions of other
well-characterized PLCPs from members of the order Nidovirales and family Tymoviridae will be

further discussed in the subsequent sections.

1.3 Porcine reproductive and respiratory syndrome virus (PRRSV)

1.3.1 Overview and implications of disease

PRRSV was first reported in the USA in multiple states in the late 1980s, as a large degree
of reproductive failure was becoming increasingly evident in swine in the livestock industry and
was first thought of as a mystery swine disease (73). These morbidities were also joined with
respiratory abnormalities especially in newborns, stunted growth rates and increased mortality
within the same herds (73-75). PRRSV also presents itself clinically as fever, lethargy, anorexia
and physically as a blue discolouration of the ears (4). PRRSV was first successfully isolated by
Dutch researchers from pregnant sows and piglets in 1991 where they were able to determine it
was a unique etiological agent that was readily spread by aerosols (76). When PCR-based assays
for detecting PRRSV became available in the 1990s, its presence was found virtually everywhere
swine were kept for livestock purposes and highly virulent strains were being detected outside of
North America and Europe (74, 77, 78).

The modes of transmission of PRRSV make spread particularly challenging to control. It
had early been proposed that infection was through direct contact via uninfected and infected pigs,
however, aerosols were soon after also shown to be risk factors (73, 75). Early findings described
that PRRSV was detectable in virtually all porcine bodily secretions, making any form of

secretion-based contact potential exposure routes (75). Transmission through semen is
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predominantly problematic due to increased practices of artificial insemination, which increases
the chances for long-distance transmission and is heightened by the extensive viability of
infectious particles in semen (74, 79). Animal husbandry practices such as teeth clipping, tattooing,
tail docking, and medicine administration are also possible modes of transmission through fomites
(74, 79). Vertical transmission is highly problematic from pregnant sow to fetus and typically
occurs in the last trimester of pregnancy (74).

PRRSV is one of the most economically important pathogens to infect swine globally. It
has been estimated that PRRSV causes the US >$600 million per year in financial losses (80). It
has been reported that the Canadian swine industry suffers ~$150 million per year due to PRRSV
(81, 82). European estimates show that median losses in German swine farms moderately-affected
by PRRSV lose ~€400,000 annually (80, 83). Unfortunately, literature-based evidence on
treatment effectiveness has not been well-circulated, especially to farmers, making it challenging
for farmers to justify and rationalize the cost of treatments over economic losses and return on

investments (80).

1.3.2  PRRSV genome and polyprotein arrangement

PRRSV belongs to the family Arteriviridae in the order Nidovirales (4). There are two
distinct species of PRRSV, PRRSV-1 and PRRSV-2, which have ~40 % genetic variation at the
nucleic acid level (74, 84). PRRSV-1 is considered to dominate in Europe, while PRRSV-2 in
North America and Asia (74). More recently, PRRSV-1 and -2 have been classified into their own
genera as Betaarterivirus suid 1 and Betaarterivirus suid 2, respectively (85). PRRSV, along with
all arteriviruses, has a +ssSRNA, monopartite genome that is ~15 kb in length and harbours 12

distinct ORFs as presented in Fig. 1.2A (86—89). Roughly three-quarters of the 5° proximal genome
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is composed of two ORFs (ORF1la and ORF1b) that encode for replicase proteins (88). The 3’
region of the genome is composed of eight ORFs that are nested subgenomic mRNAs (sg mRNA)
that give rise to the structural proteins, such as the glyco-, membrane, envelope and nucleocapsid
proteins (87).

ORF1a is directly accessible by the host cell ribosome, generating the ~2500 amino acid
polyprotein la (ppla) (88). Ppla is composed of 10 nsps, four of which have proteolytic ability to
process ppla (88, 90, 91). Nsp4 is the main protease, which is a 3C-like serine protease (His-Asp-
Ser triad), acting as a classic chymotrypsin-like protease to cleave at six different junctions in ppla
and also acts to cleave the subdomains of proteins derived from ORF1b (91). Nspla (leader
protease) and nsp 1 are compact PLCPs with simplified active sites made up of catalytic Cys-His
dyads, where nspla also contains a zing finger (ZF) domain (92-94). Nspla only acts on its own
C-term and its liberation from ppla is thought to be favoured in cis, as is the case with FMDV
Lpr (93). It has been shown that nspla also has accessory functions in regulating sg mRNA
synthesis for the production of the structural proteins (94, 95). Moreover, mutational analysis
implicated the ZF domain in inhibiting the production of IFN-f, a crucial signaling cytokine
involved in antiviral defence mechanisms of the immune system (96). Nsp1p is structurally similar
to nspla, but lacks an N-term ZF domain (92). The protease is also responsible for only one
cleavage at its C-term and mutations in the active site result in lack of genomic replication (97).

Nsplp and its auxiliary roles will be explored in detail in sections to follow.
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Figure 1.3 PRRSV genome, polyprotein and PRF events.

A) schematic of the full +ssRNA PRRSV genome. 3’ ORFs encoding structural proteins are shown
in grey. Translation of the largest ORFs (ORF1a and ORF1b) yields replicase polyproteins la and
lab (ppla and pplab). Translation of ORF1b requires a -1 PRF event at the end of ORFla. PRRSV
ppla is comprised of 10 nonstructural protein (nsp) subunits, four of which have autocatalytic
polyprotein cleavage activity (arrows indicate cleavage sites). Whereas the —1 PRF at the
ORF1a/1b junction is directed by stimulatory RNA structures, additional -1 and -2 PRF events
occurring within the nsp2- coding region do not depend on higher-order RNA structures, additional
-1 and -2 PRF events occurring within the nsp2- coding region do not depend on higher-order
RNA structures. These PRF events result in truncated nsp2 variants, nsp2N and nsp2TF, which
both retain the papain-like cysteine protease (PLP2) and hypervariable regions (HVR) but lack the
C-terminal Cys-rich domain (C). Nsp2TF also contains a modified transmembrane domain (TM”)
that is encoded by a short alternative ORF (TF) that overlaps with ORF1a in the -2 reading frame.
B) The region of ORFla from PRRSV SDO01-08 showing where -1/-2 PRF occurs within nsp2.
The slippery sequence is shown in red, and the C-rich motif is shown in blue. The C-rich motif
replaces the canonical higher-order RNA structural element as found in most other PRF
mechanisms and serves as a putative binding site for nsp1p and PCBP2. Adapted from (98, 99).
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Nsp2 is by far the largest protein produced by PRRSV at roughly 1100 residues in length.
The N-term portion contains a PLCP domain termed PLP2 (87, 88). The other domains within
nsp2 are the hypervariable region (HVR), transmembrane domain (TM), and Cys-rich domain
(28, 88). The nsp2-coding region of ppla has the highest proportion of genetic variability
amongst PRRSV isolates, with deletions resulting in a loss of 150 amino acids being reported in
certain PRRSV isolates (100). The crystal structure of PRRSV PLP2 is yet to be reported,
however, the corresponding domain of the related Equine arteritis virus (EAV) has been
determined (101). The protease has a catalytic triad (Cys-His-Asn) similar to papain and also
contains a ZF domain (101). Closer structural comparison revealed PLP2 to be more structurally
analogous to the OTU superfamily (101). There is only one cleavage event carried out by the
enzyme at the nsp2|nsp3 junction, which has been shown to be essential to viral replication
(102).

PLP2 demonstrates significant capacity to modulate the innate immune response of the
infected host by having DUB activity and the ability to hydrolyze interferon-stimulated gene 15-
(ISG15-) conjugated proteins, acting to corrupt cytokine signaling pathways (103). Specifically,
the ZF domain is crucial in recognizing ubiquitin (Ub) and ISG15 (101). Interestingly, nsp2 exists
as multiple variants or isoforms in infected cells, which will be discussed in detail in sections to
come (89, 104, 105); however, one of these isoforms has also been connected in association with

the nucleocapsid and may also act as a structural protein with unknown function(s) (84, 104).

1.3.3  The various roles of PRRSV nsplf

PRRSV nsplp was first characterized from a European strain of PRRSV-1 (106). The

homologous protein in EAV was shown to autocatalytically cleave at the nspl|nsp2 junction and
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sequence analysis classified the domain as a PLCP (107). Indeed, similar domains were found in
PRRSYV and the lactate dehydrogenase-elevating virus (LDV) with conserved locations of putative
active site Cys-His residues (106). In vitro translation assays using rabbit reticulocyte lysate
confirmed that both PRRSV nspla and 3 have proteolytic processing ability towards their C-term
(106). Mutational experiments centric towards nspla/p active site Cys or His significantly
reduced or abolished protease activity, and as previously shown with EAV, both proteases seem
to only act in cis (106, 107).

Using a PRRSV reverse genetics system, the importance of nspla and B in the context of
the PRRSV life cycle was explored by the same group (108). Active site mutations in nspla
allowed for efficient genome replication but did affect sg mRNA synthesis, whereas analogous
mutations in nsplf prevented genome replication, as no detectable RNA synthesis occurred in
infected cells, suggesting that it has more of a function than just acting to cleave at the nsp1f|nsp2
junction (108). As described above for the potyvirus HC-Pro and FMDV LP™, proteases at the N-
term of the polyprotein that typically act to only cleave themselves from the polyprotein often have
more global and important roles in the context of viral replication and infection.

More recently a new role for nsplf was described, involving the “imprisonment” of
cellular mRNA in the nucleus of MARC-145 cells infected with PRRSV-1 and -2 strains (109). It
is believed that this would stifle mRNA transport to the cytoplasm for translation, allowing PRRSV
to exploit translational machinery for itself and also potentially acting to supress expression of host
innate defense proteins (109). Immunofluorescence assays coupled with quantitative reverse
transcription-PCR (qRT-PCR) for the viral N protein transcripts as well as four cellular gene
transcripts were carried out, which showed that in PRRSV infected cells, the ratio of the cellular

transcripts were significantly higher in the nucleus in comparison to the cytosol relative to
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uninfected cells, whereas, as expected, N protein transcripts were mostly cytosolic (109). When
individual viral gene products (nspla/p or N protein) were delivered to cells, only cells transfected
with plasmid coding for nsplf elicited evident mRNA retention to the nucleus (109). More
specifically, an nsplf SAP motif (SAF-A/B, Acinus, PIAS; SAF-scaffold attachment factor,
PIAS-protein inactivator of activated STAT, STAT-signal transducer and activator of
transcription) spanning residues ~123-138, which is well-conserved in both types of PRRSV, has
been implicated in this mRNA “imprisonment” (109). SAP motifs are often found in nuclear
proteins involved with DNA repair, RNA processing, transcription, and other roles (110) and have
been found in certain RNA viral proteases such as FMDV LP(111).

An alternative function of nsplf has been well-explored, relating to transactivating
programmed ribosomal frameshifting to open two new ORFs in the nsp2-coding region of ORFla,
resulting in two variants or isoforms of nsp2, termed nsp2TF and nsp2N (Fig. 1.2A) (89, 105).

Specifics on how this PRF event occurs will be discussed in detail.

1.3.3.1 Canonical programmed ribosomal frameshifting in viruses

Viruses heavily depend on their host cell machineries to express all necessary proteins and
form viral particles. As explored above, the production of polyproteins is a way for the virus to
pack substantial genetic information into single ORFs for the generation of multiple proteins.
However, +ssRNA viruses may also utilize other non-canonical translation means to produce their
proteins, which is often guided by the structure and sequence of their genomes (10). These
mechanisms of translation are clever ways for viruses to regulate protein expression levels, as well
as increasing the coding capacity of the genome (10). Being able to produce multiple proteins from

a single genome via polyprotein production and non-canonical translation is advantageous to
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viruses with non-segmented genomes, as packing of the genome into viral particles becomes
simplified and less dependent on ensuring all segments have been delivered appropriately (10).

One non-canonical translation method often used by +ssRNA viruses is programmed
ribosomal frameshifting (PRF). PRF was first described for the Rous sarcoma virus where
overlapping ORFs encoding for the Gag and Pol proteins undergo a PRF event to produce a Gag-
Pol polyprotein (112, 113). A stop codon exists at the 3’ of the gag ORF, which typically prevents
further translation into the pol region; however, translation into pol/ does occur occasionally to
produce the fusion protein at a ratio of 20:1 (Gag to Gag-Pol), which is facilitated by a -1 PRF
event (112). The presence of a heptameric, “slippery” frameshift site with sequence X XXY YYZ
(X any three identical nucleotides, Y either repeating A/U, and Z is A/C/U) has been described for
Rous sarcoma virus and related viruses and has been shown to be one essential element in
stimulating PRF; however, not alone by itself (10, 112). An immediate downstream RNA
secondary structure in the form of a stem-loop (or pseudoknot) was found to be another vital motif
in eliciting PRF (112, 114). These two stimulatory RNA motifs are essential in viral canonical
PRF, as is the case with pplab translation in PRRSV (10, 115).

It is believed that upon translation of the viral genome by the host cell ribosome, the
ribosome stalls when it encounters the RNA secondary structure, which acts as a kinetic obstacle
as the ribosome must unwind the element to continue translation (10, 114). The ribosome is
typically located on the upstream slippery sequence as it is unfolding the RNA, and the nature of
this sequence acts to facilitate PRF (typically in the -1 frame) (10). It has been hypothesized that
the ribosome is associated with peptidyl and aminoacyl tRNAs at this point and detachment from
the zero-frame codons and subsequent reattachment in the -1 frame (presuming PRF occurs) still

allows for near-perfect realignment (outside of the wobble position) of the new frame due to the
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nature of the slippery sequence (i.e. X XXY YYZ (0 frame) 2 XXX YYY Z (-1 frame)) (10,
112). Should the frameshift occur, the ribosome will continue to translate in the new ORF until
termination through stop codon detection, allowing for access to multiple overlapping ORFs within
one stretch of RNA (10, 116). The ribosome does not always slip during each pass and often
remains in the zero-frame during unwinding, however, PRF events do occur at various efficiencies
depending on the stimulatory elements in question (10, 117, 118).

As seen in all nidoviruses, there is a natural stop codon in the O-frame in between ORF1a
and ORF1b that prevents readthrough and subsequent translation into ORF1b, however a -1
ribosomal frameshift at this junction silences the stop codon and translation can occur into ORF1b
to produce the large polyprotein pplab (119). This frameshift occurs roughly 15-20 % of all
ribosomal passes (using a reporter system) and allows for the formation of nsps9-12 (87, 120).
This efficiency is significantly lower than related +ssRNA viruses like the encephalomyocarditis
virus of family Picornaviridae where a -1 PRF event occurs at ~70 % efficiency, albeit having
relatively different genomic architecture (121). As above mentioned, the subdomains produced
from translation into ORF1b are processed by nsp4 to give more key replicase proteins, such as
the RdRp and the RNA helicase, however, these proteins from PRRSV will not be discussed
herein. Although PRRSV uses canonical PRF at the ORF1aJORF1b junction, more recently, it has
been found that a novel form of -1 and -2 PRF also occurs in the nsp2-coding region of ORFla,
which is transactivated by nsplf and cellular proteins, Poly(C)-binding proteins 1 and 2

(PCBP1/2) (105, 122, 123).
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1.3.3.2  Alternative PRF events in PRRSV

A previous study analyzed the nucleotide sequence of ORF1a for >200 isolates of PRRSV
in 2012 and observed some peculiarities in the nsp2-coding region in all isolates that suggested a
-2 PRF event in this region (105). Of all the regions of PRRSV ORF1a, this region of the genome
clearly has the highest overall conservation with the most reduced rate of synonymous
substitutions, suggesting the importance of the nucleic acid sequence for this stretch of the genome
(105). When sequences for all isolates were shifted in silico in the + 1 frame (or -2 frame), they
noticed an absence of stop codons for ~170 codons in this region, which was also shown to be
shared with similar viruses LDV and Simian hemorrhagic fever virus (SHFV), but not in EAV
(105). A -2 frameshift would produce an nsp2 variant protein (nsp2TF) which shares identical
PLP2 and HVR domains, but the -2 PRF occurs just before the transmembrane domain, creating a
variation stemming from this overlapping ORF with an alternative TM domain termed TM’ (105).
A stop codon in the -2-frame is present just downstream the TM’-coding region, resulting in a
truncated version of nsp2 with an alternate membrane-spanning region and no Cys-rich region (Fig
1.2A) (105). Located at the 5’ end of the newly found ORF in almost all PRRSV isolates analyzed
(206 of 212), the LDV sequences, and one SHFV sequence, a G GUU_UUU motif is present,
having all criteria of a typical heptameric slippery sequence (Fig. 1.2B) (105). Interestingly, no
downstream RNA secondary structure could be predicted, although a highly conserved cytosine-
rich motif 11 nt downstream of the slippery sequence was present (Fig. 1.2B) for PRRSV, SHFV
and LDV isolates analyzed (105).

Immunodetection using antibodies specific to the N-terminus of nsp2 or the TM’ portion
of nsp2TF in MARC-145 cells infected with PRRSV-1 or PRRSV-2 strains confirmed the presence

of nsp2TF as well as an even more truncated version of nsp2/nsp2TF termed nsp2N. Residues
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comprising the TM’ domain of nsp2TF, were confirmed using mass spectrometry (MS) (105).
Nsp2N would arise from a -1 PRF event at this same site; however, there is an immediate stop
codon following the slippery sequence in this frame, which would lead to a protein with only the
PLP2 and HVR domains and no membrane-spanning domain (Fig. 1.2A). Transient expression of
ORF1la using a recombinant vaccinia virus/T7 polymerase expression system confirmed that
mutations in the shift site (G_GUA UUC) or in the C-rich motif significantly hindered
frameshifting, reducing nsp2TF and nsp2N levels, while nsp2 levels went up considerably, as
ribosomes are presumably not being directed into these alternate frames (105). PRF efficiencies
were estimated to be ~15 % and ~6 % for -2 and -1, respectively in a wild type (WT) scenario

(105).

1.3.3.3 Nsplp transactivates -1/-2 PRF in the nsp2-coding region

As previously mentioned, delivering PRRSV ORF1a to cells is sufficient to stimulate -1/-
2 PRF, so authors in a subsequent paper wanted to define the minimal sequence of ORFla to
produce PRF products (89). Using the same expression system as mentioned above, a study found
that delivery of constructs absent of nspla or nsp3 still promoted -1/-2 PRF product formation,
whereas constructs lacking nsp1f expressed nsp2, but significantly less amounts of nsp2 TF/nsp2N
(89). Further, nsplp introduced on the same construct with nsp2 in comparison to on an
independent construct also allowed for production of PRF products, suggesting PRF-mediated by
nsp1p also occurs in trans (89).

When essentially every codon of nsplf3 was mutated synonymously, PRF still occurred,
indicating that the protein and not the RNA coding for nsp1p is implicated in PRF (89). An RNA-

binding helix in nsp1p with sequence GKYLQRRLAQ is highly conserved in both types of PRRSV
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and contains many basic residues that are often involved with nucleic acid binding (89, 92).
Mutational analysis in this RBM showed the that this helix is essential in stimulating PRF (89). In
cells co-transfected with constructs coding for nsplf and a plasmid that would result in the
production of RNA that represents 79 nt of the PRRSV genome (containing the slippery sequence
and C-rich motif), nsp1p was pulled down from cellular lysate using an a-nsp1B Ab, followed by
qRT-PCR of the RNA that co-immunoprecipitated (co-IP) with nsplf (89). These findings
suggested that nsp1p has a propensity to bind the PRRSV genome at or close to the shift site (89).

Previous studies on PRRSV showed that nsp1f assays involving co-IP followed by MS
resulted in the pulldown of cellular proteins PCBP1 and PCBP2 in cells transfected with a
construct coding for nsp1f (124). In MARC-145 cells infected with PRRSV, immunofluorescence
determined colocalization of nsplB and PCBP1/2 (124). In the same study, siRNA targeted
towards PCBP1, PCBP2 or a combination of both significantly reduced PRRSV titers in MARC-
145 cells 24 h post-transfection, with lowest titers founds for PCBP2 siRNA in comparison to
PCBP1 and the lowest in the combination treatment (124). These findings were confirmed by
another group showing similar nsp1B/PCBP2 interactions using a yeast-two hybrid system and
immunofluorescence studies in MARC-145 and PAM (porcine alveolar macrophage) cells
transfected with a construct coding for nsp1p or infected with a strain of highly-pathogenic (HP)-

PRRSYV, a strain more similar to PRRSV-2 (125).

1.3.3.4 Roles of nsplf and PCBP1/2 in PRRSV PRF

PCBPs have been shown to be involved with mRNA stabilization as well as transcriptional
and translational enhancement (126, 127). To date, there have been four PCBPs characterized

(PCBP1 to 4), all of which have a high-tendency of binding cytosine-rich nucleic acid (126).
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PCBP1 and 2 have been the best characterized, specifically their K-homology (KH) domains. Both
PCBP1 and 2 have three KH domains, all of which have been implicated in nucleic acid binding
(128, 129). Studies in 2016 revealed that PCBP1 and 2 stimulate PRRSV PRF in conjunction with
nsp1p to form nsp2TF and nsp2N, showing for the first time a cellular protein transactivating viral
PRF (123). Previous findings were able to show the importance of the C-rich motif of the PRRSV
genome in frameshifting and also the significance of the linker length between the slippery
sequence and the C-rich motif in stimulating PRF in reticulocyte lysate (123).

Electrophoretic mobility shift assays (EMSAs) using recombinantly produced nsplf,
PCBP1, and PCBP2 showed that there was synergistic binding of nsp13/PCBP1 or nsp13/PCBP2
to a 58 nt RNA probe representing the genome, containing the slippery sequence and C-rich motif
(123). Mutational analysis within the KH domains was carried out at the important, shared GXXG
loop (to GDDG), which has been shown to affect RNA binding of the KH domains without
affecting stability and folding, as determined by circular dichroism (123, 130). These studies
showed that PCBP1/2 GDDG mutations in KH1 and KH3 significantly impacted PRF product
formation and complex formation through EMSAs, but no change was seen between WT and
GDDG mutations with KH2, suggesting KH2 of either PCBP1/2 is not important in stimulating

PRF (123).

1.3.3.5 Roles of nsp2TF and nsp2N in PRRSV infection

Nsplp and PCBP1/2 have convincingly been shown to stimulate PRRSV PRF, but the
implications of producing the nsp2 variant proteins was not well understood until 2018 (131). As
mentioned above, the PLP2 domain of nsp2 has been shown to have significant impact on

supressing the host innate immune response by inhibiting the type I IFN pathway by disrupting
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cellular protein signaling using the DUB and de-ISGylating activities of PLP2 (101, 103, 132).
Interestingly, both nsp2TF and nsp2N still contain the PLP2 domain, suggesting they too may be
involved in similar functions.

Studies were able to show in vitro that knocking out the active site Cys/His for nsp2TF and
nsp2N significantly reduced the global ability for either protein to decouple Ub or ISG15 from
cellular proteins, demonstrating that these two proteins also harbour DUB and de-ISGylating
activities (131). Immune gene mRNA profiling of MARC-145 and PAM cells infected with WT
PRRSV, PRRSV that produces nsp2TF without TM’ (terms KO1), or PRRSV that can only
produce nsp2 (termed KO2) determined that there was a significant upregulation of immune genes
in PRRSV KO1- and KO2-infected cells, specifically in those involved with cytokine receptor
interaction and tumor necrosis factor signalling (131). These results were confirmed using in vivo
studies in naive pigs infected with all three strains of PRRSV and by analyzing serum from the
specimen six days post-infection (131). Reduced viral load was seen in pigs infected with PRRSV
KO1/KO2 compared to WT PRRSV and mRNA levels of interferon genes and counts of T cells
in PRRSV KO1/KO2-infected pigs were significantly higher, suggesting the importance of

nsp2TF and nsp2N in corrupting the innate and adaptive immune responses (131).

1.4 Viruses of the family Tymoviridae

1.4.1 Overview: hosts, infection and disease

Viruses from the family Tymoviridae are plant-affecting viruses subdivided into three
genera: Tymovirus, Marafivirus and Maculavirus, which have been grouped together based on the
sequence similarity of their RdRps and coat proteins (CP) (133). Tymoviruses and marafiviruses

have been far better studied over the years and will be the focus of discussion. There are currently
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30 species within the genus Tymovirus, all of which infect exclusively dicotyledonous plants (133,
134). There are currently only 10 species members within genus Marafivirus, with new purported
members still being reported, yet marafiviruses can infect both dicots and monocots, with many
hosts being grasses/cereals (133—136). The type members for both genera are the Turnip yellow
mosaic virus (TYMV) and Maize rayado fino virus (MRFV), Tymovirus and Marafivirus,
respectively (133). The amount of research done on plant-affecting viruses is noticeably far less
than on animal- and human-affecting viruses, so it follows that details on general replication
strategies and transmission is not abundant, however, there is still enough scientific literature to
summarize these topics, with substantial amounts of work done on the molecular biology of
TYMV over the years.

Tymovirids are naturally transmitted to host plant tissue (typically leaves) by insect
vectors, although can be readily transmitted through vascular puncture of seed/leaf tissue or via
leaf rubbing in a lab setting (133, 137—139). Tymoviruses are generally spread by beetles, whereas
marafiviruses by leathoppers (133, 137). Tymoviruses are thought to be semi-persistent, non-
propagative viruses in that they are not internalized deep into the insect vector system and likely
remain in the foregut and mouthparts (133, 140). Interestingly, marafiviruses are persistent-
propagative viruses in that they are internalized far into the midgut of the insect vector and are
able to replicate in their vector as well (133, 137, 140). Of note, marafiviruses are only limited to
phloem cells unlike tymoviruses which can spread to multiple tissues (141).

Viruses from Tymoviridae have a virtually global distribution (142). These viruses affect
overall plant health quite dramatically in that they lead to significant defoliation, visible chlorosis
that results in inefficient photosynthesis, stunted growth, necrosis of sieve tubes and phloem cells

and reduction in fruit bearing (135, 143—145). These infections can be extremely problematic in
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the field if bacterial or fungal pathogens are also present, compounding impacts on the crops (146).
These are problematic viruses as they affect many crops essential in food and alcohol production
as well as those relevant to biofuels. The heightened spread of these viruses, increasing global
population leading to increased food demand, coupled with climate control issues that are affecting
agriculture practices globally (147) underpin the importance of better understanding these viruses

from a molecular standpoint, which will be discussed further (148—150).

1.4.2 Tymoviridae genome and proteome

The genomes for TYMV and MRFV were sequenced in the late 1980s and early 2000s,
respectively (146, 151). They have remarkably similar genome sizes at ~6.3 kb that only differ by
13 nt in the two isolates that were first sequenced (146, 151). The genomes are both 5’ capped and
are arranged very similarly with one predominant ORF that spans roughly 90-95 % of the genome
as depicted in Fig 1.3 (146, 151). This major ORF is translated directly by the host cell ribosome
to generate the replicase complex that is made up of four subdomains: the methyltransferase
domain (MET), PLCP domain (PRO), helicase domain (HEL) and RdRp (141).

Both MRFV and TYMV have movement proteins termed p43 and p69, respectively, which
give the viruses the ability to spread from cell to cell and throughout the tissues of the infected
host (152). Marafiviral genomes actually code for two distinct coat proteins, a major and minor
version (CP and CP*, respectively). CP is translated from the primary ORF that produces the
replicase, resulting in a large polyprotein that contains the replicase fused to CP at the C-term of
the RdRp, whereas CP* is produced from its own ORF via sgRNA in which a core sequence known
as the marafibox serves as its own transcriptional promoter (152—154). This strategy for structural

protein production differs from the tymoviruses, where only one coat protein is produced similarly
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to CP* via sgRNA and a sequentially similar promoter termed the tymobox (155). Another
difference between marafiviral and tymoviral genomes is the presence of a tRNA-like secondary
structure at the 3” end of the tymovirus genome in place of a poly-A tail, as seen in the marafivirus
genome (141, 156). This tRNA-like structure was first described for TYMV but has been since
characterized for many other plant-affecting viruses and structurally resembles eukaryotic tRNA
and is believed to be involved with binding eukaryotic elongation factor 1A, which normally is
involved with delivering aminoacyl tRNAs to the ribosome, likely enhancing translation efficiency
for TYMV (156, 157).

Although not the case for marafivirus PRO, the PRO domain of TYMV has been very well-
characterized over the years and has been shown to have various functions including polyprotein
processing, facilitating viral protein localization in the infected host, and DUB activity for
modulating the host cell innate immune response (148—150), which will be discussed in the next
section, however, one of the primary purposes of this thesis is to shed light on the marafiviral PRO

domains, which will be discussed in future sections.
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Figure 1.4 Tymoviridae genome arrangement and proteins encoded therein.

Tymovirus TYMV genome (top) and marafivirus MRFV genome (bottom). The Major ORFs are
shown in orange, which encodes for the replicase proteins: methyltransferase (MET), protease
(PRO), helicase (HEL), RNA-dependent RNA polymerase (RdRp), as well as the major coat
protein for MRFV (CP). CP* is the minor coat protein produced only in MRFV through sgRNA,
which is also how the sole CP for TYMV is produced. Movement proteins are shown in green
ORFs, P69 and P43 for TYMV and MRFV, respectively. Known cleavage events by TYMV PRO
shown with blue triangles and hypothesized cleavage events shown with red triangles by MRFV
PRO. TYMV tRNA-like structure from PDB ID: 4P5J. Figure adapted from (152).
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1.4.3  Roles of TYMV PRO

Preliminary studies began by investigating the gene expression of TYMV in the 1980s,
shortly after the sequencing of its genome. The first thing that was apparent was the lack of a stop
codon in a huge stretch of the genome (major ORF), which should be translated to give a protein
of ~206 kDa; however, in an in vitro translation system using genomic RNA extracted from viral
particles, no protein representing the full translation of the major ORF was detectable, yet smaller
molecular weight proteins were, which led to the belief that some form of polyprotein processing
was occurring (158). A few years later, another group using the same system showed that delivery
of various cysteine protease inhibitors greatly reduced the formation of smaller molecular weight
proteins, which was not seen for serine protease inhibitors (159). A subsequent paper using an
infectious TYMV c¢DNA clone of the genomic RNA, an in vitro translation system, and antibodies
specific to the termini of the major polyprotein, which results in two distinct protein species of ~70
kDa (RdRp) and ~150 kDa (MET-PRO-HEL) being generated, presumably from the 206 kDa
precursor (148). This group was also able to determine the relative location of the protease domain
and the cleavage site between the polyprotein|RdRp junction and mutational analysis showed that
mutations altering the site greatly impacted cleavage efficiency (148). These findings were
validated by the same group using turnip protoplasts (160). This was further confirmed by another
paper that showed the importance of the catalytic Cys and His for cleavage to occur and also
characterized the protease as a PLCP based on sequence comparison (161, 162).

In more recent years, tremendous work on TYMV PRO has been done by the Jupin group.
They were able to generate antisera specific to the C-term of the helicase domain and a proline-
rich region in between MET-PRO (163). Using their antibodies and a transient gene expression

system in Arabidopsis thaliana protoplasts, they were able to determine that an additional
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polyprotein cleavage event occurs at the PRO/HEL junction at the proteases own C-term to
generate MET-PRO and HEL (163). Studies showed that this cleavage can also occur in trans in
plant cells when the full-length major ORF with a catalytic Cys to Ser mutation was co-transfected
with a construct only coding for WT PRO in A. thaliana protoplasts (163). Mutational analysis at
the PROJHEL junction confirmed the cleavage site to be in between the two domains (163).
Northern blotting specific to minus-strand viral RNA confirmed that altering the cleavage site
results in significantly decreased levels of detectable RNA, suggesting the importance of this
cleavage in viral infection, specifically genome replication (163).

Previous studies focused on the organization of the replication complex and especially the
RdRp and its targeting to chloroplasts (150, 164). Preliminary findings suggested that some portion
of the MET-PRO-HEL polyprotein facilitated targeting of the RdRp to 4. thaliana protoplast
chloroplast envelopes and that there is no means of localization by the RdRp alone (165). In planta
studies using Chinese cabbage infected with TYMYV and fractionation of membrane structures
revealed the presence of the RdRp and the MET-PRO-HEL polyprotein following western blotting
specifically in the envelope of chloroplasts, as no significant signal was seen in the stroma or
thylakoids (164). These targeting events were subsequently attributed to the PRO domain and has
been suggested to be important in enhancing genomic RNA replication by physically trapping the
RdRp as well as protecting viral RNAs from cellular siRNA machinery (164, 166).

The next area of research that emerged involved the DUB activity of TYMV PRO. In a
2010 publication, using a cell line of transgenic A. thaliana that expressed the RdRp, the RdRp
was readily degraded in cells over time, which was slowed down by the addition of MG132 and
clastolactacystin B-lactone, two known proteasome inhibitors (167). In a reporter based assay using

a transient gene expression construct producing the RdRp fused to chloramphenicol
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acetyltransferase (CAT), Ub and luciferase (LUC) to produce a CAT-Ub-RdRp-LUC fusion
protein, luciferase levels were decreased significantly and rescued with the addition of the
proteasome inhibitors, suggesting degradation by the 26S proteasome, a process that is controlled
by Ub (167, 168). It was subsequently determined that the RdRp alone was ubiquitinated in A.
thaliana naturally and that several lysine residues (the attachment residue of target proteins for
Ubiquitin) of the RdRp are Ub-acceptors (167). It was also found that that co-expression of MET-
HEL-PRO stabilized degradation of the RdRp, suggesting a potential role by one of these domains
in preventing proteasome-mediated degradation (167).

The PRO domain was expressed recombinantly in Escherichia coli in a 2012 paper that
showed the enzyme was active against a common DUB fluorogenic substrate (Ub-AMC) and also
was active against the two most-well characterized poly-Ub chain substrates (Lys48-linked, which
is a marker for proteasomal degradation and Lys63-linked, which has more implications in
signaling as it pertains to nutrient transport and plant development) (149, 169-171). The Ub
pathway is highly regulated and has been characterized extensively and will be discussed in detail
in future sections; however, findings that TYMV PRO can hydrolyze K48-poly-Ub chains
bolstered former claims of TYMV PRO protection of the RdRp from proteasomal degradation
(149, 167). Findings showed in A. thaliana protoplasts transfected with a plasmid encoding for
Myc-tagged Ub, that the RdRp and a plasmids encoding variations of the PRO domain, following
IP using an anti-RdRp antibody, RdRp ubiquitin conjugations were significantly decreased,
showing that the RdRp is the target for PRO’s DUB activity (149). A crystal structure of TYMV
PRO was determined in 2013 and although it has two characteristic domains similar to papain and
the active site being formed at the interface of these domains, the active site structurally has more

homology to OTU DUBs than classic PLCPs, although OTU domains are technically considered
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PLCPs (172). A 2020 publication revealed the crystal structure of TYMV PRO bound to Ub, which

truly brought the story full circle (173), and this structure taken with the crystal structure of the

enzyme alone will be discussed in length in future sections.

1.5 Thesis Objectives

Overall, the work presented focusses on the cysteine proteases of several different

animal-, plant- and human-affecting +ssRNA viruses and their roles as it pertains to polyprotein

processing and additionally to characterize not as commonly explored roles of these enzymes, such

as programmed ribosomal frameshifting and deubiquitination. More specifically the goals are as

outlined below:

1y

2)

A biochemical and biophysical investigation of the PRRSV PRF-stimulating complex of

the nsp2 coding region: How PRRSV nsp1f and cellular PCBP2 bind the viral genome to

induce PRF is still not very well understood. The research presented here sheds more light
on this novel complex of a host protein-viral protein-viral genome interaction. Mutational
analysis as well as biochemical and biophysical analysis of the complex was carried out
for its characterization. Cell-based mutational assays also confirm biochemical assays and
further show the role of nsp1p in innate immune suppression.

Exploring the polyprotein processing and deubiquitinating activity of marafivirus and

benyvirus proteases: As outlined above, TYMV PRO has been extensively characterized,

but the proteases from the closely related marafiviruses have not. The work presented
shows that these enzymes have polyprotein cleavage tendencies that appear comparable to
TYMV and also contain DUB activity to varying degrees. Studies on the benyvirus

protease domains show interesting specifics on how these enzymes recognize Ub
38



substrates. Crystal structures of MRFV PRO provide evidence of the enzymes in the
absence of presence of substrate, which shows the potentially dynamic nature of the
enzyme.

This work has been done in relation to a bigger picture project of bioengineering
transgenic plants that express selective ubiquitin-like inhibitors that would act as
competitive inhibitors of these proteases, to ideally create some degree of viral resistance
in the host. A similar strategy, with some modifications, is being used with the PLCP from

SARS-CoV-2, which will be discussed herein.
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2 Chapter 2: Molecular characterization of the RNA-protein complex directing -2/-1

programmed ribosomal frameshifting during arterivirus replicase expression

A majority of this research was originally published in the Journal of Biological Chemistry.
Patel, A., Treffers, E.E., Meier, M., Patel, T.R., Stetefeld, J., Snijder, E.J., Mark, B.L.. Molecular
characterization of the RNA-protein complex directing -2/-1 programmed ribosomal
frameshifting during arterivirus replicase expression. J Biol Chem. 2020.

doi:10.1074/jbc.RA120.016105.
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The conceptualization of this project was done prior to my arrival in the lab by B.L.M and
E.J.S. Purification of all recombinantly expressed proteins and cloning of mutant proteins was
done by myself. Electrophoretic mobility shift assays were done by me as well as purification of
the tricomponent complex for all experiments. Analytical ultracentrifugation and data analysis was
carried out by M.M. (University of Manitoba), Small-angle X-ray scattering data collection and
processing was carried out by M.M. and T.R.P. (Lethbridge University), respectively. Cell culture
experiments were carried out by E.E.T. Manuscript writing and compilation was primary done by

myself and B.L.M, but all authors contributed to writing their experimental sections.
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2.1 Introduction

RNA viruses have evolved remarkable noncanonical translational mechanisms to
maximize the coding capacity of their genomes (10, 116), including the use of PRF. PRF enables
the ribosome to access multiple overlapping ORFs within the viral genome (10, 174, 175), thus
yielding alternative viral protein variants from what - upon cursory inspection - appears to be a
single gene, allowing for the expression of partially colinear proteins with alternate C-terminal
extensions and domains (10, 176, 177).

As discussed above, the first evidence for the occurrence of PRF was discovered in Rous
sarcoma virus, which produces a gag-pol fusion protein from briefly overlapping gag and pol ORFs
during infection (112, 113, 178). This is achieved by causing the host cell ribosome to slip back
one position (-1 PRF) during translation of the viral RNA genome, which occurs at a heptameric
‘slippery’ sequence that is located 5-10 nucleotides upstream of an RNA structural element (stem-
loop or pseudoknot) (112, 113, 178). Encountering this RNA structure causes the ribosome to
pause and ‘slip’ on the slippery sequence, resulting in a -1 frameshift that opens access to an
alternate reading frame (179). The frequency of frameshifting events differs per virus and
presumably controls the stoichiometry of certain viral proteins (10).

Members of the order Nidovirales (including among others the families Arteriviridae and
Coronaviridae) encode two large replicase polyproteins, ppla and pplab, which are post-
translationally cleaved to yield 12-16 mature nsps (28). Expression of pplab depends on a
pseudoknot-stimulated -1 PRF event to occur in the short ORF1a/ORF1b overlap region (119,
176). Next to this well characterized -1 PRF event, most members of the arterivirus family also
employ a more unusual -2 PRF mechanism. For example, in porcine reproductive and respiratory

syndrome virus (PRRSV) and simian hemorrhagic fever virus (SHFV), -1 and -2 PRF events were
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shown to occur at the same site in the nsp2-coding region of ORFla, yielding two nsp2 variants.
In the case of PRRSV these products are either truncated compared to full-length nsp2 (nsp2N,
resulting from -1 PRF) or contain an alternative C-terminal domain (nsp2TF, resulting from -2
PRF) and were implicated in suppressing host innate immune responses (Fig. 2.1A) (89, 105, 131,
180). Interestingly, while a characteristic slippery sequence is present in the region of the PRRSV
genome where these frameshifts occur, no discernible RNA secondary structural element could be
predicted (105). However, a highly conserved C-rich motif (CCCANCUCC, or similar) is found
11 nt downstream of the slippery sequence shift in studied PRRSV isolates (Fig. 2.1B), which
suggested that a novel transactivating mechanism facilitates PRF at this position as opposed to a
ribosomal pausing mechanism that is usually induced by an RNA tertiary structural element (89,
123). Indeed, two frans-acting elements subsequently were shown to control -1 and -2 PRF in
PRRSV: the PRRSV protein nsp1f and the host cell protein poly(C)-binding protein 1 or 2 (89,
105, 123). The viral and cellular proteins interact with each other and with the viral RNA genome
to induce -1/-2 PRF in the nsp2-coding region of ORFla. Although PCBP2 and nsplf had
previously been shown to interact with each other (124), the significance of this interaction for
efficient PRF has only recently been discovered (89, 123).

PRRSV remains the most economically important viral disease in the swine industry (181)
and its high pathogenicity may be due, in part, to the immune evasion mechanisms it employs
during infection (28). Consequently, the further dissection of its molecular biology and gene
expression mechanisms is highly relevant for efforts to improve PRRSV vaccines, including those
based on attenuation by targeted engineering of the viral genome (182). Despite its importance to
PRRSYV replication, the biochemistry and structural biology of the interactions between nsplf,

PCBP1 or 2 and the PRRSV RNA genome have not been explored. Here we provide structural and
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functional insights into the quaternary complex between nsplf:PCBP2 and viral RNA that
controls PRF. Site-directed mutations in both nsp13 and PCBP2 pinpointed key residues needed
for complex formation with the RNA genome. Nspl3 mutagenesis was also used to identify
residues essential to stimulate PRF as well as residues involved in the evasion of innate immune
responses. While we found nsp1p and PCBP2 to be unstable on their own, combining the proteins
with viral RNA containing the putative slippery sequence and C-rich motif resulted in a highly
stable complex that we could study by analytical ultracentrifugation (AUC) and small-angle X-ray
scattering (SAXS). Our study provides detailed molecular insights into a novel PRF-directing
mechanism employing two protein transactivators interacting with the PRRSV genome to expand

its coding capacity.
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Figure 2.1 Simplified PRRSYV genome, polyprotein and PRF events.

A) Schematic of the full +ssRNA PRRSV genome. Translation of the largest ORFs (ORF1a and
ORF1b) yields replicase polyproteins 1a and lab (ppla and pplab). Translation of ORF1b requires
a -1 PRF event at the end of ORFla. PRRSV ppla is comprised of 10 nonstructural protein (nsp)
subunits, four of which have autocatalytic polyprotein cleavage activity (arrows indicate cleavage
sites). Whereas the —1 PRF at the ORF1a/1b junction is directed by stimulatory RNA structures,
additional -1 and -2 PRF events occurring within the nsp2- coding region do not depend on higher-
order RNA structures. These PRF events result in truncated nsp2 variants, nsp2N and nsp2TF,
which both retain the papain-like cysteine protease (PLP2) and hypervariable regions (HVR) but
lack the C-terminal Cys-rich domain (C). Nsp2TF also contains a modified transmembrane domain
(TM”) that is encoded by a short alternative ORF (TF) that overlaps with ORF1a in the -2 reading
frame. B) The region of ORFla from PRRSV SDO01-08 showing where -1/-2 PRF occurs within
nsp2. The slippery sequence is shown in red, and the C-rich motif is shown in blue. The C-rich
motif replaces the canonical higher-order RNA structural element as found in most other PRF
mechanisms and serves as a putative binding site for nsp1 and PCBP2. Adapted from (98, 99).
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2.2  Materials and Methods

2.2.1 Primers used for DNA constructs

Table 2.1 Primers used for nsp1p and PCBP2 mutations for EMSAs

Oligo Name Sequence (5’to 3°)
nsplB Y131A (5° Phos.) Forward CCAACGCAGGCTTCAAGTCCG
nsplf YI31A (5° Phos.) Reverse AGCGCCTTACCATGCACGCCCC
nsplf3 R135A (5’ Phos.) Forward CAAGTCCGCGGCATGCGTGC
nspl3 R135A (5’ Phos.) Reverse AGCGCGCGTTGGAGGTACTTAC
PCBP2 R40A Forward GGAGAGTGGTGCACGTATCAAC
PCBP2 R40A Reverse TCCGCCATCTTCTTAACTGATTC
PCBP2 R57A Forward TATCACTTTGGCTGGACCCAC
PCBP2 R57A Reverse ATCGCCTCAGGACAATTCCCTTC
PCBP2 N325D Forward CAAAATTGCGGATCCAGTGGAAGG
PCBP2 N325D Reverse ATCTGCGCCCCAGACATC

Table 2.2 Primers used for generating PCBP2 KH2 and KH1-KH2 proteins

Oligo Name Sequence (5’to 3°)

PCBP2 KH2 Forward CTATAGGTCTCAAGGTGTCACCCTGAGGCTGGTGGTCC

PCBP2 KH2 Reverse GATATAAAGCTTTTAAGTCTCCAACATGACCACGCAG

PCBP2 KH1-KH2 Forward | CTATAGGTCTCAAGGTAATGTCACTCTCACCATCCGGC

PCBP2 KH1-KH2 Reverse | GATATAAAGCTTTTAAGTCTCCAACATGACCACGCAG

Table 2.3 Primers used for frameshifting assays

Oligo Name Sequence (5’ to 3°) Purpose
EUnsolb Site directed
SpD- GGGCGTGCATGCTAAGTACCTCCAACGCAG mutagenesis
G129A-fw
G129A
EUnsolb Site directed
NSpLo- TGGAGGTACTTAGCATGCACGCCCCACTTGG mutagenesis
G129A-rev
G129A
EUnsolb Site directed
Sp1o- GGCGTGCATGGTGCUTACCTCCAACGCAG mutagenesis
K130A-fw K 30A
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EUnsp1b-
K130A-rev

EUnsp1b-
Y131A-fw

EUnsp1b-
Y131A-rev

EUnsp1b-
L132A-fw

EUnsp1b-
L132A-rev

EUnsp1b-
Q133A-fw

EUnsp1b-
QI33A-rev

EUnsp1b-
L136A-fw

EUnsp1b-
L136A-rev

EUnsp1b-
Q137A-fw

EUnsp1b-
QI37A-rev

EUnsp1b-
V138A-fw

EUnsp1b-
V138A-rev

EUnsp1b-
RI139A-fw

EUnsp1b-
R139A-rev

TGCGTTGGAGGTAAGCACCATGCACGCC

TGCATGGTAAGGCCCTCCAACGCAGGCTTC

TGCGTTGGAGGGCCTTACCATGCACGCCCC

GCATGGTAAGTACGCCCAACGCAGGCTTCAAG
TC

GAAGCCTGCGTTGGGCGTACTTACCATGCACG

TAAGTACCTCGCACGCAGGCTTCAAGTCCG

GAAGCCTGCGTGCGAGGTACTTACCATGCAC

CCAACGCAGGGCTCAAGTCCGCGGCATGC

CATGCCGCGGACTTGAGCCCTGCGTTGGAG

TCCAACGCAGGCTTGCAGTCCGCGGCATGC

CCGCGGACTGCAAGCCTGCGTTGGAGGTAC

GCAGGCTTCAAGCCCGCGGCATGCGTGCTG

GCATGCCGCGGGCTTGAAGCCTGCGTTGGAG

CTTCAAGTCGCTGGCATGCGTGCTGTGGTC

CACAGCACGCATGCCAGCGACTTGAAGCC

Site directed
mutagenesis
K130A
Site directed
mutagenesis
Y131A
Site directed
mutagenesis
Y131A
Site directed
mutagenesis
L132A
Site directed
mutagenesis
L132A
Site directed
mutagenesis
Q133A
Site directed
mutagenesis
Q133A
Site directed
mutagenesis
L136A
Site directed
mutagenesis
L136A
Site directed
mutagenesis
Q137A
Site directed
mutagenesis
QI137A
Site directed
mutagenesis
V138A
Site directed
mutagenesis
V138A
Site directed
mutagenesis
RI139A
Site directed
mutagenesis
RI139A
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EUnsp1b- Site directed

G140A-fw TTCAAGTCCGCGCCATGCGTGCTGTGGTCG mutagenesis
G140A
EUnsplb- Site directed
P CAGCACGCATGGCGCGGACTTGAAGCCTGC mutagenesis
G140A-rev
G140A
EUnsolb Site directed
SpLo- AGTCCGCGGCGCTCGTGCTGTGGTCGATCC mutagenesis
M141A-fw
MI141A
EUnsolb Site directed
Sp1b- CCACAGCACGAGCGCCGCGGACTTGAAGCC mutagenesis
M141A-rev
MI141A
EUnsolb Site directed
Sp1L0- CCGCGGCATGGCTGCTGTGGTCGATCCTG mutagenesis
R142A-fw
R142A
EUnsolb Site directed
nspLb- CGACCACAGCAGCCATGCCGCGGACTTGAAG mutagenesis
R142A-rev
R142A
Amplify EUnsplb
EUnso bofs ACGAGAATTCCCATGGATGTCTGACGTTTACA | and introduce
nSpib-iw GGTGGAAG upstream EcoRI
and Ncol sites
GCCGAATTCCCATGGACTACAAAGACCATGAC A‘:ﬁéﬁf&éﬁiﬂ 1b
3xFLAG- GGTGATTATAAAGATCATGACATCGATTACAA o
EUnsplb-fw | GGATGACGATGACAAGTCTGACGTTTACAGGT up
3xFLAG tag and
GGAAG ;
Ncol site
Amplify EUnsplb

and introduce
ATCACCTGCAGGGCGGCCGCCTCGAGTCAGCC downstream
ATACCACTTATGTG Xhol, Notl and
Sbfl restriction
sites
Sequencing pL
vector

EUnsplb-rev

pL-seq GATCTGATCTGGGGCCTC

2.2.2  Expression and purification of nsp1 (XH-GD)

Nsplp from Chinese strain XH-GD, which is a strain of HP-PRRSV-2 was designed prior
to my arrival to the lab using the exact same cloning strategy as described by Xue et al (183). The

insert was placed into plasmid pGEX-6p-1 and was constructed by Blue Heron Biotech. The nsp1f3
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OREF is fused in-frame to glutathione S-transferase (GST) for affinity purification. This plasmid
was transformed into E. coli BL21(DE3) Gold cells (Stratagene). The transformed cells were
grown overnight at 37 °C in 25 ml lysogeny broth (LB) supplemented with 150 pg/ml ampicillin.
The following morning, the culture was used to inoculate fresh LB with ampicillin (1:50
inoculation) and was subsequently grown at 37 °C to an Ago of 0.7-0.8. Expression of the GST-
nsplB (XH-GD) fusion protein was then induced by the addition of 0.5 mM isopropyl p-D-1
thiogalatopyranoside (IPTG) and left to incubate with shaking at 16 °C for an additional 18 h.
Cells were then pelleted by centrifugation and stored at -80 °C.

Cell pellets were resuspended in ice-cold lysis buffer (50 mM  2-(N-
morpholino)ethanesulfonic acid (MES) pH 6.0 and 500 mM NaCl) and lysed using a French
pressure cell (AMINCO). Cell lysate was clarified by centrifugation (17,211 X g at 4 °C), and the
supernatant containing the GST-nsp1f (XH-GD) fusion was mixed end-over-end for 1 h at 4 °C
with GST-Bind resin (Millipore) that had been pre-equilibrated in lysis buffer. The lysate/resin
slurry was poured into a gravity column and washed with 10 column volumes of lysis buffer,
followed by elution of the fusion protein with lysis buffer supplemented with 10 mM reduced
glutathione (adjusted to pH 6.0).

The GST tag was removed from nsp1 (XH-GD) using GST-tagged HRV 3C PreScission
Protease, which was incubated with the eluted fusion protein in dialysis tubing overnight at 4 °C
in 2 L of dialysis buffer (identical to lysis buffer). Tag-free nsp1p was separated from free GST
and HRV 3C Precision Protease by passing the dialyzed protein mixture through GST-Bind resin
(pre-equilibrated in dialysis buffer). The flow-through contained purified nsplf3 and its

concentration was quantified using a NanoDrop instrument (Azso, /1000 = 40,910 M-'ecm™).
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2.2.3  Expression and purification of nspl f (SD0I1-08)

A pGEX-6p-2 expression vector of nsp1 from strain SD01-08, a North American PRRSV-
2 strain, was kindly provided by Dr. Ian Brierley (University of Cambridge, Department of
Pathology). The protein is expressed as a fusion protein in frame with N-term GST as described
above. Expression was also carried out using E. coli BL21(DE3) Gold cells. Cells were grown
overnight at 37 °C in 25 ml lysogeny broth (LB) containing 150 pg/ml ampicillin. The overnight
culture was used to inoculate 1 L of fresh ampicillin-containing LB (1:50 inoculation) and was
subsequently grown at 37 °C with shaking to an Ao of 0.7-0.8. Expression was induced using
IPTG at a final concentration of 0.5 mM and cells were left to incubate with shaking at 16 °C for
an additional 18 h. Cells were then pelleted by centrifugation and stored at -80 °C.

Cell pellets were resuspended in ice-cold lysis buffer (1X PBS (phosphate-buffered saline),
pH 7.4, 300 mM NacCl, 100 mM KCI, 5 % glycerol, 2 mM DTT (dithiothreitol)) and lysed using a
French pressure cell (AMINCO). Cell lysate was clarified by centrifugation (17,211 X g at 4 °C),
and the supernatant containing the GST-nsp1f fusion was mixed end-over-end for 1 h at 4 °C with
GST-Bind resin (Millipore) that had been pre-equilibrated in lysis buffer. The lysate/resin slurry
was poured into a gravity column and washed with 10 column volumes of lysis buffer, followed
by elution of the fusion protein with lysis buffer supplemented with 10 mM reduced glutathione
(adjusted to pH 7.4).

The GST tag was removed from nsp1f3 using GST-tagged HRV 3C PreScission Protease,
which was incubated with the eluted fusion protein in dialysis tubing overnight at 4 °C in 2 L of
lysis buffer lacking additional NaCl. Tag-free nsp1p3 was separated from free GST and HRV 3C
Precision Protease by passing the dialyzed protein mixture through GST-Bind resin (pre-
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equilibrated in dialysis buffer). The flow-through contained purified nsp1f3 and its concentration
was quantified using a NanoDrop instrument (Azgo, £/1000 = 23,786 M-'cm™). Nsp1p (SD01-08)

mutants Y131A and R135A were purified using the same method as described for the WT enzyme.

2.2.4 Expression and purification of PCBP2

Plasmid pQE-30-PCBP2 (Qiagen) encoding the full-length ORF for human PCBP2 with an in-
frame 6xHis tag at its 5° end was provided by Dr. Ian Brierley (University of Cambridge, Department of
Pathology). The plasmid was used to transform E. coli M15 (Qiagen). The transformed cells were grown
overnight at 37 °C in LB broth containing both 35 pg/ml kanamycin and 150 pg/ml ampicillin. Subsequent
culturing, IPTG-mediated induction of protein expression, cell lysis and lysate clarification were carried
out as described above for nsp1f. Clarified lysate was mixed end-over-end for 1 h at 4 °C with nickel-
nitrilotriacetic acid resin (Ni-NTA) (Qiagen) pre-equilibrated with lysis buffer. The lysate/resin slurry was
then poured into a gravity column and washed with 10 column volumes of lysis buffer, followed by 10
column volumes of lysis buffer supplemented with 30 mM imidazole, and finally eluted with lysis buffer
supplemented with 250 mM imidazole. The eluted protein was dialyzed against 2 L of buffer (1X PBS; pH
7.4, 100 mM KCl, 5 % glycerol) overnight at 4 °C and then further purified by gel filtration using a
Superdex75 (GE healthcare) gel filtration column. The concentration of purified PCBP2 was quantified
using a NanoDrop instrument (Asso, /1000 = 45,525 M'ecm™). PCBP2 mutants (N325D; R40A, N325D;

and R40A, R57A, N325D) were purified using the same method as described for the WT protein.

2.2.5 Differential scanning fluorimetry (DSF)
Purified nsp1p and PCBP2 were prepared as described above, however in a buffering

system composed of 20 mM TRIS (Tris(Hydroxymethylamin-omethane)) pH 7.5 and 300 mM
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NaCl. Commercial solubility and stability screens 1 & 2 from Hampton Research were used. 20
ul reactions were set up into Bio-Rad semi-skirted transparent 96-well PCR plates.
Buffers/additives were added as per the manufacture’s recommendations, protein was added to a
final amount of 2 ug per well, Sypro Orange was added for a final concentration of 1X (Sigma-
Aldrich) and was topped up to 20 ul with ultrapure water. Melt curves were generated on a Bio-
Rad CFX96 qPCR machine with a gradient set from 4 °C to 95 °C with temperature increasing 1

°C per minute. Reads were taken on the fluorescence resonance energy transfer channel.

2.2.6 Cloning of PCBP2 KH2 and KHI1-KH?2 domains

PCBP2 KH2 and the KH1-KH?2 fusion were cloned into the pE-SUMO expression vector
(LifeSensors) using a pET-28a vector containing a PCBP2 insert as template for PCR, kindly
provided by Dr. Ying Fang (Department of Pathobiology, College of Veterinary Medicine,
University of Illinois, Urbana-Champaign, IL, USA). Primers that were used are indicated in Table
2.2. Amplicons generated had 5’ Bsal and 3’ HindlIII restriction sites and were cloned into pE-
SUMO using standard restriction cloning. This vector produces a fusion protein with an N-term
6xHis tag fused to SUMO (small ubiquitin-like modifier) to produce either 6xHis-SUMO-KH2 or
6xHIS-SUMO-KH1-KH2 with a SUMO protease cleavage site in between the SUMO and the

protein of interest.

2.2.7 Expression and purification of PCBP2 KH2 and KHI-KH?2
E. coli BL21(DE3) Gold cells transformed with pE-SUMO-KH?2 or pE-SUMO-KH1-KH2 were
grown overnight at 37 °C in LB broth containing 35 pg/ml kanamycin. Culturing and IPTG protein

induction and expression was carried out identically to mentioned above for PCBP2 and nsplf .
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Cells were harvested after overnight expression and frozen at -80 °C or used immediately after
harvesting. Cells were lysed and lysates were clarified as described above, however in a different
lysis buffer (50 mM Bis-TRIS pH 6.8 (2-[Bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol), 0.5 M NaCl and 0.1 mM PMSF (phenylmethylsunfonyl fluoride). The lysate/resin slurry
was then poured into a gravity column and washed with 10 column volumes of lysis buffer,
followed by 10 column volumes of lysis buffer supplemented with 25 mM imidazole, and finally
eluted with lysis buffer supplemented with 250 mM imidazole. In-house produced SUMO protease
was added to the elution mixture to cleave off 6xHis-SUMO from either protein. The eluted protein
with SUMO protease was dialyzed overnight at 4 °C against 2 L of dialysis buffer (50 mM Bis-
TRIS pH 6.8 and 150 mM NaCl). The following day, the dialyzed sample was mixed with Ni-
NTA pre-equilibrated with dialysis buffer to recapture any free 6xHis-SUMO for 1 h at 4 °C with
end-over-end mixing. The flowthrough from this mixture contained purified KH2 or the KH1-
KH2 fusion. The concentration of purified protein was quantified using Bradford assays, as neither

protein contains Trp residues.

2.2.8 Site-directed mutagenesis

Nsplp (SD01-08) variants used for EMSAs (Y131A and R135A) were constructed using
round-the-horn site-directed mutagenesis (184) using plasmid pGEX-nsp1 WT as template
(Table 2.1). The linear PCR amplicon was purified (Qiagen), followed by Dpnl treatment to
remove any plasmid template and then re-circularized using instant sticky-end DNA ligase (New

England Biolabs). The ligation product was used to transform E. coli NEB5a (NEB). Once
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confirming successful mutagenesis by DNA sequencing, plasmid pGEX-nspl1f Y131A/R135A
were independently transformed into E. coli BL21 (DE3) Gold cells.

PCBP2 variants N325D; R40A, N325D; and R40A, R57A, N325D were constructed using
a Q5 site-directed mutagenesis kit (New England Biolabs) and plasmid pQE-30-PCBP2 as
template. Primers (Table 2.1) were designed using the NEBaseChanger tool to produce individual
point mutations. Multiple rounds of site-directed mutagenesis were carried out to construct the
double and triple PCBP2 mutations. All variants were confirmed by DNA sequencing.

Constructs used in cell culture assays were generated by standard PCR-based mutagenesis
and recombinant DNA techniques. Expression vector pL1a was a derivative of an equine arteritis
virus (EAV) ORF1la expression vector, in which the foreign gene is under control of a T7 RNA
polymerase promoter and an encephalomyocarditis virus internal ribosomal entry site and is
followed by a downstream T7 terminator sequence (185). pCAGGS-nsplb-WT, R134A and
R135A containing the European PRRSV strain SD01-08 nsp1 sequence were a kind gift from Dr.
Ying Fang (Department of Pathobiology, College of Veterinary Medicine, University of Illinois,
Urbana-Champaign, IL, USA). The wild type nsplp (strain SD01-08) sequence was amplified
using oligonucleotides EUnsplb-fw and EUnsplb-rev (all oligonucleotide sequences listed in
Table 2.2) which introduced EcoRI and Ncol sites upstream and Xhol, Notl and Sbfl sites
downstream of nsp1p for cloning purposes. The PCR product was transferred to pUC19 vector for
PCR-based mutagenesis to create mutants G129A, K130A, Y131A, L132A, QI133A, L136A,
QI37A, V138A, RI139A, G140A, M141A and R142A. The WT and mutant sequences were
amplified using oligos 3XxFLAG-EUnsp1b-fw and EUnsp1b-rev which introduced EcoRI and Ncol
sites upstream of a 3xFLAG tag and transferred to the pL1a and pCAGGS (Addgene) expression

vectors for cloning purposes. Correct introduction of the mutations was verified using Sanger
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sequencing. pL-EUnsp2 (105), pL-EUnsp1p-2 (105), pLuc-IFN-f (186) and pcDNA-FLAG-

MAVS are described as previously mentioned (187).

2.2.9 Electrophoretic mobility shift assays (EMSAs)

EMSAs were performed using synthetic sSRNA or ssDNA probes (Integrated DNA
Technologies). Nsp13 and PCBP2 proteins used in the assays had been previously concentrated to
20 uM and frozen at — 80 °C in single-use aliquots. Each protein was thawed and diluted to 2 uM
in EMSA reaction buffer (PBS pH 7.4, 100 mM KCI, 5% glycerol and 2 mM DTT). Nucleic acid
probes were used at a final concentration of 20 nM. Protein(s) and nucleic acid were combined
and co-incubated for each reaction with reaction buffer up to 20 pl for 10 min at 30 °C. Following
incubation, each reaction was loaded onto a non-denaturing 8 % TBE-PAGE (TBE, Tris-Borate-
Ethylenediamine tetraacetic acid; PAGE, Polyacrylamide gel electrophoresis) gel. Electrophoresis
was performed for 70 min in ice-cold 0.5X TBE buffer at 140 V. The gel was subsequently stained
with 1X SYBR gold nucleic acid stain (ThermoFisher Scientific) in 0.5X TBE for 30 min in the

dark (to avoid photobleaching) prior to visualization using UV light.

2.2.10 Cell culture and antibodies

RK-13 (rat kidney) and HEK293T (human embryonic kidney) cells were cultured
essentially as previously described (185, 188). mAb 58-46 (a-EU-nsp2) (105) which recognizes
the N-terminal domain of nsp2, nsp2TF and nsp2N was a kind gift from Dr. Ying Fang
(Department of Pathobiology, College of Veterinary Medicine, University of Illinois, Urbana-
Champaign, IL, USA). mAb-FLAG (M2, Sigma).
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2.2.11 Radioactive labeling and radio-immunoprecipitation analysis to determine frameshifting

efficiencies

The frameshift stimulating abilities of the nsplp mutants were determined by transient
expression in RK-13 cells, using plasmid pL1a and the recombinant vaccinia virus/T7 polymerase
expression system, which was performed essentially as described previously (185) by labeling
transfected cells for 2 h using 150 pCi/mL of a (35S)Met/Cys mixture (EXPRE35S35SProtein
Labeling Mix; Perkin-Elmer). Cells were transfected with nsp2 alone, nsp2 and wild type nsp1f
expressed from the same plasmid or nsp2 and 3xFLAG-nsp1f wild type or mutants co-expressed
from separate plasmids. Protocols for cell lysis, immunoprecipitation, SDS (sodium dodecyl
sulfate)-PAGE, and quantification with a Typhoon Variable Mode Imager (GE Healthcare) have
been described previously (98). Nsp2, nsp2TF and nsp2N were immunoprecipitated using mouse
mAb 58-46 and the 3XxFLAG-nsp1f mutants were immunoprecipitated using mouse mAb-FLAG
(M2, Sigma). Band intensities (nsp2, nsp2TF and nsp2N) were quantified with ImageQuant TL
(GE Healthcare) and normalized by the Met+Cys content of the respective products (nsp2: 14 Met,
32 Cys, nsp2TF: 14 Met, 24 Cys and nsp2N: 11 Met, 18 Cys) assuming that 35S Met and 35S Cys
are incorporated with an efficiency ratio of 73:22 (the Met:Cys ratio in the mixture according to
the manufacturer’s documentation). We previously determined that calculated frameshifting
efficiencies are only 1.06—1.07 times higher if equal incorporation efficiencies are assumed instead
(105). Using these values, frameshifting efficiencies were calculated as (nsp2TF)/(nsp2 + nsp2TF
+ nsp2N) for —2 frameshifting, and (nsp2N)/(nsp2 + nsp2TF + nsp2N) for —1 frameshifting. The

experiment was repeated three times.
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2.2.12 Dual luciferase assay to determine interferon suppression

To determine the interferon suppression abilities of the nsplf mutants 80% confluent
HEK-293T cells in 24-well plates were transfected using the calcium phosphate transfection
method (189). Cells were co-transfected with 5 ng pRL-TK, encoding Renilla luciferase
(Promega), 25 ng pcDNA-FLAG-MAVS to induce an innate immune response, 50 ng pLuc-IFN-
B, firefly reporter and 75 ng pCAGGS-3xFLAG-nsplp expression plasmids. At 18 h post
transfection, cells were harvested and luciferase expression was measured using the Dual
Luciferase Stop & Glo Reporter Assay System (Promega) and the EnVision Multimode Microplate
Reader (PerkinElmer). Experiments were performed in triplicate and independently repeated three
times. Firefly luciferase activity was normalized by dividing the activity by the Renilla luciferase
activity in the same well. Statistical significance (p<0.001) was determined using an unpaired two-

tailed Student’s t test in GraphPad Prism 8.1.1 (190).

2.2.13 Large-scale purification of the trimeric complexes for AUC and SAXS

Low concentrations of equimolar nsp1f3 and PCBP2 in PBS (pH 7.4), 100 mM KCI and
5% glycerol were co-incubated with a 1.1X molar excess of DNA/RNA probe for 3 h at 4 °C.
Following incubation, the protein-nucleic acid complex was concentrated using a centrifugal filter
unit (Amicon) to a volume of 2 ml. Any insoluble material was removed by high-speed
centrifugation and the soluble material was loaded onto a Superdex200 (GE Healthcare) gel
filtration column and purified. The integrity of purified complexes was evaluated by SDS-PAGE,
non-denaturing TBE PAGE and dynamic light scattering prior to further analysis by analytical

ultracentrifugation and small angle X-ray scattering.
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2.2.14 Characterization of the trimeric complex by sedimentation velocity

Sedimentation velocity data were collected on a Beckman-Coulter ProteomeLab™ XI-I
analytical ultracentrifuge equipped with an 8-hole An50Ti rotor. All samples were temperature
equilibrated in the rotor for at least 2 h under vacuum.

Seven samples of 34 nt ssSRNA at 8 uM (1x), 16 uM (2x), 32 uM( 2x) and 64 uM (2x)
concentrations were centrifuged at rotor speeds of 42000 rpm (samples > 16 uM) or 30000
revolutions per minute (rpm) (8 uM) for 24 h at 20°C in the specified solvent. The concentration
gradients in the cell were monitored by the absorbance optics at wavelengths of 278 nm (8 uM
sample), 294 nm (samples >16 pM, 1% run) and 291 nm (samples >16 pM, 2" run).

SEC-purified triple complex was prepared at 1.00 mg/ml, 2.00 mg/ml and 4.00 mg/ml total
material concentration. Each sample was centrifuged at 30000 rpm for 24 h at 20°C in the specified
solvent. The concentration gradients in the cells were monitored by the interference optics and by
the absorbance optics at 300 nm wavelength. Due to its 1 order of magnitude higher absorption
coefficient, the RNA dominated the signal in the absorbance optics. By contrast, the interference
optics could detect all components. We repeated the experiment using the same samples in the
same cells at 42000 rpm. Comparing the signal vs. loading concentrations of both runs, we detected
that we had suffered material loss due to aggregation at the bottom of the cells. Actual sample
concentrations in the second run had reduced to 0.44, 0.75 and 1.09 mg/ml.

The c(s, f) analysis (191) and ¢(s) analysis (192) were performed in SEDFIT. Direct fitting
to the LAMM equation of sedimentation coefficient s and diffusion coefficient D of the observed
species was executed in SEDPHAT using the Global Discrete Species model (193). In practice,

due to the design of the software, we fitted s20°c,w and M using a substitute v of 0.73 and then
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converted the values back to experimental s. and D.. 95% confidence intervals of the fitted
parameters were determined in SEDPHAT (automatic confidence interval search with projection
method (194-196). The partial specific volume v of the protein components were calculated using
the program SEDNTERP 2 (197). The results were plotted using QTIPLOT(195), GUSSI (198)

and MATPLOTLIB (199).

2.2.15 Measurement of the volumetric mass density of the solvent for sedimentation velocity

The density of the solvent was measured using a 1.000-1.220 floating hydrometer (Ertco,
Germany) in a temperature controlled room. 6 independent measurements were taken. We
measured three independent preparations of the buffer solution to assess variations between them.
The confidence intervals in Appendix Table Al include the deviations between the three
preparations. The instrument yields the viscosity relative to pure water (pr) and the readings were
converted to absolute density (p), using the volumetric mass density of water (pw = 0.998234
g/ecm?).

p=pr

Pw

2.2.16 Solvent viscosity measurements for sedimentation velocity.

The viscosity of the solvent was measured using an SV-10 tuning fork vibro viscometer
(A&D Company, Missisauga, Canada) in a temperature controlled room set to 19 £ 1 °C. The
sample cup was filled with 40.0 ml ultrapure water and the pedestal height adjusted until the water
surface reached the tapered region on the sensor plates. The instrument was then calibrated with

this water using the "Simplified Calibration" function. The water was carefully drained from the
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sample cup using a syringe with an attached flexible tube without disturbing the geometry of the
setup (such as lowering the pedestal or moving the sample cup or shifting the sensor protector).
40.0 ml solvent with a temperature of approximate 21 °C was then added to the sample cup
(without disturbing the geometry) and let to cool while continuously monitoring the viscosity every
15 s using the RsVisco control program. All measurement values from 20.1 - 19.9 °C were selected
and averaged. The calibration/measurement cycle was repeated 6 times, yielding 6 independent
measurements. We measured three independent preparations of the buffer solution to assess
variations between them. The confidence intervals in Appendix Table Al include the deviations
between the three preparations. The instrument yields the viscosity relative to pure water (7,) and

had to be converted to absolute viscosity (7).

n="nr!pr

2.2.17 SAXS data collection and processing

The SAXS data for nsplB:PCBP2:ssRNA complex was collected and processed as
described previously (200, 201) at the B21 beamline at Diamond Light Source (Didcot,
Oxfordshire, UK). Briefly, 50 puL of the 10 mg/ml complex was injected into 4.5 ml Shodex KW40
size exclusion column connected to an in-line Agilent 1200 (Agilent Technologies, Stockport, UK)
HPLC, a flow cell and an Eiger 4M X-ray detector. We collected ~600 frames where each frame
was exposed to the X-rays for 3 seconds. The peak region was buffer subtracted and merged using
Primus (202), followed by Guinier analysis of merged data. Dimensionless Kratky analysis was
also performed to ensure that the complex is folded. The pair-distance distribution (P(r)) analysis
was performed using the program GNOM (203) to obtain the Ry and D,.qx. Next, we calculated 20

low-resolution structures using the P(r) information and program DAMMIN (204). Lastly, the 20
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low-resolution structures were averaged and filtered to obtain a representative structure using the

DAMAVER package (205), as described previously (200).

2.2.18 SAXS envelope fitting

The experimentally determined envelope was used to manually fit in pre-existing protein
structures and a modeled nucleic acid molecule representing the 34-nt ssSRNA. The crystal
structure of nsp 1 from PRRSV strain XH-GD (PDB ID: 3MTV (183); purple with the RBM helix
in red) was fit in as a monomer. The NMR solution structure of the KH1-KH?2 fusion was also fit
in (PDB ID: 2JZX (206); yellow and pink, respectively). The third KH domain was fit in from an
existing crystal structure bound to C-rich DNA with the nucleic acid removed (PDB ID: 2P2R;
teal). RNA in green is from a structure of KH1 bound to C-rich RNA as a reference (PDB ID:
2PY9 (207)). The 34 nt ssSRNA molecule (orange with C-rich motif shown in blue) was modeled
using w3DNA 2.0 (208) and subsequently fit into the experimentally determined density. All

fitting was completed in PyMOL (209).
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2.3 Results and Discussion

2.3.1 Determination of constructs for nsplp and PCBP?2 purification

Originally, nsplp from an HP-PRRSV strain termed XH-GD was used, as a crystal
structure for the protein was determined in 2010 (183). The DNA construct was cloned exactly as
described by the authors and the same was done for expression and purification. The buffering
system the authors used for this protein was MES pH 6.0 with 0.5 M NaCl and crystals were
obtained after concentrating the protein to ~3.5 mg/ml. The fact that this protein was able to be
crystalized made us believe that the protein was relatively stable and soluble at these elevated
concentrations thusly making us want to proceed with this version of nsp1p as the end goal of this
project originally was to structurally characterize the tricomponent complex through
crystallization, which undoubtably relies on moderately high protein concentrations.
Unfortunately, in our hands, after many attempts and experimental modifications, this protein was
not as soluble and stable as initially thought and was never able to be concentrated higher than
~0.8 mg/ml until severe precipitation, though was able to be purified at lower concentrations (Fig.
2.2A). However, now knowing this, an alternate construct of nsp1f from a PRRSV-2 strain termed
SDO01-08 (~45 % aa sequence identity) was proceeded with. This version of the protein was able
to be purified to roughly the same concentrations as XH-GD and our collaborators more frequently
use constructs and a reverse genetics system based on this strain, which would ultimately be more
representative and complementary to our work (Fig. 2.2E).

PCBP2 was also expressed and purified in-house (Fig. 2.2B) and also proved to be a
challenging protein to work with. The protein behaved very similar to both versions of nsp1f, not
being able to concentrate it alone much past ~1 mg/ml, which was again cause for concern for

crystallographic studies. In looking into the literature, no full-length structure of PCBP2 has been
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Figure 2.2 Purification of nsp1f, PCBP2 and KH domains.

A) Purification of PRRSV XH-GD nsplf (23.5 kDa). B) SDS-PAGE gel of the purification of
PCBP2 (38.5 kDa). C) SDS-PAGE gels of the purification of the KH2 domain of PCBP2 (7.5 kDa)
and a KH1-KH?2 fusion (16.9 kDa) (D). E) SDS-PAGE gel of the purification of PRRSV SDO1-
08 nsp1P (23.4 kDa). Arrows indicate final purified protein. First lane in all gels depict ladder,

followed by clarified lysate, flow through and washing steps leading up to final purified proteins
(arrow).
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deposited into the PDB, however crystal and nuclear magnetic resonance (NMR) structures of the
individual KH domains have been determined (206, 207,210, 211), leading us to design constructs
that generated either the KH2 domain or a KH1-KH2 fusion, as we believed that purifying the
individual domains, which are quite compact, would be more amenable towards our studies (Fig
2.2C & D). Previous studies have found that the individual domains are enough to bind C-rich
nucleic acid and alone can crystalize in complex with nucleic acid (127, 210, 211). Further, a yeast
two-hybrid system suggested that the KH2 domain of PCBP2 is essential in interacting with nsp1p,
focussing more of our attention to this domain (125). However, not even seven months into my
degree, we were given insight from a paper that was subsequently published in 2016 that both the
KHI1 and KH3 domains seem to be involved with stimulating PRF (123), essentially making it
more logical that we work with the full-length protein as the KH1 and KH3 domains are located

at the N- and C-term of PCBP2, respectively.

2.3.2 Optimizing buffering conditions for nsp1f and PCBP2

Now knowing which constructs would have to be used for our characterization of the
tricomponent complex, DSF was carried out in order to optimize buffering conditions for both
nsplB (SDO1-08) and full-length PCBP2. It was important to optimize these conditions for both
proteins and attempt to find a condition that satisfied both proteins for subsequent studies. This
was done using commercial screens as described above and SYPRO orange. The dye binds to the
hydrophobic core of folded proteins, quenching the fluorescence of the dye. Upon applying a
linear, increasing temperature gradient to a protein in 96 different conditions using a qPCR
machine, the protein will unfold, releasing the dye, which gives off detectable fluorescence and

can be correlated to the protein’s melting temperature (212). The first screen that was used was
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Figure 2.3 Differential scanning fluorimetry with nsp1p and PCBP2.

A) DSF performed on nsplp (SD01-08) to determine suitable buffering system where red line
indicates PBS. B) DSF performed on PCBP2 where red line indicates PBS. C) DSF performed on
nsp1p to determine additives that increase melting temperature where the hidden red line indicates
KCL
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the solubility and stability screen 2 (Hampton Research), which focusses on buffering system
optimization from pH 4.5 sodium acetate to pH 9.5 glycine, increasing in 0.5 units of pH stepwise
with a variety of different buffers, however, one quarter of the control wells (2 of 8) were altered
to include PBS (pH 7.4), as all structures deposited of the individual KH domains were determined
in a final buffering system including PBS.

For nsp1p, the melting temperature in the initial TRIS pH 7.5 buffer was ~32 °C. The
highest temperature was achieved in a BIS-TRIS propane buffer (pH 8.5) at ~39 °C, however pH
7.4 PBS (Fig. 2.3A, red line) was close behind, increasing the initial melting temperature by 6 °C
to a final of 38 °C. PCBP2 seemed to be much more stable in the same initial TRIS buffer with a
melting temperature of ~44 °C, however the PBS (Fig. 2.3B, red line) and a glycine buffer (pH
9.5) seemed to impart the highest degree of stability, increasing the melting temperature to ~51
°C. Since PBS seemed to be the buffer that imparted the highest shared melting temperature, it
was selected for subsequent experimentation. However, the relatively low melting temperature of
nsplB in comparison to PCBP2 was something that could be further optimized with the
incorporation of additives. A similar assay was performed with 96 different additives using nsp13
in the initial TRIS buffer (Fig 2.3C). Although two zwitterionic compounds seemed to have the
biggest impact on increasing melting temperatures, the simpler KCl seemed to have comparable
effects, increasing the melting temperature from 32 °C to 38 °C (Fig 2.3C, red line) and we
presumed would be less impactful in downstream studies and thusly was selected as a suitable

additive to the PBS buffer, which contained only low amounts of KCl originally.
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2.3.3 EMSAs using 54 nt RNA and DNA probes

EMSAs were first performed using a stretch of nucleic acid representing the PRRSV SDO01-
08 RNA genome that was 54 nt in length, including the slippery sequence, C-rich motif, and a
length 3’ tail (Fig 2.4A). The analogous DNA probe (uracil to thymidine) was also used to finetune
the system, as it was much more cost-effective and less fastidious to work with. Structural studies
indicate that the methyl group of thymine, which is not present on uracil, does not interact with
the KH domains of PCBP2, and that it is the O2 and N3 groups of a thymine/uracil nucleoside that
interact with the PCBP2 amide backbone directly (207, 210). Nucleic acid (where applicable) was
used at a final concentration of 20 nM and nsp13 and PCBP2 protein concentration was used
identically in an 8X to 30X molar excess concentration to probe. For both DNA and RNA (Fig 2.4
B & C, respectively) either protein alone does not seem to interact with the nucleic acid probe,
however, a gel shift was visible upon addition of both proteins in tandem. Similar trends in protein-
nucleic acid binding were seen for DNA as well as the more representative RNA, which was
promising to see, as this validated our strategy in truncating our probe using proxy DNA oligos in

lieu of RNA.

2.3.4 Probe truncation

Crystallization of this complex was the ultimate goal of this chapter, so it was important to
truncate the nucleic acid to as small as possible and still have a well-behaved complex that bound
the probe. This was important as unbound nucleic acid would be quite flexible and would prove
challenging in crystallization, as it could ultimately affect crystal packing. The probe size was

systematically truncated from 54 nt to 34 nt using DNA oligos (Fig. 2.4A). Bases were removed
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Figure 2.4 EMSAs for truncating the probe size and DLS on the purified complex.

A) Original 54 ntRNA and ssDNA probes corresponding to a stretch of the nsp2-coding region of
the PRRSV SD-0108 ssRNA genome where PRF occurs. B) and C) EMSAs performed with 20
nM of a 54-nt ssDNA and RNA probe. Nspl3 and PCBP2 were combined independently or in
tandem with the nucleic acid probes. D) Systematic truncation of the 54 nt probe to 30 nt using
DNA as a proxy. E) DLS data of the purified complexes (34 nt, top; 30 nt, bottom) collected at
ambient temperature at 2 mg/ml and represented as sample percent distribution by volume as a
function of particle size.
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from the 3’ end of the initial probe as it was hypothesized that the slippery sequence and C-rich
motif may be essential in complex formation, as well as potentially the linker between the two
motifs. The complex still formed down to 30 nt (final lane Fig 2.4D) and even slightly smaller;
however dynamic light scattering (DLS) data on the purified tricomponent complex indicated a
lack of sample monodispersity and potential aggregation upon truncations smaller than 34 nt (Fig

2.4E 34 nt (top) and 30 nt (bottom)), thusly 34 nt was selected as the final probe size.

2.3.5 Formation of the most stable and compact quaternary complexes

To characterize the biochemistry of this complex in greater detail, we carried out a series
of EMSAs as above mentioned with nucleic acid probes of systematically decreasing size to
identify the shortest RNA fragment to which the proteins would stably bind, with the aim of
identifying a compact protein:RNA complex amenable to preparative (milligram) scale
purification. Using the 34-nt probe, an EMSA was initially performed with WT nsp1f3, PCBP2
and the ssDNA nucleic acid probe. As shown in Fig. 2.5B & C, nsp1f3 does not appear to interact
with the nucleic acid alone even at a 20X-fold molar excess in relationship to the probe, which is
consistent with previous findings (123). Interestingly, with this shortened probe, PCBP2 does
interact with the ssDNA probe on its own (Fig. 2.5B), but not with ssSRNA (Fig. 2.5C). This can
be seen as low as an 8X- fold molar excess but is highly amplified when the amount of PCBP2 is
increased, as seen when a 20X-fold molar excess is added in relation to nucleic acid. When both
nsplP and PCBP2 are present with the probe, a shift can be seen in comparison to PCBP2 bound
to DNA alone, indicating the formation of a trimeric complex.

Lastly, we wanted to confirm the importance of the cytosine-rich motif as it pertains to
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Figure 2.5 Purification of Nsplb and PCBP2 and their interaction with the 34 nt DNA and
RNA probes.

(4) SDS-PAGE showing recombinant PRRSV SD01-08 nsp1f (~23 kDa) and human PCBP2 (~38
kDa) in final PBS purification buffer. (B) Electrophoretic mobility shift assay (EMSA) performed
with 20 uM of a 34-nt ssDNA probe corresponding to a stretch of the nsp2-coding region of the
PRRSV SDO01-08 ssRNA genome where PRF occurs. Nsplf and PCBP2 were combined
independently or in tandem with the nucleic acid probe. The molar excess of each protein relative
to the nucleic acid probe is shown below each lane. Lanes 9 and 10 contain a control DNA probe
(CC2) (105) in which the C-rich region has been altered to adenine/guanine nucleobases. (C)
EMSA performed with 20 uM of a 34-nt ssSRNA probe identical to a stretch of the nsp2-coding
region of the PRRSV ssRNA genome where PRF occurs. Nspl13 and PCBP2 were combined
independently or in tandem. (D) Similar EMSA performed as in (B), but with nsp13 XH-GD. The
molar excess of each protein relative to the RNA probe is shown below each well.
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complex formation. The “CCCATCTCC” stretch of the ssDNA probe was mutated to
“GAAATATGG”, which is termed the 34-nt CC2 DNA (105). This probe had all cytosine
nucleobases of the C-rich motif altered to guanines or adenines to see if complex formation, as it
pertains to this specific probe, could be abolished simply by disrupting this previously implicated
binding site (89, 105, 123). As it can be seen, even in the presence of a large molar excess of both
proteins, no complex formation is detectable with the mutated probe, indicating the crucial role of
cytosine or potentially CT repeats. These repeats have been implicated in being present in ssDNA
sequences that interact with the KH domains of PCBP2 (126, 127, 213). It can also be theorized
that base stacking within CT repeats may arise in the nucleic acid molecule further lends itself
towards these nucleobase-amino acid interactions (126, 206, 211). Results using DNA (Fig. 2.5B)
suggest that PCBP2 recruits nsp1f to the nucleic acid; however, when the assay was performed
with a 34-nt ssRNA probe (Fig. 2.5C), even with a large molar excess of PCBP2 (28X), PCBP2
did not appreciably interact with the RNA probe alone. This is consistent with previous work
demonstrating that PCBP1 and 2 have a higher affinity towards ssDNA compared to ssRNA (213,
214). Our results and those of others (123) also demonstrate that nsp13 does not interact with RNA
or DNA independently. Thus, nsp1f may bind PCBP2 to enhance its affinity for RNA and thereby
enable all three components to assemble into a quaternary complex that promotes frameshifting.
Indeed, as we found for the ssDNA probe, when nsplf3, PCBP2 and ssRNA are combined in
tandem, they form a readily detectable complex in vitro (Fig. 2.5C). A similar EMSA was
performed using nsplf3 XH-GD (Fig 2.5D) that was purified in the PBS buffering system and
showed analogous results as nsp1f3 SD01-08 in which it does not bind the probe alone, however,
in the presence of PCBP2, a shift is seen indicative of the tricomponent complex, showing that

both versions of nsp1f behave similarly as it pertains to complex formation.
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2.3.6 Probing the protein-RNA binding interface of the PCBP2:nsp1f:RNA complex

Guided by known NMR and X-ray structures of PCBP2 KH domains (210, 211) and full-
length nsp1 (183), we generated a number of site-directed mutations aimed at identifying residues
of PCBP2 and nsp1p that are essential for RNA binding and PRF. For PCBP2, three variants were
made within the first and third KH domains (Fig. 2.6A), including a single mutant (N325D), a
double mutant (N325D; R40A) and a triple mutant (N325D; R40A; R57A). The N325D single
mutation was constructed on the basis of a crystal structure of the KH3 domain bound to a short
fragment of C-rich, ssDNA with sequence AACCCTA (PDB ID: 2P2R). As shown in Fig. 2.6A,
the carboxamide sidechain of N325 is within hydrogen bonding distance (3.2 A) of N1 of an
adenine base. The N325D mutation retains the overall stereochemistry of asparagine, but imparts
a negative charge that we predicted would disrupt nucleic acid binding without altering the
structure of the KH domain. The R40A and R57A mutations were constructed based on the crystal
structure of the KH1 domain bound to C-rich ssDNA (AACCCTAACCCT) (PDB ID: 2PQU). The
guanidinium group of Arg40 forms two interactions with the keto group of a cytosine nucleobase
by the formation of hydrogen bonds of 3.1 and 2.9 A (Fig. 2.6A). This interaction suggests Arg40
may be a key residue for interaction with C-rich motif of the PRRSV genome. Similarly, the
guanidinium group of Arg57 forms a 3.2 A hydrogen bond with an additional cytosine base that
we also predicted participates in binding the C-rich motif (Fig. 2.1C and 2.6A). Using these
mutations, EMSAs were first carried out using WT nsplf to gain insight into how the PCPB2

mutations affected complex formation (Fig. 2.6C). In comparison to WT PCBP2, the N325D
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Figure 2.6 Structure-guided mutational analysis of PCBP2 and nsp1p binding to PRRSV
RNA.

(4) Probing nucleic acid interaction sites of PCBP2. A schematic of full-length PCBP2 showing
KHI1 (grey), KH2 (green) and KH3 (teal) domains with accompanying 3-dimensional structures
(PDB IDs: 2P2R (211), 2JZX (206) and 2PQU (210) for DNA-bound KH1, KH1-KH2 fusion and
DNA-bound KH3, respectively). The KH1 guanidinio groups of Arg40 and Arg57 appear to
hydrogen-bond with the keto group of a cytosine nucleobase, while the sidechain of Asn325 in
KH3 is within hydrogen bonding distance of an adenine nucleobase. While the published structure
has the amino group of N325 interacting with adenine, it is more likely that the carboxamide is
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rotated 180° to allow the carbonyl group to interact with the base instead. (B) Probing PRRSV
nsplf interactions with nucleic acid. A schematic of nsp1f from PRRSV strain XH-GD (PDB ID:
3MTV (92)) with the putative RNA-binding motif (105) and residues Tyr131 and Argl35 shown
in purple. Figures were generated using PyMOL (209). (C) and (D) EMSAs performed with 20
puM of the 34-nt ssRNA (Fig 1B). In (C), WT nsp1f3 and two mutants (Y131A and R135A) were
combined with PCBP2 and the ssRNA probe. In (D), WT PCBP2 and three mutants (single mutant
(N325D), double mutant (N325D; R40A) and triple mutant (N325D; R40A; R57A) were
combined with nsp13 and the ssSRNA probe. Molar excess of each protein is listed below each well
in comparison to the probe.

74



mutation alone did not affect complex formation. Given the significant electrostatic repulsion that
was predicted to occur, this finding suggests a lesser role for KH3 in binding to the C-rich motif
in the PRRSV genome. In contrast, when the double mutant R40A + N325D was assayed, a marked
decrease in complex formation was observed, implicating Arg40 as a key player in binding the C-
rich motif. The PCBP2 triple mutant (R40A, N325D, R57A), in which two mutations were made
in KH1 and one in KH3 domains, abolished PCBP2’s binding capabilities to the probe and
subsequently complex formation.

To probe nsp1p residues that are crucial for complex formation, the proposed RNA-binding
motif (RBM, Fig. 2.6B) that is highly conserved within almost all PRRSV isolates (215) was
analyzed by site-directed mutagenesis. This motif with the sequence GKYLQRRLQ is comprised
of several basic amino acids that have been implicated in -2/-1 PRF stimulation (89), innate
immune suppression (109, 215), and nuclear polyA mRNA retention of host cell transcripts, which
prevents cytoplasmic entry and subsequent translation of essential cellular mRNAs in PRRSV-
infected cells (109). Previous studies have shown that mutations within the RBM decreased the
prevalence of frameshifting products nsp2TF and nsp2N (89) and may limit the ability of PRRSV
to suppress the host innate immune response (215). Indeed, it has been speculated that the nsp2TF
and nsp2N frameshifting products aid in suppressing the innate immune response (131). Nsp2 has
an N-terminal papain-like cysteine protease domain (PLP2 in Fig. 2.1A) that functions in viral
replicase polyprotein processing, but also has deubiquitinating and de-ISGylating activities that
are thought to help the virus evade porcine immunity pathways (132, 216). It stands to reason then
that these auxiliary functions of nsp2 are heightened with the translation of the nsp2-variant
frameshifting products due to the presence of the PLP2 domain within all three proteins (131).

Previous studies revealed that nsp2 and nsp2TF are both membrane-associated, but are targeted to
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different compartments in the infected cell (105). Furthermore, nsp2N lacks a predicted
transmembrane domain (Fig. 2.1A) that would tether it to a membrane. It may thus be a cytosolic
protein (131), possibly acting as a deubiquitinase that corrupts the host ubiquitin system to
suppress innate immune responses (217). To investigate the biochemistry of the nsp13 RBM motif,
two point mutations (Y131A and R135A) were independently introduced. In contrast to WT
nsplf, the nsplB-Y131A and nsp1p-R135A mutations abolished complex formation with RNA
when combined with WT PCBP2 (Fig. 2.6D), implicating these residues in the formation of the
quaternary complex. Given these results, and previous mutational analyses of the region (123), the
nsp1B RBM promotes RNA binding but only in the presence of PCBP2. Previous yeast two-hybrid
experiments have found the two proteins to interact (218), suggesting that their binding may induce
conformational changes in one or both proteins that favour RNA binding and stimulation of -1/-2
PREF, since neither appreciably binds RNA on its own (Fig 2.5C and D).
2.3.7 Mutations in the nsp 1 RBM motif also prevent -1/-2 PRF product formation

To gain deeper insight into the role of the nsp13 RBM motif in -1/-2 PRF stimulation, we
systematically analyzed its role in -1/-2 PRF by mutating each residue to an alanine (G129 to R142
of'the SDO1-08 PRRSV strain). The nsp1 expression plasmids were co-transfected with a plasmid
expressing SD01-08 nsp2 into RK13 cells that were infected with a recombinant vaccinia virus
expressing T7 RNA polymerase. Subsequently, nsp2, nsp2TF and nsp2N were metabolically
labeled, immunoprecipitated and separated by SDS-PAGE. The expression of the three nsp2
variants was quantified in each condition and compared to the situation in which nsp2 was co-
expressed with WT nsp1f. Nsp1 mutant expression was confirmed by immunoprecipitation using

an antiserum recognizing the N-terminal 3XxFLAG tag.
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Figure 2.7 Analysis of trans-activating frameshift stimulation by nsp1p mutants.

nsp2

nsp2TF
nsp2N

nsp1f

Plasmids expressing SD01-08 PRRSV WT or mutant nsp1f were co-transfected with a plasmid
expressing nsp2 in RK13 cells infected with a recombinant vaccinia virus expressing T7 RNA
polymerase. As controls single expression of nsp2 or nsp1p3, expression of a self-cleaving nsp1f-
2 polyprotein, and a nontransfected sample were included. (4) Following *S metabolic labeling,
proteins were immunoprecipitated with mAb58-46 (nsp2, nsp2TF and nsp2N) or mAb-FLAG
(nsp1p), and analyzed by SDS-PAGE and autoradiography. Size markers and the position of bands
for nsp2, nsp2TF, nsp2N and nsp1p are indicated next to each panel. (B) Band intensities were
quantified by phosphor imaging and corrected for amino acid content and Met/Cys incorporation
efficiency, after which the nsp2, nsp2TF and nsp2N levels were used to calculate ribosomal

frameshifting efficiencies.
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As before, PRRSV -2/-1 PRF was found to be highly efficient in this expression system.
As seen in Fig. 2.7A, when only nsp2 was expressed, the non-frameshifted, full-length nsp2
constituted ~95% of the protein products immunoprecipitated with an antibody recognizing the N-
terminal domain of nsp2. In the control expressing a self-cleaving nsp1B-nsp2 polyprotein from a
single plasmid, there were equal amounts of nsp2 and nsp2TF produced and ~13% nsp2N. With
WT nsplf and nsp2 expressed from separate plasmids, ~56% was the -2 PRF product nsp2TF and
~9% was the -1 PRF product nsp2N. For three nsp1 mutants (Y131A, R134A and R142A), the
level of -1/-2 PRF was as low as in the control expressing nsp2 only (Fig.2.7A) , highlighting the
importance of these residues in PRF. The Y131A and R134A mutations in this nsp1f variant (from
PRRSYV isolate SD01-08) correspond to the Y125A and R128 A mutations in nsp1p from PRRSV
isolate SD95-21. For this previously used isolate, mutations Y125A and R128A were also found
to almost completely abolish PRF stimulation (89, 180). For SD01-08 mutants K130A and R135A
there was a significant reduction in both -2 (~70-80% reduction) and -1 PRF (~55-65% reduction).
For Q137A, the reduction observed was less, with ~30% reduction in -2 PRF and a ~55% reduction
for -1 PRF. The nsplp expression level likely affects frameshifting efficiency, as previously
described for viral protein 2A in the encephalomyocarditis virus. This protein acts as a PRF
transactivator by binding to a genomic stem-loop structure, resulting in variable frameshift
stimulation, from 0% at the start of infection to 70% late in infection as the concentration of 2A
protein in the cells increased (121). Poor nsplf expression could, therefore, result in reduced
frameshift stimulation. The decrease in frameshifting that we observed for mutants K130A,
Y131A, R134A, R135A, Q137A and R142A could, however, not be explained by insufficient
expression of the nsp1 mutants in those samples because protein levels of these nsp1p mutants

were comparable with WT nsp1f. The L132A and L136A mutants were expressed to lower levels
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than WT, but for these mutants frameshift efficiencies were as high as with WT nsplf so the

amount of protein expressed was still sufficient for efficient frameshift stimulation (Fig. 2.7A).

2.3.8 Mutations in the nsp 1§ RBM motif affect innate immune suppression

Nsplp and both -2/-1 PRF products, nsp2TF and nsp2N, have been implicated in
suppressing host innate immune responses (131, 216, 219-221). Nsp1 may influence innate
immune suppression in multiple ways. The protein was proposed to modulate the host immune
response directly, but may also influence it indirectly through the -2/-1 PRF mechanism that
directs nsp2TF and nsp2N expression. Specifically, the nsp13 RBM motif has been associated
with both innate immune suppression and -2/-1 PRF stimulation (109, 122). When recombinant
viruses with nsp13 RBM mutations are studied, it is not possible to establish whether phenotypic
changes are caused by a reduced innate immune evasion capacity of nsp1p, altered -2/-1 PRF and
nsp2TF/nsp2N expression levels, or a combination of the two. In order to study the different
roles of nsp1p independently, it is important to uncouple its innate immune suppression
function(s) from its PRF stimulatory activity. We have, therefore, also tested the impact of RBM
mutations on nsp1f’s ability to antagonize activation of the IFN-f response by using a dual
luciferase reporter assay. Cells were co-transfected with plasmids expressing mitochondrial
antiviral signaling protein (MAVS), which stimulates the pathway leading to IFN-f3 production,
and either WT or mutant nsp1f. The inhibitory effect of nsp1 mutants on IFN-f3 promoter
activation was measured via co-transfection of a firefly luciferase reporter gene construct under
control of the IFN- promoter. To correct for transfection efficiency variability, a plasmid
encoding Renilla luciferase was co-transfected to provide an internal standard. At 18 h post-

transfection, Renilla and firefly luciferase activities were measured. Activation of the IFN-f3
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promoter induced by MAVS expression only was set to 100%. As seen in Fig. 2.8, three mutants,
K130A, Q133A and M141A, suppressed activation of the IFN-f promoter to an extent that was
comparable to the suppression by WT nsp1f. Expression of mutants Y131A, R134A, R135A,
V138A and G140A still allowed >50% of luciferase expression, indicating a strongly reduced
ability to suppress IFN- promoter activation. Mutants Y131A and R134A seem to be severely
affected in both PRF stimulation (Fig. 2.7) and innate immune suppression (Fig. 2.8).
Interestingly, mutant R142A, which was incapable of PRF stimulation, reduced luciferase
expression by only 50%. Mutant K130A appeared to antagonize IFN-f3 activation even better
than the wild type protein, while its reduction in -2 PRF stimulation is ~70%. For most other
mutants some reduction in innate immune suppression capability was observed while PRF
stimulation did not appear to be affected. Consequently, for future studies with recombinant
viruses carrying nsp 1 mutations that reduce PRF stimulation, it may be advisable to use mutant
K130A rather than Y131A, R134A or R135A, since the latter three mutations may also affect the
protein’s ability to counter innate immune responses in infected cells. The nsp1f mutants most
able to suppress innate immune responses also suffer from strongly reduced -2/-1 PRF
stimulation capability, which will complicate the assessment of the direct role of nsp1f in innate

immune suppression during viral infection
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Figure 2.8 Analysis of innate immune supression by expression of PRRSV nsp1p mutants.

HEK-293T cells were co-transfected with plasmids expressing innate immune response inducer
MAVS, a firefly luciferase reporter gene under control of the IFN- promoter, Renilla luciferase
and WT or mutant PRRSV nsp1f. Cells were lysed 18 h post transfection and the Renilla and
firefly luciferase activities were measured. Firefly luciferase activity was normalized to Renilla
activity in the same well. The average of three independent biological replicates with three
technical replicates each is shown with the standard deviation. Significance (p<0.001) was
assessed using an unpaired two-tailed Student's t test.
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2.3.9  Structural insights into the -1/-2 PRF stimulatory complex

Having identified the minimal viral RNA sequence that forms a complex with nsp1f and
PCBP2, we developed an approach to purify the protein-nucleic acid complex to assess its
stoichiometry and structural biology. Assuming a 1:1:1 stoichiometry, nsplf3 and PCBP2 were
initially mixed in a 1:1 molar ratio at concentrations less that 1 mg/ml with a slight excess of
nucleic acid (1.1 x molar excess) to generate the trimeric complex. After a 3-hour incubation period
at 4 °C, the mixture was concentrated for loading on a gel filtration column. A fair amount of
precipitation arose during this step, some of which may have been PCBP2 and nsp1f3 molecules
that had not bound nucleic acid, as we found the proteins to be unstable in the absence of nucleic
acid. Regardless, the resulting protein:RNA complex could be concentrated to 10 mg/ml at this
stage, which was already an order of magnitude higher than the maximum concentrations of 1
mg/ml that could be achieved for nsplf and PCBP2 on their own. The supernatant of the
concentrated sample was separated from the precipitate and subsequently purified by size
exclusion chromatography (Fig. 2.9A). SDS-PAGE and native PAGE were carried out on the
purified samples to assess the composition of each complex, which revealed both proteins to be
present (Fig. 2.9B), as well as the nucleic acid probe (Fig. 2.9C). Remarkably, the final purified
complex could be concentrated to >20 mg/ml. The complex was found to be stable for at least 10

days at 4 °C.
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Figure 2.9 Purification of nsp1B:PCBP2:nucleic acid complexes for biophysical analysis.

Purified PRRSV nsplp and PCBP2 were mixed together in equimolar concentrations with a 1.1-
fold molar excess of the 34-nt ssSRNA or ssDNA oligonucleotides that were identical or analogous,
respectively, to the PRF signal in the nsp2-coding region of PRRSV SD01-08, as portrayed in Fig.
2.1B. Both quaternary complexes were found to be stable and could be concentrated to ~20 mg/ml
prior to purification by size exclusion chromatography. (4) Elution trace of the protein:RNA
complex from a Superdex200 gel filtration column monitored by UV light at 280 nm. (B)
Coomassie Blue-stained SDS-PAGE of the purified complexes bound to RNA/DNA, revealing the
presence of both proteins. (C) Non-denaturing 8% TBE PAGE gel of the purified complex shown
in panel (C) stained with SYBR Gold, revealing the presence of the 34-nt RNA.
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2.3.10 The Frameshift stimulatory complex exists in a 1:1:1 stoichiometry

To gain insight into the stoichiometry of the frameshifting complex, we characterized the
nsp1B/PCBP2/ssRNA triple complex by the sedimentation velocity method using an analytical
ultracentrifuge. The solvent and hydrodynamic parameters used during data analysis can be found
in Appendix Table Al. We first measured a series of concentrations from 8 pM to 64 uM of the
34 nt ssRNA probe alone (Appendix Fig. Al and Table A2). Two populations of species were
apparent with roughly 80% of the material in species 1 and 20 % in species 2. This ratio remained
constant over the concentration range that was investigated (Appendix Fig. Al C). The
experimental sedimentation constant s. and hydrodynamic radius R; of species 1 are nearly
independent of concentration. Regarding species 2, s. decreases very slightly and R, decreases
moderately with increasing concentration (Appendix Fig. A1 A-B). Concentration independence
or a decrease of s. and Rj is a sign that the kinetics of RNA chain exchange between the two species
was very slow in relation to the time course of the experiment (24 h). Both species thus effectively
acted like independent molecules. Self-interaction between macromolecules with a faster kinetics
would manifest as an increase of s. and R, with increasing loading concentration.

If the partial specific volume v is known, the molecular mass M can be calculated from the
extrapolated experimental sedimentation s’, and experimental diffusion constant D’ (the latter is
represented here as hydrodynamic radius R;”) using the Svedberg equation. The extrapolation to
infinite dilution is done to account for buffer effects and to eliminate effects from macromolecular
self-association. For nucleic acids, however, v is a function of ionic strength and is expected to be
in the range of 0.50 - 0.65 cm?/g. Using a value of 0.628 cm?/g we obtain a mass of 10.7 kDa for

species 1, which corresponds to monomeric ssSRNA. Dimeric or
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higher order RNA could be ruled out as this would require a v outside the expected range. For
species 2, this v value yielded a mass of 79.3 kDa and would correspond to an assembly of 7-8
RNA strands (Appendix Table A4). c(s, f-) distributions, c(s, M) distributions and direct fitting of
se and D, using the Lamm equation (species analysis) are provided in Appendix Fig. A2-AS
together with the fit to the data and the residuals.

For the second step, we prepared three concentrations of 1.0, 2.0 and 4.0 mg/ml of the
SEC-purified trimeric complex (Fig. 2.9A) and conducted sedimentation velocity experiments at
30,000 rpm. We also repeated the experiments at 42,000 rpm, using the previously used samples
and cells. Comparing the total signal vs. loading concentration of both runs revealed a significant
loss of signal in the second run (Appendix Fig. A6 A, D, G, and J). The increasing concentration
of material at the bottom of the cell had led to irreversible aggregation and removal of material
from the solution during the first run. We determined that the loading concentrations during the
second run had reduced to 0.44, 0.75 and 1.09 mg/ml, thus expanding the investigated
concentration range. Appendix Figs. A9, 10, 13, 14, 17 and 18, show the calculated 2-dimensional
c(s, f) distributions obtained from the data with the sedimentation constant s on the x-axis and the
diffusion constant expressed as frictional ratio f- on the y-axis. A zoomed part of the plot was
converted to mass and is represented as a two-dimensional c(s,M) distributions in the same figure.
The one-dimensional distributions c(s, *), ¢(s) and fit to the data together with residuals are shown
as well. An overlay of the one-dimensional distributions of all concentrations are shown in
Appendix Fig. A6. The c(s, *) distributions (Appendix Fig. A6 B, E, H and K) were obtained by
integrating the 2-dimensional distributions along the £, direction. Traditional c(s) distributions are
also shown (Appendix Fig. A6 C, F, I and L), however these suffer from the incorrect assumption

of an identical f. value for all species. Both absorbance and interference optics of the XL-I
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instrument were used, since the former is particularly sensitive to the nucleic acid due to its high
extinction coefficient, whereas the interference optics is equally sensitive to all components. The
c(s, f) distributions obtained from the interference data in Appendix Fig. A6 E and K revealed
three major, distinct populations of particles, especially in the data recorded during the first run.
The absorbance optics could not resolve individual populations (Appendix. Fig. A6 B and H);
however, comparing the one-dimensional distributions obtained from the absorbance optics to
those obtained from the interference optics indicates that they cover the same s range. Thus, all
three populations contained nucleic acid. Notably, the amount of nucleic acid decreases with
increasing s values. Free RNA would show up at ~1.6 S. No such population was present,
confirming that all RNA was bound to protein in the three populations of particles we observed.

To analyse the data in more detail, we directly fitted s. and D. of the observed populations
(Fig. 2.10A & B, Appendix Fig. A7) using the Lamm equation. Depending on their sedimentation
coefficients and hydrodynamic radii, we sorted the observed species into classes (Appendix Fig.
A7 A and B). Three main species classes were present at all concentrations, with species class 1
and 2 contributing each ~ 30 - 40 % and species class 3 contributing ~ 10 - 20 % to the signal
(Appendix Fig. A7 C). At loading concentrations from 0.754 mg/ml and higher we observed
additional species classes with larger s values. Species class 4 contributed ~ 5 - 10 % to the signal.
The remaining signal (5 - 15%) was shared by species classes 5 - 7 with very large sedimentation
constants and very small hydrodynamic radii (equivalent to very large diffusion coefficients),
either representing extreme shapes or non-ideality.

Surprisingly, s and R, of species class 1, 2 and 3 remained constant or decreased with
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Figure 2.10 AUC of the trimeric complex shows a 1:1:1 stoichiometry.

(4, B) Results of the species analysis obtained by direct fitting the sedimentation coefficient s and
diffusion coefficient D of each observed particle population to the Lamm equation (222) at each
loading concentration. Only species classes 1 - 3 are shown. The panels show (4) experimental
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sedimentation coefficient s. and (B) D. converted to hydrodynamic radius R, versus loading
concentration of species classes 1 (black), 2 (red) and 3 (green). Vertical error bars represent 95%
confidence intervals of the fitted parameter (s. or R;). The values were then extrapolated to zero
concentration using a unweighted linear fit (continuous line), yielding s’ and R,’. The shaded area
shows the 95% confidence interval of the extrapolation. (C) Conversion of s% and D’ to mass.
The conversion relies on the partial specific volume v which depends on the ratio of the
components of the complex which is shown at the bottom of the plot. Multiples of the same ratio
have the same v; the corresponding mass ladders are shown as golden rungs. Due to the ambiguity
of v, multiple solutions are possible. From the absorbance optics we know that species 1 - 3 must
contain RNA. All solutions without RNA and solutions that do not intersect with a mass ladder
rung can be excluded (grey bars). We have marked the solution for each species class we deem the
most likely with a blue bar. Black bars show alternate possible solutions. The error bars represent
95% confidence intervals which are based on the experimental uncertainties of s%, D’ and the
solvent density and viscosity.
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increasing loading concentration (Fig. 2.10 A & B), indicating stable particles with a very slow
exchange of components with the other species (relative to the time course of the experiment). We
could therefore extrapolate the values to infinite dilution and determine s, D’ and R;’ (Fig. 2.10A
& B, and Appendix Table A3, which shows the values converted to standard conditions).

As mentioned earlier, s’ and D’ . can be converted to mass if the v is known. nsp1f and
PCBP2 were produced by bacterial expression, therefore not glycosylated and their v could be
accurately predicted from the amino acid sequence (197). As described above, we measured the v
of the 34nt ssSRNA probe alone in the same buffer environment in which we produced the complex.
We thus knew the v of every component and could calculate the resulting v and mass of each
species class for every conceivable composition. Fig. 2.10C shows a collection of conceivable
masses for species classes 1 — 3.

Particles in species class 1 were roughly half the molecular weight of those in species class
2. As the absorbance optics tell us, there must be nucleic acid and protein present within all three
species. As seen in Fig. 2.10C (species class 1), the only possible composition involving nucleic
acid could be a monomer of nsp1f3 bound to a monomer of RNA (total mass of ~35 kDa). This
was unexpected since neither protein alone appears to bind RNA in EMSA assays (Fig. 2.5).
Nevertheless, there is precedence for this behaviour due to the presence of the RBM of nsp1f and
it is possible this interaction is not detectable by EMSA. This suggests that nsp1f directly interacts
with nucleic acid in the final tricomponent system.

Regarding species class 2, more than a single stoichiometry of the components would
match the experimentally determined mass (e.g. nspl1:RNA 2:2 or PCBP2:RNA 1:2). However,
the eluate from the size exclusion column contains both, nsp1 and PCBP2 (Fig. 2.9) and PCBP2

on its own is not competent to bind the RNA probe. We, therefore, deem that the
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nsp1B:PCBP2:RNA 1:1:1 stoichiometry (triple complex) that also falls within the 95 confidence
interval is the most likely solution.

The third species class was present in lower abundance (10 - 20 %), which resulted in a
noisier signal and, therefore, a larger uncertainty of the mass, which falls in the range from 75 -
150 kDa, depending on v and the size of the confidence interval (Fig. 2.10C). Still, the mass is
outside of the confidence interval of a super-complex composed of two copies of the tricomponent
complex in a 1:1:1 stoichiometry (~150 kDa). We theorize that two independent monomers of
nsp1p have bound two individual monomers of the RNA probe and they are held together by one
copy of PCBP2 to give a mass of ~ 110 kDa. It is possible that PCBP2 is tethering together this
super-complex by utilizing both the KH1 and KH3 domains independently; however, given its low
abundance and stoichiometry, this complex may not be biologically relevant.

The above results suggest that nsp1f3 from PRRSV isolate SD01-08 from species PRRSV-
1 exists as a monomer both in solution and in the PRF stimulatory complex; however, nsp1f from
PRRSYV isolate XH-GD from species PRRSV-2 is reported as a dimer according to its X-ray
structure (PDB ID: 3MTV(92)). The two proteins share an amino acid sequence identity of 40 %
(EMBOSS Needle (223)), and of the 32 amino acids identified by PISA (224) in the proposed
homodimer interface of XH-GD nsp1f3, 12 (38%) are conserved with nsp1 from SD01-08. Given
our observations, the multimeric state of nsp1 may differ between the two isolates; however, it is
also possible that nsp1p from PRRSV isolate XH-GD dimerizes at concentrations required for its

crystallization.
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2.3.11 Small-angle X-ray scattering supports a 1:1:1 binding stoichiometry for the

nsplf:PCBP2:ssRNA species 2 complex

To further understand the structure of the nsplB:PCBP2:RNA complex, a three-
dimensional molecular envelope of the complex was determined experimentally by SAXS, which
provides insights into the low-resolution structural information of biomolecules and their
complexes under physiological buffer conditions. We used a HPLC-SAXS setup to collect
scattering data for the complex of nsp13:PCBP2:ssRNA. The X-ray scattering trace and UV traces
of the 10 mg/ml sample eluting from the 4.5 ml Shodex KW40 column are shown in Appendix
Fig. A21. Consistent with the sedimentation velocity results, the UV trace reveals some
heterogeneity of the sample. However, the main peak of the X-ray trace is symmetric and
homogeneous and originates predominantly from a single species. The buffer subtracted and
merged SEC-SAXS data taken from frames at the peak center are presented in Fig. 2.11A. Next,
we performed the Guinier analysis of merged data to ensure the purity of the complex and to
determine the R, (radius of gyration) from the SAXS data belonging to the low-q region (225).
Inset to Fig. 2.11A represents the Guinier plot for the complex with a linear region at low-g values
indicating that the complex is monodispersed. The Guinier analysis for the complex also provided
an R, value of 3.900 + 0.011 A (Table 2.4). Next, we processed the SAXS scattering data from
Fig. 2.11A to perform Kratky analysis to investigate the folding state of biomolecules (226, 227).
The globular-shaped biomolecules typically display a well-defined maximum value of 1.1 at g*R,
=1.73 (228). As presented in Fig. 2.11B, the Kratky analysis for the complex under investigation
suggest that it is well folded and has extended conformation in solution. Now that we confirmed

homogeneity and folded state of this complex, we converted the SAXS raw data into the real space
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Figure 2.11 Characterization of the PRRSV nsp1B:PCBP2:RNA complex using SAXS.

(4) A plot of scattering intensity versus scattering angle presenting the merged data for
nsp1B:PCBP2:ssRNA. Inset to this plot is the Guinier analysis which confirms the homogeneity of the
complex. (B) Dimensionless Kratky plot for the nsp1p:PCBP2:ssRNA demonstrating its extended structure
in solution. (C) A pair-distance distribution (P(r)) plot for nsp1B:PCBP2:ssRNA complex allowing the
determination of R, and Dy, (D) Alignment between experimentally collected SAXS data (dark circles)
and calculated data from representative low-resolution models (solid lines).
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Table 2.4 Biophysical parameters of the PRRSV nsp1[/:PCBP2:ssRNA 1:1:1 complex

Parameter Experimental Experimental Dammin Models

value method

Sedimentation coefficient s%p+c w (S) 2.84[2.28 -3.41] SV 4.22 +0.027F

Hydrodynamic radius Rn%0c w (nm) 6.11[5.17 - 7.46] SV 4.40 +0.027f

Molecular mass M (kDa) 68.8 [58.2 - 79.5] SV

Molecular mass M (kDa) 8616 SAXS - Primus

Formula mass (Da) 74224.49 -

Extrapolated scattering intensity at 0 angle /(0) | (0.089 + 1.60) -10* | SAXS - Guinier

Radius of gyration Ry (nm) 3.900 £ 0.011 SAXS - Guinier

Extrapolated scattering intensity at 0 angle /(0) | (0.089 * 1.35) -10* | SAXS - P(r)

Radius of gyration Ry (nm) 4.002 + 0.008 SAXS - P(r) 4.044 £ 0.003

Longest dimension Dyax (nm) 13.5 SAXS - P(r) 13.98 £ 0.02

Volume V (hm?3) SAXS 165+ 1

x2 of fit SAXS ~1.3

Normalised spatial discrepancy NSD SAXS 0.60 £ 0.01

fusing v = 0.7166 cm?/g
fcalculated in Hydropro

Uncertainties are given as 95% confidence intervals.
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Figure 2.12 Low resolution SAXS structure of the trimeric complex is consistent with a
1:1:1 stoichiometry.

The SAXS envelope is shown in three different orientations with the calculated density filled in
with existing protein structures and modeled nucleic acid. In purple is a monomer of nsp13 from
PRRSV strain XH-GD (PDB ID: 3MTYV (183)) with the theorized RBM helix depicted in red. In
gold and fuchsia are the KH1 and KH2 domains of PCBP2, respectively (PDB ID: 2JZX (206)).
In green is shown a short, C-rich RNA motif that was co-crystalized with KH1 alone (PDB ID:
2PY9 (207)), which is shown as a frame of reference for how our idealized RNA probe (orange)
may fit. In teal is the KH3 domain of PCBP2 (PDB ID: 2P2R (210)). The RNA molecule is shown
in orange with the C-rich motif shown in blue. Figures were generated with PyMOL (209).
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electron pair-distance distribution function (P(r) as presented in Fig. 2.11C using the program
GNOM (203). We also obtained R; and Dy (maximum particle dimension) values of 4.002 +
0.008 nm and 13.5 nm respectively (Table 2.4). The R, from Guinier analysis which only takes in
account the low-¢q region and from P(r) analysis that utilizes a wider range of SAXS data agree
with each other, as well as the Kratky analysis suggests that the complex is folded, implying that
we have suitable data for low-resolution structure analysis. We utilized the DAMMIN program
(204) to calculate 20 models for the nsp13:PCBP2:nucleic acid complex, as described earlier (229,
230). The y* values in each case were ~1.3 representing a good agreement between the
experimentally collected and low-resolution structure-derived data (Table 2.4), as presented in Fig.
2.11D. Finally, we used the DAMAVER package (205) to rotate and align all 20 low-resolution
structures and to obtain an averaged filtered structure of the complex. The normalized spatial
discrepancy (NSD) parameter in DAMAVER describes the goodness of the superimposition of
individual models. For the nsp1f:PCBP2:nucleic acid complex we obtained an NSD value of 0.60
+ 0.01 indicating that all 20 low-resolution structures are very similar to each other. DAMMIN
reported an R, of 4.044 £+ 0.003 nm and a Dy of 13.98 £ 0.02 nm for its models, which agrees
with the numbers obtained from GNOM analysis (Table 1). We also performed HYDROPRO
(231) calculations of all 20 low-resolution structures using the partial specific volume of the triple
complex to calculate the sedimentation coefficients and hydrodynamic radii of the models for
comparison with the experimental data (Table 2.4) (232).

Fig. 2.12 presents the elongated averaged filtered structures for the nsp1B:PCBP2:nucleic
acid complex into which existing 3D structures of nsp1f3 (PDB ID: 3MTV(183)), the KH1-KH2
region (PDB ID: 2JZX) (206) and KH3 (PDB ID: 2P2R) of PCBP2, respectively, were fitted along
with a model of the 34-nt ssSRNA probe (generated by w3DNA 2.0 (208)). Given our sedimentation
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velocity data above, the crystal structure of nsp13 (from PRRSV strain XH-GD(183)) was fitted
as a monomer. The NMR solution structure of the PCBP2 KH1-KH2 fusion was also fitted along
with the X-ray structure of the third KH domain (PDB ID: 2P2R) (210). It was previously found
that KH1 and KH3 participate in nucleic acid binding, whereas KH2 does not (123). Given this
constraint, the nucleic acid binding regions of KH1 and KH3 were oriented toward the C-rich
region of the sSRNA within the modeled complex, as was the RBM helix of nsp1. The relative
position and orientation of KH1, KH2 and KH3 of PCBP2 to each other and to the ssRNA probe
were modeled based on the X-ray structure of KH1 bound to RNA (PDB ID: 2PY9 (207)). All
fitting was carried out in PyMOL (209). As shown in Fig. 2.12, the SAXS envelope is tubular with
a distinct bulge at one end. An idealized helical model of the 34 nt ssSRNA fits within the tubular
portion of the envelop, while the bulge is large enough to account for one molecule each of nsp1f3
and PCBP2, which is in agreement with our AUC findings of a 1:1:1 stoichiometry. It should be
noted that in the X-ray structure of KH1 bound to RNA, the RNA does not adopt a perfectly helical
conformation and is instead more linear (207). Thus, it is likely that the RNA within the
nsp1B:PCBP2:RNA complex is also not perfectly helical throughout. Nevertheless, the resolution
of our SAXS data is insufficient to gain insight into the true conformation of the ssRNA probe and
thus was left in an ideal helical conformation. Further, 3D structural information is not available
for residues 170-287 of PCBP2 that span between the KH2 and KH3 domains. This 117 amino
acid region accounts for ~ 30 % of the total PCBP2 structure and is thought to be highly disordered
(206, 210, 211). In keeping with this, the SAXS envelope does not appear to account for this mass,
which we assume is due to the high degree of disorder in this region of PCBP2.

Finally, the C-rich motif, and presumed binding site of the nsp1:PCBP2 complex, is

positioned near the 3’-end of the 34-nt ssSRNA probe. This position is consistent with the location
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of the bulge that appears in the SAXS envelope and thus where we believe nsp1f3 and PCPB2 bind
to the RNA (Fig 2.1B). The co-localization of nsp1 and PCPB2 in the model is consistent with
our hypothesis that both nsp1f3 and PCBP2 interact directly with the viral RNA genome at the C-

rich motif.
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2.4 Conclusion

Together, our results provide new structural and functional insights into the unique PRF
mechanism that is employed by arteriviruses, in which a viral and a host protein cooperate with a
specific signal in the viral RNA genome to direct the expression of two additional viral protein
species. A number of residues within both nsp13 and PCBP2 are required for a nucleic acid binding
event that triggers the frameshifting during PRRSV genome translation. We believe that this
complex is dynamic and must be able to readily assemble and disassemble in order to interact with
the ribosome and thereby facilitate ribosomal stalling, which allows for PRF and subsequently
detach from the genome to allow for downstream translation. Sedimentation analysis by analytical
ultracentrifugation revealed that nsplf and PCBP2 each bind to the viral RNA genome as
monomers, which is consistent with our structural analysis for the complex by SAXS.
Interestingly, the monomeric form of nsplf in the PRF complex differs from a previously
determined X-ray structure of nsp1f, which appears as a dimer. The ability of nsp1f to form a
dimer versus its monomeric interaction with PCBP2 may underlie a mechanism that regulates the
frequency of PRF during virus replication. Future X-ray crystallographic and cryo-EM studies will
hopefully reveal the finer structural details of this fascinating example of the non-canonical

translation of viral mRNAs.
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2.5 Future directions

It has been shown that not only PCBP2 acts as a transactivator of PRF, but also PCBP1 as
well (123). These proteins are ~83 % identical at the amino acid level. It would be prudent to
carry out similar mutational analysis as was done with PCBP2. R40, R57 and N325 are all
conserved amongst the two proteins and would likely show similar results. The lone crystal
structure of PCBP1 is that of its first KH domain bound to C-rich nucleic acid (PDB: 1ZTG)
(214). The structure revealed that both R40 and R57 both participate in nucleic acid binding,
which was the case for PCBP2 binding our nucleic acid probes; however, three alternate
residues (Gly22, 11e49 and Asp82) also form hydrogen bonds with cytosine bases (214). All
three of these residues are conserved within PCBP2. Carrying out these additional mutations
in both PCBP1 and 2 to assess complex formation via EMSAs would be a sensible next step
to better understand which residues of the PCBPs can stimulate PRF within the PRRSV
genome.

Although high-resolution structural analysis of the tricomponent complex through protein
crystallography would be ideal, the surge in recent advancements in cryo-electron microscopy
(Cryo-EM) has made it a very powerful tool for structural characterization of macromolecules
(233). Although this complex (~ 72 kDa) may be on the edge for detection limit by the current
standards of cryo-EM, it is absolutely worth attempting. Alternatively, the size of the ribosome
can be exploited to increase the molecular mass of the complex significantly for easier
detection of the tricomponent complex, as this complex would likely be recognized by the
ribosome. A recent study showed nspl of SARS-CoV-2 (~20 kDa) bound to the ribosome, as

it acts to redirect translational machinery of infected host cells towards viral mRNA. The
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structure was determined down to 2.5 A resolution (234). Protein cross-linking could also be

attempted as this may be a rather dynamic system and would help lock the complex into place.

2.6 Appendix

Table A.1

Parameters

Solvent
1x PBS (pH 7.4 @ 25°C), 100 mM KCI, 5% glycerol

2.027 mM sodium dihdyrogen phosphate
7.973 mM disodium hydrogen phosphate

138 mM sodium chloride
102.7 mM potassium chloride
~684 mM glycerol

Solvent density* p (g/cm?) 1.0354 + 0.0005
Buffer viscosity' n (P) 0.01235 + 0.0002
Temperature T (°C) 20.0

hiss-PCBP2 partial specific volume* v (cm?/g) 0.73318
hiss-PCBP2 formula mass? M,, (kDa) 39749.32

hiss- PCBP2 absorption coefficient? €,50 (M* cm™) |14815

PRRSV nsp1p partial specific volume' v (cm®lg)  |0.72777

PRRSV nsp1p formula mass? M, (kDa) 23786.87
PRRSV nsp1p absorption coefficient? €25 (M* cm™)|46200

34nt ssRNA partial specific volume v (cm®/g)

dependent on cation concentration
expected range 0.50 - 0.65

34nt ssRNA formula mass® M,, (kDa)

10688.3

34nt ssRNA absorption coefficient® €26 (M* cm™)

323000

!Sednterp, *ProtParam, *IDTDNA
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Fig. A1
Table. A2
Results
Species 1
Sedimentation coefficient s% 1.21+0.04S
Diffusion coefficient D% 7.9+0.3-107 cm?/s
Partial specific volume 0.62763 [0.60703 - 0.64704] cm®/g
that yields correct mass (10.7 kDa)
Sedimentation coefficient s%-c,» |1.59 [1.54 - 1.65] S
Hydrodynamic radius Ry’ 2.20[2.12 - 2.29] nm
Species 2
Sedimentation coefficient s’ 3.61+0.03S
Diffusion coefficient D% 3.2+0.5-107 cm?/s
Sedimentation coefficient s%.c,w |4.74 [4.65-4.83] S
Hydrodynamic radius R’ 5.49 [4.84 - 6.35] nm
Molecular mass 79.3[68.2 - 90.5] kDa
if RNA; would contain 7-8 strands

Uncertainties are given as 95% confidence intervals
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8 uM ssRNA monitored by absorbance optics
30000 rpm, A =278 nm

fvs.s Myvs. s Data, fit and residuals
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Fig. A2
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Fig. A3

16 pM ssRNA monitored by absorbance optics

Species Analysis (42000 rpm, A = 291 nm, exp. // 2)

Parameter Value
Species 1
Sedimentation coefficient s, (S) 1215424

Sedimentation coefficient s, (S)

Total concentration (signal)

Diffusion coefficient D, (-10 “ cmv’ls ) 8173451

Species 2

3590108

Diffusion coefficient D, (-10 * cm’/s ) 3140034
Fraction (signal) 0168034
Common

0 5605898

Meniscus position (cm) 6117462

Reduced 2 of fit [rmsd]
R.m.s.d. of fit

Bottom position (cm) 7.234521

01260963

0003551004

95% confidence interval

12044 -1 2265
7 8048 - 84944

35299 36475
23070 - 40048

01588 - 0.1/69

01588 - 01769
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T2 72an

42000 rpm, A = 294 nm
fvs.s Myvs.s Data, fit and residuals
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42000 rpm, A =291 nm
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Species Analysis (42000 rpm, A = 294 nm, exp. # 1)
Parameter lVaIue ]95% confidence interval
Species 1
Sedimentation coefficient s, (S) 1.229725 1.2078 - 1.2518 04
Diffusion coefficient D, (-10°* cm?/s ) 7.837109 7.4467 - 82514 03
Species 2 _;é 02
Sedimentation coefficient s, (S) 3579254 34808 - 36784 0.1
Diffusion coefficient D, (-10° cm?/s ) 3.316965 21005 - 50301 00
Fraction (signal) 0.204758 0.1884 - 0.2216 002
! 2 0
Common 3001k ;
- . &-001 £ 17 A A
Total concentration (signal) 0.2623926 0.2545 - 0.2705 52 64 66 68 70
Meniscus position (cm) 6.113078 6.1073 - 6.1188 Radius {om)
. Reduced ¥? [r.m.s.d]: 0.122848 [0.003505]
Bottom position (cm) 7227485 7.2230-72323
Reduced x2 of fit [rmsd] 0.1228484
R.m.s.d. of fit 0.003504974

Signal

62 64 66 68 70
Radius (cm)
Reduced X2 [rm.s.d]: 0.126096 [0.003551]
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32 pM ssRNA monitored by absorbance optics

42000 rpm, A =294 nm
f.vs.s Mvs.s Data, fit and residuals
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Species Analysis (42000 rpm, A = 294 nm, exp. # 1)
Parameter |Va|ue 95% confidence interval
Species 1
Sedimentation coefficient s, (S) 1.232830 1.2201 - 1.2468 05
Diffusion coefficient D (-10 " cm?/s ) 8.121437 77671 - 8.5080 04
Species 2 5o
02
Sedimentation coefficient s. (S) 3585519 3.5308 - 3.6467 01
Diffusion coefficient D (-107" cm?/s ) 3.231844 2.4451 - 41974 0.0
Fraction (signal) 0.202133 0.1919 - 0.2126
2 002
Common § 0.00
Total concentration (signal) 05306498  |0.5205 - 0.5417 2-002 S0 o2 ei es o 70
Meniscus position (cm) 5.986057 5.9823 - 5.9896 Radius {om)
Reduced ¥? [rm.s.d]: 0.198308 [0.004453]
Bottom position (cm) 7236567 7.2309 - 7.2428
Reduced x2 of fit [rmsd] 0.1983076
R.m.s.d. of fit 0004453174

Species Analysis (42000 rpm, A = 291 nm, exp. // 2)

Parameter Value
Species 1

Sedimentation coefficient s, (S) 1220184

Diffusion coefficient D, (-10 * cm’ls ) 7938753

Species 2

Sedimentation coefficient s, (S)
Diffusion coefficient D, (-10 “ ecm’s )

Fraction (signal)

3.596446
3366156

0170676

Common

Total concentration (signal)
Meniscus position (cm)
Bottom position (cm)
Reduced x2 of fit [rmsd]

R.m.s.d. of fit

Fig. A4

1088870
5989551
7235867
02852372

0005340760

95% confidence interval

12127 -1.2280
77172 -8199%

35560 36386
27780 - 40454
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S9874 - 59917

72314 - 72412
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"
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Radius (om)
Reduced x? [rm.s.d]: 0.285237 [0.005341]
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Fig. AS

64 uM ssRNA monitored by absorbance optics
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Species Analysis (42000 rpm, A = 294 nm, exp. # 1)
Parameter ‘Value 95% confidence interval
Species 1
Sedimentation coefficient s, (S) 1.239898 1.2324 - 1.2474
Diffusion coefficient D, (10" cm?/s ) 8.170592 7.9399 - 8.4006
Species 2

3.355237 28711-3.9210
Fraction (signal) 0.198935 0.1930 - 0.2052
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Total concentration (signal)
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Species Analysis (42000 rpm, A 291 nm, exp. # 2)

Parameter

Sedimentation coefficient s, (S)

Sedimentation coefficient s, (S)
Fraction (signal)

Total concentration (signal)

Meniscus position (cm)

Bottom position (cm)

Reduced x2 of fit [rmsd]

R.m.s.d. of fit

Diffusion coefficient D, (-10 “ cm?/s )

Diffusion coefficient D, (-10 " cm?s )

Value 95% confidence interval
Species 1

1201514 11918 -12113
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Species 2

3534071 34728 35943
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7.245158 72363 - 7.2544

1393352

0011804033

Signal
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2 007
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Reduced x? [rm.s.d]: 1.393352 [0.011804]
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Complex of human PCBP2, PRRSV nspl-8 and PRRSV 34 nt ssRNA

Absorbance optics @ 30000 rpm - Signal mainly from RNA
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Fig. A6
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Species classes

A 100+ B 15- C 140+
{ |®Class 1 A Class 4 _ ®Class 1 AClass 4 ]
m Class 2 ¥ Class 5 A mClass 2 v Class 5 120
¢ Class 3 «Class 6 ¢ Class 3 «Class 6 .
Class 7 A Class 7 1
1 = 1.004
10 5
" - N 2 0.80
a “ - E * e 2
~ 104 = L 0.60
@ ] « - s
| I g
5 v u * &L 0.40
A .A * A ° L] L] u 4
o - ¢ 0.20
[] - ] ]
|} ° -4
R % ° . A 0.00+
=)
l4+——r—17+ ———— o177 5
0 1 2 3 4 0 1 2 3 4 =
Loading concentration (mg/ml) Loading concentration (mg/ml)
Fig. A7
Table. A3

Results

mClass 1 Class 5
M Class 2 mClass 6
mu Class 3 Class 7

mm Class 4 mmClass X
_—

[=] = = N

~ [=] o (=3
©

» o w o

Species class 1

Sedimentation coefficient s%p-c,

2.02[1.61-2.43] S

Diffusion coefficient D%y,

4.52 [2.76 - 6.28] -10-7 cm?/s

Hydrodynamic radius R’

4.74 [3.41 - 7.74] nm

Species class 2

Sedimentation coefficient s%o-c,

2.84[2.28-3.41] S

Diffusion coefficient D%-c, w

3.51[2.87 - 4.15] -10-7 cm?/s

Hydrodynamic radius R’

6.11 + [5.17 - 7.46] nm

Species class 3

Sedimentation coefficient s%o-c,

3.96 [2.97 - 4.94] S

Diffusion coefficient D%, w

2.92 [1.37 - 4.47] -1077 cm?/s

Hydrodynamic radius R’

7.34 [4.79 - 15.61] nm

000'%

Loading concentration (mg/ml)
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Complex of human PCBP2, PRRSV nspl-# and PRRSV 34 nt ssRNA
Absorbance optics @ 30000 rpm - loading concentration 1.0 mg/ml

Data, fit and residuals
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c(s, 1) analysis
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T
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Data, fit and residuals
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Reduced v2 [rm s dl* [0 0033411

Fig. A9

c(s, 1) analysis
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400 4
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g
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Complex of human PCBP2, PRRSV nspl-B and PRRSV 34 nt ssRNA
Interference optics @ 30000 rpm - loading concentration 1.0 mg/ml

Data, fit and residuals

25
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15

Signal
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05 =

£ 004
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3

.ik! ’ 3 ll'“i
$-002k "1 d R N N
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Radius (cm)

Reduced x? [r.m.s.d]: [0.003815]
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c(s, f) analysis
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1D distributions
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T
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0.5 4

Interference optics @ 42000 rpm - actual concentration 0.44 mg/mil

Data, fit and residuals

Reduced x? [r.m.s.d]: [0.006460]

Fig. A10

c(s, f) analysis
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Complex of human PCBP2, PRRSV nspl-§ and PRRSV 34 nt ssRNA

Species Analysis (1.00 mg/ml, 30000 rpm, i. 0.)

Parameter | Value | 95% confidence interval

Species # 1 (class 1)

Sedimentation coefficient szoc, v (S) | 2.185538 1.9320 - 2.3175
Molecular mass' M (Da) 39429.258626 |31975.1983 - 43851.1943
Concentration (signal) 0.889672

Species # 2 (class 2)

Sedimentation coefficient sz, « (S) | 3.086904 2.8131-3.3679
Molecular mass® M (Da) 64508.620238 |56946.9871 - 72146.4835
Concentration (signal) 0.848381

Species # 3 (class 3)

Sedimentation coefficient sz, « (S) |4.413055 4.1166 - 4.8238
Molecular mass' M (Da) 89133.977232 |75536.5637 - 117267.7025
Concentration (signal) 0.327668

Species # 4 (class 5)

Sedimentation coefficient sz, « (S) | 8.680858 6.5740 - 11.0911
Molecular mass' M (Da) 33004.982556 |[27014.9568 - 41589.0286

N - 62 64 66 68 7.0
Concentration (signal) 0.0689382 Radius (cm)

Species # 5 (class 6
P ( ) Reduced x2 [r.m.s.d]: 0.187101 [0.004326]

Sedimentation coefficient sz, « (S)|18.269621 17.2184 - 19 6377
Molecular mass* M (Da) 62045.164082 |50792.5477 - 83330.0656
Concentration (signal) 0.101118

Common
Meniscus position (cm) 6.107007 6.1061 - 6.1081
Bottom position (cm) 7.216139 7.2101 - 7.2245
Buffer signal’ frictional ratio f; 2.382192 1.8745 - 3.3470
Reduced x2 of fit [rmsd] 0.1871007
R.m.s.d. of fit 0.004326

'Substitute v = 0.73 cm*/g
’Continuous ¢(s) rom0.0-0.8 S

Fig. A1l
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Complex of human PCBP2, PRRSV nspl-p and PRRSV 34 nt ssRNA

Species Analysis (0.44 mg/ml, 42000 rpm, i. 0.)

Parameter IValue |95% confidence interval

Species # 1 (class 1)

Sedimentation coefficient szc,« (S)|2.045761 1.9890 - 2.0955
Molecular mass* M (Da) 32468.185230 |28140.1889 - 35903.1468
Concentration (signal) 0.564412

Species # 2 (class 2)

Sedimentation coefficient sx.c,« (S) [ 2.874757 2.7103 - 2.9979

®
Molecular mass' M (Da) 78493.617851 |67236.8428 - 93921.0463 ,§»
Concentration (signal) 0.388871

Species # 3 (class 3)

Sedimentation coefficient sz « (S)|3.976393 3.7610 - 4.1698 2
Molecular mass*' M (Da) 131871.067920 | 94586.0501 - 201092.7657 3_006
- - : 62 64 68 68 70
Concentration (signal) 0.193644 Radius (cm)
Common
Reduced x? [rm.s.d]: 0.593167 [0.007702]
Meniscus position (cm) 6.107400 6.1056 - 6.1093
Bottom position (cm) 7.201615 7.1931-7.2121
Buffer signal® frictional ratio f, 1.481410 1.2663 - 1.9532
Reduced X2 of fit [rmsd] 0.5931672
R.m.s.d. of fit 0.007702

*Substitute Vv = 0.73 cm®/g
’Continuous ¢(s) rom0.0-0.8 S

Fig. A12
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Complex of human PCBP2, PRRSV nspl-B and PRRSV 34 nt ssRNA
Absorbance optics @ 30000 rpm - loading concentration 2.0 mg/ml

Data, fit and residuals
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Absorbance optics @ 42000 rpm - actual concentration 0.75 mg/ml

Data, fit and residuals
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025
B 020
'§015
0.10
0.05

£ oo
2 000
g

&-001

J L . L L
62 64 66 68 70
Radius (cm)

Reduced x? [rm.s.d]: [0.003382]

Fig. A13

c(s, f) analysis
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Complex of human PCBP2, PRRSV nspl- and PRRSV 34 nt ssRNA
Interference optics @ 30000 rpm - loading concentration 2.0 mg/ml

Data, fit and residuals
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Complex of human PCBP2, PRRSV nspl- and PRRSV 34 nt ssRNA

Species Analysis (2.00 mg/ml, 30000 rpm, i. 0.)

Parameter

[ vatue

[95% confidence interval

Species # 1 (class 1)

Sedimentation coefficient szc v (S)

2.259298

2.1789 - 2.3345

Molecular mass* M (Da)

40911.383621

39015.7993 - 42569.8757

Concentration (signal)

2.10665

Species # 2 (class 2)

Sedimentation coefficient szo-c, v (S)

3.362426

3.2647 - 3.4499

Molecular mass* M (Da)

70607.408753

66954.0626 - 74408.5887

Concentration (signal)

1.80079

Species # 3 (class 3)

Sedimentation coefficient Sz-c,  (S)

4.879189

4.7237 - 49818

Molecular mass' M (Da)

104525.361816

94748.6103 - 115580.2252

Concentration (signal)

0.557564

Species # 4 (class 5)

Sedimentation coefficient szoc, v (S)

9.007732

7.8572 - 10.1107

Molecular mass' M (Da)

49129.251609

38405.4058 - 69148.1903

Concentration (signal)

0.179173

Species # 5 (class 6)

Sedimentation coefficient szo:c, v (S)

16.172510

15.2395-17.1308

Molecular mass* M (Da)

114826.491328

86165.0080 - 173746.5190

Concentration (signal)

0.15973

Species i 6 (class 7)

Sedimentation coefficient szo-c, v (S)

24.574698

23.3895 - 25.9063

Molecular mass' M (Da)

42732.956296

38685.9354 - 49078.2030

Concentration (signal) 0.337733

Common
Meniscus position (cm) 6.078588 6.0778 - 6.0790
Bottom position (cm) 7.233989 7.2288 - 7.2399
Buffer signal® frictional ratio f, 3.336644 2.8806 - 3.9916
Reduced x2 of fit [rmsd] 0.3392895
R.m.s.d. of fit 0.005825

'Substitute v = 0.73 cm®/g
“Continuous ¢(s) rom0.0-0.8 S

Fig. A15

Signal
w b B N ®

6.2 6.4 6.6 6.8 7.0
Radius (cm)

Reduced x2 [r.m.s.d]: 0.339290 [0.005825]
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Complex of human PCBP2, PRRSV nspl-f and PRRSV 34 nt ssRNA

Species Analysis (0.75 mg/ml, 42000 rpm, i. 0.)

Parameter

| Value

| 95% confidence interval

Species i# 1 (class 1)

Sedimentation coefficient sz, « (S)

1.737800

1.6152 - 1.8163

Molecular mass' M (Da)

42836.913056

36022.7457 - 53638.9211

Concentration (signal)

0.488908

Species # 2 (class 2)

Sedimentation coefficient Sz, (S)

2.545311

2.3295 - 2.6511

Molecular mass® M (Da)

65269.106310

58823.6621 - 72195.2814

Concentration (signal)

0.869682

Species # 3 (class 3)

Sedimentation coefficient Szc, v (S)

3.497679

3.2748 - 3.6633

Molecular mass' M (Da)

112116.879536

90117.1719 - 141988.8079

Concentration (signal)

0.526914

Species # 4 (class 4)

Sedimentation coefficient sz, v (S)

4.655214

4.3692 - 48847

Molecular mass' M (Da)

232327.712281

148281.3925 - 426686.8809

Concentration (signal) 0.156663

Common
Meniscus position (cm) 6.093045 6.0911 - 6.0950
Bottom position (cm) 7.175154 7.1615 - 7.1904
Buffer signal® frictional ratio f, 5.718135 4.3407 - 74711
Reduced x2 of fit [rmsd] 0.9201238
R.m.s.d. of fit 0.009592

'Substitute v = 0.73 cm®/g
*Continuous ¢(s) rom0.0-08 S

Fig. A16

6.2 6.4 6.6 6.8 70
Radius (cm)

Reduced x2 [r.m.s.d]: 0.920124 [0.009592]

116



Complex of human PCBP2, PRRSV nspl-B and PRRSV 34 nt ssRNA
Absorbance optics @ 30000 rpm - loading concentration 4.0 mg/ml

Data, fit and residuals
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Complex of human PCBP2, PRRSV nspl- and PRRSV 34 nt ssRNA
Interference optics @ 30000 rpm - loading concentration 4.0 mg/ml
c(s, ) analysis

Data, fit and residuals f.vs.s Mvs.s 1D distributions
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Fig. A18
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Complex of human PCBP2, PRRSV nspl-§ and PRRSV 34 nt ssRNA

Species Analysis (4.00 mg/ml, 30000 rpm, i. 0.)

Parameter

| Value

| 95% confidence interval

Species # 1 (class 1)

Sedimentation coefficient sz, (S)

1.893838

1.8767 - 1.9115

Molecular mass' M (Da)

36242.513823

35605.9184 - 36924.8539

Concentration (signal)

2.02274

Species # 2 (class 2)

Sedimentation coefficient sz, v (S)

2.895957

2.8717 - 3.0216

Molecular mass® M (Da)

56798.604800

56171.7866 - 57417.8843

Concentration (signal)

4.20148

Species # 3 (class 3)

Sedimentation coefficient szc v (S)

4.032742

3.7914 - 4.0755

Molecular mass' M (Da)

91110.192293

88642.3598 - 93600.9839

Concentration (signal)

2.17643

Species # 4 (class 4)

Sedimentation coefficient sz-c,« (S)

5.558437

5.5059 - 5.7911

Molecular mass' M (Da)

106503.214501

97771.9841 - 113202.5506

Concentration (signal)

0.924506

Species # 5 (class 5)

Sedimentation coefficient sz v (S)

9.980081

9.6854 - 10.2378

Molecular mass' M (Da)

55993.213184

50533.5330 - 65497.6998

Concentration (signal)

0.504232

Species # 6 (class 6)

Sedimentation coefficient sz, v (S)

18.163020

17.9089 - 18 4664

Molecular mass® M (Da)

116367.123008

1020612320 - 138132.1828

Concentration (signal)

0.460625

Species # 7 (class 7)

Sedimentation coefficient sz, . (S)

28.605184

27.7262 - 30.0465

Molecular mass' M (Da)

50122.522087

49947.7361 - 50312.8130

Concentration (signal) 0.500927

Common
Meniscus position (cm) 6.154459 6.1540 - 6.1548
Bottom position (cm) 7.219491 7.2170 - 7.2245
Buffer signal® frictional ratio f; 1.126869 0.9060 - 1.3521
Reduced X2 of fit [rmsd] 0.5273897
R.m.s.d. of fit 0.007262

'Substitute v = 0.73 cm®/g
’Continuous ¢(s) from0.0-0.8 S

Fig. A19

Signal

Residuals
d o o

6.2 6.4 6.6 6.8 70
Radius (cm)

Reduced x2 [r.m.s.d]: 0.527390 [0.007262]
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Complex of human PCBP2, PRRSV nspl- and PRRSV 34 nt ssRNA

Species Analysis (1.09 mg/ml, 42000 rpm, i. 0.)

Parameter

l Value

I95% confidence interval

Species # 1 (class X)

Sedimentation coefficient szoc, v (S)

1.209722

0.8561 - 1.7601

Molecular mass' M (Da)

30400.731201

20063.1666 - >900000

Concentration (signal)

0.255537

Species i 2 (class 1)

Sedimentation coefficient sz, « (S)

1.922069

1.7474 - 26281

Molecular mass® M (Da)

49646.909726

428774221 - 61527.1873

Concentration (signal)

0.962814

Species i 3 (class 2)

Sedimentation coefficient sz-c, v (S)

2.787625

2.5211-3.3593

Molecular mass' M (Da)

64072.302750

54843.6506 - 109988.7832

Concentration (signal)

1.43393

Species # 4 (class 3)

Sedimentation coefficient szo-c, v (S)

3.776941

3.3105 - 41561

Molecular mass' M (Da)

136947.108751

87118.2414 - 219814.9212

Concentration (signal)

0.4912

Species # 5 (class 4)

Sedimentation coefficient sz:c, v (S)

4.936165

4.2947 - 55977

Molecular mass*' M (Da)

273002.737766

108529.5424 - 900000

Concentration (signal) 0.119144

Common
Meniscus position (cm) 6.169227 6.1674 - 6.1710
Bottom position (cm) 7.181567 7.1682 - 72017
Buffer signal® frictional ratio f; 4.608594 2.9507 - 28.0506
Reduced x2 of fit [rmsd] 3.344057
R.m.s.d. of fit 0.018287

'Substitute v = 0.73 cm®/g
’Continuous ¢(s) rom0.0-08 S

Fig. A20

Signal

6.2 6.4 6.6 6.8 7.0
Radius (cm)

Reduced X2 [r.m.s.d]: 3.344057 [0.018287]
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3 Chapter 3: Investigating the protease and deubiquitinating activity of members of genus
Marafivirus with aims to develop resilient transgenics

A majority of this research was originally published in the Journal of Biological Chemistry.

Patel, A., McBride, J.A.M., Mark, B.L.. The endopeptidase of the maize-affecting Marafivirus

type member maize rayado fino virus doubles as a deubiquitinase. J Biol/ Chem. 2021.

doi: 10.1016/j.jbc.2021.100957.
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The overall conceptualization of this project was done by B.L.M. Many of the
experiments were conceptualized by A.P. Ubiquitin variant phage display library work
(selections) was done by members of Dr. Sachdev Sidhu’s lab (Drs. Wei Zhang and Jacky
Chung, U of Toronto). Maize transgenic development (excluding tDNA plasmid construction)
was done by the Plant Transformation Facility at the lowa State University and members at the
USDA in Fargo, ND (Drs. John Weiland and Melvin Bolton). All remaining work was done by
A.P. with the assistance of undergraduate researchers Oxana Katova, Jessica McBride and

Nathan Glowach.
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3.1 Introduction

As above mentioned, positive-sense single-stranded RNA (+ssRNA) viruses have evolved
remarkable polycistronic translational mechanisms that maximize genomic coding capacity to
produce the viral proteins needed for replication and packaging (10, 235). The expression of
polyproteins allows viruses to produce a full set of proteins from their genomes without needing
to encode for additional genetic features that would typically direct and regulate translation.
+ssRNA viruses infect virtually all forms of life (57). Significant attention has been paid to human
and animal-affecting +ssRNA viruses that are capable of cross-species transmission; however, the
+ssRNA virome affecting plants appears to be far more diverse and abundant (57, 236). With the
threat of food shortage becoming more of a reality in a matter of decades due to climate change
and the quickly increasing global population (63, 147), understanding the relationship between
crops important to global food security and their viral pathogens will aid in developing sustainable
agricultural practises.

Marafiviruses are +ssRNA viruses, which cause persistent infection in diverse plant species
that are agriculturally relevant to food and biofuels production (146, 153, 237). Currently there are
ten classified members of the genus Marafivirus (141) and additional marafivirus candidates that
affect different plant species have been recently identified (135, 136). Marafiviruses are persistent
propagative viruses meaning that they are also able to replicate in the leathopper insect vectors
that transmit them to their final plant host (137). Marafiviruses have a single-stranded, monopartite
genome with an average size of 6-7 kb, which is translated into a single polyprotein that is roughly
2,000 amino acids in length (Fig. 3.1). The polyprotein characteristically contains four non-
structural domains that comprise the viral replicase (methyltransferase (MT), protease (PRO),

helicase (HEL) and RNA-dependent RNA polymerase (RdRp)) as well as the major structural coat
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protein (CP) for genome packing (238). Maize rayado fino virus (MRFV) is the type member of
the genus Marafivirus within the family Tymoviridae (146). The virus was first described in 1969
from Costa Rica and has since been found as far south as Brazil and as far north as the United
States (146, 239, 240). MRFV infection causes reduction in plant height and ear development with
few to no seeds within certain corn species and can lead to severe agricultural loss with decimation
to nearly 100 % in some cultivars (145).

MRFV shares remarkable sequence similarity to the tymovirus type member, Turnip
vellow mosaic virus; TYMV (~43 % at the amino acid level); however, the amount of foundational
research that exists between the two is disparate, with TYMYV being far better studied. The papain-
like cysteine protease of TYMV (TYMYV PRO) is currently the most extensively characterized
plant deubiquitinase (149, 163, 172, 173, 241). Over 67 % of plant viral proteases, like all the
marafivirus proteases, are cysteine proteases (23). PRO’s primary function is to act as a
polyprotein processor, but it has been shown to have auxiliary function as a ubiquitin (Ub)
hydrolase to aid in bypassing the host innate immune system by removing ubiquitin from the
RdRp, preventing its degradation by the ubiquitin proteasome (149, 167, 172, 173). Notably, the
junctions between the replicase domains within the marafivirus polyprotein (Fig. 3.1, arrows)
closely resemble the C-terminal *LRGG’® tail of ubiquitin (the cleavage site for ubiquitin
hydrolases) (168), suggesting marafivirus endopeptidases may also have deubiquitinating activity.

Here we provide the first structural and functional insight into the endopeptidases from the
genus Marafivirus. We present data illustrating that the PRO domains from six different species
within this genus all have bona fide deubiquitinating (DUB) activity. We compare the differences

and similarities of all six proteases towards recognition of different types of ubiquitin substrates
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LXG[G/A] LXG[G/A] LXGG

|
v | » v v
MT PRO  HEL RdRp cP
MP cP*

Figure 3.1 Marafivirus polyprotein arrangement and endopeptidase comparison

Simplified schematic of the typical arrangement of the sole polyprotein produced by marafiviruses
and two additional proteins produced from genomic RNA. (MT) methyl transferase, (PRO)
endopeptidase/deubiquitinase, (HEL) helicase, (RdRp) RNA-dependent RNA polymerase, (CP)
major coat protein, (MP) movement protein, (CP*) minor coat protein. Arrows indicate junction
points between each domain and the possible cleavage sites targeted by the endopeptidase. The
four amino acid residues at each putative cleavage sites are indicated where “X” is any amino acid.
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and contrast our findings with those of the tymoviruses. We also discuss the endopeptidase activity
of MRFV PRO that is required for polyprotein processing to generate the viral replicase complex.
X-ray structures of MRFV PRO alone and bound to Ub reveal unique structural characteristics that
differ from TYMV PRO and notable conformational changes that occur in response to the Ub
substrate. Together, our data provide new insight into how marafiviruses generate their replicase
machinery through polyprotein processing and that they exhibit deubiquitinase activity that may
corrupt the immune response of their hosts.

Further, the overarching goal of this chapter remains to exploit the weak Ub-binding
tendencies of these viral proteases by utilizing highly selective, synthetic ubiquitin variants (UbV),
which ideally would act as competitive inhibitors towards these proteases to stifle polyprotein
processing and significantly reduce the effects of viral infection in transgenic plants expressing the

UbV transgene.
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3.2 Materials and Methods

3.2.1 Primers used in DNA constructs

Table 3.1 Oligos used for all DNA constructs

Oligo name Sequence (5’ to 3°)

Purpose

CSDaV_pGEX_F GATATAGGATCCTCCGATTGGGACCC

CSDaV PRO

MREV PRO-HELN-em | p) 006 TGCCGCTTGCTTACTGGTCG

CTCTC into pGEX-6p-1
TATATCCTCGAGTTAACGAGGGGTGG «
CSDaV_pGEX R CGCTC
GATATAGGATCCCCGGAGCCTGACAC MRFV PRO
MRFV_pGEX_F GGCC into pGEX-6p-1
TATATCCTCGAGTTAAAGTGAGAAAT «
MRFV pGEX R TATCGGC
MRFV
MRFV PROcs1a-HELN-term GATA PROcs1a-HELN-
Domain_F TACATATGCCGGAACCCGATACC term Domain 1NtO
pET19b
MRFV PROc61a-HELN-term TATATCGGATCCTTAGCAATAA «
Domain_R AAGTCTACATAGG
Mutagen. of
MRFV

PROcs1a-HELN-

TYMV pGEX F

Domain F .
- term Domain 10O
pET19b to WT
MREV PRO%ELN‘““ (P)-GTTGGATAAGGGATAGAG «
Domain
GATATAGGATCCGGCTCCTCACAATT TYMV PRO

ACTGCC into pGEX-6p-1
TATATCCTCGAGTTAAGAGCCTAAGA .
TYMV_pGEX_R GACGTTTACCC
GATATAGGATCCATGTCCGATTGGGA | CSDaV PRO
CSDaV_pHBT9S F le into pHBT95
TATATCGCGGCCGCTTTAA .
CSDaV_pHBT95 R GTTGAATC
Mutagen. of
CSDaV HBT95 F (P)-ACTGTTGTCTATTGAACAAGCG CSDaVv
avesea_p - ) PROcs6a into
pHBT95
CSDaVcssa pHBT95 R (P)-AGAGCATCCATGTCTGGGTAG z
CSDaV
CSDaV_PROHEL pHBTO | 5\ 1A TAGGATCCATGTATCCATACG | PROHEL into
>_F pHBT95

CSDaV_PROcseaHEL pH

BT95 R TATATCGCGGCCGCTTTACTTG

13
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Mutagen. of
CSDaV_PROcssanoHEL. p CSDaV_PROcs
tros L P-ACTGTTGTCTATTGAACAAGCG TN
pHBTO5
CSDaV—PRSOI;ELJ’HBW P-AGAGCATCCATGTCTGGGTAG «
Mutagen of Ub
UbAA pQ F (P)-AGGGGATCCTCTAGAGTCGAC | 5GG™ to AA in
pQ2
UbAA pQ R (P)-CATGCTGCTCTTAGTCTTAAGACA <
CSDaV ubv_pQ F GATATACCATGGAACAAAAATTG CSE ?;’pgw
CSDaV ubv pQ R TATATCGGATCCCCTCAAGTTCC z
MRFVUbV2 pDW3596F | GATATAGGATCCGATCCAAATCCG | MRFV UbV2
ve_p into pDW3596
MRFVUbv2 pDW3596R | TATATCACTAGTTCATCAATGGACTGG z

*Restriction sites in bold
*(P) indicates 5’ phosphorylation

3.2.2 DNA constructs

3.2.2.1 DNA constructs for recombinant protein expression and purification

Synthetic DNA (Integrated DNA technologies) coding for open reading frames of PRO
domains from MRFV, TYMV and CSDaV (Citrus sudden death associated virus) were amplified
by PCR using primers listed in Table 3.1 and ligated into pGEX-6P-1 (GE Healthcare) using
BamHI and Xhol restriction sites. The remaining PRO open reading frames from BIVS
(Blackberry virus S), GSyV1 (Grapevine Syrah virus 1), OLV3 (Olive latent virus 3) and OBDV
(Oat blue dwarf virus) were constructed by GenScript using the same cloning strategy. NCBI
reference sequences for each virus: (BIVS NC 038328; CSDaV NC 006950, GSyVl
NC 002786, OLV3 NC 013920; OBDV NC 001793; TYMV NC _004063).

The MRFV PROcs1A-HELN-term Domain fusion protein expression construct (residues 667-

1038 from its polyprotein; UniProtKB-Q91TW9) was generated from codon-optimized synthetic
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DNA (Integrated DNA technologies) and PCR using primers listen in Table 3.1. The amplicon
was cloned into pET19b (Novagen) in frame with the native N-terminal Hiso tag using Ndel and
BamHI restriction sites. The WT version of this construct (MRFV PRO-HELN-term Domain), Which
retains the active site cysteine of PRO was designed using phosphorylated primers (Table 3.1) and
site-directed mutagenesis to reintroduce the cysteine that was formerly an alanine using the
pET19b vector containing C61A mutation as template.

Vectors encoding UbV genes in pET53-DEST were provided by members of Dr. Sachdev

Sidhu’s lab (U of Toronto).

3.2.2.2 DNA constructs for Arabidopsis transient gene expression assays and maize

transformation

The CSDaV PRO expression plasmid (pHBT95-CSdaV_PRO) used for transient V5-
tagged PRO expression in A. thaliana protoplasts was designed using the pHBT95-sGFP(S65T)
vector (kindly provided by Dr. Jen Sheen, Dept. of Genetics, Harvard Medical School). The GFP
coding sequence was excised using BamHI and Notl restriction enzymes and replaced with the
coding sequence representing CSDaV PRO, which was synthetically derived, and codon optimized
for expression in A. thaliana (Integrated DNA technologies) using primers listed in Table 3.1.
HBT95-CSDaV_PROcssa was generated using phosphorylated primers (Table 3.1) and ‘round-
the-horn PCR (242) using HBT95-CSDaV_PRO as template. Constructs encoding CSDaV HA-
PROHEL-FLAG were also prepared using synthetic DNA and primers listed in Table 3.1 and was
ligated into pHBT95 identically to above. The catalytic mutant (HA-PROcseaHEL-FLAG mutant)
was constructed using primers in Table 3.1 and site-directed mutagenesis PCR, using the WT

plasmid as template.
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The construct that was used to transiently express double Myc-tagged Ubiquitin in A.
thaliana (pQ-(Myc)2) was kindly provided by Dr. Isabelle Jupin (Dept. of Molecular Virology,
Institut Jacques Monod). Site-directed mutagenesis using phosphorylated primers (Table 3.1) were
used to generate a mutant plasmid in which the terminal glycine residues (?GG’®) were altered to
alanine. The construct encoding for CSDaV UbV1 was prepared from synthetic DNA, PCR
amplification (Table 3.1 for primers) and ligated into pQ-(Myc). using BamHI and NotlI restriction
sites.

A transfer DNA plasmid was generated to include the MRFV UbV2 transgene for
Agrobacterium-mediated transformation of Zea mays (line B104). The empty plasmid (pDW3596)
was sent to us by the lowa State University Plant Transformation Facility. As per the facility’s
recommendation, the Rice U6 promoter and TonB genes were removed from the plasmid with
Sacl and EcoRI restriction sites and was then re-circularized with two complementary, 5’
phosphorylated oligos that had mimicking Sacl/EcoRI overhangs. Synthetic DNA coding for an
N-term 3xFLAG tag and the MRFV UbV2 was codon optimized for Z. mays and inserted into
pDW3596 using BamHI and Spel restriction sites in between the right and left borders of the

binary vector.

3.2.3  Protein expression and purification

Expression plasmids for the marafivirus PRO domains (and TYMV PRO) were used to
transform E. coli BL21 (DE3) GOLD cells (Stratagene) for protein production. Transformed E.
coli were grown overnight at 37 °C in lysogeny broth (LB) containing 150 pg/ml ampicillin. The
overnight culture was then used to inoculate 500 ml or 1 L of fresh ampicillin-containing LB (1:50

dilution) and was subsequently grown at 37 °C with shaking to an Aeoo of 0.7-0.8. Expression of
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the GST-tagged PRO enzymes (from pGEX-6P-1 constructs) or Hisjo-tagged MRFV PROcg1a-
HELN-termDomain Was induced by the addition of 0.5 mM isopropyl B-D-1 thiogalatopyranoside and
left to incubate with shaking at 16 °C for an additional 18 h. Cells were then pelleted by
centrifugation and either immediately used or stored at -80 °C.

All PRO domains were purified as follows. Cell pellets were resuspended in ice-cold lysis
buffer (50 mM TRIS-HCI pH 8.0, 300 mM NaCl and 2 mM DTT) and lysed using an Avestin
Emulsiflex C3 high-pressure cell homogenizer (ATA Scientific Instruments). Cell lysates were
clarified by centrifugation (17,211 X g at 4 °C), and supernatant containing GST-marafivirus PRO
was mixed end-over-end for 1 h at 4 °C with GST-Bind resin (Millipore) that had been pre-
equilibrated in lysis buffer. The lysate/resin slurry was poured into a gravity column and washed
with ~20 column volumes of lysis buffer, followed by elution of the fusion protein with lysis buffer
supplemented with 10 mM reduced glutathione (adjusted to pH 8.0 with NaOH). The GST tag was
removed from each PRO domain (when applicable) using GST-tagged HRV 3C PreScission
Protease, which was incubated with the eluted fusion protein in dialysis tubing overnight at 4 °C
against 2 L of dialysis/gel filtration buffer (20 mM TRIS-HCI pH 8.0, 150 mM NaCl and 2 mM
DTT). Tag-free PRO domains were separated from free GST and HRV 3C PreScission Protease
using a Superdex75 (GE healthcare) gel filtration column. The concentration of each purified
marafivirus PRO was quantified using a NanoDrop (ThermoFisher Scientific) instrument (A2so,
€/1000 BIVS 11.46, CSDaV 16.96, GSyV1 13.98, MRFV 8.48, OBDV 9.97, OLV3 13.98, TYMV
9.97 M-'cm™).

MRFV_PROcsia-HELN-termDomain and the  'WT version-containing cell pellets were
resuspended in ice-cold lysis buffer (50 mM TRIS-HCI pH 8.0, 300 mM NaCl, 2 mM DTT and

5SmM Imidazole) and lysed identically to the PRO domains. Cell lysates were clarified by
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centrifugation (17,211 X g at 4 °C), and supernatants containing either protein were mixed end-
over-end for 1 h at 4 °C with nickel-nitrilotriacetic acid resin (Qiagen) that had been pre-
equilibrated in lysis buffer. The lysate/resin slurry was then poured into a gravity column and
washed with ~20 column volumes of lysis buffer, followed by 10 column volumes of lysis buffer
supplemented with 15 mM imidazole, followed by 10 column volumes of lysis buffer
supplemented with 30 mM imidazole and finally eluted with lysis buffer supplemented with 250
mM imidazole. The eluted proteins were dialyzed against 2 L of dialysis/gel filtration buffer (20
mM TRIS-HCI pH 8.0, 150 mM NaCl and 2 mM DTT) overnight at 4 °C and then further purified
using a Superdex75 gel filtration column. The concentrations of purified MRFV_PROce1a-HELN-
termDomain O WT were quantified using a NanoDrop instrument (Azgo, /1000 = 39.42 M-lcm™).
UbVs were purified identically to MRFV PRO-HEL proteins.
Ubiquitin(1-75)-3-bromopropylamine (Ub-3Br) was prepared and purified as previously
described (243, 244) for covalent coupling to MRFV/OBDYV PRO. This is a version of human Ub
(Uniprot P62987) lacking the terminal Gly. Purified Ub-3Br was dialyzed in 20 mM TRIS-HCI
pH 8.0, 150 mM NaCl and 2 mM DTT, quantified by a Bradford protein assay and coupled with
MRFV/OBDV PRO in a 2-fold molar excess at 4 °C for 16 h with the addition of Tris(2-
carboxyethyl)phosphine hydrochloride to a final concentration of 5 mM. The resulting
MRFV/OBDV PRO-Ub complexes were separated from excess Ub-3Br using a Superdex75 gel
filtration column and quantified by Azgo readings (¢/1000 MRFV_PRO-Ub 9.970 & OBDV_PRO-

Ub 11.460 M-'cm™).
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3.2.4 Enzyme assays

All proteases (GST-fused or tag removed) were assayed against the fluorogenic substrate
analogue 7-amino-4-methylcoumarin (AMC)-Ub (Ub-AMC; Boston Biochem) or the synthetic
peptide analogue LRGG-AMC (GenScript). The latter substrate represents the C-terminal motif of
ubiquitin as well as the linker between the RNA dependent RNA polymerase (RdRp) domain and
major coat protein (CP) of the MRFV polyprotein. Reaction buffer for all assays consisted of 50
mM TRIS-HCI (pH 8.0), 150 mM NaCl and 2 mM DTT. Progress curves of fluorescence increase
over time were collected on a Fluorolog-3 fluorimeter (Horiba Jobin Yvon) or a SpectraMax iD5
microplate reader (Molecular Devices). Reactions were 1 ml total volume in a quartz cuvette on
the fluorimeter and 100 pl on the micro plate reader in a black, flat bottom 96-well microplate
(Corning Life Sciences). In both situations, substrate was prepared first in reaction buffer to which
enzyme was added immediately prior to readings. Monochromators were set to excitation of 345

nm and emission of 445 nm.

3.2.5 Polyubiquitin chain hydrolysis assays

200 ng of substrate (K48- or K63-linked poly-ubiquitin chains [Ubs-Ubes; Boston
Biochem]) was incubated with 50 to 200 nM of each marafivirus DUB in a reaction buffer identical
to the above-mentioned kinetics assay. Each reaction was incubated for 30 min at 25°C. Reactions
were terminated with the addition of 2X SDS-PAGE loading buffer. Reactions were visualized by
carrying out TRIS-Tricine PAGE (10 %) and subsequent detection using a Pierce silver stain kit

(ThermoFisher Scientific).
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3.2.6  Ubiquitin variant engineering and coupling

UbVs were generated based on a phage display library as described previously (245). The
library was used against purified, immobilized GST-tagged proteases as previously described (245,
246). After selections, the most efficacious UbVs were chosen and cloned into pET53 expression
vectors and were sent to our lab. pET53 vectors encoding the UbV gene were transformed into E.
coli BL21(DE3) Gold. Protein expression was done identically to the proteases above and
purification was done identically to the MRFV_PRO-HELN-termbDomain proteins, as the UbVs have
an in-frame N-term 6xHis tag.

Once purified, UbVs were coupled with their respective proteases overnight at 4 °C with
at least a 2-fold molar excess of UbV to force complex formation. The following day, the protein
mixture was loaded onto a Superdex 75 gel filtration column and the protein complex was
separated from excess UbV. Fractions pertaining to the protein complex were pooled and used for

crystallization.

3.2.7 Protoplast transient gene expression assays

Arabidopsis thaliana (Columbia) leaves (50 to 60 leaves) were collected from 2—3-week-
old plants. Mesophyll protoplasts were isolated as previously described (247, 248). Polyethylene
glycol (PEG) -CaCl,-mediated transfection was utilized with 0.5 x 103 to 0.5 x 10° protoplasts and
microgram amounts of plasmid DNA. Protoplasts were harvested ~18-20 hours post-transfection
and lysed as previously described (247). The soluble fraction of each reaction was isolated by
centrifugation and was run on a 12 % or 4-20 % gradient SDS-PAGE gel (Bio-Rad). Proteins were

transferred to a 0.45 pum nitrocellulose membrane using a semi-dry turbo transfer system (Bio-
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Rad). The membrane was blocked as per the manufacturers recommendation and incubated with
the appropriate primary antibodies at 4 °C overnight (Anti-V5-HRP (R961-25; ThermoFisher
Scientific), Anti-c-Myc (9E10; Sigma Aldrich), Anti-FLAG (M2; Sigma Aldrich) or Anti-HA
(12CA5; kindly provided by Dr. Peter Pelka). Where appropriate, the membrane was subsequently
washed and then incubated with conjugated secondary antibody (goat anti-mouse IgG-HRP; Bio-
Rad). Membranes were washed a final time and presented with enhanced chemiluminescent
substrate (Luminata Forte; EMD Millipore) and detection was done using film (Amersham

Hyperfilm or Pierce CL-Xposure film).

3.2.8 Tobacco (BY-2) cells propagation

Nicotiana tabacum (tobacco) BY-2 cells were purchased from Riken Research Center
(experimental plant division) on semi solid medium. Immediately on arrival, cells were transferred
to BY2 medium (Table 3.2 for components).

Table 3.2 BY-2 cell media components

Component Concentration
Murashige and Skoog basal salt mixture 4.3 mg/ml
Sucrose 30 mg/ml
Thiamine hydrochloride 0.1 mg/ml
Myo-inositol 0.01 mg/ml
2,4-D sodium monohydrate 0.02 mg/ml
Potassium phosphate, dibasic, anyhydrous 0.2 mg/ml

*Adjust final pH to 5.8 with potassium hydroxide and autoclave
The cells took ~ 2 weeks to actively start dividing and develop their characteristic yellow
colouration (constant conditions of: 28 °C, 130 rpm, dark). Once they became established, cells

were subcultured 1:20 into fresh medium once every week aseptically.
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3.2.9 Protein crystallization

MRFYV PRO was crystalized using the vapour diffusion method at 15 mg/ml in a condition
that contained 100 mM BIS-TRIS Propane (pH 7.5), 200 mM sodium acetate and 20 % PEG 3350.
Crystals appeared after ~30 days at 4°C. Crystals of the MRFV PRO-Ub complex were also grown
using the vapour diffusion method at 20 or 25 mg/ml in 100 mM phosphate citrate buffer (pH 3.8),
200 mM lithium sulfate and 25 % PEG 1000, which appeared after 1 day at 4°C. Crystals of the
OBDV-Ub complex were grown using vapour diffusion method at 30 mg/ml in 20 % v/v jeffamine
M-600 and 100 mM HEPES pH 7.5, which were found ~ 1 year after their initial setup.
Immediately prior to X-ray data collection, single crystals of either PRO or Ub-bound PRO were
swept through a cryoprotectant composed of the initial crystallization condition supplemented with
25 or 15% glycerol (PRO and Ub-bound PRO, respectively) and subsequently flash cooled in

liquid nitrogen.

3.2.10 X-ray data collection and structure determination

X-ray diffraction data were collected in-house at 100 K using a Rigaku MicroMax HF X-
ray generator and R-AXIS IV++ image plate detector. Data were indexed using XDS for MRFV
PRO (249) and iMOSFLM for MRFV PRO-UD (250). Scaling was done using Aimless (251) as a
part of the CCP4 12 program suite (252). For the unliganded MRFV PRO structure determination,
molecular replacement (MR) was carried out using the crystal structure of TYMV PRO with its
co-crystallized E. coli contaminant excluded (PDB code: 4A5U). MR was done using
PHENIX.PHASER (253) and was followed by model building using PHENIX.AUTOBUILD

(253). TIterative model building and refinement was done using COOT (254) and
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PHENIX.REFINE (253). Structure determination for MRFV PRO bound to Ub was carried out
almost identically; however, a multi component MR search was carried out using the structures of
the un-liganded form of MRFV PRO (determined herein, waters removed) and ubiquitin (PDB
code: 1UBQ). The preliminary structural data of OBDV PRO-Ub were determined identically to
the MRV PRO-UD structure, but the multi component MR search was done using the MRFV PRO
molecule from the Ub-bound structure (Ub and waters removed) and ubiquitin (PDB code: 1UBQ).

Crystallographic and refinement statistics are provided in Table 3.3 (section 3.2.5).
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3.3  Results and discussion

3.3.1 Comparative sequence analysis of the PRO domains of six marafiviruses and one

tymovirus

As shown in Fig. 3.2A the majority of the marafivirus proteome exists within one major
polyprotein (~200 kDa) consisting of the core replication proteins needed in order for the virus to
replicate its genome within the host (133, 146). Structural proteins are also present within the
polyprotein as well as the sole endopeptidase PRO (133). The MT, PRO, HEL, RdRp and CP
domains are consistently found in this arrangement within the polyprotein. The PRO domains are
believed to be involved with the processing of the polyproteins into individual functional subunits
by cleavage of the putative scissile bond(s) as observed for tymoviruses such as TYMV (161, 163,
164, 255).

An amino acid sequence alignment of the six marafivirus PRO domains we examined
reveals considerable variability in the percent identity between the marafivirus enzymes and
consistently low identity to TYMV PRO even though they appear to serve the same purpose (Fig.
3.2B & C). Regardless, the similarity between the marafivirus and TYMV PRO sequences was
sufficient to identify marafivirus PRO domains based on alignments against the TYMV PRO
sequence for which an X-ray crystal structure has been determined (Fig. 3.2B). The PRO domains
from six marafiviruses were explored: Blackberry virus S (BIVS), Citrus sudden death-associated
virus (CSDaV), Grapevine Syrah virus 1 (GSyV1), Maize rayado fino virus (MRFV), Oat blue
dwarf virus (OBDV) and Olive latent virus 3 (OLV3). The DNA sequence for each protease was
codon optimized for expression in E. coli. Amino acid sequences for the marafiviruses had been

derived from genomic RNA sequences deposited in the National Center for Biotechnology
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. | | BLVS|CSDaV|GSyV1[MRFV[OBDV|[OLV3|[TYMV
v | » v v BLVS 53,64 ] 4140 [46.991 50.00147.10[35.10
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Figure 3.2 Marafivirus polyprotein arrangement and endopeptidase comparison.

(4) Simplified schematic of the typical arrangement of the sole polyprotein produced by
marafiviruses and two additional proteins produced from genomic RNA. (MT) methyl transferase,
(PRO) endopeptidase/deubiquitinase, (HEL) helicase, (RdRp) RNA-dependent RNA polymerase,
(CP) major coat protein, (MP) movement protein, (CP*) minor coat protein. Arrows indicate
junction points between each domain and the possible cleavage sites targeted by the endopeptidase.
The four amino acid residues at each putative cleavage sites are indicated where “X” is any amino
acid. (B) Sequence alignment of PRO domains from 6 marafiviruses and one tymovirus.
Blackberry virus S (BIVS); Citrus sudden death associated virus (CSDaV); Grapevine Syrah virus
1 (GSyV1); Maize rayado fino virus (MRFV); Oat blue dwarf virus (OBDV); Olive latent virus 3
(OLV3); Turnip yellow mosaic virus (TYMV). Highlighted residues indicate agreement of > 65
%. Stars indicate the catalytic cysteine and histidine of the active site and the triangle indicates a
potential triad residue. Triangles indicate key residues. The box around the C-terminus GPP of
TYMYV is the mobile loop characteristic to tymoviruses. The stepwise line at the C-terminus of the
marafivirus PRO domains indicate where the expression constructs used herein were terminated.
Alignment was done in Geneious v.11.1.5. (http://www.geneious.com). (C) Percent identity matrix
of all 6 marafivirus PRO domains and the PRO domain of TYMV. Values are presented in heat
map format where green indicates a higher degree of sequence similarity. Multiple sequence align
matrix values were determined using Clustal Omega (256).
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Information. Fig. 3.2B shows the amino acid sequence of each PRO domain that was expressed.
As determined here, functionally active marafivirus proteases are compact with an average
sequence length and molecular weight of ~160 residues and ~17 kDa, respectively. The
marafivirus PRO enzymes we studied share at least 40% sequence identity, with CSDaV and
OBDYV having a remarkable 64% sequence identity (Fig. 3.2C). Comparing the sole tymovirus
protease (TYMV) with the sequences of the proteases from the marafiviruses consistently reveals,
as expected, the highest degree of divergence. Interestingly, GSyV1 PRO has the least sequence
similarity to any of the PRO domains of all marafivirus endopeptidases analyzed and shares the
least similarity with TYMYV (along with CSDaV) at 33.7%. In contrast, there is a 64% similarity
between OBDV and CSDaV. These variations in sequence similarity can potentially be attributed

to many factors from wide differences in hosts, host climate/ecosystem as well as viral vectors.

3.3.2  Marafivirus endopeptidases have auxiliary deubiquitinating activity

Protein ubiquitination is a highly conserved post-translational modification process that
occurs in eukaryotes including plants, which regulates the function, trafficking and fate of protein
substrates in the cell (16, 168). Ubiquitination involves the tethering of a Ub molecule(s) to a
protein substrate by the combined efforts of Ub-activating enzymes, Ub-conjugating enzymes and
Ub ligases (168, 257). Ub is typically conjugated to the substrate protein as a polyubiquitin chain
(168). The first Ub molecule is covalently attached to a lysine on the surface of a substrate protein
via the carboxy-terminal glycine of Ub, forming a covalent isopeptide bond with the lysine side
chain e-amino group (168, 257). Additional Ub molecules can be attached to the first conjugated
Ub through linkages formed between one of seven lysine residues or Metl on the surface of Ub

(Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 or Lys63) and the terminal Gly of the newly added Ub

141



molecule (16). Typically, Ub chains are of the same linkage type, but mixed poly-Ub chains are
known to exist (168). The nature of the conjugation type and/or length of chain ultimately
determines the function or fate of the protein substrate (257, 258).

In the model plant organism A. thaliana, 6% of all protein-encoding genes are purportedly
linked to some facet of Ub modification (169) and 12 genes have been identified to date that code
for functional Ub or Ub-like proteins such as RUB proteins (170), illustrating the large role that
the ubiquitin system has in plants. Lys48 and Lys63 are the most well-understood poly-Ub chain
types and the two most abundant forms in plants (259). Lys48 polyubiquitination (and Lys63 to a
lesser extent) marks a substrate protein for degradation in plants by the ubiquitin proteasome
system (UPS) (257, 260, 261), whereas Lys63 has many different roles in plant cells such as DNA
replication/repair, iron homeostasis, endocytosis, nutrient transport, vacuolar sorting, protein
synthesis, and immunity (170, 262).

Importantly, the process of ubiquitination is reversible, allowing Ub molecules conjugated
to various substrate proteins to be uncoupled after the cellular function(s) dictated by
ubiquitination is complete (16). This reversibility of the Ub system is carried out by cellular DUBE,
of which there has been approximately 50 identified in A. thaliana alone (16, 170, 262, 263).
Cellular DUBs are important in reversing Ub linkages to target proteins, but also are essential in
processing Ub precursor proteins (170, 263). Not surprisingly, viruses have acquired the ability to
exploit the Ub system to their advantage by encoding for multifunctional proteolytic enzymes
(often cysteine proteases) that not only assist with viral replication by processing the viral
polyprotein, but also acting as DUBs to shut down Ub-dependent host antiviral mechanisms (101,

149, 188, 264).
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When it was discovered that TYMV PRO had bona fide DUB activity, it was suggested
that additional plant viruses may possess this function as well, including marafiviruses (149, 153,
240). To assay for this potential DUB activity in marafiviruses, we chose to study the enzymatic
activity of six PRO enzymes from a range of marafivirus species (Fig. 3.2B). Each PRO domain
examined was based on the region known to exhibit endopeptidase and DUB activity from TMYV
PRO and excluded the putative cleavage site at the putative PRO/HEL junction of each viral
polyprotein as shown in Fig. 3.2B. Each construct contained the conserved Cys and His residues
(Fig. 3.2B, denoted with stars) that form the papain-like cystine protease active site, forming the
catalytic dyad in which a cysteine nucleophile and histidine base work in concert to hydrolyze the
scissile bond (16, 264). The recombinant PRO domains were quite stable, and each could be
purified to homogeneity (Fig. 3.3A) The fluorogenic substrate Ub-7-amido-4-methylcoumarin
(Ub-AMC) was used to assess the DUB activity for each enzyme (265). The fluorogenic substrate
on its own has a relatively low signal; however, hydrolysis by DUB enzymes liberates the AMC
fluorophore from Ub, which de-quenches the fluorophore and results in a measurable signal (265).
As seen in Fig. 3.3B, the PRO domains of BIVS, CSDaV, GSyV1, OBDV and OLV3 (black, red,
purple blue, and green, respectively) were incubated with Ub-AMC at a constant concentration
and fluorescence measurements were taken over a 20 min period at ambient temperature. A clear
increase in fluorescence was observed for all five of the viral enzymes over time compared a
control lacking enzyme, which showed no appreciable Ub-AMC hydrolysis. These data confirm
that marafivirus PRO enzymes do exhibit DUB activity, further expanding the number of known
viruses known to encode this activity. As all of the structural data presented here was for the

marafivirus type member PRO domain (MRFV PRO), a more thorough progress curve was
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Figure 3.3 Purified proteases and Ub-AMC progress curves.

A) 10% TRIS Tricine SDS-PAGE gel of purified PRO domains of 6 marafiviruses (Blackberry
virus S (B); Citrus sudden death associated virus (C); Grapevine Syrah virus 1 (G); Maize rayado fino virus
(M); Oat blue dwarf virus (Ob); Olive latent virus 3 (Ol)). B) Fluorescence vs. time progress curve of
marafivirus proteases with Ub-AMC. Substrate was used at a final concentration of 200 nM and enzyme at
5 uM. Curves are coloured with respect to enzyme (Black-Blackberry virus S (BIVS); Red-Citrus sudden
death associated virus (CSDaV); Purple-Grapevine Syrah virus 1 (GSyV1); Blue- Oat blue dwarf virus
(OBDV); Green-Olive latent virus 3 (OLV3); Yellow-substrate only). C) Fluorescence vs. time progress
curve of MRFV PRO with Ub-AMC. Substrate was used at a final concentration of 200 nM and enzyme
concentration was varied as indicated. D-F) Fluorescence vs. time progress curve of GST-PRO fusion
proteins with Ub-AMC (D, CSDav; E, MRFV; F, as indicated; G, TYMV). Enzyme and substrate
concentrations were 5 pM (D-F, G varied as indicated) and 200 nM, respectively.
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generated to show enzyme concentration dependence (Fig. 3.3C). It can be seen that there is a clear
concentration dependent rate of increase in fluorescent signal directly proportional to the relative
amount of enzyme present per reaction. These findings confirm that marafivirus PRO domains are
also DUB enzymes.

It was also important to verify that these enzymes were active as GST-fusion proteins, as
the UbV phage display library relies on the DUBs to be immobilized by GST-specific plates upon
screening using the library. It was imperative to determine that even with GST bound to the N-
term of the proteases, that they could hydrolyze Ub-AMC, indicating that GST does not occlude
the active site or distort how the active site forms. As seen in Fig. 3.3D-G, the proteases still have
activity towards the substrate, indicating that the active sites (the targets of the library) should still
be accessible and able to be effectively probed. GST-TYMV PRO (3.3G) was also used to test
activity against Ub-AMC and for subsequent generation of TYMV PRO-specific UbVs, which is
now a central focus of a colleague’s thesis work.

As above mentioned, the cellular outcome of ubiquitination is often dictated by the
topology of the Ub scaffold tethered to the target protein in the form of poly-Ub chains (16). To
evaluate the substrate recognition ability of these proteases towards poly-Ub chains, each enzyme
was co-incubated with either K*8/K® poly-Ub chains (3 to 6 Ub molecules in length) to determine
their substrate specificity. Upon mixing enzyme with each Ub chain type, the presence of di/mono-
Ub should accumulate, and higher molecular weight species diminish if Ub chain hydrolysis is
occurring. As seen in Fig. 3.4A, B, C & F, BIVS, CSDaV, GSyV1 and OLV3 PRO all appear to
hydrolyze both K*/K%* poly-Ub chains. A clear accumulation of di/mono-Ub is present for both
substrate types and increases with higher enzyme concentration. Interestingly, MRFV and OBDV

PRO (Fig. 3.4D&E) only appear to act on K*® poly-Ub chains. When comparisons are drawn
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between the proteases at the sequence level, MRFV PRO is more similar in sequence to BIVS and
OLV3 PRO (~49 and 55 %, respectively—Fig. 3.2C) than in comparison to OBDV PRO (~48 %)),
whereas OBDV PRO is more similar to BIVS PRO (50 %) and CSDaV PRO (64 %); however, the
preferences of MRFV and OBDV PRO towards Ub-substrate is shared. The preference of MRFV
and OBDV PRO for K* poly-Ub chains illustrates a surprising difference between these
marafivirus endopeptidases. It is possible that BIVS, CSDaV, GSyV1 and OLV3 PRO share a
common structural feature that allows for broader substate specificity and is absent from MRFV
and OBDV PRO. Unfortunately, there are too many differences between the enzymes at the
primary sequence level to identify a region or motif that could be responsible for the difference in
substrate specificity and 3D structural analysis would be needed to gain further insight. For
comparison, TYMV PRO is able to hydrolyze both K** and K poly-Ub chains, which is shared
with BIVS, CSDaV, GSyV1 and OLV3 PRO (149). This suggests the presence of nuanced, shared
similarities/differences exist between these marafivirus and tymovirus DUBs that impart
specificity towards their substrate(s) even though, from a primary sequence point of view, no

definitive motifs underlying these functional differences are apparent.
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Figure 3.4 Qualitative analysis of poly-Ub chain hydrolysis by marafivirus proteases.

K*/K®poly-Ub chains in the presence or absence of variable concentrations of the indicated
marafivirus proteases/DUBs. Lane 1 for each assay contains protease alone as a reference. Ub
chain lengths following hydrolysis are indicated.
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3.3.3 CSDaV PRO A. thaliana protoplast assays

We commenced our study of marafivirus proteases using CSDaV PRO as our prototype
enzyme. It was an appealing target as the virus infects orange trees grafted onto the rootstocks of
the Rangpur lime (143). Interestingly, only the rootstock is infected by CSDaV (143). Being that
the long-term goal of this project was to make a transgenic plant resilient to viral infection, it was
attractive to potentially make a transgenic rootstock that would yield fruit that was not genetically
modified, as WT orange trees would simply be grafted onto the transgenic rootstock.
Unfortunately, CSDaV PRO ultimately proved challenging in functional and structural
characterization as it was recalcitrant to crystalizing and complex formation, and we subsequently
moved to studying MRFV PRO to gain structural insights into marafivirus proteases. Nevertheless,
we were able to carry out several transient expression assays of CSDaV PRO in A. thaliana
mesophyll protoplasts, which will be outlined in this section.

The purpose of these studies was to establish a means to study how the UbVs generated
against our DUBs would stifle polyprotein processing in plant cells using A. thaliana protoplasts
(Fig. 3.5A), which can be presented with plasmid DNA for transient gene expression assays. The
general idea of these experiments was to initially transfect cells with DNA coding for CSDaV
PRO, along with DNA coding for a section of the polyprotein that would likely be cleaved by PRO
(i.e. PROJHEL). This would have told us if the enzyme indeed does cleave at the PRO/HEL
junction. We would have then been able to introduce plasmid DNA coding for the UbV and
monitor how proteolysis of the fusion protein would be inhibited by the UbV. Many different
constructs were prepared pertaining to CSDaV proteins. As seen in Fig 3.5B, the very first
construct we prepared was N-term V5-tagged CSDaV PRO (~17.5 kDa), which we were able to

see being produced in A. thaliana protoplasts.
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Figure 3.5 A. thaliana transient gene expression assays.

A) Purified A4. thaliana mesophyll protoplasts on a hemocytometer. B) Transient gene expression
of CSDaV PRO with increasing amounts of pHBT95 plasmid transfected (5, 10 and 20 pg).
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Detection done using anti-V5 1°Ab. Mock lane was protoplasts isolated identically, however, no
plasmid was delivered to cells. C) All plasmids from pHBT95 and contained various inserts
(PROJHEL, PROJHEL C56A, PRO, PRO C56A). Detection done using anti-FLAG 1°Ab. D)
Similar transfection to C) using anti-HA 1°Ab. E) Ubiquitinated host cell proteins in the presence
or absence of catalytically active/inactive V5-tagged CSDaV PRO. Smears and bands in the top
panel blot are indicative of soluble host cell proteins that have been conjugated with (Myc).-Ub.
The bottom panel contains identical samples blotted using an anti-V5 antibody probing for the
transiently expressed WT or C56A protease. F & G) Transient gene expression assay of pQ-
Myca(Ub?AA%) or pQ-Myc2(CSDaV UbV), respectively and blotted using anti-Myc 1°Ab. H)
Isolated N. tabacum BY-2 cells taken from suspension culture.
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We next designed a construct that encoded for a purported cleavage target, encoding for
the entirety of the PRO and HEL domains with an N-term HA tag and C-term FLAG tag. The full-
length protein has a molecular mass of 59.2 kDa, which we were able to detect by immunodetection
(Fig. 3.5C) in soluble cell lysates of transfected protoplasts that had been allowed to incubate
overnight for protein production. Interestingly, it appeared that the enzyme was cleaving in cis at
its own C-term (lane 2), as we were able to detect a smaller molecular mass protein which would
have been the FLAG-tagged HEL domain (41.4 kDa), which we did not see for the catalytic
knockout construct with a Cys56Ala mutation (lane 3). Interestingly there was no increase in the
cleavage product when a construct coding for WT PRO was also delivered, showing no discernible
cleavage in trans (lane 4). Very little cleavage product was detectable in the catalytic knockout
fusion protein transfected with WT PRO (lane 5), as we believe the enzyme potentially has higher
affinity for itself in cis. Oddly, there is very little cleavage product in the WT PROJHEL fusion
protein transfected with Cys56Ala PRO (lane 6), which slightly confounds the preference for in
cis cleavage, however, there is clearly no cleavage product when both mutant plasmids are
transfected (lane 7). The results from these experiments were promising as we had the notion that
we potentially only had to deliver one plasmid for monitoring cleavage and not a double
transfection that would include the cleavage target and the enzyme separately, which would have
made for a more streamlined and manageable workflow as A. thaliana protoplast isolation and
transient gene expression assays proved to be somewhat incosistent and challenging.

A similar experiment was performed to see if we were able to detect the N-term cleavage
product (HA-tagged PRO), however the antibody seemed to have a lot of cross reactivity towards
cellular proteins (Fig. 3.5D). There was an intense band resembling the mass of the fusion protein

that runs, in mass, almost identically to a cellular protein (darkest band ~59 kDa, lanes 4 & 5),
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although it is hard to confirm definitively if that was the protein of interest. Strangely, there were
multiple bands in the transfected cells (WT or C56A) that don’t correspond to cleavage products
with molecular masses in between the fusion protein and the cleavage product (lanes 4 & 5). We
were able to see a band that agreed with the molecular pass of HA-tagged PRO (17.5 kDa) in the
WT fusion protein sample (lane 4), which was not present in the catalytic knockout (lane 5),
however the amount of nonspecific binding of the antibody to cellular proteins made this hard to
confirm. Regardless, the FLAG antibody seemed to be working much better, so we decided to
settle on that means of cleavage detection.

We were able to secure a plasmid compatible with 4. thaliana transient gene expression of
Ub with a double N-term Myc tag (section 3.1.2.2). We first wanted to assess global DUB activity
of a CSDav PRO towards ubiquitinated plant cell proteins. Several viral DUBs have been shown
to act non-specifically and can deconjugate Ub molecules from a wide array of ubiquitinated
proteins in mammalian cells (101, 188, 266-268). TYMV PRO is not reported to act as a global
DUB towards Ub-conjugated cellular A. thaliana proteins when expressed in cells as a full-length
protein linked to the methyl transferase domain (149); however, our findings suggest that CSDaV
PRO is able to remove Ub conjugates from a range of cellular proteins of different masses (Fig.
3.5E). The expression plasmid (p€2) coding for c-Myc-tagged Ub was used to transfect purified
protoplasts with and without the addition of V5-tagged CSDaV PRO (or the catalytic knockout
C56A) with increasing concentrations of plasmid encoding for the active enzyme. Following an
incubation time of ~18 h, protoplasts were harvested and lysed. Immunodetection was carried out
on soluble cell lysates using an anti-c-Myc antibody to probe for ubiquitinated proteins originating
solely from the transient expression of the introduced Ub-coding plasmid (Fig. 3.5E), as indicated

by a dark smear pattern. Upon introduction of plasmid coding for V5-tagged CSDaV PRO (Fig.
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3.5E, lanes 2-4), the intensity of the smearing pattern decreases as the amount of expression
plasmid increases, accompanied by an accumulation of mono-Ub (smallest band). This result
suggests that CSDaV PRO is capable of causing a global reduction in protein ubiquitination,
decoupling Ub from a variety of Ub-conjugated cellular substrates of various masses. No apparent
difference is seen between protoplasts only transfected with c-Myc-Ub-coding plasmid or doubly
transfected with c-Myc-Ub-coding plasmid with plasmid coding for catalytically inactive CSDaV
PRO (Fig. 3.5E, lane 5).

It has been shown that TYMV PRO deubiquitinates the RdRp of the TYMYV replicase,
rescuing the polymerase from proteasomal degradation via K48-polyubiquitination (149, 167).
The DUB activity of TYMYV PRO thus decreases RdRp turnover and appears to contribute to viral
infectivity in plant cells (149, 167). Interestingly, TYMV PRO is also able to hydrolyze K63 poly-
Ub chains (149), but its intended target substrate in the cell is unknown. The role of K63
uncoupling by viral plant DUBs is not well understood compared to mammalian-system affecting
viral DUBs, which degrade K63 linkages to suppress innate immune signalling cascades (188,
244, 264, 269). It could be that TYMV PRO has unintended cross-reactivity towards K63 poly-
Ub chains even though its main target is K48 linkages on the RdRp; however, TYMV PRO shows
some degree of specificity as it opts to not aberrantly uncouple Ub linkages from nonspecific host
proteins (149). The opposite may be true for CSDaV. It has marked activity against K63 poly-Ub
chain in addition to K48 poly-Ub and exhibits DUB activity towards a wide array of cellular
proteins. BIVS, GSyV1 and OLV3 also exhibit activity against K48 and K63-poly-Ub (Fig. 3.4)
and may also exhibit broad specificity against ubiquitinated cellular substrates. It is possible that
these enzymes uncouple Ub from a variety of cellular targets to promote viral replication, not just

the viral RARP. This is true for mammalian +RNA viruses that encode DUB enzymes (264) and
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additional studies may reveal this to also be the case for plant +RNA viruses. In contrast, MRFV
and OBDV PRO show a finer degree of substrate recognition compared to the other viral PRO
enzymes, including TYMV PRO, showing activity only against K48 linkages, suggesting
preference towards preventing RdRp degradation by the 26S proteosome or other aspects of K48
poly-ubiquitination in plants, such as plant development, hormone signaling and cell cycle
mediation (171).

Using pQ as a template plasmid, we were able to generate a construct coding for a mutant
version of Ub with the terminal two Gly ("> GG’%) residues mutated to Ala residues. This version
of ubiquitin cannot be conjugated to cellular substrates as linkage occurs between a cellular
protein’s Lys residue forming an isopeptide bond with the terminal Gly carboxy group of Ub. Its
purpose was solely to act as a control; however, we were able to construct it and detect it in our
protoplast system (Fig 3.5F). We were also able to generate a plasmid encoding for the UbV, which
was also readily detectable (Fig. 3.5G). We were now poised to attempt to see how introducing
the UbV affects polyprotein processing. Unfortunately, our A. thaliana protoplast system
completely failed to function at this point. We were not able to regularly produce robust protoplasts
that would survive the isolation process and when we were able to make it to the transfection step,
no transient gene expression was detectable. Even prior, readily detectable proteins (V5-PRO or
HA-PROHEL-FLAG) were not yielding any signal and the system, reagents, plant propagation
techniques was troubleshooted for months prior to abandoning it.

We were able to source Nicotiana tabacum cells (BY-2) from Japan (Riken Plant Science
Centre) that grew in suspension indefinitely to very high densities with proper subculturing and
aseptic technique. This idea was promising as transient gene expression assays have been reported

in this cell line, many cells could be obtained with very little effort, and our current plasmid arsenal
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was compatible in N. tabacum (270). We were able to establish the cell line in our lab (Fig 3.5H),
however the cells died during a power outage, and we had not been able to make cryogenic stocks
of them to re-establish the line. At the same time, structural characterization and binding tendencies
of the UbV generated against CSDaV PRO were proving challenging and not as promising as

identical studies with MRFV PRO and its UbV, so we switched our attention to MRFV PRO.

3.3.4 MRFYV PRO facilitates polyprotein processing

Autocatalytic viral polyprotein processing by a protease domain(s) encoded within the
polyprotein represents a remarkably efficient mechanism of protein expression by +RNA viruses
(87, 163, 271-273). TYMV’s polyprotein has been shown to have at least two cleavage sites,
which is carried out by the PRO domain (148, 163, 274). They are located between the PROJHEL
and HEL|RdRp junctions. As above mentioned, MRFV PRO was used in this and all subsequent
experiments as it was better behaved in vitro for biochemical and structural studies, as well as
having greater North American agricultural relevance. Furthermore, being the type member of the
genus, we believe that it is most representative. To begin exploring the polyprotein processing by
the MRFV PRO domain, two E. coli protein expression constructs were designed for the
recombinant production of a subsection of the MRFV polyprotein spanning the PRO-HEL region.
Two versions of the region were generated, one that contained a catalytically active PRO domain
(WT) and another where the active site cysteine of PRO had been mutated (C61A). For both
proteins, the PRO domain was expressed in its entirety, whereas only the N-terminal domain
(ATP-binding domain) of the helicase was included. Importantly however, the region contained
the putative LVGA recognition site at the PROHEL junction (Fig. 3.2A & B; cyan box)). We

predicted the site would be cleaved by the PRO domain even though it contained a GA motif at
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the C-terminus, which is atypical for a DUB, which usually cleaves after a di-glycine motif (GG).
The complete PRO-HEL fusion would have been ~60 kDa, while the truncated form is ~44 kDa,
which proved amenable for expression in E. coli. Cleavage at the predicted site by PRO would
result in a ~19 kDa N-terminal, Hisio-tagged PRO (with an enterokinase site in between the affinity
tag and PRO), as well as an untagged version of the ATP-binding domain of the MRFV helicase
(~25 kDa) that would not be captured through affinity purification if cleavage by PRO were to
occur.

Fig. 3.6A depicts the gel filtration chromatograms of the WT and C61A PRO-HELNx.
TermDomain Proteins. As shown for the active site mutant (dashed line), only one significant species
is present at an elution volume of ~65 ml, whereas in the WT trace (solid line), two species are
present, suggesting autocatalytic cleavage of the PRO-HELN.Termpomain by PRO. For the WT
protein, the larger species shares a nearly identical elution volume as the species containing the
PRO active site mutant and likely represented the intact PRO-HELN-TermDomain. Furthermore, for
the WT protein, a second, lower molecular weight species appears at an elution volume of ~ 80
ml. As stated above, cleavage at the proposed LVGA PROJHEL junction would generate two
additional proteins, only one of which (PRO) would be retained on a nickel affinity column as it
is the only one that retains a Hisio affinity tag. Fig. 3.6B shows an SDS-PAGE gel of the species
obtained from the WT gel filtration experiment. The intact full-length protein would have a
theoretical molecular weight of ~ 44 kDa, whereas the proteins generated by PRO mediated
cleavage would be ~19 kDa (PRO domain) and ~25 kDa (HEL ATPase domain). The processed
helicase portion of the WT protein was lost in the purification process. Fig. 3.6A & B demonstrate

that the WT
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Figure 3.6 MRFV PRO cleaves at the PRO/HEL junction in cis and has catalytic specificity
towards the C-terminal residues of ubiquitin.

(4) Gel filtration chromatograms of the purification of MRFV PROcs1a-HELN-TermDomain and WT.
(B) 12 % Coomassie-stained SDS PAGE gel of MRFV PRO from pGEX-6P-1 (~16.4 kDa), in cis
cleaved MRFV PRO from WT MRFV PRO-HELN.Termpomain (~19.4 kDa) and uncleaved WT
MRFV PRO-HELN-TermDomain (~44.1 kDa). (C) 2.5 uM of purified MRFV PROcs14-HELN-TermDomain
was incubated with increasing concentrations of MRFV PRO for 30 min at 25°C. Each reaction
was subsequently loaded onto a 12 % stain-free SDS-PAGE gel (Bio-Rad). (D) Fluorescence vs.
time progress curve of MRFV PRO with LRGG-AMC. The substrate was used at a concentration
of 25 uM and enzyme concentration was varied as indicated. Kinetic plots were designed in
GraphPad Prism v.8.4.3.
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PRO-HELN-Termpomain 18 processed at the predicted junction; however, not to completion, which
was also seen with CSDaV PROJHEL in 4. thaliana protoplasts (Fig. 3.5C). The identities of both
MRFV WT species were confirmed with MS/MS.

To assess the nature of how PRO is acting to process the PRO/HEL junction, be it in cis
and/or trans, a cleavage assay was carried out using the C61A mutant. As seen in Fig. 3.6C, a
constant concentration of the C61A mutant of PRO-HELN-Termpomain Was incubated with an
increasing concentration of active MRFV PRO domain. The PRO domain used in the experiment
was identical to that used in the ubiquitin hydrolase assays (Figs. 3.3 & 3.4). The putative LVGA
cleavage site in the C61A mutant of PRO-HELN.TermbDomain Was not altered and thus remained
cleavable. The results from Fig. 3.6C indicate that even in a 10-fold molar excess of catalytically
active PRO, the C61A mutant fusion protein was not processed in trans by the PRO domain; no
species smaller than the full-length protein, excluding the added PRO domain (~16 kDa), are
visible. Should processing have occurred, both the larger PRO portion (~19 kDa) of the PRO-
HELN-TermDomain and ATP-binding domain of the helicase (~25 kDa) would have appeared. Taken
together, these results indicate that the marafivirus PRO domain extracts itself from the viral
polyprotein by in cis cleavage of the PROJHEL junction. These findings are similar to what we
saw in A. thaliana protoplasts with CSDaV PRO, which also preferred in cis cleavage (Fig 3.5C).
This differs from what is observed in the closely related tymoviruses in which cleavage at the
PROJHEL junction appears to occur both in cis and trans (163). However, exclusive in cis cleavage
is not uncommon in plant-affecting +ssRNA viruses, as is seen in members of the families
Potyviridae and Closertoviridae, whose endopeptidases have been shown to also act solely in cis

(60, 61). It could be that the release of PRO from the HEL domain enables PRO to adopt a fold
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that allows for in trans cleavage at the HEL|RdRp and RARp|CP junctions, but this would require
further studies.

As above mentioned, many proteases from +ssRNA viruses have auxiliary functions that
aid in viral replication, including DUB activity. The C-terminus of Ub is composed of the four
amino acid motif LRGG. As demonstrated above and consistent with a number of other viral
DUBSs, marafivirus DUBs can recognize the C-terminus (LRGG) motif of Ub and cleave the bond
downstream of the di-glycine motif (16). Interestingly, the sequences at the PRO/HEL, HEL|RdRp
and RdRp|CP junctions all mimic the C-terminus of Ub (Fig. 3.2A). Indeed, the predicted RARp|CP
junction in MRFYV has an exact LRGG sequence and very likely a PRO cleavage site. Though we
did not carry out a cleavage assay as detailed as the PROJHEL assay described above, Fig. 3.6D
illustrates the ability of MRFV PRO to hydrolyze the synthetic fluorogenic peptide LRGG-AMC
at the scissile bond between the terminal Gly and AMC. A clear concentration dependent trend is
seen with increasing amounts of enzyme over time. In light of the X-ray structure of MRFV PRO
described below, it is not surprising that LRGG-AMC is a poor substrate compared to Ub-AMC,
as the peptide would have minimal interactions with the enzyme compared to Ub. Nevertheless,
the LRGG-AMC assay indicates that marafivirus PRO domains are able to recognize LRGG alone
and very likely cleave at the RARp|CP junction to liberate the major CP from the replicase proteins.
Given our cleavage data, the HEL|RdRp junction is also most likely processed by PRO. The Ub-
like LXG[G/A] sequence at the HEL|RdRp junction is conserved amongst the marafiviral
polyproteins (Fig. 3.2A) and previous results of tymoviruses processing at this junction have been
demonstrated (148, 255, 274). Whether HEL|RdRp and RdRp|CP of the marafivirus polyprotein
are also processed exclusively in cis and the temporal nature of these events remains to be

determined.
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3.3.5 Crystal structure of MRFV PRO

Initially, CSDaV PRO was attempted for structural studies, but was recalcitrant in
crystallization. MRFV PRO proved to be more amenable to crystallization, with the enzyme
crystalizing in space group P2; and its three-dimensional structure being determined to a resolution
of 1.9 A using the TYMV PRO X-ray structure (PDB code: 4A5U) as a molecular replacement
search model. The protease adopts a compact, three-domain fold (Fig. 3.7A), although its C-term
conformation is held in place by a neighbouring copy of the enzymes (Fig. 3.7 D& E). As seen in
Fig. 3.7A, the first domain (blue panel) is composed of a B-hairpin (f11 f2]) and a-helices a1 and
a2. The second domain (green panel) is predominantly a well ordered five-helix bundle (a3-a7).
Helix a3 contains the catalytic cysteine nucleophile (C61) with its solvent exposed thiol group at
the N-terminal end of a3 (Figs. 3.7 A(arrows) & B). The third domain (orange panel) is comprised
of a three-stranded B-sheet (41 B3| B5]) whose curved, open face packs against helices a3 and
a7 of domain II. Domain III terminates with what appears to be a flexible loop that is solvent
exposed until is inserts itself into the active site of a neighbouring copy of the enzyme. This loop
contains the active site histidine (H144), which is ~17 A from the catalytic cysteine. Based on
sequence alignments and a successful molecular replacement experiment, MRFV PRO is believed
to have a simple Cys/His catalytic dyad similar to TYMV PRO (16).

The ~17 A distance between the side chains of C61 and H144 does not comprise a
functional active site. The asymmetric unit (ASU) is composed of two copies of MRFV PRO (Fig.
3.7C) with most interactions occurring between the alpha helical bundles of domain II of each
molecule. As seen in Fig. 3.7D, the C-terminal tail of each copy of protein in the ASU traverses

nto
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(A) N-term a1 (B)

Figure 3.7 Crystal structure of MRFV PRO.

(4) Overall structure of MRFV PRO determined at 1.9 A resolution. Individual domains of PRO are shown
in blocked colours (domains 1, 2 and 3; blue, green and orange, respectively). The catalytic residues are
indicated with arrows. (B) Close-up of the active site architecture of MRFV PRO. (C) Asymmetric unit of
MRFV PRO crystals. (D) Interaction of MRFV PRO symmetry mates. (£) Closeup on interaction of MRFV
PRO symmetry mates, one of each are shown in green and cyan. Labeling is identical to (4) & (B). Inset is
a closeup of the symmetry mate active site with TYMYV superposed in lavender (left) and a closeup on the
active site of just MRFV PRO symmetry mates (right) (F) Surface representation of MRFV PRO symmetry
mates at two different angles with C-term B-sheet shown in deep purple. Figures were generated in PyMOL
(209).
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Table 2. Crystallographic
statistics for MRFV PRO and
MRFV PRO-Ub structures.

Table 3.3 Crystallographic statistics for MRFV PRO and MRFV PRO-Ub structures.

MRFV PRO MRFV PRO-Ub

X-ray source Rigaku R-AXIS IV++ Rigaku R-AXIS IV++
Crystal geometry

Space group P2, 14

. a=43.20 b=73.26 c= 54.34; a=b= 75.72 ¢=79.56;

Unit cell (A) a=B=y-90° a=p—y=90°
Crystallographic data

Wavelength (A) 1.5418 1.5418

Resolution range (A) 30.90-1.90 (1.97-1.90) * 27.42-2.09 (2.15-2.09) *

Total observations 89460 (5639) 193427 (15741)

Unique reflections 27471 (1718) 13345 (1109)

Multiplicity 34(3.3) 14.5 (14.2)

Completeness (%) 98.9 (99.6) 100 (100)

Ruoeszs 0.070 (0.41) 0.091 (0.36)

CC1/2 0.99 (0.74) 0.99 (0.97)

I/gl 7.03 (2.06) 26.3(8.0)

Wilson B-factor (A?) 2291 14.5
Refinement statistics

Reflections in test set 2366 (235) 1296 (138)

Protein atoms 2175 1683

Ligands 0 16

Solvent molecules 169 239

Ryork/ Riiee 0.20/0.24 0.20/0.26
RMSDs

Bond lengths/angles (A/°) 0.007/0.84 0.002/0.55
Ramachandran plot

Favored/allowed (%) 97.23/2.42 97.65/1.41
Average B factor (A?) 25.77 22.63

Macromolecules 25.34 21.76

Ligands - 27.96

Solvent 31.38 28.42

*Values in parentheses refer to the highest resolution shell
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its neighbour and appears to complete the active site of the neighbouring molecule (Fig. 3.7E).
The C-term tails of each symmetry mate jut into the cleft that exists between helices a3 and a7 as
well as strand B5 of their neighbour (Fig. 3.7E). The catalytic C61 and incoming His144 residue
of the neighbouring symmetry mate arrange themselves to within a few angstroms of each other
and appear coordinated for catalysis (inset to Fig. 3.7E (right)). The active site arrangement of the
crystallographic symmetry mates more closely resembles the structured active site of TYMV PRO
(inset to Fig. 3.7E (left), TYMV in lavender). Finally, surface representations (Fig. 3.7F) reveal
the close association of the two MRFV PRO molecules that comprise Figs. 3.7 D & E. The
midsection of the C-terminal tails nestle themselves into deep grooves formed between helices a3
and a7 of domain II, as well as strand B5 of the sole B-sheet of domain III. The ends of the C-term
tails seamlessly pack up against the convex face of the B-sheet (purple). MRFV PRO is monomeric
in solution according to size-exclusion chromatography and this dimeric interaction between the
monomers of the ASU is most likely a crystallographic artifact, though the nature of the flexible

C-term tail is curious to speculate about.

3.3.6 Comparing the proteases of MRFV and TYMV

MRFV PRO and TYMV PRO share a similar three-dimensional fold (Fig. 3.8A) outside
of variability in loops. Loops often they play a large role in protein-protein interactions and
substrate recognition (275), so it follows that different substrate/interaction requirements would
manifest in loop variability between the MRFV and TYMYV proteases. The MRFV PRO structure
was compared to known 3D protein structures using the DALI server (276), which revealed TYMV
PRO to be the closest structural homologue, with a Z-score of 20.4 (PDB code: 4A5U). The next

closest structural homologue was the ovarian tumor domain-containing protein 3 (OTUD?3) from
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Homo sapiens with a Z-score of 5.9 (PDB code: 4BOU), followed by OTUDI from
Saccharomyces cerevisiae with a Z-score of 5.5 (PDB code: 3COR). TYMV PRO itself has been
characterized as a viral OTU DUB based on its overall core fold (25, 172) and appears to have
more homology with OTUD3 and OTUDI with Z-scores of 7.6 and 7.4, respectively. The
difference in Z-scores of each PRO domain with ORTUD1/3 can primarily be attributed to large
variations in the C-termini of MRFV and TYMV PRO. As mentioned previously, the C-term of
MRFYV PRO appears to be flexible compared to TYMV. For this reason, TYMV PRO has a more
organized active site with its catalytic Cys783 and His849 residues in close coordinating distance,
even in the absence of Ub substrate (Fig. 3.8B). Despite their differences, the structural homology
of MRFV PRO shared with TYMV PRO, OTUD1 and OTUD3 clearly classifies it as a viral OTU
DUB.

Based on sequence alignments and the TYMV PRO structure, the potential flexibility of
the MRFV PRO C-terminus may be an unusual feature among marafivirus PRO domains. For
TYMYV PRO, there is a region at the C-term upstream of the catalytic His known as the “GPP flap”
(outlined in black, Fig. 3.2B). This motif has been shown to be essential for the protease to toggle
between endopeptidase and DUB activity (277). Mutations in the region decreased DUB activity
but did not appear to hinder polyprotein processing at the PROHEL junction, indicating the
importance of the flap to modulate Ub-dependent antiviral responses but not polyprotein
processing (277). Interestingly, aside from the terminal proline (P142) MRFV PRO lacks a
complete GPP motif (Fig. 3.2B and Fig. 3.8B). Glycine and proline are key residues in B-turns,
and their absence may explain why the C-term of MRFV PRO fails to fold back to form a four-

stranded stranded B-sheet following B5 as seen with TYMV PRO (depicted with arrow).
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C-term
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Figure 3.8 Crystal structure of MRFV PRO superposed with TYMV PRO.

Overview (4) and close-up (B) of MRFV PRO overlayed with TYMV PRO (PDB code: 4A5U).
MRFV PRO is shown in green and TYMV PRO is shown in lavender. T141 and P142 (MRFYV)
and the corresponding T867 and P867 (TYMV) are shown in magenta. The TYMV PRO loop
composed of G¥4P865P866 is shown in yellow. Figures were generated in PyMOL (209).
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Interestingly, with the exception of MRFV PRO all the marafivirus PRO domains in our study
appear to contain a loop region similar to the GPP loop of TYMV PRO, yet we found them to be
fully capable of cleaving the viral polyprotein and poly-Ub chains. Indeed, as described below, it
could be that the interactions of the enzyme with Ub prompts the C-terminus of MRFV PRO to
adopt a conformation that brings H144 close to C61 and generate a complete active site within a

single monomer of MRFV PRO that would turnover Ub.

3.3.7 The structure of MRFV PRO in complex with Ubiquitin

MRFV PRO was covalently linked to Ub. Specifically, Ub-3Br is a suicide substrate of
deubiquitinating enzymes that is a modified form of WT Ub in that its C-terminus is modified to
harbour a reactive C-terminal tail, which can irreversibly bind to the active site cysteines of DUBs
through a covalent linkage. The covalently linked protein complex was crystalized in space group
14. Fig. 3.9A shows a remarkably large binding interface between MRFV PRO and Ub. The C-
term LRGG tail of Ub nestles deep into the active site channel of PRO, which forms numerous
additional interactions with the beta-grasp fold of Ub (Fig. 3.9A & B). As determined through the
PISA server (278), there are 38 residues of PRO that are involved with interactions with Ub, which
is over 25 % of the residues, covering 948 A% (~13 %) of the accessible surface area.

Ub has four key surface features that are typically recognized by DUBs and Ub-binding
proteins (168, 279). Two of these features are essential in how PRO recognizes Ub, which are the
hydrophobic Ile44 and Ile36 patches (Fig. 3.9A-C). The Ile44 patch is composed of residues LS,
144, H68 and V70. Fig. 3.9B shows the interactions that occur at the Ile 44 patch between PRO
and Ub. Four key residues of PRO partake in the stabilizing of Ub on the surface of PRO.

Hydrophobic residues P37 and A40 of the long loop connecting al and a2 grip against the
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hydrophobic Ile44 patch. The pyrrolidine side chain of P37 quite efficiently burrows into the
groove in Ub created by 144 and V70. V125 of PRO also uses its hydrophobic isopropyl side chain
to facilitate interactions with the lobe of Ub that arises from L8. Although not hydrophobic, R27
is a key residue for stabilizing Ub binding at this region since its guanidino group hydrogen bonds
with Ub’s main-chain carbonyl group of G47 (Fig. 3.10A). This hydrogen bond orients the
guanidino group to press up against the 144 patch and impart another degree of stabilization.
Interestingly, only MRFV and OBDV have Arg residues at this position (Fig. 3.2B, triangle at
position ~30). R27, along with A45 (Fig. 3.2B, triangle at position ~50), are the only two residues
exclusively shared by OBDV and MRFV; however, A45 has no interactions with Ub. R27 is
clearly important in MRFV PRO recognition of Ub and could be a factor that we can attribute into
MRFV and OBDYV lacking the ability to recognize and subsequently process Ub-K%? chains.

The 1le36 patch of Ub also has many interactions with PRO as seen in Fig. 3.9C. V125,
F118 and S120 are all directly involved with hydrophobic contacts with the Ile36 patch, helping
to stabilize Ub on the surface of PRO while also facilitating entry and guidance of the C-term tail
of Ub down into the channel that terminates with the active site. V125 is involved with
hydrophobic interactions with both patches, showing its importance in recognizing Ub. Similarly,
TYMYV PRO has an 11e847 (highlighted by a triangle in Fig. 3.2B) at this position and previous
studies have shown the importance of this residue in DUB activity (172). Finally, T102 of MRFV

PRO forms two hydrogen bonds with L73 of Ub. The first is between the main-chain amide of
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TYMV PRO

Figure 3.9 Crystal structure of MRFV PRO bound to Ub.

(4) MRFV PRO is shown as a surface representation in green and Ub as a cartoon in orange. Dark green
regions are interacting residues of PRO. (B) Interactions of the Ile44 patch of Ub (shown in blue) with key
residues of PRO. (C) Interactions of the Ile36 patch of Ub (shown in yellow) with key residues of PRO.
(D) Superposition of MRFV PRO, MRFV PRO-Ub and TYMV PRO-Ub (PDB code: 6YPT). Ub molecules
are shown in ribbons and PRO domains are shown as cartoons. (E) Superposition of the active sites of
MRFV PRO, MRFV PRO-Ub and TYMV PRO-Ub. (F & G) Surface representations of TYMV PRO-Ub
and MRFV PRO-Ub. Figures were generated in PyMOL (209).
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T102 and the main-chain carbonyl of L73. The second is between the side chain hydroxyl of T102
and the L.73 main-chain amide (Fig. 3.10B & C). H122 of PRO forms a hydrogen bond between
N°! of its side chain and the side chain amino group of Q40 of Ub (Fig. 3.10D). Lastly, H140 of
PRO forms a critical hydrogen bond between its side chain N*2 and the main-chain carbonyl of
R74 of Ub (Fig. 3.10E). Although not all of these interactions are directly with Ile36 patch residues,
they are key in this general vicinity and help stabilize Ub globally when considered together.
Further, the interactions of T102 and H140 interact directly through hydrogen bonding with the

“LRGG” tail of Ub, suggesting that they also participate in polyprotein substrate recognition.
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Figure 3.10 Hydrogen bonding interactions of MRFV PRO and Ubiquitin.

MRFV PRO in green and Ubiquitin in orange. Hydrogen bonds are indicated as dashed yellow
lines and are those that are directly involved in I1e36 (yellow) and Ile44 (blue) patch recognition
and are outlined in the main text. Figures were generated in PyMOL(209).
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Overall, the crystal structures of MRFV PRO-Ub and the structure of TYMV PRO-Ub
determined in 2020 (PDB code: 6YPT (280)) are similar (Fig. 3.9D). The core secondary structure
and folds are maintained with only subtle variation within loop regions. Ub binds to both proteins
in a similar orientation. Interestingly, in the presence of Ub, the C-term tail of MRFV PRO adopts
a conformation highly similar to the GPP flap of TYMV PRO (unliganded and liganded) as there
now is a turn following B5, which allows for the formation of a 4-stranded B-sheet and a more
canonical, rigid active site (Fig. 3.9D & E). Further, MRFV PRO forms a much more extensive
interaction with Ub compared to TYMV PRO, with a complex formation significance score (CSS)
of 1.000 (scale being 0 to 1) as determined from the PISA server (278) (Fig. 3.9F & G). TYMV
PRO-UD has a CSS of 0.822. Much of this is due to al of MRFV PRO, which is more fully formed
in the MRFV PRO-Ub structure compared to TYMV PRO-Ub and may also contribute to poly-
Ub chain type specificity. Interestingly, MRFV PRO (along with SARS-CoV-2 PLpro) have the
highest CSS score of viral DUBs that have been structurally characterized bound to Ub, which
includes Crimean-Congo Hemorrhagic Fever Virus, Equine Arteritis Virus, Murine
Cytomegalovirus, Dugbe Virus, Hazara Orthonairovirus, Mouse Hepatitis Virus, Middle East

Respiratory and Severe Acute Respiratory Syndrome Coronaviruses.

3.3.8 Preliminary data of OBDV PRO bound to Ubiquitin

Purified OBDV PRO was covalently coupled to Ub identically to MRFV PRO to form a
OBDYV PRO-Ub complex (Fig. 3.11A & B). The complex was highly stable and could readily be
concentrated to concentrations > 45 mg/ml. Due to its high stability and solubility, the complex
did not crystalize or even precipitate in hundreds of conditions that were screened at concentrations

far higher than what was done for MRFV PRO-Ub. Nearly a year after their initial setup, crystals
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Figure 3.11 Purification and preliminary structure determination of OBDV PRO-Ub.

A & B) Purification of OBDV PRO and OBDV PRO-Ub by gel filtration. C & D) Crystals of
OBDV PRO-Ub and diffraction data. E) Initial electron density map from PHENIX AutoBuild. F
& G) Preliminary structure of OBDV PRO-Ub (gold) and superposition with MRFV PRO-Ub
(green), chains breaks showed with dashed lines.
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of the complex were found in drops that were setup at 30 and 35 mg/ml (Fig. 3.11C) and diffracted
out to a resolution of ~3.2 A, so data was collected in-house (Fig. 3.11D). Phasing was done using
a multicomponent molecular replacement search using the structure of MRFV PRO from the
MRFV PRO-Ub structure, as this conformation of MRFV PRO likely more closely resembles that
of what OBDV PRO would adopt, as they are both substrate bound. The structure of Ub (PDB
1UBQ) was used as the other component for the MR search. PHENIX phaser (253) was
successfully able to phase the data and the final translation function Z-score was 27.1, significantly
higher than 8, which is thought of as being the cut-off value for whether PHASER has successfully
solved a structure. Model building was carried out using PHENIX AutoBuild (253), which
generated electron density maps that fit well with the structure built, although they are relatively
weak density (Fig. 3.11E). A preliminary structure was determined that had significant chain
breaks in both PRO and Ub that will have to be worked on (Fig. 3.11F). Regardless, the structure
superposes very well with that of MRFV PRO-UD, although the active site was not able to be built
using AutoBuild, which suggests potential differences between the two structures. As can be seen
in Fig. 3.2B, OBDV PRO has many more residues N-term to the catalytic His in comparison to
MRFV PRO, which is potentially why the active site region was difficult to construct by
AutoBuild; however, this preliminary data is promising and should shed more light onto the story
of how marafiviral proteases recognize Ub and how that compares between members in the genus

as well as family.

3.3.9 Use of ubiquitin variants as competitive inhibitors

The strategy of using UbVs as competitive inhibitors has shown effective against a few

RNA viral proteases (246). The strategy relies on exploiting the generally weak affinity of the
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active sites of these enzymes to Ub and incorporating amino acid substitutions and/or deletions
throughout WT Ub to create variants of Ub that have an overall higher avidity towards the enzyme
to act as competitive inhibitors, be it via DUB activity and/or polyprotein processing. This portion
of this project is still in its relative infancy, although a fair number of achievements have been
made.

As above mentioned, UbVs towards CSDaV PRO were initially generated using a phage
display library, where the most potent UbV bolstered an ECso of ~8 nM towards the enzyme, which
is several orders of magnitude higher than seen with WT Ub. This UbV did bind efficiently to
PRO in attempts to purify the complex for crystallization, however, there was always a state of
equilibrium at play in which not all of the enzyme would be coupled with the UbV even in > 5-
fold molar excess concentration of the UbV, suggesting that this UbV was not as effective at
binding the enzyme as previously thought.

Fortunately, we were able to generate UbVs towards MRFV PRO with ECso values of ~5
nM, the most potent of which was termed MRFV UbV2. This was a more promising target to work
with as there is greater agricultural relevance in North America and a more appealing aim, as this
is the type member of the genus. Luckily, this UbV bound to PRO very efficiently and completely,
even in only slight molar excess concentrations (Fig. 12A & B). The protein complex formed
crystals in several conditions with the most promising hits coming in a condition composed of
0.2 M sodium acetate trihydrate and 20 % PEG 3350 and 15 mg/ml protein. All conditions that
yielded crystals led to crystals that were often very thin plates that were actually many crystals
stacked on top one of another (Fig. 3.12 C top), which did not lead to very great diffraction and

made it difficult to isolate individual crystals. Using the initial crystallization condition
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Figure 3.12 Crystallization of MRFV PRO bound to UbV2.

A & B) Purification of the MRFV PRO-UbV2 complex by gel filtration. C) Crystals of the protein
complex, conditions described in text. D) Diffraction data of crystal from (C); bottom. E) Electron
density map from the data collected in (D). F) Silver-stained SDS-PAGE gel of crystals. G)
Superposition of MRFV PRO (cyan), MRFV PRO-Ub (green), and MRFV PRO-UbV2 (dark
blue). H) Closeup of superposition with active site residues labeled.
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supplemented with 10 mM spermine tetrahydrochloride yielded the most promising crystal (Fig.
3.12C, bottom), which we were able to collect data from out to ~2.2 A (Fig 3.12D). Unfortunately,
problems arose during phasing in which we were never able to come up with a solution that
contained an appropriately placed UbV molecule(s) in acceptable density, even though a
multicomponent MR search using MRFV PRO (no substrate structure) and Ub (PDB: 1UBQ)
scored a translation function Z-score of 15, indicating that PHENIX Phaser had solved the
structure. Regardless, the electron density maps for PRO were quite good (Fig. 3.12E). The
structure of PRO from UbV2-bound crystals resembled the previous structures determined herein
(Fig. 3.12G, dark blue). What was interesting to see was the C-term tail more closely resembles
that of the Ub-bound structure (Fig. 3.12H) and forms the same (36 strand, which leads us to believe
that it may also be in a substrate bound conformation with the UbV present. Further, the active site
is even more closely formed than in the Ub-bound structure (shown in green) with His144 and
Cys61 being the closest in distance of all three structures.

The crystals were never able to be reproduced in the same form as the one that the data was
collected from. They readily formed but remained in their stacked thin plate arrangement, making
it difficult to get meaningful data from. Selenomethionine derivatized protein was produced and
put through crystal screens (both new and the original condition), however crystals of high enough
quality for data collection were never obtained. To confirm if the UbV was actually present in
crystals that form in the original condition (albeit in the plate form), crystals were harvested and
washed thoroughly and solubilized and run out on an SDS-PAGE gel, which was subsequently
silver-stained (Fig. 3.12F). This revealed the presence of both proteins within the crystals. This
venture is absolutely worth pursing in order to determine at the molecular level why the UbV binds

with much higher affinity to PRO in comparison to WT Ub. There is promise to push forward, as
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the complex seems to crystalize quite easily, though will require more attention and with special

focus on selenomethionine derivatized protein.

3.3.10 Development of transgenic Z. mays

The MRFV UbV2 coding sequence was inserted into a binary vector (pDW3596) for
Agrobacterium-mediated transformation into maize line B104. This variety of corn was chosen
over the other line offered by the plant transformation facility at lowa State University (Hi II), as
the seeds are bigger. The larger seed harbours a larger scutellum and embryo regions on the outer
seed, which are the targets for vascular puncture inoculation using a linear-motion tattoo machine
to actually infect the seed and thereby the subsequent plant with virus, which is the most efficient
way to infect Z. mays in a lab setting with MRFV (139). The binary vector contains the coding
sequence for MRFV UbV2 with an N-terminal 3XxFLAG tag, which have been codon optimized
for Z. mays and whose constitutive expression will be driven by the maize ubiquitin 1 (Ubi-1)
promoter. Once constructed and sequenced, the vector was sent off to lowa State University where
they were able to use their Agrobacterium system. The transgenic seed was developed after nearly
300 days and has been sent to our collaborators at the USDA (Fargo, ND). Currently they are
working to make the corn plants homozygous for the UbV transgene via self-pollination. We have
recently received tissue samples of progeny plants, which will be used to assay for the transgene
by western blot (anti-FLAG) as well as PCR of maize genomic DNA with primers specific to the
transgene. Following confirmation of progeny harbouring the transgene, more self-pollination will

be carried out to establish a fully homozygous plant.
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3.4 Conclusion

Together, our results provide new structural and biochemical insights into the papain-like
cysteine proteases present in the polyproteins of marafiviruses. We demonstrate for the first time
that these enzymes have deubiquitinating activity in addition to acting as endopeptidases that
process the viral polyprotein. In vitro and in cellulo polyprotein processing assays have provided
first insights into how marafiviruses process their polyproteins, which appear to have features
distinct from their tymovirus relatives. Our structural findings of the maize-affecting type member
MRFV reveal that the enzyme has regions that appear to be quite dynamic, which assist in
recognizing different viral and cellular substrates. Unexplored nuances exist that can still be
investigated to understand how certain marafaviral DUBs selectively process only K* poly-Ub
chains and not K% poly-Ub chains. Structural analysis also reveals that MRFV PRO has one of
the most extensive interaction surfaces with Ub. Collectively, these results lay the groundwork in
biochemically understanding this class of DUBs and sets the stage for future studies to exploit
these enzymes, as is our direction with Ubiquitin variants, which our lab is now actively working
with in collaboration with plant biologists to ideally make transgenic plants that are less susceptible

to viral infection.
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3.5 Future directions

It would be interesting to introduce mutations into MRFV and OBDV PRO at R27 or R34
(MRFV and OBDV, respectively) since these two marafiviral PRO domains are the only two with
an Arg at this position. As seen in the crystal structure of MRFV PRO-Ub, this residue is important
in recognizing Ub. It could also be grounds for differential recognition of poly-Ub chains and
could explain MRFV and OBDV PRO recognition of only K48 chains and not K63 chains.
Another interesting mutation to include would be an insertional mutation in MRFV PRO at the
corresponding region of TYMV PRO’s “GlyProPro” flap, which is mostly absent in MRFV PRO.
Including the Gly-Pro insertional mutant and assessing activity of the enzyme towards Ub-AMC
and other substrates could shed light on differences between these proteases in how they recognize
ubiquitin substrates. It would also be beneficial in construct a peptide representing the Hel| RdRp
junction (LRGA) of the MRFV polyprotein. This could be done with an LRGA-AMC peptide or
an internally quenched fluorescent peptide and performing Forester resonance energy transfer
assays to confirm if this is also a cleavage site of the polyprotein.

It may also be useful to re-establish the BY-2 cell line and launch an efficient protoplast
assay system. These cells are much easier to work with as they require very little maintenance and
will divide indefinitely if managed appropriately. The amount of labour would be far less than
with the 4. thaliana system. It would be interesting to carry out localization assays of the various
components of the MRFV major polyprotein. Antibodies could easily be generated against PRO,
now knowing the structure of the enzyme to determine a surface exposed epitope of the enzyme.
Peptides could be designed towards the Hel and RdRp domains based on previous methods for

TYMV (163, 165). It would be curious to see if the domains typically associate with chloroplast
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membranes as is the case for TYMV and if the PRO domain also drives localization to these

regions of the cell.
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4 Chapter 4: Probing the deubiquitinating activity of benyvirus and SARS-CoV-2 papain-like

proteases
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4.1 Introduction

4.1.1 Benyviruses overview and PLCP

Members of the family Benyviridae are another group of plant-affecting viruses with
+ssRNA genomes with four members in the genus Benyvirus (281). The type member of the genus
is the beet necrotic yellow vein virus (BNYVV), which has the closest sequence and genomic
architecture similarity to its genre member, the beet soil-borne mosaic virus (BSBMV) (281).
BNYVYV has been studied for decades and is found throughout the globe, being identified in every
region of the United States where sugar beets (Befa vulgaris) are produced as a source of refined
sugar (282). Symptomatically, the virus can be identified in infected plants that exhibit mosaic
patterns in the leaf, along with chlorosis in the veins of leaves (282). The most problematic
symptom of infection is the onset of rhizomania, which is when the roots grow secondary root
structures that are dead and unable to uptake water, resulting in severe taproot stunting and
ultimately decreased plant mass, which is problematic for sugar beet farmers as this manifests in
reduced sugar yield (282). The vector for these viruses are slime molds, specifically Polymyxa
betae, which is ubiquitously found in soils and also are pathogens for B. vulgaris (282).

The genome for BNYVV and BSBMV are multipartite and composed of four to five
molecules that are 5’-capped with a 3° polyA tail (RNA1-RNAS), which act as mRNA as described
for the viruses in previous sections (281, 283). RNA1 and RNA2 are arguably the most important,
as they contain the viral replicase and structural proteins, whereas RNA3-5 seem to be important
in vector transmission (283). Field viral isolates typically harbour all 4-5 RNA molecules,
however, greenhouse isolates that only spread through manual mechanical inoculation typically
lose RNA3-5 over time, illustrating that only RNA1 and 2 are necessary for replication in infected

plants (282). RNAI, the focus of this section, is ~6.7 kb in length, encodes for one major
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polyprotein, and has very similar genomic architecture to the marafiviruses (Fig. 1.3, bottom). The
major difference is that the purported cysteine protease and helicase domains have swapped
locations in the genome, and thusly the protease sits directly upstream of the RdRp-coding region
(281). A study in 1985 using RNAL in a cell-free system of labelled translation products revealed
a protein sharing the same theorized molecular weight of the entire polyprotein as well as smaller
proteins that the authors believed were products of proteolytic processing of the major polyprotein
(284). Nearly a decade later, a paper showed that in quinoa protoplasts infected with an isolate of
BNYVV also generated two potential cleavage products of the major polyprotein, presumably a
fusion of MET/HEL|PRO (150 kDa) and the RdRp (66 kDa) alone. These findings are often
referenced to in literature; however, they are not fully conclusive and slightly speculative. To date
there has been no significant biochemical or structural characterization of these purported PLCPs
that also may be OTU-like (13). In this chapter we show that these proteases likely have proteolytic
processing abilities specifically as Ub hydrolases, however, if and where these enzymes cleave

their polyprotein is still unclear.

4.1.2 SARS-CoV-2 and PLP™

As it has become increasingly apparent, the severe acute respiratory syndrome coronavirus-
2 (SARS-CoV-2) and other related coronaviruses have the potential for incredibly detrimental
epidemiological outcomes, having been responsible for a global pandemic unlike anything that has
been seen in over a century. SARS-CoV-2 is also in the order Nidovirales along with PRRSV,
although it has a much larger genome at ~30 kb in length (285). Like the arteriviruses,
coronaviruses also produce two major polyproteins ppla and pplab identically to how described

with PRRSV, with a PRF event at the junction of the coding regions of the two major ORFs (285).
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Unlike PRRSV, SARS-CoV-2 only has two proteases involved with cleaving ppla and pplab, the
3CLP™ (chymotrypsin-like cysteine main protease) and PLP™ (PLCP) (285). PLP™ is encoded in the
nsp3 coding region of ORF1a and cleaves at the nsp1|2, nsp2|3, and nsp3|4 junctions, where 3CLP™
has 11 total cleavage targets (286).

As is the case with non-main proteases of +ssRNA viruses, PLP® from related
coronaviruses and SARS-CoV-2 have auxiliary function in host innate immune system modulation
by acting as deubiquitinating and de-ISGylating enzymes (188, 268, 287, 288). ISG15 is one of
the most integral signalling protein in response to pathogen invasion and, although SARS-CoV
and CoV-2 PLP™ are ~83 % identical at the amino acid level, their host substrate preference is
surprisingly different in respect to Ub and ISG15 (268). It was shown that SCoV2 PLP™ has a much
higher affinity for ISG15 cleavage than Lys48-linked di-Ub, the opposite of which was shown for
SCoV PLP™ (268). Both enzymes have nearly identical structures, although key differences in their
“S2 sites” are present (268). The S2 site is a region of the enzyme that recognizes the second
molecule of Ub in a di-Ub chain attached to a substrate, specifically the molecule that is not
covalently attached to the target (268, 289). The structure of one molecule of ISG15 is highly
similar to a molecule of di-Ub with a K48 linkage, where ISG15 can easily be seen as two separate
domains similar to K48 di-Ub (290). Like Ub, The C-term domain of ISG15 also ends in an
“LRGG” motif that is covalently tethered to a cellular substrate protein’s Lys residue (291). It is
the N-term domain of ISG15 (N-term Ub-like fold) that mimics the non-covalently-linked
molecule of Ub in a di-Ub chain, both of which are recognized by the S2 site of PLP™, however,
certain residue differences in the S2 site give SCoV2 PLP™ a higher affinity for ISG15 over di-Ub

in comparison to SCoV PLP™ (268, 289).
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The search for treatments against COVID-19 has been ground-breaking in its speed and
proficiency, with vaccines being the primary and most efficacious mode of prevention (292). It
does follow, though, that alternative means of treatment should and have been explored, such as
drugs that target the RdRp, 3CLP™ and PLP™. Several antivirals have been implicated in effectively
inhibiting PLP™ and should still be explored for potential future coronavirus outbreaks (268, 293—
296). The work presented in this chapter involves using the UbV strategy with an alternative
purpose as a means to screen for small molecule inhibitors of PLP™ which will be discussed in the

sections to come.
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4.2  Materials and Methods

4.2.1 DNA Constructs

Table 4.1 Primers used for DNA constructs

Oligo name Sequence (5’ to 3°) Purpose
BNYV
?NYVV—PRO— GATATAGGATCCGTTGTTGTTCTGG i\rflPRO
pGEX
ENYVV—PRO— TATATCCTCGAGTTACGCCGCG "
BSBMV
BSBMV_PRO_F | GATATACATATGCATCACCATCACCATCACTCG EER%ZL
i
ESBMV—PRO— TATATCCTCGAGTTAGCCGCCTGCTAAGTTC “
PLPRO F pGE PLpro in

X GATATAGGATCCGAAGTGCGTACTATC pGEX

S PRORPOE | pATATCCTCGAGTTACTTAATGGTGGTTGTATAG “
PLPRO_F pET2 | GTATATCATATGGAAGTGCGTACTATCAAAGTATTTA PE%;ZL“
4 CG E
TATATC
Z’LPRO—RJ’ETz PLPRO_F pET24TTACTTAATGGTGGTTGTATAGGAATT |
TTC

*Restricting sites in bold

Synthetic DNA coding for BNYVV PRO was designed based on the purported PRO
domain coding sequence on UniProt (Q65667, residues 1285-1388 of the main polyprotein from
RNAT1). The domain was also designed based on a sequence alignment with the construct of MRFV
PRO that was crystalized herein and was selected to be as compact as possible while retaining the
active site residues (Fig. 4.1A, top). Synthetic DNA was codon optimized for expression in E. coli,
PCR amplified and ligated into pGEX-6p-1 using standard restriction cloning. Synthetic DNA

coding for BSBMV PRO was designed similarly, although was fully C-terminally extended to
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include its cleavage site at the RdRp junction (Fig. 4.1A, bottom). Construction was done
identically to BNYVV PRO, but the insert was placed into the pET24b+ expression vector with
an in-frame C-term 6xHis tag. The entire coding sequence for SARS-CoV-2 PLP™ was codon
optimized for expression in E. coli and prepared synthetically, PCR amplified and cloned into
pGEX-6p-1 or pET24b+ using standard restriction cloning. The latter was constructed to include
an N-term 6xHis tag with a PreScission protease site to follow. All constructs were transformed
into E. coli BL21(DE3) Gold following Sanger sequence verification for protein expression and

purification.

4.2.2  Protein expression and purification

All strains harbouring their respective expression vector were grown overnight in LB
containing 150 pg/ml ampicillin (pGEX/pET53-DEST) or 35 pg/ml kanamycin (pET24). The
following morning, the overnight cultures were used to subculture fresh LB containing the
appropriate antibiotic and grown to an ODsoo of ~0.8 at 37 °C with shaking, followed by protein
induction with 0.5 mM IPTG at 16 °C for ~18 h. PLP™ construct-containing cells were also
supplemented with 10 mM sterile ZnCl during induction. Cells were harvested the following day
and frozen at -80 °C or used immediately for protein extraction.

Protein purification for the GST fusion proteins was done identically as outlined in section
3.2.3 for the marafiviral PRO domains. The only exception was that PLP™ was purified in pH 7.5
TRIS-HCI and the cleaved GST domain was recaptured using a fresh batch of GST-bind resin the
following day on the dialyzed sample, as the GST and PLP™ are too similar in size to be efficiently
separated by gel filtration. Concentration was quantified by Ago (¢/1000 = BNYVV PRO 18.45

M-lem!; PLP© 4527 M-lem™'; BSBMV PRO 39.42 M-'em™!).
189



Purification of BSBMV PRO in pET24b+ or PLP™ UbVs in pET53-DEST was done as
mentioned in section 3.2.3 for the His-tagged MRFV PRO-HEL fusion proteins, as was the case
for PLP™ in pET24b+ with a few changes. The UbVs and PLP™ purification buffer was pH 7.5
TRIS-HCI and the N-terminal 6xHis tag of PLP™ was removed using in-house prepared PreScission
protease during protein dialysis overnight. PLP™ was purified away from the affinity tag by gel

filtration. PLP-UbV coupling was done as outlined in 3.2.6.

4.2.3 Deubiquitination assays

Ub-AMC assays were done as detailed in section 3.2.4 using a SpectraMax iD5 microplate
reader (Molecular Dimensions). Poly-Ub chain hydrolysis assays were performed as detailed in
section 3.2.5. Enzyme and substrate concentrations are detailed in the respective results and

discission sections.

4.2.4 Protein crystallization

PLPbound to UbV 1was first crystalized at 10 and 15 mg/ml at 4 °C in a sitting drop format
using the vapour diffusion method. Crystals appeared after two days in a condition containing 100

mM Bis-TRIS propane (pH 6.5), 200 mM sodium bromide, and 20 % PEG 3350.
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4.3  Results and Discission

4.3.1 Construction of the BNYVV and BSBMYV protease domains

The BNYVV PRO domain was designed based on a UniProt (Q65667) annotation of the
domain within ORF1 of a Japanese isolate of BNYVV. The purported PRO domain spans residues
1285-1388 of the major polyprotein. A sequence alignment with MRFV PRO (Fig. 4.1A, top
alignment) revealed relatively low sequence similarity (~25 %) but did expose that the catalytic
Cys and His residues are shared (orange triangles). In attempts to make sure the entirety of the
protease domain was captured, 23 additional N-term residues were included starting from
polyprotein residue 1262 instead of 1285. Using the Phyre2 server (297), a homology model was
generated (Fig. 4.1B, green). The model most closely resembled the Hazara virus OTU domain,
which was crystalized covalently bound to Ub (PDB 7JMS), followed by the OTU domains of the
Erve and Farallon viruses (PDB 5JZE & 6DXS5, respectively). Based on the homology model
alone, we believed that benyviral PRO domains may also be DUBs. Superposition of MRFV PRO
with the BNYVV PRO homology model also showed a promising degree of conservation (Fig.
4.1B).

Interestingly, there is no Ub C-terminal LRGG-like motif to follow directly after the
BNYVV PRO domain as is seen with the marafiviruses and their LXG(G/A) motif at the C-term
of PRO. There is a downstream MAGG motif ~150 residues that our USDA collaborators believe
may be the cleavage site (Fig. 4.1A, bottom alignment); however, these residues were omitted in
order to maintain as compact a protein as possible for successful recombinant expression and

purification (Fig. 4.1C).

191



B LT e

1. MRFV (A new protein ..

2. BNYWV 1262-1388 (A ...

1. MRFV (A new protein ... |
2. BNYWV 1262-1388 (A ...

1.BSBMV 1316-1593 (A ...
2.BNYW 12621388 (A ...

- RTMVAALCEW LPDSLDGS L.T-GLTT FA VLA.I.—: ———-ﬂl$

T LAES ! mARRmea | ves s amLomms YLl s ovem oy v B e e =
10 0 ) 10

-MVEL GLHDETHRFHI
YBILTY EVDGEGHS VM

=

EKIMONLMOEN - - ~AMTLBKY HEWMSKKSPS TWODCIMIBAD ALKVEM

.- HTP ELVADNFS LSPALVG
LHLVGKESDE EHd-------- ----- I AR
A

‘ rwsM mmnmem mnﬁ m m mvm|§ mwnam? _E-Lﬁ

VVVLRITARYE

1.BSBMV 1316-1593 (A ... EXON.

2.BNYW 12621388 (A... I
1.BSBMV 1316-1593 (A ...

2. BNYWV 1262-1388 (A

1.BSBMV 1316-1593 (A ...

2. BNYWV 1262-1388 (A

BNYVV PRO

\ANMRFV PRO 3 =« BSBMVPRO (30.8 kDa)

25
15 =
W  BNYVV PRO (14.4 kDa)
10
D BSBMV Ub-AMC
E BNYVV Ub-AMC
m 20puM 1.5%106- = 20uM
X 10uM
X
Y 1.0%10° 10uM
3 N A OpM
w - 5.
@ T 5.0x10°4
o
0.0 I I I .
2x10° 2000 4000 6000 8000
Time (s) _5.0%105- Time (s)
48 63 48, 63,
K ponUb(3 5) K ponUb@ K polyme) K ponUb(3 )
[BSBMV PRO] nM [BNYVV PRO] nM
1090 0 500 750 1000 0 500 750 1000 1000 0 500 7501000 0 500 750 1000
B.vulgaris MQIFV;’I‘LTGKI ITLEVESSDTIEDVKTK I}'(VKGGI PQDEQRLIFAGKQLEDGRTLADYN 60
Z.mays MQIFVKTLTGKTITLEVESSDTIDNVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLADYN 60
B Vulgal'ls H‘sapien MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYN 60
s DS, . :

H. sapien

*
B.vulgaris VQKESTLHLVIRLRGG 76
Z.mays IQKESTLHLVLRLRGG 76
H.sapien IQKESTLHLVLRLRGG 76

SRR ARk Rk "

Figure 4.1 Exploring the theorized protease domains of two beet-affecting benyviruses.
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A) Sequence alignment of MRFV PRO and BNYVV PRO (top). Catalytic Cys and His residues
are indicated with orange triangles. Extended BSBMV PRO aligned with truncated BNYVV PRO
(bottom). Putative C-term LAGG and MAGG cleavage sites are indicated or annotated. B)
Structure superposition of MRFV PRO (cyan) and homology model of BNYVV PRO generated
using Phyre2 (297). C) SDS-PAGE gel of Purified BNYVV and BSBMV PRO. D & E) Ub-AMC
assays of BSBMV and BNYVV PRO. F & G) Silver-stained 10% TRIS Tricine gels representing
Poly-Ub chain hydrolysis assays of BSBMV and BNYVV PRO using Lys48- and Lys63-linked
poly-Ub substrates. H) Left; percent sequence identity matrix of Ub from Beta vulgaris, Zea mays
and Homo sapien. Right; multiple sequence alignment of Ub amino acid sequences from all three
aforementioned species.
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4.3.2 Exploring DUB activity of BSBMV and BNYVV PRO

Preliminary Ub-AMC assays with the purified BNYVV protease at low micromolar
concentrations (< 5 uM) did not convincingly show Ub hydrolase activity (not shown).

Further, a fluorogenic peptide (MAGG-AMC) representing the theorized cleavage target of the
polyprotein at the PRO|RdRp junction also did not reveal proteolytic activity.

After discussions with our collaborators, we decided to construct an expression vector
encoding for the highly similar BSBMV PRO domain that essentially started at the same N-term
position as BNYVV PRO but was extended to include its putative “LAGG” cleavage site (Fig.
4.1A, bottom alignment, underlined in green). This resulted in soluble protein (Fig. 4.1C) that
actually showed activity against Ub-AMC (Fig. 4.1D), but in order to see substrate turnover,
enzyme concentration had to be nearly double that of what was used for the marafivirus PRO
domains. Using these same, elevated concentrations, BNYVV PRO was attempted again, and Ub-
AMC hydrolysis was seen (Fig. 4.1E).

Poly-Ub chain substrates were used that were either Lys-48 or -63 linked to test for
substrate specificity. BSBMV PRO did not seem to hydrolyze either K48 or K63 chains (Fig. 4.1F)
even when enzyme was used at 1000 nM concentrations, which was fivefold excess of the upper
limit of concentrations used for the marafivirus proteases. BNYVV PRO also did not hydrolyze
K48 poly-Ub chains but did show the beginnings of hydrolysis towards K63 chains, where di- and
mono-Ub can faintly be seen in the presence of enzyme (Fig 4.1G, lanes 7-9). K63 poly-
ubiquitination in plants is often a signal for vesicular trafficking, plant developmental processes
and membrane transport specific to nutrient uptake and distribution (259, 298), though plant-
affecting viral DUBs acting towards K63 linkages has not thoroughly been explored as it has in

mammalian systems (16, 168, 264).
194



4.3.3 Differences in Ubiquitin amongst various species

When trying to understand why these enzymes had such poor activity against the various
Ub substrates, a closer look into the sequences of Ub between many species was surprising to us.
In all three species analyzed (Zea mays, Beta vulgaris and Homo sapien) Ub is a 76 amino acid
long protein (Fig. 4.1H, right). Interestingly, Ub from B. vulgaris the lowest sequence similarity
to human Ub at ~83 % (Fig. 4.1H, left) and ~84 % sequence similarity to maize Ub. Human and
maize Ub are quite similar at ~96 %. The Ub substrates that are commercially available are all
designed on the sequence of human Ub. As B. vulgaris Ub is the least similar in sequence, this
could be one reason as to why BNYVV and BSBMV PRO have reduced hydrolysis profiles
towards Ub-AMC and the poly-Ub substrates.

A few things of interest emerged when looking at the sequence of beet Ub, such as it
lacking Lys6 (Fig. 4.1H, blue star). Lys6-linked poly Ub chains are considered atypical as they
occur in quite low abundance in plants, but have been thought of as having some relation to DNA
damage signaling (171, 262, 299). It is curious that beet Ub lacks this Lys residue, as these are
arguably some of the most important residues within Ub and the fact that it is also conserved in
maize. Another interesting finding was that beet Ub seems to have a Lys residue at position 31
(orange star) in place of a Gln residue. It could be possible that this may be another residue specific
to beet Ub that is used as a branching point for a different type of poly-Ub chain with tentatively
different cellular implications. Although not as stark a difference, beet Ub has an Ile at position 71
in place of maize and human Ub Leu (green star). The only reason this is of note is that Leu71 of
human and maize Ub is an integral residue that is a member of the Ile36 hydrophobic patch, which
as mentioned above, is a critical region of Ub that is often recognized by viral DUBs, as is the case

for MRFV PRO and its recognition of Ub (Fig. 3.9C) (16, 168). Collectively, these differences
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and potentially other amino acid differences that have not been pointed out could be attributed to

why BSBMV and BNYVV PRO recognize these substrates rather poorly.

4.3.4 SARS-CoV-2 PLP” purification and DUB activity

The goal of this project was to develop small molecule inhibitors towards PLP™. This likely
would be done by first generating tight binding UbV(s) towards PLP™, which has successfully been
done for the Middle East respiratory syndrome-related coronavirus PLP™ in the past (246). Once a
UbV is developed towards the enzyme, displacement screens on the PLP:UbV complex using
small molecule inhibitors would be carried out using fluorescence polarization as the displacement
readout. The idea is that whichever small molecule inhibitors can displace the UbV from the
enzyme must also be binding at the same inhibitory sites and can ultimately act as competitive
inhibitors of the enzyme and prevent polyprotein processing, DUB activity and deISGylating
activity.

The first step was to recombinantly produce the enzyme as a GST fusion protein, as the
phage display library relies on DUBs to be immobilized by their GST tag in order to carry out
selections. This also requires that the enzyme be active as a GST fusion protein, ensuring that the
active site is accessible with N-term GST fused to the enzyme. We were able to express and purify
the protein, which appeared to be active against Ub-AMC (Fig. 4.2A). We provided purified
protein to the Sidhu lab for their phage display library selections. They were able to pull down one
potent UbV (termed UbV 1), which they shared with us via an E. coli expression vector. Our main
goals were to crystalize the protein complex as Dr. Melnyk’s team worked on the displacement

screens using small molecule inhibitors.
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Figure 4.2 SARS-CoV-2 PLP™ purification, complexing and crystallization.

A) Ub-AMC assay with GST-tagged PLP™. B) Gel filtration chromatogram of PLP™ following GST
tag removal. C) Gel filtration chromatogram of PLP™ complexing with UbV1. D) SDS-PAGE gel
of 3 different peaks from Figs. B and C (PLP™ = ~36.0 kDa; UbV1 = ~11.8 kDa). E) Brightfield
image of PLP:UbV1 crystals (left) and fluorescence-based image (middle) and X-ray diffraction
of crystals (right). F) Gel filtration chromatogram of PLP™ in complex with UbV A10.
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4.3.5 PLP" complexing and crystallization

For our studies going forward, we removed the GST tag from PLP™ (Fig. 4.2B) for protein
complexing. PLP™ was a rather challenging protein to express, as a majority of the protein would
be found in inclusion bodies; however, we were able to generate enough protein by scaling up the
amount of culture used. As a GST-tagged protein, we were only yielding roughly 1.5 mg of protein
per liter of culture, so on average 6-8 L of culture was grown for one round of purification to obtain
suitable amounts of enzyme for structural studies. UbV1 did complex with PLP™, though there did
seem to be an equilibrium between the two proteins (Fig. 4.2C). Even in a fourfold molar excess
of UbV1:PLP™ there still remained unbound enzyme and un-complexed UbV1, though we were
able to separate out the protein complex from free PLP™ for crystallization. We were able to
crystalize the protein complex in a condition containing 100 mM Bis-TRIS propane (pH 6.5), 200
mM sodium bromide and 20 % PEG 3350 (Fig. 4.2E, left & middle). These crystals were readily
reproducible, though never gave strong enough diffraction to collect data from, only weakly
diffracting out to ~6-7 A at best (4.2E, right).

We wanted to switch expression constructs of PLP™, as it was quite laborious to prep
milligram amounts of the GST fusion. A construct was generated encoding for PLP™ with an N-
term 6xHis tag as well as a PreScision protease cleavage site in between the tag and the enzyme,
which generated PLP™ with the identical amino acid sequence as before (assuming the GST tag is
removed). This expression vector was much more efficient, producing 4-5 mg of protein per liter,
which made the enzyme preparation more manageable. Eventually, more UbVs were generated by
the Sidhu lab that showed more promising binding tendencies. UbV A10 had much better complex
forming ability (Fig. 4.2F), binding all PLP™ even at only a slight molar excess. Unfortunately, this

protein complex failed to crystalize after screening several hundreds of different conditions. This
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process is ongoing and hopefully will result in usable crystals. We have also shifted in trying to
crystalize the enzyme alone in preparation of receiving small molecule inhibitors for inhibitor-
bound PLP™ cocrystals. The WT enzyme has also been a challenge to crystalize, which is
unsurprising as the enzyme has been mentioned to be challenging to crystalize in its WT or
unliganded form (294, 295). These groups have used catalytic Cys mutant protein (Cys111Ser) to
generate PLP™ Cys111Ser crystals that were subsequently used as seed stock to obtain WT crystals,
as they mentioned WT enzyme was recalcitrant in crystallization attempts. We have been able to
crystalize PLP™ Cys111Ser, which also efficiently couples to the UbVs, and are actively pursuing

this avenue to obtain WT crystals with goals of ligand complexing.
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4.4 Conclusion

Here we showed that Benyviral PRO domains likely are DUBs. This would be the first
determination of this finding, which is quite exciting as a lot of work regarding these enzymes has
only been theorized or based on somewhat ambiguous foundational work. We showed that the type
member of this genus, BNYVYV and the most closely related virus BSBMV have DUB domains
coded for within RNA1 of their genome. It is possible that the two other members of this genus
(Burdock mottle virus and Rice stripe necrosis virus) also have a similar domain with shared
functionality. The difference in poly-Ub chain recognition between BNYVV and BSBMV is
curious and must be explored further. This is different than what was seen with the marafiviral
PRO domains, which all showed the ability to hydrolyze K48-linked poly-Ub chains and selective
recognition towards K63 chains. Neither BSBMV or BNYVV show activity towards K48 chains,
indicating the main function of DUB activity is not in modulating 26S proteasomal degradation.
The ability of BNY V'V to exclusively hydrolyze K63 chains indicates that there is an alternate role
of DUB activity, a field that has not been studied with great detail as it pertains to plant viral DUB
poly-Ub-K63 recognition. The differences in the amino acid sequence of Ub from beets compared
to the human sequence-derived substrates used could also be impactful in the seemingly weak
hydrolysis determined. These preliminary results are interesting and should be further investigated.

SARS-CoV-2 PLP™ is an intriguing target for antiviral therapeutics as it is essential in
polyprotein processing as well as host innate immune response antagonism (268, 296). As soon as
the emergence of SARS-CoV-2, PLP™ and potential inhibitors were feverishly studied. It is still
important to study these enzymes and methods to determine potent inhibitors to fully expand the
current antiviral arsenal despite the availability of highly efficacious vaccine therapies. This work

being done in collaboration with two University of Toronto labs is still in its infancy, as many
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hurdles had to have been overcome, though the preliminary work and findings show promise. The
crystallization aspect of this project has been challenging, however, active methods to
circumnavigate these challenges are being pursued. A crystal structure of PLP™ bound to a UbV
would be telling to elucidate which key residues of the UbV impart a much tighter fit in comparison
to WT Ub, for which a crystal structure already exists. Ultimately novel small molecule inhibitors
will be determined for the enzyme that could prove beneficial as an antiviral therapeutic or at least
open the doors for a new class of inhibitor(s) for future coronavirus outbreaks.

As for SARS-CoV-2 PLP™, the main focus remains in crystallization. Current directions
towards active site mutant C111S has proven more promising in crystallization for the enzyme
alone. This mutant PLP™ likely should still be amenable to bind its most potent UbV, albeit
potentially at a lower affinity; however, due to the nature of the large number of contacts that
typically are involved with Ub(V):DUB complex formation, should still be amenable towards

forming a complex with the mutant enzyme and could result in better quality X-ray diffraction.
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4.5 Future directions

There still remains a great deal of scope for the benyviral studies. Firstly, to make active
site mutations of the PRO domains would be informative to confirm the correct theorized active
site residues based on sequence alignments to MRFV PRO. It could be possible that other Cys or
His residues may be involved in forming the active site as the overall sequence similarity to
marafiviral proteases are quite low. Comparing activities in respect to Ub-AMC hydrolysis to
active site mutants would be telling and important to do. Similar poly-Ub chain hydrolysis assays
can also be carried out with BNYVV PRO using K63-linked chains to assess active site mutations
on poly-Ub chain breakdown. It would be wise to create a truncated form of BSBMV PRO similar
to BNYVV PRO, as well as a C-term extended form of BNYVV PRO similar to BSBMV PRO.
These forms of the protein could again be used in Ub-AMC assays to assess for heightened or
lessened activity. The truncated form of BSBMV PRO could also be used in chain hydrolysis
assays to confirm that the extension of BSBMV PRO does not inhibit K63-linked Ub chain
hydrolysis.

Given the weak activity towards K63-linked poly Ub chains by BNYVV PRO, alternate
Ub chain substrates should be tried, which include K6 (although not present in beet-Ub), K11,
K27, K29 and K33-linked chains. This could act to confirm if the weak activity is likely due to
their being an alternate linkage form more readily recognized by these proteases. It would also be
highly advantageous to have beet-Ub-AMC synthesized and monitor and compare activity towards
this substrate in contrast to human Ub-AMC, which would more clearly confirm if weak Ub
substrate hydrolysis could merely be attributed to the differences in the Ub sequences.

BNYVV PRO has been attempted in crystallization trials, however, they were

unsuccessful. As was the case with OBDV PRO, it was more amenable to crystallizing once
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covalently linked to Ub. A pTXB1 DNA construct encoding for beet-Ub instead of human Ub (as
done with MRFV PRO-UDb) could be constructed for covalent coupling to the enzyme as carried
out with MRFV and OBDV PRO. This structure would be quite interesting as its closest structural
homologues determined by Phyre2 are believe by nairovirus OTU domains. Lastly, presenting
benyviral DUBs with the UbV phage display library would be of interest to see if any variants
could be pulled down. The library is designed against human Ub as a baseline, so it’s not certain

how benyviral PRO domains would fare in the selection process but would be worth exploring.
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