Activation of Protein Ubiquitination by the Antiviral Enzyme, Viperin

by

Ayesha Maleeha Patel

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Chemistry)
in the University of Michigan
2021

Doctoral Committee:

Professor E. Neil. G. Marsh, Chair

Professor Ryan Bailey

Assistant Professor Jennifer E. Bridwell-Rabb
Professor Stephen W. Ragsdale



Ayesha M. Patel
ayepatel@umich.edu

ORCID iD: 0000-0001-5037-5933

© Ayesha M. Patel 2021



Dedication

To my mother, whose unconditional love and support inspired me to reach for the stars



Acknowledgements

I would like to thank my advisor, Prof. E. Neil G. Marsh for giving me the opportunity to
work for him. I am very grateful for your continuous guidance, support, encouragement, and
understanding throughout my graduate studies. Thank you for always having an open door and
always willing to listen and discuss personal and professional matters. | really appreciate your
patience and mentorship in guiding me to be a better scientist.

I would also like to thank my sabbatical advisor and committee member, Dr. Jennifer
Bridwell-Rabb for welcoming me in her group and teaching me valuable skills of crystallography.
Thank you for always being available to discuss work and guiding me through the roadblocks.
You have an amazing lab, and | made great friendships there. I also thank my previous and current
committee members — Dr. Brent Martin, Dr. Kristin Koutmou, Prof. Stephen W. Ragsdale, and
Prof. Ryan Bailey for their feedback and discussion in shaping my thesis work.

| thank the past and present members of Marsh lab — Dr. Soumi Ghosh, Dr. Tim
Grunkemeyer, Dr. Kelsey Diffley, Dr. Marie Hoarau, Dr. Karl Koebke, Dr. Caitlyn Makins, Dr.
Hannah Chia, Dr. Ajitha Cristie, Dr. Somaye Badieyan, Dr. Kyle Ferguson, Dr. Nattapol
Arunrattanamook, April Kaneshiro, Prathamesh Datar, Srijoni Majhi, Victor Rivera-Santana, and
Katherine Hunter — for their thoughtful discussion, science or otherwise, and for coffee breaks. |
thank my wonderful friends in Bridwell-Rabb lab especially David Boggs for being so patient,
supportive, and helpful in setting up hundreds of crystal trays. I also thank Colleen Riordan for her

help with nanodiscs preparations.



Lastly, 1 would like to thank my amazing family — my parents, Naheed and Anees Patel,
my sisters, Marium, Misbah, and Zehra Patel, my brother-in-law, Ahmad Bilal, for their
continuous support throughout everything. | really appreciate them for always believing in me and
encouraging me to do my best. Also my little nephew, Hasan Bilal for keeping me motivated to
finish writing my thesis. I love you guys so much! This thesis would not have been possible without

you all.



Table of Contents

DT [or: {010 H TS U TP PR PP PP TIPS I
ACKNOWIBAGEMENTS ...ttt e et e e e s re e te e e e e te e teeneesreenreeneenres iii
LISE OF TADIES ... bbb b bbbt IX
S o T U= OSSR X
AADSTIACT ...ttt bbbttt Xiv
(@8 T o) 1 A [ 100 [0 od 1 o] SR 1
1.1 RAAICAI SAM ENZYMES ...ttt bbbttt bbb 1
1.2 Viperin —a radical SAM ENZYIME.......cc.ccoiiiiiiiiieee e 3
1.3 DOMAINS OF VIPEIIN ..ttt bbbttt be st 4
1.4 Substrate of human viperin and its hOMOoIOgS .........ccccoveiiiiciicce e 6
1.5 Structural StUIES ON VIPEIIN ....c.viiiiiiiiiiiieieiee ettt 9
1.6 Interaction of viperin with Other Proteins............cccveiiiiieiieie e 11
1.6.1 Regulation of cholesterol biosynthetic enzymes ..o 12
1.6.2 Role of viperin in degradation of viral proteins .............ccccocveveiieiie i 13
1.6.3 Role of viperin in innate immune signaling pathWays ............c.ccoovvviiienenneninenns 14

1.7 RETEIBINCES ...t bbbttt r e b bt 16
Chapter 2 Probing the Interaction of Viperin with TRAF6 and its Effect on the Ubiquitination
ACHIVITY OF TRAFG ...ttt e e et e e st e et e e saeeabeeareas 21
2.1 INEFOUUCTION ...ttt bbb bbbt bttt et ettt bt 21
2.2 Materials and IMEtNOUS ........oouiiiiiiicic s 24
2.2.1 Plasmids, reagents, and antiDOdIeS ...........cccevveiiiieiiee e 24



2.2.2 Expression and purification of VIPerin-AND5O ..........cccccvvieiiiericieseere e 24

2.2.3 Expression and purification 0f TRAFG-N ..........ccccovieiiiiieiieecc e 26
2.2.4 Expression and purification of Ubc13 and UeVIA...........ccocviiiiiiiiieeee e 27
2.2.5 Preparation of reagents for anaerobic eXperiments ...........ccccoevevveieeresiieseereseeseenens 27
2.2.6 Co-immunoprecipitation of viperin and TRAFG-N..........ccociiiiiiiiiiiii s 28
2.2.7 UDIQUITINALION @SSAY ...e.veeuviitieiieeieetiesieeiesteesteestesseesteestessaessaesaesseessaesaesseesseesesreensaasens 28
2.2.8 In vitro assay for 5" dA formation ...........ccoceiiiiiiiiiiiiie 29
2.3 RESUILS ...ttt 30
2.3.1 Truncated viperin-AN50 and TRAF6-N interact with each other.............c.ccccoveiini. 30
2.3.2 Viperin activates the rate of TRAF6-N catalyzed polyubiquitin chains ...................... 30
2.3.3 Viperin promotes TRAF6 auto-ubiquitination .............cccccovveviiieie e 35
2.3.4 TRAF6-N has no effect on viperin’s enzymatic aCtivity.........ccocvereererieeiieneninesieennens 36
2.4 DISCUSSTON ...tttk etk bbbt b bbbt b bt b b e et b nn et b e 37
2.5 RETEIBICES ...t bbbt bbbttt bbb 40
Chapter 3 Domain-Specific Interaction of IRAKL With VIperin..........ccccccoevveveive s 43
B L INEFOTUUCTION ...ttt bbb b et bbbttt e et bbbt 43
3.2 Materials and METhOUS ........cviiiiiieiee e 46
Bi2. L CRIITINES ...ttt ettt bt 46
B.2.2 PIASIMIAS. ...ttt bbbttt 46
3.2.3 Reagents and antiDOGIES .........cc.oiiiiiiiieee e 47
3.2.4 Cell culture and tranSTECTION.........ccciiiiiiiirce s 47
3.2.5 Co-immunoprecipitation of viperin, IRAKL, and IRDD...........ccccoovimiinencienininns 47
3.2.6 Expression and purification of MBP-IRDD ...........cccccoeiiiiiiiiiic e 48
3.2.7 Co-transformation and co-purification of viperin-AN50 and MBP-IRDD................... 49
BB RESUIES ... s 50

Vi



3.3.1 Constructs of IRAK1 for mammalian cell eXpression .........ccccoeveeiinieneenesieseeniens 50

3.3.2 Expression and purification of MBP-IRDD ...........ccccooiiiiiiiieiiccseee e 52
3.3.3 Expression of truncated IRDD constructs in E. COli.........cccovviviiiiiiiiinin e 54
3.3.4 Interaction of viperin and IRDD iS AIr€Ct........cccocvueiieiiiie e 55
314 DISCUSSTON ...ttt etttk b bbbt b e bt bbbt b et e bt et et b e bt b b b ens 57
B D RETEIENCES ...t 59
Chapter 4 Purification of Full-length, Membrane-associated form of the Antiviral Enzyme Viperin
from a Mammalian Cell LiNe..........ccooiiiiicere s 61
o A [ oo (3 Tox (o] IS TSP P TR TP TP TP PRSP 61
4.2 Materials and MEthOUS ..o 63
A.2.1 CITINES ...ttt b e ettt 63
4.2.2 PIASIMIUS. ...ttt bbbt b e 63
4.2.3 Reagents and antiDOTIES ..........cviiiiiiieie s 64
4.2.4 Cell culture and transSfECLION..........ccuiiiiiiiiiei e 64
4.2.5 Membrane scaffold protein (MSP) expression and purification .............cccccocevvnvnene. 65
4.2.6 Preparation of lipid solutions for NaNOdiSCS ..........cccvveiiiieiicie e 66
4.2.7 Viperin incorporated nanodisc assembly and purification .............cccoocevvniiencnnnnnn. 66
4.2.8 Electron microscopy Of NANOAISCS.........covviiiiieiiiie et 68
4.2.9 VIPEIIN BSSAY: 1..eveeueenteteste sttt sttt etttk b et et e b na e bbb e bt e bt e st e s et et eb et e beenes 68
B3 RESUILS ...tttk bbb bbb bbb 68
4.3.1 Expression of full-1ength VIPErin.........cccooi s 69
4.3.2 Optimization of MSPLE3DL1 purification............ccocoveiiiiiiie i 70
4.3.3 Purification of full-length viperin incorporated NanodisCs............cuverereneienenenenns 71
4.3.4 Full-length viperin purified in NnanodiSCS IS aCtIVE ..........ccccevvveevie i 72
O T ot U] (o] PRSPPI 73
4.5 RETEIBNCES ...ttt bbbt bt bt n e 75

vii



Chapter 5 Conclusions and Future DIFECHIONS ..........ccueiieieiieiie et 77

5.1 Interaction of viperin with signaling proteins, TRAF6 and IRAKL .......c..ccccoovivvivevecnnenn, 78
5.1.1 Viperin activates ubiquitin ligation catalyzed by TRAFG..........cccoeviiinivinenieiiee 79

5.2 Viperin inCorporated NANOUISCS.........ueiveiieiieieeiesee st eie st e ste e e e e ee e e sreetesneesreeeeenee e 81
5.3 RETEIBICES ...t bbbttt 84
Appendix — Nucleotide sequences of proteins used in this StUdY..........cccccevviieriere e, 86

viii



List of Tables

Table 1-1: Viperin and its homologs along with their known biologically relevant nucleotide
SUDSEIALES. ...ttt b bbb bbb bR R Rt R et 9

Table 4-1: The percent yield and specific activity of viperin incorporated in nanodiscs as it purifies.
....................................................................................................................................................... 73



List of Figures

Figure 1.1: General reaction of radical SAM enzymes. This figure is reproduced from
Biochemistry 2020, 59 (6), 780-789. ........ccieiieeiiece et 2

Figure 1.2: Summary of selected reactions catalyzed by radical SAM enzymes. This figure is
reproduced from Nature Catalysis 2020, 3 (4), 337-350. ......cccccveiieieeiiiie e 3

Figure 1.3: Sequence similarity network of HsaViperin shows that viperin like sequences are
present beyond eukaryotes (magenta nodes). They are found in archea (green nodes) and bacteria
(blue nodes). The three marked nodes represent human viperin (HsaViperin), fungal viperin
(TviViperin), and archeon viperin (MliViperin). Both archeaon and bacterial viperin lack the N-
terminal domain which is responsible to localize eukaryotic viperin to ER. This figure is
reproduced from Journal of Biological Chemistry 2020, 295 (33), 11513-11528. Original figure
published in Journal of Biological Chemistry 2018, 293 (36), 14122-14133. .......cccccevvvienvninnnns 5

Figure 1.4: Reactions catalyzed by fungal and archeal viperin. A: Fungal viperin catalyzes the
addition of 5" dA« to UDP-glucose at either C4 or C5 position of uridine. B: Both fungal and
archeal viperin catalyzes the addition of 5" dA« to the carbonyl of IPP and form AIPP. This figure
is reproduced from Journal of Biological Chemistry 2020, 295 (33), 11513-11528............ccce..e. 7

Figure 1.5: Proposed mechanism of mammalian viperin. Viperin uses 2 electrons, one electron to
abstract C4' H-atom from CTP and the other electron to reduce a radical intermediate and form an
antiviral compound ddhCTP. The source of second electron has been suggested to come from a
conserved tyrosine residue (Tyr252 in fungal viperin, Tyr302 in human viperin). This figure is
reproduce from Journal of Biological Chemistry 2020, 295 (33), 11513-11528. .........c..cceeeveneee. 8

Figure 1.6: Structural studies on Mus musculus viperin. Left: Crystal structure of mouse viperin
without CTP. It shows a disordered N-terminal (salmon), a partial (Ba)s TIM barrel (blue), and a
partially disordered C-terminal (green — structured, purple — disordered). Right: CTP bound crystal
structure of mouse viperin. Binding of CTP orders the C-terminal (purple) and introduces an a-
helix, a P-loop which binds the y-phosphate of CTP, and 310-helix turn. This figure is reproduced
from Biochemistry 2020, 59 (5), 652-662. .........cccveiieiiiiiieiie e 10

Figure 1.7: Left: Comparison of stereoview of triphosphate binding sites of MoaA (gold) to GTP
(shown in sticks and balls — yellow) and viperin (blue) bound to CTP (shown in sticks and balls —
orange). Five of the eight residues of MoaA that bind to GTP occupy the same barrel location as
viperin. Right: Crystal structure of mouse viperin bound to CTP. The way CTP is oriented, C4



atom is only 2.8 A away from the C5 atom of SAM making it suitable to abstract from 5’ dAe
generated by viperin. This figure is reproduced from Biochemistry 2020, 59 (5), 652-662. ....... 11

Figure 1.8: Viperin downregulate the cholesterol biosynthetic enzymes. A: Viperin reduces the
levels of cholesterol by 20-30% when transiently expressed in HEK293T cells. B: Viperin has no
significant effect on the specific activity of SM. C: Viperin inhibits LS by 60% when co-expressed
with or without SM. D: LS also inhibits viperin’s activity to produce ddhCTP. The effect is even
more significant when both SM and LS are co-expressed with viperin. This figure was reproduced
from Journal of Biological Chemistry 2021, 297 (1), 100824..........ccceeceiiveveiiieieeie e 13

Figure 1.9: Viperin promotes the degradation of NS5A through proteasomal degradation pathway.
Left: Viperin reduces the cellular expression of NS5A potentially by increasing the rate of
degradation through proteasome. Right: HEK293T cells were transfected with labelled proteins.
6-hr post transfection, cells were treated with MG132, proteasome inhibitor or DMSO as control.
NS5A levels were monitored via western blotting 30-hr post transfection. MG132 restores NS5A
levels that were affected by viperin co-expression. This figure is reproduced from Biochemistry
2020, 59 (B), 780-789.....cueeierieieiteiteste ettt ettt et e te s te e beateereene e et e renaenresreeneanas 14

Figure 2.1: Overview of viperin’s interactions with the protein ubiquitination machinery and the
E3-11gASE, TRAFB. .....eeiieieie ettt sttt et e s e ebe e beeseesneenbeeneenneenneeneens 22

Figure 2.2: Co-immunoprecipitation of TRAF6-N by viperin-AN50. Pull-down assays were
performed as described above. Purified viperin-AN50 and TRAF6-N were incubated together and
anti-viperin antibody used to precipitate the complex. Pulled-down proteins were analyzed by
immunoblotting and visualized by immunostaining with antibodies to the His-tags present on both
OO0 | £ F ST USSP PSP PP TR PRPROPO 30

Figure 2.3: Kinetics of ubiquitin ligation catalyzed by TRAF6-N. Left: Representative Coomassie-
stained gel showing consumption of ubiquitin and formation of ubiquitin oligomers. Right:
Quantification of mono-, di- and tri-ubiquitin; after 20 min only a small fraction of the ubiquitin
1S converted t0 1arger OlIJOMETS. ... ..o 31

Figure 2.4: Activation of TRAF6-N by viperin. Left: Representative Coomassie-stained gel
showing consumption of ubiquitin and formation of ubiquitin oligomers, note the smear of high
M: species at longer times. Right: Quantification of mono-, di- and tri-ubiquitin; these oligomers
are rapidly depleted as they are converted to higher M, species. (Experiments performed with 1:1
molar ratio 0f TRAFG-N t0 VIPEIIN). ..c..ciiiiiiiiiiece ettt 32

Figure 2.5: Control experiments to establish that viperin specifically activates TRAF6-N: Left:
Ubiquitination system reconstituted without TRAF6-N as the E3-ligase component; only a small
amount of di-ubiquitin is formed after 30 min. Middle: Ubiquitination system reconstituted
including TRAF6-N as the E3-ligase component; TRAF6-N catalyzes the formation of ubiquitin
oligomers. Right: Addition of bovine serum albumin as a control for non-specific TRAF6-N
activation (1:1 molar ratio with TRAF6-N) has no effect on the rate of TRAF6-N-catalyzed
UDTQUITIN FIGALION. ...ttt ettt b b 33

Xi



Figure 2.6: Control experiments to establish that the Fe-S cluster of viperin is important for the
activation of TRAF6. Left: Representative Coomassie-stained gel showing that viperin-AN50-
C83A has no significant effect on the rate of ubiquitin ligation of TRAF6. Right: Comparison of
the initial rates of ubiquitin ligation catalyzed by TRAF6-N in the presence and absence of viperin-
ANS50-C83A (apo-viperin). The viperin-AN50-C83A mutation removes one of the sulfur ligands
to the [4Fe4S] cluster, resulting in @PO-ENZYME. .......ccoviieiieiiiie e 33

Figure 2.7: Comparison of the initial rates of ubiquitin ligation catalyzed by TRAF6-N in the
presence and absence of viperin-AN50. The presence of viperin results in a ~2.5-fold increase in
the rate of ubiquitin ligation; average of 3 independent eXperiments............ccocevererenescnennnn. 34

Figure 2.8: Left: Time course for a typical ubiquitination reaction followed by monitoring the
disappearance of the band due to unreacted ubiquitin. Right: During the initial period of the
reaction, the rate of ubiquitin consumption is linear with TRAF6-N concentration. ................... 35

Figure 2.9: Immunoblot analysis of ubiquitination reactions. Top: Staining for ubiquitin (left) and
TRAF®6 (right) in reactions containing TRAF6-N. Bottom: Staining for ubiquitin (left) and viperin
(right) in reactions containing TRAF6-N and viperin. (Note: the polyclonal anti-ubiquitin antibody
used in staining recognizes mono-ubiquitin very poorly; both t = 0 and t = 20 min lanes contain
similar amounts Of UDIQUITIN). .....cc.oiiiiiiiii s 36

Figure 2.10: Comparison of initial rates of 5" dA formation in the presence and absence of TRAF6-
N. TRAF6 has no effect on the specific activity of VIPErin. ... 37

Figure 3.1: Overview of viperin’s involvement in TLR7/9 signaling pathways. ............cccceeueee. 45

Figure 3.2: Domain organizations of human IRAK1. ProST; proline, serine, threonine-rich linker
=T [0 RSOOSR 45

Figure 3.3: Schematic diagram of different IRAK1 constructs that were made using site directed
mutagenesis technique. A stop codon was added after each domain. ............cccccoevevieiiiiicieennn, 51

Figure 3.4: Expression of IRAK1 (1) and its truncated constructs — IRDD (2), IRDD+ProST (3),
and IRDD+ProST+KD (4) in HEK293T cells. Each construct has an N-terminal myc-tag was
analyzed by SDS-PAGE and immunoblot with anti-myc antibody. GAPDH was used as a loading
control and stained using anti-GAPDH antibody. ..........cccccoieiiiiiiic i 51

Figure 3.5: Co-Immunoprecipitation of IRAK1 and viperin in HEK293T cells. Viperin was used
a bait and IRAK1/IRDD were the prey proteins. Anti-viperin antibody was used to precipitate
viperin and its interacting partners from HEK lysates. Left: A panel of input lysates of viperin,
IRAK1, and IRDD each stained with their respective antibodies. Right: Elution panels showing
that IRAK1 and IRDD co-precipitates With VIPEIIN. .......cccuiiiiiiiiieieseseseeee s 52

Figure 3.6: Expression of MBP-IRDD. Left: Coomassie stained SDS-PAGE gel showing purified
MBP-IRDD. Ld: ladder (MW marker). Right: TEV cleavage of MBP-IRDD. Overnight incubation
with TEV protease resulted in precipitating cleaved IRDD. The TEV reaction sample was
centrifuged and supernatant and pellet samples were analyzed on 4-20% gel by SDS-PAGE. All

xii



of cleaved IRDD was in pellet. t0: sample when TEV was added, t16: after 16 h incubation with
TEV protease, S: supernatant sample, P: pellet sample.........ccoveiieiiie i 53

Figure 3.7: Left: Phyre model of IRDD based on PDB 3mop structure of ternary death domain
comple of MyD88, IRAK4 and IRAK2. Right: Sequence of IRDD showing initial Glycine and
Proline residues highlighted iN T, .........ooiiiii i 54

Figure 3.8: Co-transformation of MBP-IRDD and viperin-AN50. A: Coomassie stained gel of co-
purified MBP-IRDD and viperin-AN50 through MBP-Trap column. B: Immunoblotting of
purification samples with anti-viperin antibody to confirm elution of viperin in complex with
MBP-IRDD. C: Negative control — immunoblotting of purification samples of viperin-AN50 using
MBP-Trap column. No bands were detected in the elution samples confirming that viperin does
NOL DING 10 AMYIOSE FESIN. ..ot et e s te et e s e e s beeneeneesneeee s 56

Figure 4.1: Formation of nanodiscs; membrane scaffold protein is incubated with lipids and
membrane proteins for 2 hr. Detergent removal beads are then added and incubated for overnight.
Removal of detergent drives the formation of nanodisc. Figure created in BioRender.com........ 63

Figure 4.2: Schematic of purification of full-length viperin incorporated into nanodiscs. Viperin is
expressed in HEK293T cells and incubated with MSP1E3D1 and lipids (80:20, PC:PE). Amberlite
beads are added to remove detergent. Nickel purification is performed to isolated nanodiscs from
other cell lysate proteins. Finally, anti-FLAG purification is performed to obtain a homogenous
solution of viperin incorporated nanodiscs. Figure created in BioRender.com...........c.ccccccveneee. 69

Figure 4.3: Optimization of viperin nanodiscs assembled with purified MSP1E3D1. MSP:
MSP1E3D1, Lys: HEK293T cell lysate expressing viperin, Lys+Lipids: lysate incubated with
lipids, Lys+MSP: lysate incubated with nickel-purified MSP, Lys+Lipids+MSP*: Viperin
nanodiscs assembled with different MSP samples. 1: MSP purchased from Sigma Aldrich, 2:
nickel-purified MSP, 3: nickel and SEC purified MSP, 4 and 5: nickel and IEX purified MSP. The
samples were analyzed by SDS-PAGE and immunoblotted against anti-viperin antibody. ........ 70

Figure 4.4: Characterization of viperin nanodiscs. A: SDS-PAGE stained with silver stain showing
the purity of viperin nanodiscs. The final FLAG-purified protein shows two prominent bands, one
represents viperin, and the other for MSP1E3D1. The top-most band is the contamination band
comes from MSP1E3D1 solution. B: Viperin nanodiscs samples subjected to immunoblotting
stained anti-viperin to confirm the presence of viperin. C: Negative-stained TEM images showing
almost homogenous sample of VIPerin NANOTISCS.........cccveviiieiieieeie e 72

Xiii



Abstract

Viperin (Virus Inhibitory Protein; Endoplasmic Reticulum-associated, Interferon
iNducible) is an interferon-stimulated gene that is upregulated as a part of the innate immune
response to viral infection. It has been shown to restrict the replication of a broad range of human
viruses including influenza, hepatitis C, human immunodeficiency, Dengue, West Nile, Zika, and
tick-borne encephalitis viruses. However, the mechanism with which viperin restricts infection
varies dependent upon the type of virus. Viperin is a member of the radical S-adenosylmethionine
(SAM) enzyme superfamily, and recently was shown to catalyze the dehydration of cytidine
triphosphate (CTP) to form the antiviral nucleotide 3'-deoxy-3',4'-didehydro-CTP (ddhCTP)
through a SAM-dependent radical mechanism. ddhCTP acts as a chain terminating inhibitor of
viral genome replication of some, but not all, viral RNA-dependent RNA polymerases. These
recent findings are exciting but do not fully account for viperin’s antiviral activity against most
other viruses.

Viperin is also known to play a key role in the Toll-like receptor 7 and 9(TLR-7/9) immune
signaling pathways. It recruits signaling proteins to lipid bodies, and thereby facilitates the
downstream activation of numerous genes. However, evidence for activation of downstream genes
comes from studies conducted with proteins transiently expressed in mammalian cells, and the
interpretation of such data is complicated by the potential involvement of other cellular proteins.
Therefore, this study focuses on reconstituting viperin’s interactions with two enzymes involved

in TRL-7/9 signaling in vitro using purified proteins: TRAF6 (tumor necrosis factor receptor

Xiv



associated factor 6) and IRAK1 (interleukin receptor associated kinase 1). TRAF6 is an E3
ubiquitin ligase that catalyzes K63-linked polyubiquitination of a broad range of substrate proteins
which are involved in several signaling pathways including TLR7/9, NF-kB, and MAPK signaling
cascades. In addition, TRAF6 itself is auto-ubiquitinated to recruit downstream kinases into
signaling complexes.

Here, | describe the recombinant expression and purification of various domains of
TRAF6, the ‘death’ domain of IRAK1, and an N-terminal truncation of viperin (viperin-AN50)
from E. coli. This has allowed the interaction between viperin and TRAF6 to be directly
demonstrated. It also allowed the auto-ubiquitination activity of TRAF6 to be reconstituted in vitro
using purified enzymes. Using this system, viperin was shown to activate TRAF6 ubiquitin ligase
activity, which provides a biochemical mechanism to explain viperin’s role in potentiating innate
immune signaling.

The interaction of viperin with IRAK1 has also been studied. IRAKL is a serine/threonine
kinase that is involved in TLR7/9 pathways. Viperin is predicted to facilitate the ubiquitination of
IRAK1 by TRAF6 to activate the production of type | interferons. Using truncated IRAK1
constructs, transiently expressed in HEK293T cells, the interactions of IRAK1 with viperin was
localized to the ‘death’ domain of IRAK1. Unfortunately, attempts to express and purify this
IRAK1 domain in its soluble form in E. coli to facilitate in vitro studies proved unsuccessful.

Lastly, I developed a method to purify the full-length, membrane associated form of viperin
using lipid nanodiscs to maintain a membrane-like environment. These experiments represent the
first time that full-length viperin has been purified in its active form. This work thus provides a
new platform to facilitate structural studies on full-length viperin and study its interaction with

other membrane-associated proteins that may contribute to its antiviral activity.
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Chapter 1 Introduction

1.1 Radical SAM Enzymes

Members of radical S-adenosylmethionine (SAM) enzyme superfamily use SAM as a co-
substrate to generate reactive organic radicals.! This superfamily is characterized by a conserved
tri-cysteine motif (CXXXCXXC) that coordinates a [4Fe-4S] cluster and SAM through the unique
unligated Fe.?2 The hallmark of radical SAM enzymes is their ability to reductively cleave SAM
to produce a highly reactive 5'-deoxyadenosyl radical (5’ dA+) and methionine. In the absence of
substrate, most radical SAM enzymes catalyze a slow uncoupled reaction where the 5’ dAs is
quenched by solvent and forms 5’ deoxyadenosine (5’ dA) as a byproduct® (Figure 1.1). The 5’ dAs
generated in the presence of a substrate abstracts a non-acidic hydrogen from the substrate in a
regio- and stereo- specific manner. In some cases, the substrate radical is the final product, for
example, pyruvate formate-lyase (PFL) activating enzyme (PFL-AE) which generate the glycyl
radical of PFL that is required for the formation of acetyl-CoA and formate from pyruvate and
coenzyme A.* In other cases, the substrate radical undergoes simple transformations such as
isomerization of lysine catalyzed by lysine 2,3-aminomutase (LAM)® or complex transformations
such as 3'.8-cyclization of guanosine triphosphate (GTP) into 3',8-cyclo-7,8-dihydro-GTP
catalyzed by Molybdenum cofactor biosynthesis enzyme A (MoaA).® Recently, the Broderick and
Hoffman groups captured and characterized 5’ dA« by electron paramagnetic resonance (EPR) and

electron nuclear double resonance (ENDOR) spectroscopies.’
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Figure 1.1: General reaction of radical SAM enzymes. This figure is reproduced from Biochemistry 2020, 59 (6), 780-
789.

Radical SAM enzymes are found across the phylogenetic kingdoms and catalyze a wide
range of reactions on a diverse group of substrates. This superfamily which was first identified in
2001 with only 600 members has now grown exponentially and currently contains over 600,000
members.® Over 70 different biochemical reactions that are known to use 5’ dA« involve synthesis
of many cofactors and vitamins®, proteins and RNA modifications'® 1!, and DNA synthesis and
repair'? 13, Several members of this superfamily are well studied including PFL-AE!* % and
anaerobic ribonucleotide reductase (aRNR)'® (radical transfer), LAM® (isomerization), Biotin
Synthase (BioB)!" 18 (Sulfur atom insertion), MoaA® ° (cyclization), RimO (thiomethyl insertion),
spore photoproduct lyase (SPL)*® and tyrosine lyase®® (C-C bond cleavage), and anaerobic

sulfatase maturating enzyme (anSME)?! (oxidation) (Figure 1.2).%
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Figure 1.2: Summary of selected reactions catalyzed by radical SAM enzymes. This figure is reproduced from Nature
Catalysis 2020, 3 (4), 337-350.

1.2 Viperin — a radical SAM enzyme

The [4Fe-4S] cluster in most radical SAM enzymes is oxygen-sensitive and must be
worked anaerobically. Radical SAM enzymes are usually involved in bacterial metabolism,
therefore, their presence in humans was unexpected and raises questions regarding their functions
and importance. There are eight radical SAM enzymes present in humans that take part in multiple
metabolism pathways. These include MOCS1, molybdenum cofactor biosynthesis; LIAS, lipoic
acid biosynthesis; CDK5RAP1, 2-methylthio-N6-isopentenyladenosine biosynthesis; CDKALI,
methylthio-N6-threonylcarbamoyladenosine biosynthesis; TYWZ1, wybutosine biosynthesis;
ELP3, 5-methoxycarbonylmethyl uridine; viperin, an antiviral enzyme, and radical S-

adenosylmethionine domain containing protein 1 (RSAD1) of unknown function.®



Viperin (virus inhibitory protein; endoplasmic reticulum associated, interferon inducible)
is one of the interferon stimulated genes that has shown to restrict the replication of various human
viruses including human cytomegalovirus (h\CMV),?* influenza,® hepatitis C (HCV),2% 2" human
immunodeficiency (HIV),?® West Nile (WNV),?° Chikungunya,®® Dengue (DENV),?® 3 tick-borne
encephalitis (TBEV),3? %3 and Zika viruses (ZIKV).32 3 Ghosh and Marsh have recently reviewed
all the various types of viruses that have been shown to be restricted by viperin.® In addition to
type 1, I, and Il interferons, viperin can also be induced by double-stranded RNA (poly(I-C)),
double stranded DNA, and lipopolysaccharide (LPS).* Since its discovery in 2001,2* viperin has
been studied extensively, however catalyzing a novel antiviral nucleotide by which viperin exerts
its antiviral effects against some flaviviruses was only recently published after almost two decades
of its discovery.3 These findings are exciting but do not fully account for the antiviral activity of
viperin against other viruses (DNA, retro, alpha, and negative-strand RNA viruses). Also, the role
of viperin in activating several signaling pathways is poorly understood. Therefore, one of my
thesis goals is to establish viperin’s involvement in mammalian signaling pathway and more
broadly to gain molecular level insight into interaction of viperin with signaling proteins, tumor
necrosis factor (TNF) receptor associated factor 6 (TRAF6) and interleukin 1 receptor associated

kinase 1 (IRAK1).

1.3 Domains of viperin

Viperin is a 361-residue protein (in humans) (~42 kDa) that is highly conserved across all
animal species. Sequence similarity network and multiple sequence alignments have revealed that
viperin homologs are also found in bacteria and archea along with eukaryotes (Figure 1.3).3" 3
Viperin has been identified in several classes (fish,3® 4° birds,*" %2 reptiles,* and mammals?* 36 38)

of animal and fungi kingdom.®” % Based on sequence analysis, viperin is composed of three



distinct domains. The N-terminal domain has an amphipathic a-helix which is responsible for its
localization to the cytosolic face of the endoplasmic reticulum® and lipid droplets.® It is the least
conserved domain and shares homology to rat, mouse, and fish viperin. The central radical SAM
domain of viperin contains a conserved tri-cysteine (CXXXCXXC) motif and shares homology
with another radical SAM enzyme, MoaA.® In 2010, viperin was shown to bind a [4Fe-4S] cluster
and reductively cleave SAM and form 5’ dA and methionine, a characteristic feature of most
radical SAM enzymes.*" % The C-terminal domain of viperin contains a highly conserved region
and is important for the interaction with cytosolic Fe-S protein assembly factor, CIAO1.%® Studies
have demonstrated that truncations of N- and C- terminal domains of viperin and mutations of

conserved cysteine residues result in losing the antiviral activity against several viruses.25 283133
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Figure 1.3: Sequence similarity network of HsaViperin shows that viperin like sequences are present beyond
eukaryotes (magenta nodes). They are found in archea (green nodes) and bacteria (blue nodes). The three marked
nodes represent human viperin (HsaViperin), fungal viperin (TviViperin), and archeon viperin (MliViperin). Both
archeaon and bacterial viperin lack the N-terminal domain which is responsible to localize eukaryotic viperin to ER.
This figure is reproduced from Journal of Biological Chemistry 2020, 295 (33), 11513-11528. Original figure
published in Journal of Biological Chemistry 2018, 293 (36), 14122-14133.



1.4 Substrate of human viperin and its homologs

For a very long time, viperin was known to possess antiviral activity against a broad range
of viruses, however, the mode of action for exerting its antiviral effects was not known. Initially,
Wang et al. suggested that viperin inhibits the budding process of influenza virus by lowering the
activity of farnesyl diphosphate synthase (FPPS), a metabolic protein involved in the cholesterol
biosynthesis pathway.?® Enveloped viruses such as influenza virus use cholesterol-rich lipid rafts
to bud from the infected cells. By decreasing the activity of FPPS, viperin altered the fluidity of
plasma membrane hence blocked the budding process. However, the mechanism by which viperin
inhibits FPPS is not known. Additionally, Makins et al. observed no direct interaction between
viperin and FPPS, and suggested that viperin may not be directly involved in lowering FPPS
activity.*® Since then, a few studies have attempted to disclose the substrate of viperin.

Ebrahimi et al. reported that a nucleotide sugar, UDP-glucose, which is a precursor for
glycosylation to synthesize viral glycoproteins, is a substrate for fungal viperin. They
demonstrated that fungal viperin employs radical SAM chemistry to catalyze the addition of 5’
dA+ and a hydrogen atom from solvent onto UDP-glucose (Figure 1.4).%° It was speculated that
the product formed would serve as an inhibitor of glycosylation machinery which would lead to
the inhibition of viral glycoproteins expression or even perturb the formation of lipid rafts.
However, there is no data to show that UDP-glucose is a natural substrate of fungal viperin.
Chakravati et al. also observed another 5’ dA adduct of isopentenyl pyrophosphate (IPP),
adenylated isopentyl pyrophosphate (AIPP) when IPP was used as a substrate for another fungal
viperin (Figure 1.4). However, it has not been established whether IPP is a biological substrate of
viperin or if AIPP possess any antiviral activity. The addition of 5’ dA« to either UDP-glucose or

IPP could be an artifact of the enzyme in the absence of a true substrate. A similar off-path reaction



is catalyzed by a member of adenosylcobalamin (AdoCbl)- dependent enzymes class, glutamate
mutase, which also produces 5’ dAe. Using 5’ dA- glutamate mutase was shown to generate an
adenosine adduct of methyleneglutarate in the presence of 2-methyleneglutarate.>* Additionally,
Mikulecky et al. demonstrated that neither UDP-glucose nor IPP are substrates for human viperin
as they did not observe the 5’ dA adduct or detect any change in the levels of 5’ dA production in
the presence of UDP-glucose or IPP. Instead, they showed an increase in the amount of 5’ dA
production by a factor of 8 and 5 when GPP or FPP respectively were used as a substrate for human
viperin.>2 GPP and FPP are two terpenes in the mevalonate pathway for cholesterol biosynthesis,
and modifications of these compounds would potentially inhibit mevalonate pathway interfering
the replication process of hepatitis C virus, and block the budding of the influenza virus. However,
no modifications of these molecules were ever detected. The increase in 5’ dA amounts could be a

result of a stimulated uncoupled reaction.
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dA- to the carbonyl of IPP and form AIPP. This figure is reproduced from Journal of Biological Chemistry 2020, 295
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Finally, in 2018, Gizzi et al. showed that rat viperin catalyzes the conversion of cytidine
triphosphate (CTP) to form the antiviral nucleotide 3'-deoxy-3',4'-didehydro-CTP (ddhCTP)
through a SAM dependent radical mechanism. The ddhCTP acts as a chain terminator of viral
genome replication by some, but not all, viral RNA-dependent RNA polymerases from multiple
flaviviruses.®® Their proposed mechanism suggests that viperin uses 5’ dAs to abstract a hydrogen
atom from the C4' position of ribose moiety of CTP which allows for the loss of C3" hydroxyl
through general acid assistance. The resulting radical cation is then reduced by a single electron to
form ddhCTP (Figure 1.5). The source of the additional electron to reduce the radical cation and
form ddhCTP is unknown. Recently, Ebrahimi et al. showed that thermophilic fungal viperin
catalyzes the conversion of CTP, UTP, and 5-bromo-UTP into their respective 3'-deoxy-3',4'-
didehydro analogues. They also suggested that the electron needed to reduce the radical
intermediate and form the final dehydrated product may be immediately supplied by a conserved
tyrosine residue (Tyr252 in fungal viperin and Tyr302 in human viperin) in a proton-coupled

mechanism (Figure 1.5).%3
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Figure 1.5: Proposed mechanism of mammalian viperin. Viperin uses 2 electrons, one electron to abstract C4' H-atom
from CTP and the other electron to reduce a radical intermediate and form an antiviral compound ddhCTP. The source
of second electron has been suggested to come from a conserved tyrosine residue (Tyr252 in fungal viperin, Tyr302
in human viperin). This figure is reproduce from Journal of Biological Chemistry 2020, 295 (33), 11513-11528.

A recent study examined the role of prokaryotic homologs of viperin (pVips) in defense

against phages. The pVip that were identified were observed in the phylogenetically distant



organisms which suggested either an ancient evolutionary origin or frequent horizontal gene
transfer or both.>* Berheim et al. demonstrated that pVip were able to defend against T7, P1,
lambda, SECphi6, and SECphil8 phages. They also observed that a methanogenic archeon that is
localized closest to human viperin in the phylogenetic tree of viperin family also formed ddhCTP.
Additionally, other pVips formed either ddhGTP or ddhUTP or both.>* Table 1-1 lists the known

substrates of viperin and its homologs to date.

Species Nucleotide Substrate References
Human Homo Sapiens CTP 36
Mouse Mus musculus CTP, UTP %5
Rat Rattus norvegicus CTP 56
Fungus Thielvia terrestris UTP, CTP, 5-bromo-UTP | 3
Archea Methanofollis liminatans CTP 54
Prokaryote GTP, UTP, CTP o

Table 1-1: Viperin and its homologs along with their known biologically relevant nucleotide substrates.
1.5 Structural studies on viperin

The first crystal structure of N-terminally truncated viperin (from Mus musculus species
mouse homolog) was solved in 2017 and showed that viperin contains the partial (Ba)e-TIM barrel
fold typica of other radical SAM enzymes.® " The crystal structure also showed a partially
disordered C-terminal extension (aa 337-362) which forms a well-ordered nucleotide binding site
upon binding of CTP, a biological substrate of mammalian viperin. The C-terminal ordering
introduces another a-helix followed by a P-loop which interacts with the y-phosphate of CTP
(Figure 1.6).% The partial p-barrel of viperin contains the highly conserved tri-cysteine motif
(CXXXCXXC) which coordinates to three Fe3* of the [4Fe-4S] cluster. The fourth unique Fe is

well-positioned towards the center of the active site to coordinate SAM.
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Figure 1.6: Structural studies on Mus musculus viperin. Left: Crystal structure of mouse viperin without CTP. It shows
a disordered N-terminal (salmon), a partial (Ba)s TIM barrel (blue), and a partially disordered C-terminal (green —
structured, purple — disordered). Right: CTP bound crystal structure of mouse viperin. Binding of CTP orders the C-
terminal (purple) and introduces an a-helix, a P-loop which binds the y-phosphate of CTP, and 31o-helix turn. This
figure is reproduced from Biochemistry 2020, 59 (5), 652-662.

Viperin shares structural similarity with a number of radical SAM enzymes. Fenwick et al.
while examining the structural similarities between viperin and MoaA, a radical SAM enzyme that
catalyzes the conversion of GTP into 3’,8-cyclic-GTP during the first step of molybdenum cofactor
biosynthesis, hypothesized that the substrate of viperin is a triphosphate nucleotide. In particular,
MoaA and viperin both share remarkable similarity in the second B-strand and the following SAM-
binding motif, with six active residues (Lys120, Lys220, Lys247, Ser124, Asn222, and Phe249 for
viperin) occupying the same locations in the active sites which led them to the hypothesis.*® When
the substrate of viperin was finally discovered,® another crystal structure of M. musculus viperin
was solved with CTP bound.> It confirmed the hypothesis and demonstrated that the five of the
triphosphate binding sites residues of viperin occupy the same barrel sites that are used by MoaA
to bind GTP (Figure 1.7).%° The crystal structure of mouse viperin also showed that when CTP is

bound, it is oriented in a way that the C4’ atom of ribose moiety of CTP is only 2.8 A away from
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C5"atom of SAM positioning it for H-atom abstraction by 5’ dAe generated by viperin. This active

site layout agrees with the mechanism suggested by Gizzi et al. (Figure 1.7).3%%

Figure 1.7: Left: Comparison of stereoview of triphosphate binding sites of MoaA (gold) to GTP (shown in sticks and
balls — yellow) and viperin (blue) bound to CTP (shown in sticks and balls — orange). Five of the eight residues of
MoaA that bind to GTP occupy the same barrel location as viperin. Right: Crystal structure of mouse viperin bound
to CTP. The way CTP is oriented, C4 atom is only 2.8 A away from the C5 atom of SAM making it suitable to abstract
from 5’ dA« generated by viperin. This figure is reproduced from Biochemistry 2020, 59 (5), 652-662.

Whereas these recent findings are exciting and provide an explanation of how viperin plays
a role in inhibiting the replication of some viruses, they do not fully account for the antiviral
activity of viperin against other viruses. Thus, there is a large gap in our understanding of how
viperin regulates signaling pathways in mammalian cells. Therefore, my research has focused on
elucidating the mechanism of viperin’s interaction with cellular target proteins, which has
produced findings relevant to the fields of enzymology and immunology, and to the advancement

of broad-coverage antiviral drug discovery.

1.6 Interaction of viperin with other proteins

Viperin is known to interact with various cellular and viral proteins. The interacting

partners of viperin are involved in different metabolic and signaling pathways. The structural and
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non-structural viral proteins also make up a part of the viperin interactome. This extensive network
of protein-protein interactions makes up an important aspect of viperin’s antiviral activity. Recent
reviews have provided detailed overview of several proteins that viperin interacts with to exert its
antiviral activity.® ** In this chapter, 1 will cover the recent advances that highlight newly

discovered viperin interacting protein partners.

1.6.1 Regulation of cholesterol biosynthetic enzymes

Viperin is known to down-regulate metabolic pathways that are essential for viral
replication. For example, it has been shown to significantly lower cholesterol levels when
transiently expressed in mammalian cells (Figure 1.8).% Recently, a proteomic screen of the
viperin interactome identified several cholesterol biosynthetic enzymes among the top hits,
including squalene monooxygenase (SM) and lanosterol synthase (LS). These enzymes catalyze
key steps in establishing the sterol carbon skeleton. Through co-immunoprecipitation experiments,
it was observed that viperin forms a ternary complex with SM and LS.%® Additionally, it was
discovered that although viperin has no significant effect on the specific activity of SM, it inhibits
the formation of lanosterol by LS by 60% when co-expressed. Interestingly, LS also significantly
inhibited the synthesis of ddhCTP catalyzed by viperin (Figure 1.8).% LS and viperin appear to
share an antagonistic relationship where both enzymes inhibit each other. Inhibiting enzymes that
are involved in cholesterol biosynthetic pathway would provide a potential explanation of how
viperin inhibits the replication of enveloped viruses by perturbing the formation of these lipid rafts

which stalls the budding process.
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Figure 1.8: Viperin downregulate the cholesterol biosynthetic enzymes. A: Viperin reduces the levels of cholesterol
by 20-30% when transiently expressed in HEK293T cells. B: Viperin has no significant effect on the specific activity
of SM. C: Viperin inhibits LS by 60% when co-expressed with or without SM. D: LS also inhibits viperin’s activity
to produce ddhCTP. The effect is even more significant when both SM and LS are co-expressed with viperin. This
figure was reproduced from Journal of Biological Chemistry 2021, 297 (1), 100824.

1.6.2 Role of viperin in degradation of viral proteins

One way viperin has been shown to exert antiviral effects is through the degradation of
cellular and viral proteins required for viral replication. It was shown to interact with several viral
proteins including structural, non-structural (NS), and envelope proteins of TBEV,* NS3 of
ZIKV,*2 non-structural protein 5A (NS5A) of HCV,?" % and capsid and NS3 of DENV-2.3%
Recently, it was demonstrated that interaction of viperin with NS5A and host sterol regulatory

protein, vesicle-associated membrane protein A (VAP-33) was dependent on their localization to
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ER. It was also observed that viperin significantly reduces the cellular levels of NS5A, most likely
through increasing the rate of proteaosomal degradation (Figure 1.9).%° Other studies have also
shown that viperin recruits the protein ubiquitination machinery and facilitates the degradation of
target proteins, NS3 of TBEV and ZIKV through proteasome.®? However, the mechanism by

which viperin activates the ubiquitination machinery is not known.
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Figure 1.9: Viperin promotes the degradation of NS5A through proteasomal degradation pathway. Left: Viperin
reduces the cellular expression of NS5A potentially by increasing the rate of degradation through proteasome. Right:
HEK?293T cells were transfected with labelled proteins. 6-hr post transfection, cells were treated with MG132,
proteasome inhibitor or DMSO as control. NS5A levels were monitored via western blotting 30-hr post transfection.
MG132 restores NS5A levels that were affected by viperin co-expression. This figure is reproduced from Biochemistry
2020, 59 (6), 780-789.

1.6.3 Role of viperin in innate immune signaling pathways

In the first line of host defense against many pathogens, innate immunity is activated
through pattern-recognition receptors (PRRS), which detect viral genetic material. This activation
culminates in the upregulation of several signaling pathways including NF-kB and MAPK
pathways. The involvement of viperin in certain PRR-mediated immune response pathways was
initially reported in 2011.5* It was shown that viperin was induced through the activation of

interferon regulator factor 3 (IRF3) and IRF7 associated with the Toll-like receptor 7 (TLR7) and
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TLR9 pathways. The specific role of viperin was hypothesized to be recruiting signaling proteins
to lipid droplets and facilitating the K63-linked ubiquitination of IRAK1 through TRAF6. K63-
linked ubiquitination activates IRAKL1 to phosphorylate IRF7, leading to nuclear translocation of
IRF7 and activate the production of type | interferon genes.®! Recently, it was shown that in
mammalian cells, viperin enhances the polyubiquitination of IRAK1 when co-expressed with
TRAF6. Additionally, IRAKI1 in complex with TRAF6 appeared to activate viperin’s ability to
synthesize ddhCTP by 20-folds.®> These studies are exciting but do not account for the
involvement of numerous other mammalian proteins.

In this study, I have focused on establishing viperin’s interaction with signaling proteins,
TRAF6 and IRAK1 in vitro. TRAF6 is an E3 ligase which plays an important role in multiple
cellular signaling pathways. It catalyzes the production of K63-linked poly-ubiquitin chains
involved in signal transduction pathways including NF-kB pathway and MAPK signaling
cascade.®® 5 IRAK1 is a serine/threonine protein kinase which interacts with the upstream and
downstream signaling proteins to activate the innate immune response.®® Purifying these
recombinant human proteins from E. coli was extremely challenging and required a great deal of
time and effort. Ultimately, | successfully optimized the expression and purification conditions,
and was able to purify multiple TRAF6 and IRAK1 constructs as well as an N-terminally truncated
viperin (viperin-AN50) construct. With the purified proteins, | reconstituted the ubiquitination
system in vitro in a controlled, well-defined biochemical system to definitively establish the role

of viperin in ubiquitination signaling cascade (discussed in chapter 2).
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Chapter 2 Probing the Interaction of Viperin with TRAF6 and its Effect on the
Ubiquitination Activity of TRAF6?

2.1 Introduction

Viperin (Virus Inhibitory Protein, Endoplasmic Reticulum-associated, Interferon
iNducible) also denoted as cig5 and RSAD2 in humans,! is strongly induced by type I interferons
as part of the innate immune response to viral infection.?* Viperin is a member of the radical SAM
enzyme superfamily and appears to be conserved in all six kingdoms of life,>” hinting at its ancient
and ubiquitous role in combatting viral infection. Notably, viperin is one of the very few radical
SAM enzymes found in higher animals.® Viperin catalyzes the dehydration of CTP to form the
antiviral nucleotide 3'-deoxy-3',4’-didehydro-CTP (ddhCTP; Figure 2.1)° through a radical
mechanism initiated by reductive cleavage of SAM.” ¥ The antiviral properties of this nucleotide
against RNA viruses derive from its ability to act as a chain-terminating inhibitor of some, but not
all, viral RNA-dependent RNA polymerases.®

In addition to synthesizing ddhCTP, viperin interacts with a wide range of cellular and viral
proteins.!1® This extensive network of protein-protein interactions remains poorly understood,

but constitutes an equally important aspect of the enzyme’s antiviral properties. In many cases, it

1 The work presented in Chapter 2 is adapted from
Patel, A. M. and Marsh, E. N. G. The antiviral enzyme, viperin, activates protein ubiquitination

by the E3 ubiquitin ligase, TRAF6. Journal of the American Chemical Society 2021, 143 (13),
4910-4914.
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appears that viperin exerts its antiviral effects by facilitating the degradation of cellular and viral
proteins important for viral replication.!* A prevailing view is that viperin recruits the protein
ubiquitination machinery to target proteins for proteasomal degradation (Figure 2.1).1% 16
However, the evidence for viperin promoting protein ubiquitination is indirect and is based largely
on studies using proteins transfected in mammalian cell lines.!* %6 Thus, it remains uncertain which
components of the ubiquitination system viperin interacts with, or whether other proteins may be
required for viperin to engage the ubiquitination system. Therefore to better understand viperin’s
role in promoting protein ubiquitination, we have examined viperin’s interaction with the E3

ubiquitin ligase, TRAF6.17:18
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Figure 2.1: Overview of viperin’s interactions with the protein ubiquitination machinery and the E3-ligase, TRAF®6.

The ubiquitination machinery comprises three enzymes:'® E1 is responsible for the ATP-
dependent activation of ubiquitin and transferring it as its C-terminal thioester to various ubiquitin
conjugating enzymes (E2). E2 enzymes interact with ~700 of E3 ubiquitin ligases, that recognize

different protein targets for ubiquitination.?® Polyubiquitin chains may be constructed through



isopeptide bonds to various ubiquitin lysine residues. Lys48-linked polyubiquitination marks
proteins for degradation by the 26S proteasome,® 2! whereas Lys63-linked polyubiquitination is
important in activating various components of signal transduction pathways that trigger the
immune response.?? E3 ligases, in particular, are highly regulated and may be activated or inhibited
by a wide range of post-translational modifications and interactions with other proteins.z

TRAF6 (tumor necrosis factor receptor-associated factor 6) is a member of the RING
domain-containing E3 ligases.?* TRAF6 functions with the heterodimeric Ubc13/UevlA E2-
conjugating enzyme to synthesize K63-linked ubiquitin chains. TRAF6-mediated protein
ubiquitination is central to several important signal transduction pathways,?: % including
activation of the NF-«B pathway and the MAPK signaling cascade. These pathways regulate such
diverse biological processes such as cell growth, oncogenesis, and immune and inflammatory
responses.?® TRAF6 substrates include interleukin-1 receptor-associated kinases (IRAKs) and NF-
kB essential modulator (NEMO).'* 26 But TRAF6 also undergoes auto-ubiquitination specifically
on Lys124?" and these polyubiquitinated forms serve to recruit and assemble downstream kinases
and associated factors into signaling complexes that ultimately activate NF-xB and MAPK
pathways.? 2

Recently, viperin was shown in cellullo to interact with TRAF6 to promote K63-linked
polyubiquitination of interleukin receptor-associated kinase 1 (IRAK1) as part of innate immune
signaling in the toll-like receptor-7 and 9 (TLR-7/9) pathways.* ?° The viperin-TRAF6 interaction
provides a unique opportunity to test whether viperin functions as an activator of protein
ubiquitination in a well-defined biochemical system. We have reconstituted the TRAF6 auto-

ubiquitination system in vitro using purified enzymes. This work has allowed us to demonstrate
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that viperin does indeed activate the E3 ligase activity of TRAF®6, leading to a significant increase

in the amount of polyubiquitinated TRAF6 species formed.

2.2 Materials and Methods

2.2.1 Plasmids, reagents, and antibodies

The human TRAF6-N (aa 50-211) construct in pET21c was a kind gift from Prof. Hao Wu
(Harvard University). Ubcl3 and UevlA constructs in pGEX6P3 were a kind gift of Prof.
Catherine Day (University of Otago, New Zealand). The truncated human viperin-AN50 (aa 51-
361) was cloned into pRSF-duet vector with an N-terminal His tag. The human E1 enzyme (E-
304-050) was purchased from R&D systems. Ubiquitin was purchased from Sigma Aldrich. Pierce
protein A/G plus agarose resin and control agarose resin (Pierce classic IP kit 26146) were
purchased from Thermo-Fisher Scientific. S-(5'-Adenosyl)-L-methionine p-toluenesulfonate salt
and cytidine 5'-triphosphate disodium salt hydrate were purchased from Sigma Aldrich. The rabbit
polyclonal viperin antibody (11833-1-AP), rabbit polyclonal ubiquitin antibody (10201-2-AP)
both were obtained from ProteinTech. The rabbit polyclonal TRAF6 antibody (sc-7221) was
obtained from Santa Cruz Biotechnology. Goat anti-rabbit (170-6515)) Ig secondary antibody was

purchased from BioRad.

2.2.2 Expression and purification of viperin-AN50

Cloning — The truncated human viperin-AN50 (aa 51-361) was cloned into the pRSF-duet vector
with an N-terminal His tag in multiple cloning site-1 (MCS-1) between Ncol and Hindlll
restriction sites (upstream protein). A truncated version of the IRAK1 gene, IRDD+STRD with an

N-terminal His tag in MCS-2 between Ndel and Xhol restriction sites (downstream protein). This
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construct gave good expression of viperin-AN50 but failed to express IRDD+STRD. Moving
forward, we used this construct to purify viperin-AN50 unless otherwise stated.

Expression — Viperin-AN50 was transformed into E. coli BL21 (DE3) using standard methods.
Luria Broth (LB) was used for seed culture with 50 mg/L Kanamycin, a single colony picked from
freshly transformed plate and grown at 37 °C overnight. Growth cultures were inoculated with 15
mL/L seed culture, 50 mg/L kanamycin and grown in 2XYT media at 37 °C until ODsoo reached
~0.6. The cultures were briefly equilibrated to 18 °C before adding 0.2 mM Na,S.9H,0. After 30
min, 0.2 mM FeCls was added, and cells were induced with 0.1 mM IPTG. The cultures were
grown at 18 °C overnight. Next day, cells were harvested by centrifugation at 5,000 rpm for 20
min at 4 °C. The cell pellet was stored at -80 °C.

Purification — All purification steps were performed in an anaerobic environment (Coy chamber)
using degassed buffers. The cells were thawed, resuspended, and lysed in lysis buffer (50 mM
HEPES pH 8.0, 300 mM NaCl, 10 mM imidazole, protease inhibitor cocktail tablet, 5 mM DTT,
0.01% Triton X-100) through sonication for 5 min (10 s ON, 20 s OFF, amp = 8). The lysate was
cleared through centrifugation at 18,000 rpm for 1 hr at 4 °C outside the Coy chamber. The tubes
containing lysate were taken inside the Coy chamber before decanting. The lysate was then loaded
onto a5 mL prepacked His-Trap column slowly (~0.5 mL/min) using peristaltic pump. The column
was washed with buffer A (50 mM HEPES pH 8.0, 300 mM NacCl, 10 mM imidazole) on the FPLC
until no further protein eluted. The column was then washed with 90% buffer A and 10% buffer
B (50 mM Tris-HCI pH 8.0, 300 mM NaCl, 500 mM imidazole, and 10% glycerol) to eliminate
impurities. The protein was eluted with a linear gradient of 10 — 100% buffer B over 60 min at 1
mL/min. Fractions containing viperin-AN50 were pooled, concentrated, and buffer exchanged into

storage buffer (50 mM HEPES pH 8.0, 150 mM NaCl, and 10 % glycerol).
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Reconstitution — The concentrated viperin-AN50 was incubated with 5 mM DTT on cold beads for
20 min. FeCls and NaS were added slowly in multiple additions with 10 min incubation in
between each addition (6-10 molar excess or until protein sample turns very dark brown). It is
important to use FeCls as the Fe source to reconstitute human viperin. The protein crashes when
Fe(NHa)2(SO0a4)2 is used. After the [4Fe-4S] cluster of viperin was reconstituted, the protein sample
was buffer exchanged using PD-10 desalting column to remove free Fe**, S%, and inorganic Fe-S
clusters. The reconstituted viperin-AN50 was concentrated, aliquoted, flash frozen in liquid

nitrogen, and stored at -80 °C.

2.2.3 Expression and purification of TRAF6-N

Expression - Human TRAF6-N8 containing a C-terminal His tag was expressed in E. coli BL21
(DEJ). Cultures were grown to ODeoo 0.6-0.8 before cold shocking the cells in ice bath for 30 min.
The protein was induced with 0.5 mM IPTG and 0.1 mM ZnCl; and incubated at 20 °C overnight.
Purification - Cells were lysed by sonication in buffer A (50 mM Tris-HCI pH 8.0, 300 mM NacCl,
10 mM imidazole and 10% glycerol) with protease inhibitor cocktail and clarified by
centrifugation at 18,000 rpm for 1 h at 4 °C. The cleared lysate was loaded onto the HisTrap
prepacked column. The column was washed with buffer A (10 mM imidazole) until no further
protein eluted. The column was then washed with 90% buffer A and 10% buffer B (50 mM Tris-
HCI pH 8.0, 300 mM NaCl, 500 mM imidazole and 10% glycerol) followed by washing with 80%
buffer A and 20% buffer B. Finally, the protein was eluted with 60% buffer A and 40% buffer B
(200 mM imidazole). The fractions containing TRAF6-N were pooled, concentrated, and further
purified by size-exclusion chromatography. The concentrated protein was loaded on to Superdex
200 16/120 column equilibrated in 50 mM Tris-HCI pH 8.0, 150 mM NacCl, and 10% glycerol.

Fractions containing TRAF6-N were pooled, concentrated and stored at —80 °C.
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2.2.4 Expression and purification of Ubc13 and UevlA

Cloning — Both Ubc13 and Uev1A constructs were cloned in pGEX6P3 vector.*

Expression — Both human Ubc13 and Uev1A containing an N-terminal GST tag were expressed
in E. coli BL21 (DE3). Cultures were grown to ODeoo 0.6-0.8 before equilibrating cultures at 18
°C for 30 min. The protein was induced with 0.2 mM IPTG and incubated at 18 °C overnight.
Purification — Cells were lysed by sonication in buffer A (20 mM Tris-HCI pH 7.5, 150 mM NacCl)
with protease inhibitor cocktail and clarified by centrifugation at 18,000 rpm for 40 min at 4 °C.
The cleared lysate was incubated with loose GST resin (~2 mL) for 1 h at 4 °C with end-to-end
mixing. The resin was washed thoroughly with excess buffer A twice. Finally, the protein was
eluted by incubating resin with 2 column volumes buffer B (20 mM Tris-HCI pH 7.5, 150 mM
NaCl, and 10 mM reduced-glutathione) twice for 10 min before collecting. The elution fractions
were pooled, concentrated, and buffer exchanged into buffer A for GST tag cleavage.

GST tag cleavage — In pGEX6P3 vector, there is a 3C protease cleavage site between GST and
protein. The concentrated protein was incubated with 3C protease at 4 °C for overnight without
agitation. After 12 h, >98 % cleavage was observed. The sample was then filtered and loaded on
to Superdex 200 16/120 column equilibrated in 20 mM Tris-HCI pH 7.5, 150 mM NacCl. Fractions
containing cleaved Ubc13 were pooled, concentrated, flash frozen in liquid Nitrogen, and stored

in -80 °C.
2.2.5 Preparation of reagents for anaerobic experiments

All buffers and stock solutions used in experiments were thoroughly degassed before introducing
them into the anaerobic chamber. The buffer solutions were allowed to equilibrate in open bottles
for at least 24 h before use to allow residual oxygen to diffuse from the solution. Sensitive reagents

such as ATP and protein solutions were introduced into the anaerobic chamber as concentrated
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stock solutions in small volumes in Eppendorf tubes. These were allowed to equilibrate uncapped
for several minutes in the anaerobic chamber to allow oxygen to diffuse from the solution and used
at dilutions of 50 — 100-fold so that the concentration of oxygen introduced into enzymes assays

was minimized.

2.2.6 Co-immunoprecipitation of viperin and TRAF6-N

In an anaerobic environment (Coy anaerobic chamber), 1 uM viperin-AN50 and or 1 uM TRAF6-
N were mixed in a buffer containing 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 5 mM DTT, and
10% glycerol and incubated at 4 °C for 1 h. Then, 0.5 pg of anti-viperin antibody was added to
each reaction and incubated at 4 °C for an additional 1 h. Next, 10 uL of protein A/G Agarose
beads (20 uL slurry) equilibrated in the same buffer, were added and the mixture was then
incubated with end-to-end mixing outside the Coy chamber in 4 °C for 1 h. The beads were washed
three times with excess buffer before incubating with 2X SDS loading buffer containing 5% 2-
mercaptoethanol. The mixture was then agitated for 20 min, and heated at 95 °C for 10 min, and
the beads removed by centrifugation. The proteins were analyzed by SDS-PAGE (4 — 20 %

gradient gels) and immunoblotted with appropriate antibodies using standard protocols.

2.2.7 Ubiquitination assay

All assays containing viperin-ANS0 were conducted inside a Coy anaerobic chamber. For
ubiquitination assays, 0.1 uM E1, 2 uM Ubcl3, 2 uM UevlA, 2 uM TRAF6-N, and/or 2 uM
viperin-AN50 were mixed in a buffer containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM
DTT, 2 mM ATP, and 5 mM MgCl, and incubated at 37 °C. Reactions were initiated by the
addition of 35 uM ubiquitin, and at various times, aliquots of the assay mixture were removed and

quenched by adding equal volumes of 2X SDS loading buffer containing 2-mercaptoethanol.
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Proteins were analyzed by SDS-PAGE on 4-20 % gels. Gels were stained with Coomassie brilliant
blue and ubiquitin bands quantified with reference to known standards. To examine which bands
represented ubiquitinated forms of TRAF6, samples were analyzed using by SDS-PAGE on 4-
20% gels that were then subjected to immunoblot analysis using standard techniques with

antibodies to ubiquitin, viperin or the N-terminal domain of TRAF®6.

2.2.8 In vitro assay for 5' dA formation

All assays were conducted inside a Coy anaerobic chamber. For radical SAM assays, 5 UM viperin-
AN50 and/or 5 uM TRAF6-N, 300 uM CTP were mixed in a buffer containing 50 mM HEPES
pH 8.0, 150 mM NaCl, 5mM DTT, and 0.1 mM L-Trp. 5 mM dithionite was added to the reaction
mix and incubated at 37 °C for 5 min. Reactions were initiated by the addition of 200 uM SAM,
and at various times, aliquots of the assay mixture were removed and quenched by adding equal
volumes of 50 mM H>SO4. The reaction mixtures were taken out of the Coy chamber and
centrifuged at 14,000 rpm for 15 min to remove precipitated enzymes before loading on to a Vydac
201TP 10 pm C18 column (250 x 4.6 mm, 10 um particle size). Buffer A containes 0.01% TFA
in DI water, and buffer B contained 0.01% TFA in acetonitrile. The flow rate was 1.0 mL/min,

and the following gradient was applied: 0-5% B over 5 min, 5% B from 5.0 to 5.3 min, 5-75% B
from 5.3-25.3 min, 75% B from 25.3-26.3 min, 75-100% B from 26.3—27 min, 100% B from 27
=32 min. The internal standard peak (L-tryptophan) was observed at ~13.25 min, and the 5’

deoxyadenosine (5’ dA) peak was observed at ~10.10 min. The peaks were integrated using LC-

Solution software.
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2.3 Results

2.3.1 Truncated viperin-AN50 and TRAF6-N interact with each other

Full-length TRAFG6 is a multidomain protein that forms large oligomers in the cell and has
proven refractory to expression in E. coli. Therefore, to reconstitute the ubiquitination system in
vitro we used a truncated TRAF6 construct comprising the RING and first 3 zinc-finger domains*®
(designated TRAF6-N), which was previously shown to be functional and can be expressed and
purified from E. coli.*® A human viperin construct lacking the first 50 residues of the ER-localizing
N-terminal amphipathic helix, designated viperin-AN50, was expressed and purified from E. coli
and the [4Fe-4S] cluster reconstituted as described above. Preliminary pull-down experiments
established that the truncated viperin-AN50 and TRAF6-N proteins form a stable complex with

each other (Figure 2.2).
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Figure 2.2: Co-immunoprecipitation of TRAF6-N by viperin-AN50. Pull-down assays were performed as described
above. Purified viperin-AN50 and TRAF6-N were incubated together and anti-viperin antibody used to precipitate the
complex. Pulled-down proteins were analyzed by immunoblotting and visualized by immunostaining with antibodies
to the His-tags present on both proteins.

2.3.2 Viperin activates the rate of TRAF6-N catalyzed polyubiquitin chains

TRAF6 functions with the heterodimeric E2 ubiquitin-conjugating enzyme,

Ubc13/Uev1A; this enzyme was expressed and purified from E. coli as described above.*® The
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complete ubiquitination system was then reconstituted using commercially obtained E1 and
ubiquitin. A typical assay comprised 0.1 pM E1, 2 uM Ubcl13, 2 uM Uev1A, 2 uM TRAF6-N,
and 2 uM viperin-AN50 in 20 mM Tris-HCI buffer pH 7.5, 150 mM NaCl, 2 mM DTT, 2 mM
ATP, and 5 mM MgCl,. Reactions were initiated by the addition of ubiquitin, 35 pM, and
incubated at 37°C. At various times, aliquots were removed and quenched by addition of SDS-
PAGE loading buffer; samples were then analyzed by SDS-PAGE.

Initially we examined the activity of TRAF6-N in the absence of viperin, with a typical
experiment shown in Figure 2.3. Under these conditions, the formation of di-ubiquitin was clearly
visible after 4 min and tri-ubiquitin visible as a faint band after 8 min. At longer times, the

formation of polyubiquitin is evident as a faint smear of higher molecular weight material.
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Figure 2.3: Kinetics of ubiquitin ligation catalyzed by TRAF6-N. Left: Representative Coomassie-stained gel showing
consumption of ubiquitin and formation of ubiquitin oligomers. Right: Quantification of mono-, di- and tri-ubiquitin;
after 20 min only a small fraction of the ubiquitin is converted to larger oligomers.

Quantification of the bands due to mono-, di- and tri-ubiquitin by imaging of Coomassie
stained gels (Figure 2.3) allowed the consumption of ubiquitin ligation to be quantified and the
amount of ubiquitin incorporated into high molecular weight oligomers to be estimated. For the
first 10 min of the reaction, the concentrations of di- and tri-ubiquitin increased and then plateaued.

In contrast, the concentration of mono-ubiquitin steadily decreased as more ubiquitin was
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incorporated into high molecular weight oligomers. After 20 min, ~ 80 % of the ubiquitin was
accounted for by mono-, di- and tri-ubiquitin, with only ~ 20 % converted to high molecular weight
oligomers.

We then repeated the reaction with the addition of viperin-AN50 in a 1:1 ratio with TRAF6-
N (2 uM of each enzyme). The addition of viperin markedly altered the kinetics of ubiquitination
(Figure 2.4). In this case, there was an initial rapid increase in the amount of di-ubiquitin formed,
which then decayed to a steady state level. Notably, ubiquitin was converted to high molecular
weight species much more rapidly when viperin was bound to TRAF6-N. High molecular weight
ubiquitin oligomers accounted for ~ 70 %, of the ubiquitin pool while mono-, di- and tri-ubiquitin

comprised only ~ 30 %.
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Figure 2.4: Activation of TRAF6-N by viperin. Left: Representative Coomassie-stained gel showing consumption of
ubiquitin and formation of ubiquitin oligomers, note the smear of high M, species at longer times. Right: Quantification
of mono-, di- and tri-ubiquitin; these oligomers are rapidly depleted as they are converted to higher M, species.
(Experiments performed with 1:1 molar ratio of TRAF6-N to viperin).

Control experiments established that the background rate of ubiquitin ligation is negligible
in the absence of TRAF6-N (Figure 2.5). Control experiments also established that TRAF6-N
activation is specific to viperin, as proteins such as bovine serum albumin had no effect on TRAF6-

N activity (Figure 2.5). Furthermore, the [4Fe-4S] cluster of viperin appears to be important for
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TRAFG6 activation, as a viperin-AN50-C83A mutant that is unable to bind the Fe-S cluster did not
activate TRAF6-N (Figure 2.6). These results clearly demonstrate that viperin activates TRAF6-
N and promotes the formation of longer polyubiquitin chains that are considered to be important

mediators of signaling in the MAPK and NF-kB pathways.?> 2
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Figure 2.5: Control experiments to establish that viperin specifically activates TRAF6-N: Left: Ubiquitination system
reconstituted without TRAF6-N as the E3-ligase component; only a small amount of di-ubiquitin is formed after 30
min. Middle: Ubiquitination system reconstituted including TRAF6-N as the E3-ligase component; TRAF6-N
catalyzes the formation of ubiquitin oligomers. Right: Addition of bovine serum albumin as a control for non-specific
TRAF6-N activation (1:1 molar ratio with TRAF6-N) has no effect on the rate of TRAF6-N-catalyzed ubiquitin
ligation.
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Figure 2.6: Control experiments to establish that the Fe-S cluster of viperin is important for the activation of TRAF6.
Left: Representative Coomassie-stained gel showing that viperin-AN50-C83A has no significant effect on the rate of
ubiquitin ligation of TRAF6. Right: Comparison of the initial rates of ubiquitin ligation catalyzed by TRAF6-N in the
presence and absence of viperin-AN50-C83A (apo-viperin). The viperin-AN50-C83A mutation removes one of the
sulfur ligands to the [4Fe4S] cluster, resulting in apo-enzyme.
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Although the time course for ubiquitin ligation is complex, at early time points the major

reaction catalyzed by TRAF6-N is the formation of di-ubiquitin:
E2~Ub + Ub > Ub-Ub + E2

The ubiquitin-charged E2 functions as a substrate for TRAF6-N, which is then rapidly replenished
through the action of E1 so that the steady state concentration of E2~Ub remains constant. This
simplification allowed us to quantify the ubiquitin ligase activity of TRAF6-N and compare its
activity when complexed with viperin. Under these conditions, the apparent turnover number for
di-ubiquitin formation by TRAF6-N was Kapp = 0.47+0.06 min™, whereas in the presence of viperin

Kapp = 1.25+0.08 min representing a ~ 2.5-fold rate enhancement (Figure 2.7).
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Figure 2.7: Comparison of the initial rates of ubiquitin ligation catalyzed by TRAF6-N in the presence and absence
of viperin-AN50. The presence of viperin results in a ~2.5-fold increase in the rate of ubiquitin ligation; average of 3
independent experiments.

Preliminary experiments also established that the rate of ubiquitin consumption was linear

with TRAF6-N concentration (Figure 2.8).
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Figure 2.8: Left: Time course for a typical ubiquitination reaction followed by monitoring the disappearance of the
band due to unreacted ubiquitin. Right: During the initial period of the reaction, the rate of ubiquitin consumption is
linear with TRAF6-N concentration.

2.3.3 Viperin promotes TRAF6 auto-ubiquitination

TRAF®6 is known to auto-ubiquitinate Lys124,%” a process that is important for its role in
signal transduction.®® To examine whether viperin promotes TRAF6 auto-ubiquitination, we
probed gels with antibodies against ubiquitin and the N-terminal domain of TRAF6 (Figure 2.9).
Immunoblotting with an anti-ubiquitin antibody confirmed identity of the di- and tri-ubiquitin
bands and, as expected, strongly stained the high molecular weight material evident in Coomassie-
stained gels. The high molecular weight material also cross-reacted with anti-TRAF6 antibodies
demonstrating it represents auto-ubiquitinated forms of TRAF6-N. When probed with anti-viperin
antibodies, only the viperin band was cross-reactive. This result demonstrates that although viperin

promotes TRAF6 polyubiquitination, it is not itself a substrate for ubiquitination.
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Figure 2.9: Immunoblot analysis of ubiquitination reactions. Top: Staining for ubiquitin (left) and TRAF6 (right) in
reactions containing TRAF6-N. Bottom: Staining for ubiquitin (left) and viperin (right) in reactions containing
TRAF6-N and viperin. (Note: the polyclonal anti-ubiquitin antibody used in staining recognizes mono-ubiquitin very
poorly; both t = 0 and t = 20 min lanes contain similar amounts of ubiquitin).

2.3.4 TRAF6-N has no effect on viperin’s enzymatic activity

To examine the effect of TRAF6-N on the enzymatic activity of viperin, we examined the
reductive cleavage of SAM in vitro with purified proteins. Assay mixtures contained 5 uM viperin-
AN50, 5 mM DTT, 0.3 mM CTP, 0.1 mM L-tryptophan (internal standard) and/or 5 uM TRAF6-
N in 50 mM HEPES pH 8.0, 150 mM NacCl, and 10 % glycerol buffer and incubated at 37 °C for
5 min following the addition of 5 mM dithionite. Reaction was initiated by the addition of 0.3 mM
SAM at 37 °C. At various times, aliquots were removed and quenched with 50 mM H2SOa4. The

precipitated proteins were removed by centrifugation, and the supernatant was analyzed by HPLC.
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The specific activity of viperin-ANS50 to reductively cleave SAM and form 5’ dA is Kapp =
2.1 + 0.4 hl. Incubation with TRAF6-N in stoichiometric amounts did not change the rate of 5'
dA formation, Kapp = 2.4 + 0.2 h! (Figure 2.10). These results suggest that viperin and TRAF6 do
not share a synergistic relationship. Viperin activates TRAF6 but TRAF6-N elicits no change in
the specific activity of viperin, similar to previously reported observations.?’ We are using the
truncated version of TRAF6, and cannot rule out that TRAF-C domain may alter the activity of

viperin.
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Figure 2.10: Comparison of initial rates of 5" dA formation in the presence and absence of TRAF6-N. TRAF6 has no
effect on the specific activity of viperin.

2.4 Discussion

TRAF®6 is one of the better studied members of this class E3 ligases, in part due to the
important role it plays in NF-kB and MAPK signaling.?: 2 However, to our knowledge,
quantitative measurements of rate at which TRAF6 catalyzes ubiquitin transfer have not been
previously reported. The kinetics of ubiquitin transfer catalyzed by various other E3 ligases have
been quite extensively investigated, with kcat ranging from several per second, e.g. the RING-E3
ligase SCFC94 3! and HECT-E3 ligase E6AP®?, to several per minute, e.g. the RING-E3 ligase

San1.33 Compared with these E3 ligases, the rate of ubiquitin ligation catalyzed by TRAF6-N is
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relatively slow, but we note that ubiquitination rates are also dependent on the protein substrate
and may accelerate as the polyubiquitin chain is extended.®! Furthermore, TRAF6-N lacks the C-
terminal TRAF domain through which TRAF6 binds many of its protein substrates and which may
also influence the ligase activity of the enzyme.

A role for viperin in immune signaling was initially suggested through studies on TRAF6-
catalyzed polyubiquitination of IRAK1 in mouse cell-lines lacking viperin.1* More recently, our
studies in HEK 293T cells demonstrated that co-transfection of viperin with TRAF6 significantly
increased the polyubiquitination of IRAK1.2° However, these studies left open the possibility that
viperin activated TRAF6 indirectly through additional unknown factor(s). Reconstituting the
ubiquitination system in vitro with purified enzymes has allowed us to unambiguously demonstrate
viperin’s role in activating TRAF6. Viperin both speeds up the rate of ubiquitin consumption and
increases the formation of high molecular weight auto-ubiquitinated forms of TRAF6 that mediate
downstream signaling. Although the ~2.5-fold activation of TRAF6 by viperin is relatively
modest, this level of amplification may be appropriate to modulating transcription of the various
genes needed to establish the antiviral response.

Here we have shown that viperin interacts with the N-terminal RING-domain of TRAF®G,
whereas it is known that the C-terminal TRAF domain (lacking in TRAF6-N) mediates TRAF6’s
interactions with most other protein substrates.”® This modular arrangement suggests that
activation of TRAF6 E3-ligase activity by viperin may enhance polyubiquitination of other target
proteins, which would be consistent with our observation that viperin stimulates TRAF6-catalyzed
polyubiquitination of IRAK1.2° These observations provide further support the idea, for which

there is extensive but indirect evidence in the literature, that viperin, more broadly, activates other
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K48-linked E3 ligases to increase proteasomal degradation of specific proteins in response to viral
infection.

Future studies are focused on purifying and crystallizing the viperin: TRAF6 complex. No
structures of viperin with any of its interacting partner have yet been solved. Structural studies on
viperin:TRAF6 complex will provides an important molecular level insight and may take us a step
closer to fully understand the mechanism with which viperin activates TRAF6. Therefore, in
collaboration with Bridwell-Rabb group at the University of Michigan, we have set up several
screening trays containing human viperin alone and in complex with TRAF6-N (1:1 and 1:2 molar
ratio of viperin:TRAF6-N) with varying proteins concentrations in the presence and absence of
SAM and CTP. These screening trays include MCSG-1, MCSG-2, MCSG-4, MIDAS-Plus, and
Morpheus. Unfortunately with these conditions, we have been unsuccessful in obtaining protein
diffracting crystals. Going forward, we would like to use an additive screen which contains 96
unique reagents including chaotrope, cofactor, reducing agent, chelating agent, and detergent to
name a few. These reagents may improve solubility, provide stability to the protein complex, and

aid in crystallization.
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Chapter 3 Domain-Specific Interaction of IRAK1 with Viperin

3.1 Introduction

During viral infection, innate immunity, the first line of host defense against many
pathogens, is activated when pattern-recognition receptors such as the toll-like receptors (TLRS)
sense the viral genetic material.® The TLRs then activate signaling pathways to produce
interferons, the master regulator proteins that are released by the host cells upon viral infection.
TLRs localize to the cell surface or to the intracellular compartments such as ER, lysosomes,
endosome, and are responsible of sensing pathogens outside of cells.? In humans, there are 10
members of TLR family present (TLR1-TLR10). In particular, TLR7 detects the single stranded
RNA of RNA viruses and TLR9 detects the unmethylated CpG DNA of DNA viruses.® Both TLR7
and TLR9 promote the production of type I interferons after sensing the viral nucleic acids, which
in turn stimulates expression of many genes including viperin. Viperin (Virus Inhibitory Protein;
Endoplasmic Reticulum associated, INterferon inducible) is a radical S-adenosyl-L-methionine
(SAM) enzyme* that is involved in the cellular antiviral response. Since its discovery in 2001,° it
has been shown to restrict the replication of various human viruses including influenza,® hepatitis
C,” ® human immunodeficiency,® Dengue,*® and Zika viruses.!! Recent studies have shown that
viperin catalyzes the conversion of cytidine triphosphate (CTP) to form the antiviral nucleotide 3'-
deoxy-3',4'-didehydro-CTP (ddhCTP) which acts as a chain terminator of viral genome

replication.? These recent findings are exciting but do not fully account for the antiviral activity
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of viperin and exposes a large gap in our understanding of how viperin regulates signaling
pathways in mammalian cells.

Viperin is predicted to be a key component in TLR7 and TLR9 signaling pathways as it
recruits signaling proteins to the lipid bodies, and thereby facilitates the downstream activation
process which leads to the production of type | interferon (Figure 3.1).® The involvement of
viperin in the innate immune signaling pathway partly explains viperin’s antiviral activity against
amuch broader range of DNA and RNA viruses than those that are susceptible to ddhCTP. TRAF6
is one of the signaling proteins that mediates signals from TLR7 and TLR9 through the
ubiquitination of the IRAK1 (Figure 1). Saitoh et al. showed that viperin interacts with tumor
necrosis factor (TNF) receptor associated factor 6 (TRAF6) and interleukin 1 receptor associated
kinase 1 (IRAK1) to promote the K63-linked polyubiquitination of IRAK1 as a part of the innate
immune response.!® Recently, our studies also showed that in a mammalian cell line, HEK293T,
viperin is significantly activated when co-transfected with IRAK1 and even more so when co-
transfected with both TRAF6 and IRAK1.2* These results are exciting, however, the evidence of
enhanced viperin activity is indirect largely because the studies were conducted using proteins
transfected in mammalian cells. Therefore, there is uncertainty about whether this enhanced
activity was the result of interaction with IRAK1, TRAF6, or one of the other proteins present in
the mammalian cell lysate. Thus, | examined the interaction of IRAK1 with viperin using purified

proteins.
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Figure 3.1: Overview of viperin’s involvement in TLR7/9 sighaling pathways.

IRAK1 is a multi-domain protein kinase that contains an N-terminal death domain,
followed by a proline, serine, threonine (ProST) rich linker region, a serine/threonine kinase
domain, and a C-terminal TRAF6-binding domain (Figure 3.2). IRAKL interacts with the upstream
adaptor proteins, MyD88, Tollip, and IRAK4 through its death domain (DD).r® TRAF6, a
downstream signaling protein interacts with the C-terminus of IRAK1 which contains three

TRAF6-binding motifs.16

109 193 530 712

Figure 3.2: Domain organizations of human IRAKL. ProST; proline, serine, threonine-rich linker region.

Upon ligand binding, IRAK1 is recruited to the active receptor complex through DD-DD
interactions between IRAK1 and IRAK4 which eventually leads to the phosphorylation and
activation of IRAK1. Active IRAK1 then undergoes autophosphorylation, dissociates from the
upstream signaling complex, and interacts with the downstream effector, TRAF6. This interaction
leads to the activation of several downstream signaling pathways including NF-xB and MAP

kinase.'” 8 IRAK1 is one of the well-studied substrates of TRAF6. As described in chapter 2, we
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showed that viperin significantly increases the rate of ubiquitin ligation catalyzed by TRAF6.%°
This study set a precedent to study and confirm previous findings of viperin facilitating the
polyubiquitination of IRAK1 through TRAF6 in mammalian cells.'® 14 Here, I studied the domain
specific interaction of IRAK1 with viperin and established that the interaction is localized to the

death domain of IRAK1.
3.2 Materials and Methods

3.2.1 Cell lines

The HEK?293T cell line was purchased from ATCC. E. coli strain BL21 (DE3) was purchased
from New England Biolabs. One Shot BL21 Star (DE3) chemically competent cells (C601003)

were purchased from Invitrogen.

3.2.2 Plasmids

Synthetic genes encoding human viperin, IRAK1, and TRAF6 (GenBank accession numbers
AAL50053.1, NM145803, and NM001569, respectively) were synthesized and subcloned into
pcDNA3.1(+) vector from Genscript. A 3X FLAG tag (DYKDHDGDYKDHDIDYKDDDDK)
and myc tag (EQKLISEEDL) was introduced at the N-terminal of viperin and IRAK1 respectively.
A series of different truncated IRAK1 constructs were made using a site-directed mutagenesis kit
from Agilent.

To recombinantly express these proteins in E. coli, the constructs were codon-optimized and
cloned into expression vectors: a truncated human viperin-AN50 (aa 51-361) construct was cloned
into pET28a with a C-terminal His tag and IRAK1 death domain construct, IRDD (aa 1-209), was
cloned into pMAL-c5X with an N-terminal maltose binding protein (MBP) followed by a TEV

cleavage site, and a C-terminal His tag.
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3.2.3 Reagents and antibodies

For DNA transfection in HEK293T cells, transfection grade linear polyethylenimine (PEI)
hydrochloride was purchased from Polysciences, Inc. Pierce protein A/G plus agarose resin and
control agarose resin (Pierce classic IP kit 26146) were purchased from Thermo-Fisher Scientific.
Quick Change XL Site directed mutagenesis kit (200521) was purchased from Agilent. The rabbit
polyclonal viperin antibody (11833-1-AP) was purchased from ProteinTech. Rabbit polyclonal
IRAK1 antibody (PA5-17490) and mouse monoclonal anti-myc antibody (MA1-21316) were
purchased from ThermoFisher Scientific. Rabbit polyclonal anti-myc antibody (16286-1-AP) was
purchased from ProteinTech. Anti-Goat anti-rabbit (170-6515) and anti-mouse (626520) Ig

secondary antibodies were purchased from BioRad.

3.2.4 Cell culture and transfection

Viperin, IRAK1 full-length, and IRAK1 constructs all in pcDNA3.1 vector were overexpressed in
HEK293T cells (cultivated in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin) using transient transfection protocol using polyethylenimine transfecting agent. 20
pg of viperin DNA was mixed with PEI in 1:2 ratio and incubated for 10 min at room temperature
before adding it to the HEK293T cells at 50-60% confluence in a 100 mm culture dish. The cells
were grown at 37 °C under CO> for 36-40 h, gently harvested, and cell pellets were stored at -80

°C.

3.2.5 Co-immunoprecipitation of viperin, IRAK1, and IRDD

HEK293T cells expressing viperin, IRAK1, and IRDD individually on a 100 mm culture dish were
resuspended in lysis buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.1% (w/v) Tween-20,

protease inhibitor cocktail, 0.1 mM PMSF), incubated on ice for 20 min, and sonicated for 20
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pulses at amp = 1. The lysate was collected through centrifugation at 14,000 rpm for 20 min at 4
°C and precleared with Pierce control agarose resin. Viperin (bait protein) and HEK293T (control)
lysates were incubated with anti-viperin antibody (rabbit polyclonal, Proteintech) for 1 hr at 4 °C
with end-to-end mixing. The antibody/protein mixture was then incubated with equilibrated Pierce
protein A/G beads for 1 hr at 4 °C with end-to-end mixing. Prey protein (IRAK1 and IRDD) lysates
were then incubated with bait protein for 30 min on ice. Flow through was collected and resin was
washed three times with excess cold lysis buffer. Finally, the protein complexes were eluted by
incubating resin in a 2X SDS-PAGE loading dye with -mercaptoethanol. The mixture was
agitated for 20 min, heated at 95 °C for 10 min, and the beads were removed by centrifugation.
The protein complexes were analyzed by SDS-PAGE (4 — 20 % gradient gels) and immunoblotted

with appropriate antibodies using standard protocols.

3.2.6 Expression and purification of MBP-IRDD

Expression - IRDD construct in pMAL-c5X with a C-terminal His tag was expressed in E. coli
BL21 (DE3) cells. Luria Broth (LB) was used for seed culture with 100 mg/L ampicillin and grown
at 37 °C overnight. The 2XYT media was inoculated with 10 mL/L seed culture and grown at 37
°C until ODego reached ~0.6. The cultures were then cold shocked by placing the flasks in ice water
for 30 min before inducing with 0.01 mM IPTG (that is the only concentration of IPTG that gives
soluble MBP-IRDD). The cultures were grown at 20 °C post-induction overnight. Next day, cells
were harvested by centrifugation at 5,000 rpm for 20 min at 4 °C. The cell pellet was stored at -80
°C.

Purification - The cells were thawed, resuspended, and lysed in a buffer that contained 50 mM
Tris-HCI pH 8.0, 300 mM NacCl, protease inhibitor cocktail tablet, 1 mM TCEP, and 0.01% Triton

X-100 through sonication for 5 min (15 s ON, 30 s OFF, amp = 8). The lysate was cleared through
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centrifugation at 18,000 rpm for 30 min at 4 °C twice and loaded onto a 5 mL prepacked MBP-
Trap column slowly (~0.5 mL/min). The column was washed with buffer A (50 mM Tris-HCI pH
8.0, 300 mM NacCl) on FPLC until the UV stabilized. The protein was then eluted with buffer B
(50 mM Tris-HCI pH 8.0, 300 mM NaCl, and 10 mM maltose). The peak fractions containing
MBP-IRDD were pooled and dialyzed against storage buffer (50 mM Tris-HCI pH 8.0, 150 mM

NaCl, 10% glycerol), filtered, aliquoted, flash frozen, and stored at -80 °C.

3.2.7 Co-transformation and co-purification of viperin-AN50 and MBP-IRDD

Expression — Plasmid DNA of viperin-AN50 in pET28a vector (kanamycin resistant) and MBP-
IRDD in pMAL-c5X (ampicillin resistant) were co-transformed into E. coli strain of BL21 (DE3)
using standard protocols. A single colony selected against both kanamycin and ampicillin
antibiotics was used to grow seed culture in LB media at 37 °C overnight. Growth cultures with
50 mg/L kanamycin and 100 mg/L ampicillin were inoculated with 15 mL/L seed culture and
grown at 37 °C until ODeoo reached ~0.6. The cultures were briefly equilibrated to 18 °C before
adding 0.2 mM Na.S.9H.0. After 30 min, 0.2 mM FeCls was added and cells were induced with
0.1 mM IPTG. The cultures were grown at 18 °C overnight. Next day, cells were harvested by
centrifugation at 5,000 rpm for 20 min at 4 °C. The cell pellet was stored at -80 °C.

Purification — All purification steps were performed in an anaerobic environment (Coy chamber)
using degassed buffers. The cells were thawed, resuspended, and lysed in buffer A (50 mM HEPES
pH 8.0, 300 mM NaCl) with protease inhibitor cocktail tablet, 5 mM DTT, and 0.01% Triton X-
100 through sonication for 8 min (10 s ON, 20 s OFF, amp = 8). The lysate was cleared through
centrifugation at 18,000 rpm for 1 h at 4 °C outside the Coy chamber. The tubes containing lysate
were taken inside the Coy chamber before decanting. The lysate was then loaded onto a 5 mL

prepacked MBP-Trap column using peristaltic pump. The column was washed with 4 column
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volumes with buffer A. Finally, the protein complex was eluted with 2 column volumes of buffer
B (50 mM HEPES pH 8.0, 300 mM NacCl, and 10 mM maltose). Proteins were analyzed by SDS-
PAGE on 4-20 % gels and stained with Coomassie brilliant blue. To confirm the identity of viperin,

samples were subjected to immunoblot analysis with anti-viperin antibody.

3.3 Results

3.3.1 Constructs of IRAK1 for mammalian cell expression

To determine which domain of IRAKZ1 interacts with viperin, several constructs of IRAK1
were created using site directed mutagenesis. A simple approach of adding a stop codon at the end
of each domain was employed to fulfil this task. IRAK1 is a multi-domain protein with an N-
terminal death domain (IRDD, aa 1-109) followed by a proline, serine, threonine rich region
(ProST, aa 110-211), a kinase domain (KD, aa 212-536), and a C-terminal TRAF6 binding domain
(TBD, aa 537-712). Figure 3.3 illustrates the different constructs that were made in pcDNA3.1
vector with N-terminal myc-tag to express the truncated IRAK1 proteins in HEK293T cells.
Plasmid DNA encoding each construct was transfected into HEK293T cells and harvested after 40
h. Each sample was then analyzed by SDS-PAGE and immunoblotted with anti-myc antibody (to
stain for IRAK1 and its constructs) and anti-GAPDH antibody (loading control). The full-length
IRAK1 (1), IRDD (2), and IRDD+ProST (3) constructs overexpressed very well showing bands
around ~110 kDa, 20 kDa, and ~30 kDa respectively. The IRDD+ProST+KD (4) construct showed
rather lower intensity band around ~75 kDa (Figure 3.4). These bands possibly represent the
phosphorylated species of the proteins since the bands are few kilo Daltons higher than the

expected size.
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Figure 3.3: Schematic diagram of different IRAK1 constructs that were made using site directed mutagenesis

technique. A stop codon was added after each domain.
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Figure 3.4: Expression of IRAK1 (1) and its truncated constructs — IRDD (2), IRDD+ProST (3), and
IRDD+ProST+KD (4) in HEK293T cells. Each construct has an N-terminal myc-tag was analyzed by SDS-PAGE
and immunoblot with anti-myc antibody. GAPDH was used as a loading control and stained using anti-GAPDH

antibody.

To examine which domain of IRAKL interacts with viperin, each construct of IRAK1

including full-length IRAK1, was transiently expressed in HEK293T cells. Immunoprecipitation

experiments were carried out in which viperin was used as a bait protein and IRAK1 and/or its

constructs as prey proteins. It was observed that IRAKL1 interacted with viperin through its death
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domain. IRDD co-precipitated with viperin from HEK293T lysate (Figure 3.5). This observation
is very exciting and aligns with the previous findings of IRDD interacting with upstream signaling
proteins. However, to confirm if the interaction between viperin and IRDD was direct rather that
occurring through another protein in the cell, interaction studies needed to be repeated using

purified proteins.
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Figure 3.5: Co-Immunoprecipitation of IRAK1 and viperin in HEK293T cells. Viperin was used a bait and
IRAK1/IRDD were the prey proteins. Anti-viperin antibody was used to precipitate viperin and its interacting partners
from HEK lysates. Left: A panel of input lysates of viperin, IRAK1, and IRDD each stained with their respective
antibodies. Right: Elution panels showing that IRAK1 and IRDD co-precipitates with viperin.

3.3.2 Expression and purification of MBP-IRDD

IRDD was cloned into pMAL-c5X with an N-terminal maltose binding protein (MBP)
followed by a TEV cleavage site and a C-terminal His tag and was expressed in E. coli BL21
(DE3J) cells with varying concentrations of IPTG (0.01, 0.1, and 1 mM) for induction. All

concentrations of IPTG were sufficient to induce expression, however, MBP-IRDD was only
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soluble when expressed with 0.01 mM IPTG. More IPTG caused the protein to fold incorrectly
and end up in inclusion bodies. Once the correct IPTG concentration was determined, MBP-IRDD
was straightforward to express and purify in large quantities, ~ 80 mg/mL (Figure 6). However,
cleaving the MBP tag was not as simple as adding TEV to the protein. Despite multiple trials
where incubation times and temperature of TEV protease reaction were varied, cleaved IRDD
appeared to precipitate in solution (Figure 3.6). When a reaction was performed for a short period
of time (4 h) at 4 °C, a mixture of cleaved and MBP-fused IRDD was observed. In an attempt to
isolate cleaved IRDD through size-exclusion chromatography (SEC), a large peak at the void
volume of column was observed indicating the presence of aggregates. When fractions from this
aggregate peak were analyzed on a SDS-PAGE, it was confirmed that MBP-IRDD was forming

soluble aggregates.
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Figure 3.6: Expression of MBP-IRDD. Left: Coomassie stained SDS-PAGE gel showing purified MBP-IRDD. Ld:
ladder (MW marker). Right: TEV cleavage of MBP-IRDD. Overnight incubation with TEV protease resulted in
precipitating cleaved IRDD. The TEV reaction sample was centrifuged and supernatant and pellet samples were
analyzed on 4-20% gel by SDS-PAGE. All of cleaved IRDD was in pellet. t0: sample when TEV was added, t16: after
16 h incubation with TEV protease, S: supernatant sample, P: pellet sample.
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3.3.3 Expression of truncated IRDD constructs in E. coli

In a final attempt to express IRDD from E. coli, several truncations were made in a pET21d
expression vector with an N-terminal His tag. The death domain belongs to one of the largest
domain superfamilies. Almost all of the members of DD superfamily contain a six alpha helical
structural fold.?° Secondary structure predictions using Phyre2.1 software support the presence of
six alpha helices (Figure 3.7) and predicted which initial residues were part of the secondary
structure. The IRDD sequence starts with a mixture of glycine, proline, and alanine residues. Since
glycine contains a hydrogen in its side chain instead of a carbon atom, it provides flexibility,
whereas in the case of proline, the unique cyclic structure restricts flexibility. Keeping these
properties in mind, three truncated constructs of IRDD were created using Gibson assembly — one
lacking the first 14 residues (TN14-IRDD), one lacking the first 21 residues (TN21-IRDD), and
one lacking the first 21 residues and two mutations (TN21-IRDD-P23A-P24A). The constructs
were sequenced to confirm the truncations before transforming into several E. coli BL21 (DE3)
strains including CD43, Arctic Express, RIPL Codon Plus, and One Shot BL21 Star (DE3). Several
induction times, temperatures, and IPTG concentrations were tested as well. However, none of the

conditions were successful in expressing IRDD.

Sequence of IRDD (aa 1-109)

MAGGPGPGEPAAPGAQ
HFLYEVPPWVMCRFYKV
MDALEPADWCQFAALIV
RDQTELRLCERSGQRTAS
VLWPWINRNARVADLVH
Phyre model ILTHLQLLRARDIITAWH
DB: 3MOP PPAPLPS

Figure 3.7: Left: Phyre model of IRDD based on PDB 3mop structure of ternary death domain comple of MyD88,
IRAK4 and IRAK2. Right: Sequence of IRDD showing initial Glycine and Proline residues highlighted in red.
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3.3.4 Interaction of viperin and IRDD is direct

In mammalian cells, we showed that IRAK1 interacts with viperin through its death
domain. However, one of the challenges of working with mammalian cells is the possibility of
other unspecified proteins mediating interactions and confounding data interpretation. Therefore,
to exclude that possibility, we expressed MBP fused IRDD in E. coli, which unfortunately
produced soluble aggregates. To overcome this hurdle and determine whether the interaction
between viperin and IRAK1 is direct, we co-transformed His-tagged viperin-AN50 and MBP-
IRDD in E. coli BL21 (DE3) strain. The MBP-Trap column was used to purify the protein complex
which was then analyzed on an SDS-PAGE gel. Commassie blue was used to stain the protein
bands.

We observed two major bands in the elution fraction — one at ~55 kDa which represents
MBP-IRDD, and the other at ~37 kDa which is very close to the molecular weight of viperin-
ANS50. To confirm the identity of 37 kDa band, we subjected the eluted samples to immunoblotting
and stained them against anti-viperin antibody, a single band around 37 kDa lit up which confirmed
that viperin-ANS50 eluted with MBP-IRDD (Figure 3.8). As a negative control, viperin-AN50 was
expressed separately and loaded onto the MBP-Trap column to check if it was sticking to the resin.
No viperin bands were observed in the elution fraction when viperin-AN50 alone was passed

through the MBP-Trap column instead all of it was washed off the column (Figure 3.8).
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Figure 3.8: Co-transformation of MBP-IRDD and viperin-AN50. A: Coomassie stained gel of co- purified MBP-
IRDD and viperin-AN50 through MBP-Trap column. B: Immunoblotting of purification samples with anti-viperin
antibody to confirm elution of viperin in complex with MBP-IRDD. C: Negative control — immunoblotting of
purification samples of viperin-AN50 using MBP-Trap column. No bands were detected in the elution samples
confirming that viperin does not bind to amylose resin.

This result was exciting and confirmed for the first time, that the interaction between
viperin and IRAKT1 that has been shown in many mammalian cell studies before is likely a direct
interaction. Although the intensities of MBP-IRDD and viperin-AN50 bands differ and it does not
seem like a 1:1 molar ratio complex, it still confirms the formation of complex between the two
proteins in vitro. One reason for the discrepancy in the amount of both proteins produced could be
that the copy number of both expression vectors did not match. The pMAL-c5x (MBP-IRDD) is a
high copy number expression vector, whereas pRSF-duet (viperin-AN50) is a medium copy
number plasmid. Further studies with a control protein like bovine serum albumin (BSA) would

be necessary to eliminate the speculation that MBP-IRDD may be a sticky protein.
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3.4 Discussion

It has been shown previously that in plasmacytoid dendritic cells (pCDs) viperin interacts
with IRAK1 and TRAF6 and facilitates the polyubiquitiation of IRAK1 through TRAF6.2 We
have also shown that interaction between viperin and TRAF®6 is direct, and viperin significantly
enhances the rate of ubiquitination catalyzed by TRAF6.° However, it has not yet been established
if the interaction between viperin and IRAK1 is direct or requires the involvement of other
proteins. To determine whether the interaction is direct, it is important to use purified proteins to
conduct interaction studies in vitro. We have been successful in purifying a truncated form of
viperin, viperin-AN50, from E.coli and have demonstrated that it is catalytically active.l® 2% 22
However, there has been no report of successfully expressing full-length IRAK1 in E. coli. The
only domain of human IRAKZ1 that has been successfully purified and crystallized is the kinase
domain (aa 194-530), which was expressed from insect cells.? Also, no specific domains of
IRAK1 have yet been identified that interact with viperin. The death domain of IRAK1 (aa 1-109)
has been shown to interact with MyD88 and IRAK4, which are upstream signaling proteins.®
Therefore, we hypothesized that IRAKL1 interacts with viperin through its death domain since
viperin is predicted to receive signal from MyD88 and recruit IRAK1 and TRAF®6 to lipid bodies
to activate the signaling pathway.3

We tested our hypothesis by creating multiple truncated constructs of IRAK1 and
performing interaction studies with them. We observed and confirmed that IRAK1 interacts with
viperin through its N-terminal death domain. Although it proved challenging to recombinantly
express and purify cleaved IRAK1 death domain (IRDD) construct from E. coli, we were able to
co-transform and co-purify it with viperin-AN50 establishing the direct interaction between the

two.
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Future studies are focused on using other eukaryotic cell lines such as yeast or insect cells
to recombinantly express and purify IRDD. IRAKL is a serine/threonine kinase and may require
its post-translational modifications to fold properly. E. coli systems fail to reproduce these
modifications which can result in misfolding and aggregation of most human proteins. Once
IRAK1 or IRDD is successfully purified in its soluble form, we will investigate the activation of
viperin by IRAKL in vitro with purified proteins to definitively demonstrate that the increase in

viperin’s enzymatic activity is the result of the interaction between these proteins.
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Chapter 4 Purification of Full-length, Membrane-associated form of the Antiviral Enzyme

Viperin from a Mammalian Cell Line?

4.1 Introduction

Viperin (Virus Inhibitory Protein, Endoplasmic Reticulum-associated Interferon
iNducible) is a radical SAM enzyme that was recently shown to catalyze the radical-mediated
dehydration of CTP to produce the modified nucleotide 3'-deoxy-3’,4'-didehydroCTP (ddhCTP).
ddhCTP acts as a chain-terminating inhibitor of many virally encoded RNA-dependent RNA
polymerases. Viperin-like enzymes appear conserved in all six kingdoms of life,* pointing to an
ancient role for this family enzymes in combating viral infections.

In higher animals, viperin expression is highly up-regulated by type | interferons.® The
enzyme is integrated into the broader innate immune response to viral infection and has been
shown to regulate both the activity and expression levels of numerous cellular and viral proteins.
This network of protein-protein interactions results in the enzyme exerting a wide array of antiviral
properties beyond just the synthesis of ddhCTP. Cellular enzymes shown to interact with viperin
include squalene monooxygenase and lanosterol synthase, which catalyze key steps in sterol
biosynthesis;® and interleukin receptor-associated kinase 1 (IRAK1) and the E3 ubiquitin ligase,
TRAF6, which are components of the TLR7/9 innate immune signaling pathway.” 8 Viperin also
binds to a wide range of viral proteins from viruses such as hepatitis C, Dengue, tick-borne

encephalitis and Zika viruses.® 1° Depending on the virus, viperin interacts with both non-structural

2 The work presented in Chapter 4 is being prepared to be submitted for publication
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proteins that are responsible for viral replication and assembly and with structural proteins that
form the viral capsid.1*3

In animals, viperin is localized to the cytosolic face of the ER membrane!* and lipid
droplets®™® through an N-terminal extension that is unstructured in solution, but adopts an
amphipathic a-helical conformation upon binding the lipid bilayer. Although the membrane-
localizing sequence is not required for enzymatic activity, the N-terminal extension likely plays
an important role in mediating viperin’s interactions with other proteins — either by making direct
contacts with other proteins or, indirectly, by localizing viperin to the ER membrane and lipid
droplets.® For example, we recently showed by co-immunoprecipitation that viperin forms a
complex with the hepatitis-C viral protein, NS5A, and the cellular protein, VAP33, both of which
also bind to the ER membrane.® However, these interactions were lost when the membrane-
localizing sequences were removed to facilitate expression and purification of these proteins from
E. coli.

So far, full-length viperin (i.e. the protein that includes the N-terminal ER-membrane
localizing sequence) has proved refractory to recombinant expression in E. coli. Therefore, most
mechanistic studies and all structural studies on the enzyme have been conducted on truncated
constructs lacking this N-terminal sequence, which can be recombinantly over-expressed and
purified. Here, we report the purification of the full-length enzyme from transfected HEK293T
cells in which we have used protein nanodiscs to retain the interaction between the N-terminal
sequence and the lipid bilayer.

Nanodiscs are discoidal lipid bilayers of about 8-16 nm in diameter stabilized by two copies
of an alpha-helical protein known as membrane scaffold protein (MSP). MSP is an amphipathic

helical protein derived from apolipoprotein Al that forms a ‘belt’ around the lipid disc and
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stabilizes lipid bilayers in an aqueous solution.'® Typically, MSP is incubated with cell lysate
containing the protein of interest and lipids resuspended in detergents for several hours at low
temperature before adding detergent removal beads. Nanodiscs self-assemble upon removing the
detergent from the solubilized mixture of components (Figure 4.1). Our work represents the first
purification of functional full-length viperin from a mammalian system. This sets the stage to
elucidate the molecular mechanism by which viperin interacts with its membrane-associated

protein partners and, also the effect of these interactions on viperin’s antiviral activity.
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Figure 4.1: Formation of nanodiscs; membrane scaffold protein is incubated with lipids and membrane proteins for 2
hr. Detergent removal beads are then added and incubated for overnight. Removal of detergent drives the formation
of nanodisc. Figure created in BioRender.com

4.2 Materials and Methods

4.2.1 Cell lines

The HEK293T cell line was purchased from ATCC.

4.2.2 Plasmids

A synthetic gene encoding human viperin (GenBank accession no. AAL50053.1) was synthesized

and subcloned into a pcDNA3.1(+) vector (GenScript). A 3X FLAG tag
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(DYKDHDGDYKDHDIDYKDDDDK) was introduced at the N-terminus of the protein to
facilitate purification. A Kozak consensus sequence (5'-GCCAAC-3') was introduced ahead of
the gene to facilitate expression in eukaryotic cells. The membrane scaffold protein with E3
amphipathic helical region insertion (MSP1E3D1) was cloned into pET28a(+) vector with an N-

terminal His tag.

4.2.3 Reagents and antibodies

For DNA transfection in HEK293T cells, transfection grade linear polyethylenimine (PEI)
hydrochloride was purchased from Polysciences, Inc. S-(5-Adenosyl)-L-methionine p-
toluenesulfonate salt and cytidine 5’-triphosphate disodium salt hydrate were purchased from
Sigma Aldrich. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine,) and POPE (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) were purchased from Avanti Polar
Lipids. Amberlite XAD-2 hydrophobic beads, Anti-FLAG M2 magnetic beads, and 3X FLAG
peptide were purchased from Millipore Sigma. Pierce silver stain kit was purchased from
ThermoFisher Scientific. The rabbit polyclonal viperin antibody (11833-1-AP) was purchased

from ProteinTech. Goat anti-rabbit Ig secondary antibody (170-6515) was purchased from BioRad.

4.2 .4 Cell culture and transfection

Viperin in pcDNA3.1 was overexpressed in HEK293T cells (cultivated in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin) using standard transient transfection protocols
with polyethylenimine transfecting agent, as described previously. Typically, 50 pug of DNA was
mixed with 100 pg PEI in 1:2 ratio (w/w) and incubated for 10 min at room temperature before
adding it to HEK293T cells at 50-60% confluence in a 150 mm culture dish. The cells were grown

at 37 °C under CO; for 36-40 h, gently harvested, and cell pellets were stored at -80 °C.
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4.2.5 Membrane scaffold protein (MSP) expression and purification

MSP1E3D1 (MSP) containing an N-terminal His tag was expressed in E. coli BL21 Gold (DE3)
cells. The expression conditions were followed from a published protocol!’ with a few
modifications. Briefly, cell cultures were grown in terrific broth medium (1 L media in 4 L flask
to allow for maximum aeration) at 37 °C with shaking at 250 rpm until ODeoo reached 0.6-0.8. The
cultures were then induced with 1 mM IPTG and incubated at 37 °C for additional 3 h. Cells were
then harvested by centrifugation at 5000 rpm for 20 min and stored at -80 °C until purification.
The typical weight of wet pellet from a 1 L culture usually yielded ~8 g.

Ni-NTA metal affinity chromatography - The cells were thawed, resuspended, and lysed in 40 mM
Tris-HCI pH 8.0, 300 mM NacCl, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF),
and protease inhibitor cocktail. Subsequent clarification was accomplished via centrifugation at
18,000 rpm for 45 min at 4 °C. The cleared lysate was loaded onto the HisTrap prepacked column.
The column was washed with 4 CV of following buffers:

(1) 40 mM Tris-HCI pH 8.0, 300 mM NaCl, 1% Triton X-100

(2) 40 mM Tris-HCI pH 8.0, 300 mM NaCl, 50 mM Na-cholate, 20 mM imidazole

(3) 40 mM Tris-HCI pH 8.0, 300 mM NacCl, 50 mM imidazole

Finally, the protein was eluted with 40 mM Tris-HCI pH 8.0, 300 mM NaCl, 400 mM imidazole.
The eluted protein was concentrated and buffer exchanged through PD-10 column into 40 mM
Tris-HCI pH 7.4, 100 mM NaCl buffer and stored at 4 °C. Further purification was needed to
eliminate unknown proteases present in the MSP solution.

lon-Exchange chromatography — Further purification by ion exchange chromatography'® was
found to be necessary to remove protease contamination remaining in the MSP solution. A

prepacked Q-Sepharose (GE healthcare) column was equilibrated in 40 mM Tris-HCI pH 7.4, 100
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mM NaCl buffer. Ni-purified MSP was loaded onto the Q-Sepharose column and proteins were
eluted with an increasing concentration of NaCl. MSP eluted at ~200 mM NaCl. The purified
protein was buffer exchanged into 40 mM Tris-HCI pH 7.4, 100 mM NaCl, concentrated, and

stored at -80 °C.

4.2.6 Preparation of lipid solutions for nanodiscs

The nanodisc lipid composition for viperin incorporation was optimized at 80% POPC and 20%
POPE. POPC and POPE dissolved in chloroform were mixed in the desired ratio and dried under
nitrogen. The dried lipids were stored in a desiccator under vacuum overnight. For nanodisc
assembly, a stock solution was prepared by dissolving the dried lipid mixture in 50 mM HEPES
pH 7.4, 150 mM NaCl, 100 mM Na-cholate with water bath sonication for 30 min until the solution
turned clear. The lipid solution was mixed with MSP1E3D1 in 20 mM Na-cholate and HEPES

buffer in a final molar ratio of 135:1 (phospholipid:MSP).

4.2.7 Viperin incorporated nanodisc assembly and purification

All steps were performed inside a Coy anaerobic chamber unless mentioned otherwise. All buffers
and stock solutions were thoroughly degassed before introducing them into the anaerobic chamber.
Incubations at 4 °C were performed outside the chamber; the tubes were wrapped with parafilm
multiple times to exclude air before being removed from the chamber.

The HEK293T cells overexpressing viperin were resuspended in 20 mM Tris-HCI pH 7.4, 150
mM NaCl, 5 mM DTT, 0.1% (w/v) Tween-20 with protease inhibitor cocktail and sonicated for
10 pulses. The cell lysate was cleared by centrifugation at 12,500 rpm for 20 min at 4 °C. A portion
of lysate was saved for assay of viperin activity. The total protein concentration in the cell lysate

was measured using the BCA assay. In an Eppendorf tube, the cell lysate was then incubated with
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phospholipid/MSP solution in 1:2 (lysate:MSP/lipid) ratio at 4 °C for 2 h with end-to-end mixing.
To remove the detergent and facilitate nanodisc assembly, Amberlite XAD-2 beads were then
added in equal volume to the lysate, MSP, and lipid mixture and incubated at 4 °C overnight.
Ni-NTA metal affinity chromatography — The nanodisc-lysate mixture was filtered through 0.22
pm syringe filter to remove the Amberlite beads. Ni-NTA beads (~1 mL) were equilibrated with
buffer A (50 mM HEPES pH 7.4, 150 mM NaCl, 30 mM imidazole) and incubated with nanodisc
lysate mixture at 4 °C for 1 h. The resin was then washed with 4 column volumes of buffer A twice
before eluting protein with 2 column volumes of buffer B (50 mM HEPES pH 7.4, 150 mM NacCl,
300 mM imidazole). The eluted protein was concentrated by ultrafiltration against a 10 kDa cutoff
membrane. A portion of concentrated Nickel purified nanodisc sample was saved for assay of
viperin activity.

Anti-FLAG affinity chromatography — The concentrated, nickel-affinity purified nanodisc sample
(~900 pL) was incubated with anti-FLAG magnetic beads (~40 pL) equilibrated with storage
buffer (50 mM HEPES pH 7.4, 150 mM NaCl) at 4 °C for 16 h. The resin was washed with 4
column volumes of storage buffer three times. The viperin incorporated nanodisc were finally
eluted by incubating anti-FLAG magnetic beads with 3X FLAG peptide solution (2.5 pg/pL)
prepared in storage buffer at 4 °C for 2 h with end-to-end mixing. The purity of the protein was
analyzed by SDS-PAGE (4-20 % gradient gel), with proteins visualized by silver staining. To
confirm the presence of viperin, the duplicate SDS-PAGE gels were immunoblotted against anti-
viperin antibody using standard protocols.

Reconstitution of Purified Viperin incorporation Nanodiscs — The Nickel- and FLAG-purified

viperin Nanodiscs samples were incubated with 5 mM DTT on cold beads for 20 min. The

67



concentrated stock solutions of FeCls and NaxS were then added slowly in excess in small multiple

additions to fully reconstitute the [4Fe-4S] cluster of viperin.

4.2.8 Electron microscopy of nanodiscs

Protein samples were negatively stained using uranyl formate on FCF100-Cu grids (Electron
Microscopy Sciences) for imaging. Grids were imaged on a Morgagni electron microscope with a
high tension of 100 kV, at 22,000x magnification, and a pixel size of 2.1 A/pixel at this

magnification.

4.2.9 Viperin assay:

Viperin activity was assayed under anaerobic conditions (Coy chamber) as follows: Samples of
HEK293T cell lysate, nickel-affinity purified nanodiscs, or FLAG-affinity purified viperin
nanodiscs (100 pL each) were initially incubated with 5 mM dithionite and 0.3 mM CTP (final
concentrations) at 25 °C for 20 min. The reaction was initiated by the addition of 0.3 mM SAM
(final concentration) to the sample and incubated at 25 °C for 1 h with end-to-end mixing. The
reaction mixtures were then removed from the Coy chamber and quenched by heating at 95 °C for
10 min followed by incubation on ice for 5 min. The precipitated proteins were removed by
centrifugation at 14,000 rpm for 20 min. 5'-dA was extracted from the supernatant (~90 pL) with
5X excess acetonitrile (450 pL). Samples were analyzed in triplicate by UPLC-tandem mass

spectrometry as described previously.

4.3 Results

Membrane associated proteins like viperin have proven to be exceptionally challenging to
recombinantly express and purify due to their amphipathic nature. Therefore, lipid nanodiscs are

attractive because they provide a native-like environment by solubilizing a small region of lipid
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bilayer that membrane proteins can insert stably into. Viperin is known to localize to the ER
membrane through its N-terminal amphipathic helix, but this full-length version of viperin has
never been successfully purified. Here, we used nanodiscs to purify full-length viperin

overexpressed in HEK293T cells. A schematic of the purification process is shown in Figure 4.2.
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Figure 4.2: Schematic of purification of full-length viperin incorporated into nanodiscs. Viperin is expressed in
HEK?293T cells and incubated with MSP1E3D1 and lipids (80:20, PC:PE). Amberlite beads are added to remove
detergent. Nickel purification is performed to isolated nanodiscs from other cell lysate proteins. Finally, anti-FLAG
purification is performed to obtain a homogenous solution of viperin incorporated nanodiscs. Figure created in
BioRender.com.

4.3.1 Expression of full-length viperin

Full-length viperin was cloned into pcDNA3.1 (+) vector with an N-terminal 3X FLAG
tag and transiently expressed into HEK293T cells using PEI transfecting agent. Several 150 mm
culture dishes were used to plate cells, and each dish yielded approximately ~20 x 108 cells at

confluency. As viperin is a radical SAM enzyme that contains a [4Fe-4S] cluster,*® it was necessary
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to perform lysis and purification steps in an anaerobic chamber. Viperin lysate was incubated with
purified MSP1E3D1 and the lipid mixture solubilized in sodium cholate which was later removed
by hydrophobic Amberlite beads to generate self-assembled nanodiscs. MSP1E3D1 vyields
nanodiscs of ~12.9 nm diameter which is appropriate to incorporate one molecule of viperin into
each nanodisc. To ensure better incorporation of viperin in nanodiscs, the ratio of total protein to

MSP was increased to 1:2 (total lysate protein:MSP1E3D1).

4.3.2 Optimization of MSP1E3D1 purification

Initially, when nanodiscs were assembled using nickel-purified MSP1E3D1, proteolytic
cleavage of viperin was observed. Optimization of several conditions including the concentration
of protein, time of incubation, addition of protease inhibitor cocktail and PMSF failed to prevent
the cleavage of the protein. Finally, further purification of MSP1E3D1 either by size-exclusion or
ion-exchange chromatography resulted in the removal of protease contamination which caused the
cleavage of viperin. Figure 4.3 shows the immunoblot (stained with anti-viperin antibody) of

several nanodiscs that were assembled with different samples of MSP1E3D1.
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Figure 4.3: Optimization of viperin nanodiscs assembled with purified MSP1E3D1. MSP: MSP1E3D1, Lys:
HEK293T cell lysate expressing viperin, Lys+Lipids: lysate incubated with lipids, Lys+MSP: lysate incubated with
nickel-purified MSP, Lys+Lipids+MSP*: Viperin nanodiscs assembled with different MSP samples. 1: MSP
purchased from Sigma Aldrich, 2: nickel-purified MSP, 3: nickel and SEC purified MSP, 4 and 5: nickel and IEX
purified MSP. The samples were analyzed by SDS-PAGE and immunoblotted against anti-viperin antibody.
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4.3.3 Purification of full-length viperin incorporated nanodiscs

The initial purification using Ni-NTA affinity chromatography vyielded nanodiscs
containing viperin and other membrane bound proteins along with free MSP1E3D1. To further
purify viperin incorporated nanodiscs, a second affinity purification with anti-FLAG magnetic
beads was performed. The binding and release of protein onto the anti-FLAG beads is known to
be a slow process, therefore, the protein was incubated overnight at 4 °C with constant gentle
agitation. To elute the purified viperin nanodiscs, the protein was eluted from the beads by
incubating them with high concentrations of 3X FLAG peptide (2.5 mg/ml). However, even after
several hours of incubation, only ~50% of viperin nanodiscs were eluted.

The purified viperin nanodiscs were characterized using SDS-PAGE and transmission
electron microscopy (TEM). The 4-20% gradient gel stained with silver stain showed two
prominent bands — one at ~32 kDa corresponding to MSP1E3D1, and one at ~42 kDa representing
full-length viperin (Figure 4.4). There is also a faint band around ~50 kDa which corresponds to
an impurity in MSP1E3D1 as it was also seen in empty nanodisc sample. The sample was also
subjected to immunoblotting and stained against anti-viperin antibody to confirm the presence of
viperin in the sample. The TEM images demonstrated nanodiscs samples with sizes ranging from
10-13 nm, with the exception of a few larger discs (~15 nm). Since viperin is about ~42 kDa

protein, it is difficult to visualize viperin in the images.
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Figure 4.4: Characterization of viperin nanodiscs. A: SDS-PAGE stained with silver stain showing the purity of
viperin nanodiscs. The final FLAG-purified protein shows two prominent bands, one represents viperin, and the other
for MSP1E3D1. The top-most band is the contamination band comes from MSP1E3D1 solution. B: Viperin nanodiscs
samples subjected to immunoblotting stained anti-viperin to confirm the presence of viperin. C: Negative-stained
TEM images showing almost homogenous sample of viperin nanodiscs.

4.3.4 Full-length viperin purified in nanodiscs is active

To examine the enzymatic activity of viperin at each step of the purification, HEK293T
lysates over-expressing viperin (and, as a control, lysates not expressing viperin), nickel-affinity
purified nanodiscs, and FLAG purified viperin nanodiscs were incubated with 5 mM dithionite
and 0.3 mM CTP for 20 min at room temperature before initiating the reaction by adding 0.3 mM
SAM. After 1 h, the reactions were quenched and 5’ dA was extracted and quantified by LC/MS.
The amount of viperin in each sample was determined using a standard curve constructed from
immunoblotting known concentrations of purified viperin-AN50. This information was used to
calculate the specific activity of the enzyme (Kons) after the various purification steps. Low basal
levels of 5’ dA were observed in lysate sample lacking viperin which was noted as background.
The apparent turnover number of viperin in HEK293T cell lysate was calculated as kops = 3.8 £
0.6 h™* which is comparable to previously reported numbers.® ® After nickel-affinity purification,
the specific activity of viperin remained the same as observed in lysate kops = 3.8 h™L. This makes

sense because most of the membrane-bound or associated proteins might still be present in the
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sample, bound to nanodiscs. Surprisingly, after removing the other membrane-associated protein
through FLAG-tag affinity purification, the specific activity of viperin was significantly reduced
to kebs = 0.5 + 0.09 h! (average of 6 independent purifications). This observation suggests that
unknown proteins present in the HEK293T cell lysate aid in stabilizing viperin. The percent yield
of homogenous viperin after the final purification step was calculated to be 15% (~0.7 ug, 0.175
Hg/150 mm culture dish) which is modest. The largest losses were associated with the final step as
~50% of the protein remained bound to the FLAG beads (Table 4-1). The amount of purified full-
length viperin is comparable to other membrane bound receptors, for example, family B GPCR

(GLP1R), purified from of mammalian cells (~0.25 pg/100 mm culture dish).?

Amount of viperin (ug) | Yield (%) Specific Activity (h)
Viperin Lysate 4.8 100 3.8x0.6
Nickel-purified nanodiscs 2.7 56 3.8
FLAG-purified nanodiscs 0.7 15 0.5+0.09

Table 4-1: The percent yield and specific activity of viperin incorporated in nanodiscs as it purifies.
4.4 Discussion

Membrane proteins accounts for one third of human proteins and more than half of them
are targets for drugs.?! Despite being prevalent, membrane proteins are extremely challenging to
express and purify due to their amphipathic nature. Viperin is a membrane-associated protein
which is known to localize to ER and lipid droplets.}* 1> To date, no purification of full-length
viperin has been reported, therefore, all enzymatic and structural studies have been performed on
the N-terminal truncated form. Studies have shown that viperin requires its N-terminal
amphipathic helix to restrict some viral infections such as the replication of HCV and TBEV.?> %3
The restriction of certain viruses could be possible because viperin uses its N-terminal domain to

either interact with the viral and/or cellular proteins located in the ER membrane, or recruit other
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proteins to localize to the ER membrane.® In any case, purification of full-length viperin is crucial
to study viperin’s interaction with these proteins and its effects.

In this chapter, | describe the first purification of full-length viperin using nanodiscs to
facilitate purification and have shown that this form of the enzyme is active. Nanodiscs provide a
native membrane-like environment for membrane proteins to insert, thereby stabilizing them and
facilitating their isolation and characterization. Although, the yield of viperin purified from
transfected mammalian cells is rather low, the nanodiscs still provided a valuable system to purify
this human protein which has proven refractory to expression in E. coli and study its interactions
with other proteins.

The enzymatic activity of the purified viperin was found to be considerably lower than the
enzyme when initially assayed in crude cell lysate. This low level of activity could be attributed to
the presence of other proteins in the lysate which are needed to stabilize viperin. Or the low activity
may be because the lipid composition used in our system does not sufficiently mimic that of the
native ER, as the activity of membrane proteins often depends on the surrounding lipid
composition.?* Therefore, by optimizing the lipids used to construct the nanodisc to better

approximate the composition of the ER membrane, it may be possible to enhance viperin’s activity.
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Chapter 5 Conclusions and Future Directions

Viperin is a member of radical SAM enzyme superfamily and is conserved across all six
kingdoms of life, 2 hinting at its ancient and ubiquitous role in the cellular antiviral response. It
is one of the interferon stimulated genes that has shown to restrict the replication of a broad range
of human viruses (DNA, positive-strand RNA, negative-strand RNA, enveloped, retero, and
alphaviruses).>® In 2018, it was shown that viperin catalyzes the conversion of cytidine
triphosphate (CTP) to form the antiviral nucleotide 3'-deoxy-3',4'-didehydro-CTP (ddhCTP) using
a SAM-dependent radical mechanism.° Incorporation of ddhCTP during genome replication
causes premature termination of RNA synthesis thus inhibiting the replication of some RNA
viruses such as flaviviruses. The production of ddhCTP only provides an explanation of how
viperin combats viral infections by some RNA viruses and leaves a gap in our understanding of
ways in which viperin exerts its antiviral effects against other viruses.

Viperin is known to interact with various cellular metabolic and signaling proteins,!+3
along with structural and non-structural viral proteins.® 1* > These interactions play an important
role in viperin’s involvement in the antiviral response pathways. Recently, we demonstrated that
viperin down regulates cholesterol biosynthetic enzymes, squalene monooxygenase (SM) and
lanesterol synthase (LS), potentially to target the budding and propagation of enveloped viruses
like influenza A.1* Another way that viperin exerts antiviral effects is through degrading cellular
and viral proteins required for viral replication through increasing the rate of proteasomal

degradation.® 1 It has also been suggested that viperin recruits ubiquitination machinery to target
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proteins for degradation. However, viperin’s interaction with ubiquitination enzymes, and the
mechanism by which viperin activates the ubiquitination machinery is unknown. Therefore, my
dissertation has focused on elucidating this mechanism, and it has produced findings relevant to
the fields of enzymology and immunology, and to the advancement of broad-coverage antiviral

drug discovery.

5.1 Interaction of viperin with signaling proteins, TRAF6 and IRAK1

My research has focused on viperin’s interaction with proteins that play an important role
in the innate immune signaling pathways, TRAF6 (tumor necrosis factor receptor-associated factor
6) and IRAK1 (interleukin receptor-associated kinase 1). TRAF6, an E3 ubiquitin ligase catalyzes
the production of K63-linked poly-ubiquitin chains on several proteins including IRAKL. This
K63-linked protein polyubiquitination is involved in signal transduction pathways including NF-
kB pathway and MAPK signaling cascade.!® %/

Prior to my work, it had been shown that viperin interacts with IRAK1 and TRAF6 in
mammalian cells to promote polyubiquitination of IRAK1 as a part of the innate immune
response.'> However, there was uncertainty if this interaction was direct, or indirect, largely
because of the presence of many other proteins in mammalian cell lysate. Therefore, | reconstituted
the interaction in vitro using purified proteins and demonstrated that the interaction between
viperin and TRAF6 and or IRAK1 is a direct one. Purifying these human enzymes from E. coli
was extremely challenging and required a great deal of time and effort. However, | successfully
purified TRAF6 constructs and N-terminally truncated viperin (viperin-AN50). | was also able to
purify the death domain (DD) of IRAK1 fused with a maltose binding protein (MBP-IRDD).

Unfortunately, MBP-IRDD purified from E. coli formed soluble aggregates; therefore, no

ubiquitination studies could be performed with that construct. Additionally, MBP-IRDD lacked
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the TRAF6-binding domain which is important in IRAK 1’s interaction with TRAF6.'® Eukaryotic
cell lines such as yeast or insect cells that can accommodate post-translational modifications may

be required for better expression and purification of IRAKL in a biologically active form.

5.1.1 Viperin activates ubiquitin ligation catalyzed by TRAF6

The interaction between viperin and TRAF6 provided an attractive system to explore
whether viperin activates protein ubiquitination by E3 ligases in a controlled, well-defined
biochemical system. Ubiquitination is a three step process: i) the E1 ubiquitin-activating enzyme
activates ubiquitin via formation of a thioester bond in an ATP dependent reaction, ii) activated
ubiquitin is transferred to E2, a ubiquitin-conjugating enzyme, to form a charged E2-Ub species,
iii) ubiquitin is transferred from E2 to a lysine residue of a target protein by E3, a ubiquitin-ligase
enzyme. Polyubiquitin chains can be formed by attaching additional ubiquitin units to one of seven
lysine residues of ubiquitin through an isopeptide bond. Lys48-linked polyubiquitination targets
protein for degradation by the proteasome, whereas Lys63-linked polyubiquitination plays an
important role in many signal transduction pathways that activate innate immune response.

TRAF®6, an E3 ligase has a broad range of substrates that it targets for ubiquitination. In
addition, TRAF®6 itself is auto-ubiquitinated on Lys124 to recruit downstream signaling kinases
into signaling complexes.® | successfully reconstituted the TRAF6 auto-ubiquitination system in
vitro using purified enzymes to exclude the involvement of other unspecified proteins, which had
proved to be confounding factors in the previous in vivo studies. This work allowed me to
definitively show that viperin directly activates the TRAF6 ubiquitin ligase activity,*® which has
important implications in signal transduction pathways including NF-kB pathway and MAPK
signaling cascade involved in the innate immune system. This observation may also suggest that

viperin activates TRAF6-catalyzed polyubiquitination of other target proteins which would be
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consistent with our previous findings in the case of IRAK1.2° Furthermore, a recent proteomic
screen of viperin’s interactome identified other ubiquitin ligases as potential interacting partners
of viperin.!! Viperin may interact with these E3 ligases and thereby activate them to tag cellular
or viral proteins for degradation by the proteasome. The reconstituted TRAF6 auto-ubiquitination
system also provided me the opportunity to study, for the first time, the rate at which TRAF6
catalyzes the transfer of ubiquitin. This TRAF6 work was a challenging yet rewarding project as
my results revealed viperin’s previously unknown involvement in ubiquitination signaling
cascade.

TRAF®6 is known to interact with its downstream signaling protein partners through its C-
terminal TRAF-C domain. Full-length TRAF6 has proven refractory to expression in E.coli,
however, both N- and C- terminal truncations of TRAF6 have been individually expressed and
purified from E. coli.*® 2! Therefore, constructing a chimera of N-terminal RING and three zinc
finger motifs and C-terminal TRAF-C domain of TRAF6 with a linker in between would allow us
to examine the kind of relationship TRAF6 and viperin shares. This chimera would potentially be
able to ubiquitinate viperin which may cause an effect on its enzymatic activity.

Although establishing viperin’s direct interaction with TRAF6 and observing how it
activates ubiquitin ligation activity of TRAF6 is very exciting, structural studies on the viperin-
TRAF6 complex are extremely important to gain molecular level insight into their interaction.
Therefore, crystallizing a viperin-TRAF6 complex is crucial. Such structural work will yield the
first structure of a human radical SAM enzyme, in addition to the first structure of viperin in a
complex with an interacting partner. The crystal structure will hopefully provide an important

structural insight on viperin’s mode of action. For example, it may identify a common structural
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motif that viperin uses to interact with its partners, and take us a step closer to fully elucidate the

mechanism by which it interacts with E3 ligases and activates protein ubiquitination.

5.2 Viperin incorporated nanodiscs

Membrane-associated proteins have proven to be exceptionally challenging to
recombinantly express and purify due to their amphipathic nature. To study their function and
understand the interactions of membrane proteins with other proteins, it is crucial to be able to
purify them. For many systems, providing a native-like environment with different lipid
compositions where the membrane protein can be embedded and stabilize would be ideal. Lipid
nanodiscs have transformed the field of membrane protein biochemistry. These are discoidal lipid
bilayers of about 8-16 nm in diameter stabilized by helical proteins known as membrane scaffold
proteins.?? Viperin is known to be localized to the endoplasmic reticulum through its disordered
N-terminal amphipathic helix,?® but this full-length viperin had never been successfully purified.
Viperin uses this N-terminal extension to interact with other proteins either directly or by
localizing to the ER and lipid droplets.'® Using a lipid nanodisc system, where the amphipathic
helix can be stabilized within a membrane-like environment, appeared to be a very promising
approach to purify full-length viperin. In collaboration with the Bailey group at the University of
Michigan, we have used nanodiscs to purify full-length viperin from mammalian cells and shown
that it is active at similar levels to the truncated variant (viperin-AN50). Although the yield of full-
length viperin obtained from mammalian cell lysate is relatively low and restricted us from
performing structural studies on it, it is not usual to obtain a lot of protein from mammalian cell
culture. This result is still very exciting as it provides a new platform to elucidate the molecular
mechanism by which viperin interacts with its membrane-associated protein partners and,

furthermore, the effect of these interactions on viperin’s antiviral activity.
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Future studies should focus on expressing and purifying full-length viperin fused with a
solubility tag such as MBP, GST, or SUMO from E. coli. The purified protein could then be
incorporated into nanodiscs and the solubility tag cleaved as the last step. The presence of a
nanodisc should stabilize the N-terminal helix of viperin and prevent aggregates. The activity of
membrane proteins is often influenced by the composition of its surrounding lipids.2* Therefore,
altering the lipid composition could activate or inhibit enzyme. Future studies should optimize the
ratios of different lipids (saturated, unsaturated, positively charged, and negatively charged) that
make up the phospholipid portion of nanodisc and investigate their effect on viperin’s enzymatic
activity.

Viperin has been studied extensively since its discovery over two decades ago, mostly
using the tools of immunologists and virologists. Recently, it has been studied as an enzyme which
catalyzes the dehydration of CTP in to ddhCTP, an antiviral nucleotide. From an enzymologist
and biochemist’s point of view, we have studied viperin and its interaction in vitro with two of the
signaling proteins, TRAF6 and IRAK1 that are involved in many immune response pathways.
These studies constitute one of a few others that show viperin’s direct interaction with its protein
partners and sets precedent to investigate more. In addition to establishing protein-protein
interactions, we have also demonstrated one of the ways viperin may exert its antiviral effects by
activating the protein ubiquitination. K48-linked polyubiquitin chains mark a protein target for its
degradation through proteasome. It is plausible to hypothesize that viperin may activate the rate of
K48-linked polyubiquitination of viral proteins that are required for viral replication. Further
studies with purified proteins are required to confirm such a hypothesis. Nevertheless, viperin does

activate signal transduction pathways such as NF-kB and MAPK pathways by interacting with
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TRAFG6 and increasing the rate of K63-linked polyubiquitination which has important implications

in innate immunity.
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Appendix — Nucleotide sequences of proteins used in this study

Al Viperin-AN50 (pRSF-Duet-1) — upstream protein between Ncol and Hindl11

CTAGTGCTGCGCGGTCCGGATGAAACCAAAGAAGAAGAAGAAGATCCGCCGLCTGCC
GACCACGCCGACCTCAGTTAACTATCATTTTACGCGTCAGTGTAATTACAAATGCGG
CTTTTGTTTCCACACCGCGAAAACGTCGTTCGTGCTGCCGCTGGAAGAAGCGAAACG
TGGTCTGCTGCTGCTGAAAGAAGCCGGCATGGAAAAAATTAACTTTTCAGGCGGTG
AACCGTTCCTGCAGGATCGCGGTGAATATCTGGGCAAACTGGTTCGTTTTTGCAAAG
TCGAACTGCGCCTGCCGAGCGTTTCTATTGTCTCAAACGGTTCGCTGATCCGTGAAC
GCTGGTTTCAAAATTATGGCGAATACCTGGATATTCTGGCCATCAGCTGCGATTCTTT
CGACGAAGAAGTGAACGTTCTGATCGGCCGCGGTCAGGGCAAGAAAAACCATGTCG
AAAATCTGCAAAAACTGCGTCGCTGGTGTCGTGATTACCGCGTTGCATTCAAAATCA
ACTCCGTGATCAACCGTTTCAATGTTGAAGAAGACATGACCGAACAGATTAAAGCTC
TGAACCCGGTGCGCTGGAAAGTTTTTCAATGCCTGCTGATCGAAGGTGAAAATTGTG
GCGAAGATGCGCTGCGTGAAGCCGAACGCTTCGTGATTGGTGACGAAGAATTTGAA
CGTTTCCTGGAACGCCACAAAGAAGTCAGTTGCCTGGTGCCGGAATCCAACCAGAA
AATGAAAGATAGCTATCTGATCCTGGACGAATACATGCGTTTTCTGAATTGTCGTAA
AGGCCGCAAAGATCCGAGTAAATCCATTCTGGACGTCGGTGTGGAAGAAGCGATCA
AATTTTCTGGCTTCGATGAAAAAATGTTCCTGAAACGTGGTGGCAAATACATCTGGA
GCAAAGCCGACCTGAAACTGGATTGGTGAAAGCT

A2 TRAF6-RZ123 (pET21c)

ATGGAGGAGATCCAGGGATATGATGTAGAGTTTGACCCACCCCTGGAAAGCAAGTA
TGAATGCCCCATCTGCTTGATGGCATTACGAGAAGCAGTGCAAACGCCATGCGGCC
ATAGGTTCTGCAAAGCCTGCATCATAAAATCAATAAGGGATGCAGGTCACAAATGT
CCAGTTGACAATGAAATACTGCTGGAAAATCAACTATTTCCAGACAATTTTGCAAAA
CGTGAGATTCTTTCTCTGATGGTGAAATGTCCAAATGAAGGTTGTTTGCACAAGATG
GAACTGAGACATCTTGAGGATCATCAAGCACATTGTGAGTTTGCTCTTATGGATTGT
CCCCAATGCCAGCGTCCCTTCCAAAAATTCCATATTAATATTCACATTCTGAAGGAT
TGTCCAAGGAGACAGGTTTCTTGTGACAACTGTGCTGCATCAATGGCATTTGAAGAT
AAAGAGATCCATGACCAGAACTGTCCTTTGGCA

A3 Viperin (pcDNA 3.1)
ATGTGGGTGCTTACACCTGCTGCTTTTGCTGGGAAGCTCTTGAGTGTGTTCAGGCAA
CCTCTGAGCTCTCTGTGGAGGAGCCTGGTCCCGCTGTTCTGCTGGCTGAGGGCAACC

TTCTGGCTGCTAGCTACCAAGAGGAGAAAGCAGCAGCTGGTCCTGAGAGGGCCAGA
TGAGACCAAAGAGGAGGAAGAGGACCCTCCTCTGCCCACCACCCCAACCAGCGTCA
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ACTATCACTTCACTCGCCAGTGCAACTACAAATGCGGCTTCTGTTTCCACACAGCCA
AAACATCCTTTGTGCTGCCCCTTGAGGAAGCAAAGAGAGGATTGCTTTTGCTTAAGG
AAGCTGGTATGGAGAAGATCAACTTTTCAGGTGGAGAGCCATTTCTTCAAGACCGG
GGAGAATACCTGGGCAAGTTGGTGAGGTTCTGCAAAGTAGAGTTGCGGCTGCCCAG
CGTGAGCATCGTGAGCAATGGAAGCCTGATCCGGGAGAGGTGGTTCCAGAATTATG
GTGAGTATTTGGACATTCTCGCTATCTCCTGTGACAGCTTTGACGAGGAAGTCAATG
TCCTTATTGGCCGTGGCCAAGGAAAGAAGAACCATGTGGAAAACCTTCAAAAGCTG
AGGAGGTGGTGTAGGGATTATAGAGTCGCTTTCAAGATAAATTCTGTCATTAATCGT
TTCAACGTGGAAGAGGACATGACGGAACAGATCAAAGCACTAAACCCTGTCCGCTG
GAAAGTGTTCCAGTGCCTCTTAATTGAGGGTGAGAATTGTGGAGAAGATGCTCTAAG
AGAAGCAGAAAGATTTGTTATTGGTGATGAAGAATTTGAAAGATTCTTGGAGCGCC
ACAAAGAAGTGTCCTGCTTGGTGCCTGAATCTAACCAGAAGATGAAAGACTCCTAC
CTTATTCTGGATGAATATATGCGCTTTCTGAACTGTAGAAAGGGACGGAAGGACCCT
TCCAAGTCCATCCTGGATGTTGGTGTAGAAGAAGCTATAAAATTCAGTGGATTTGAT
GAAAAGATGTTTCTGAAGCGAGGAGGAAAATACATATGGAGTAAGGCTGATCTGAA
GCTGGATTGGTAG

A4 IRAK1 (pcDNA 3.1)

ATGGCCGGGGGGCCGGGCCCGGGGGAGCCCGCAGCCLCCCGGCGCCCAGCACTTCCTT
GTACGAGGTGCCGCCCTGGGTCATGTGCCGCTTCTACAAAGTGATGGACGCCCTGGA
GCCCGCCGACTGGTGCCAGTTCGCCGCCCTGATCGTGCGCGACCAGACCGAGCTGC
GGCTGTGCGAGCGCTCCGGGCAGCGCACGGCCAGCGTCCTGTGGCCCTGGATCAAC
CGCAACGCCCGTGTGGCCGACCTCGTGCACATCCTCACGCACCTGCAGCTGCTCCGT
GCGCGGGACATCATCACAGCCTGGCACCCTCCCGCCCCGCTTCCGTCCCCAGGCACC
ACTGCCCCGAGGCCCAGCAGCATCCCTGCACCCGCCGAGGCCGAGGLCCTGGAGCCC
CCGGAAGTTGCCATCCTCAGCCTCCACCTTCCTCTCCCCAGCTTTTCCAGGCTCCCAG
ACCCATTCAGGGCCTGAGCTCGGCCTGGTCCCAAGCCCTGCTTCCCTGTGGCCTCCA
CCGCCATCTCCAGCCCCTTCTTCTACCAAGCCAGGCCCAGAGAGCTCAGTGTCCCTC
CTGCAGGGAGCCCGCCCCTTTCCGTTTTGCTGGCCCCTCTGTGAGATTTCCCGGGGC
ACCCACAACTTCTCGGAGGAGCTCAAGATCGGGGAGGGTGGCTTTGGGTGCGTGTA
CCGGGCGGTGATGAGGAACACGGTGTATGCTGTGAAGAGGCTGAAGGAGAACGCTG
ACCTGGAGTGGACTGCAGTGAAGCAGAGCTTCCTGACCGAGGTGGAGCAGCTGTCC
AGGTTTCGTCACCCAAACATTGTGGACTTTGCTGGCTACTGTGCTCAGAACGGCTTC
TACTGCCTGGTGTACGGCTTCCTGCCCAACGGCTCCCTGGAGGACCGTCTCCACTGC
CAGACCCAGGCCTGCCCACCTCTCTCCTGGCCTCAGCGACTGGACATCCTTCTGGGT
ACAGCCCGGGCAATTCAGTTTCTACATCAGGACAGCCCCAGCCTCATCCATGGAGAC
ATCAAGAGTTCCAACGTCCTTCTGGATGAGAGGCTGACACCCAAGCTGGGAGACTTT
GGCCTGGCCCGGTTCAGCCGCTTTGCCGGGTCCAGCCCCAGCCAGAGCAGCATGGT
GGCCCGGACACAGACAGTGCGGGGCACCCTGGCCTACCTGCCCGAGGAGTACATCA
AGACGGGAAGGCTGGCTGTGGACACGGACACCTTCAGCTTTGGGGTGGTAGTGCTA
GAGACCTTGGCTGGTCAGAGGGCTGTGAAGACGCACGGTGCCAGGACCAAGTATCT
GAAAGACCTGGTGGAAGAGGAGGCTGAGGAGGCTGGAGTGGCTTTGAGAAGCACC
CAGAGCACACTGCAAGCAGGTCTGGCTGCAGATGCCTGGGCTGCTCCCATCGCCAT
GCAGATCTACAAGAAGCACCTGGACCCCAGGCCCGGGCCCTGCCCACCTGAGCTGG
GCCTGGGCCTGGGCCAGCTGGCCTGCTGCTGCCTGCACCGCCGGGCCAAAAGGAGG
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CCTCCTATGACCCAGGTGTACGAGAGGCTAGAGAAGCTGCAGGCAGTGGTGGCGGG
GGTGCCCGGGCATTCGGAGGCCGCCAGCTGCATCCCCCCTTCCCCGCAGGAGAACTC
CTACGTGTCCAGCACTGGCAGAGCCCACAGTGGGGCTGCTCCATGGCAGCCCCTGG
CAGCGCCATCAGGAGCCAGTGCCCAGGCAGCAGAGCAGCTGCAGAGAGGCCCCAA
CCAGCCCGTGGAGAGTGACGAGAGCCTAGGCGGCCTCTCTGCTGCCCTGCGCTCCTG
GCACTTGACTCCAAGCTGCCCTCTGGACCCAGCACCCCTCAGGGAGGLCCGGLTGTCC
TCAGGGGGACACGGCAGGAGAATCGAGCTGGGGGAGTGGCCCAGGATCCCGGLCC
ACAGCCGTGGAAGGACTGGCCCTTGGCAGCTCTGCATCATCGTCGTCAGAGCCACC
GCAGATTATCATCAACCCTGCCCGACAGAAGATGGTCCAGAAGCTGGCCCTGTACG
AGGATGGGGCCCTGGACAGCCTGCAGCTGCTGTCGTCCAGCTCCCTCCCAGGCTTGG
GCCTGGAACAGGACAGGCAGGGGCCCGAAGAAAGTGATGAATTTCAGAGCTGA

A5 IRAK1-DD (pcDNA 3.1)

ATGGCCGGGGGGCCGGGCCCGGGGGAGCCCGCAGCCCCCGGCGCCCAGCACTTCTT
GTACGAGGTGCCGCCCTGGGTCATGTGCCGCTTCTACAAAGTGATGGACGCCCTGGA
GCCCGCCGACTGGTGCCAGTTCGCCGCCCTGATCGTGCGCGACCAGACCGAGCTGC
GGCTGTGCGAGCGCTCCGGGCAGCGCACGGCCAGCGTCCTGTGGCCCTGGATCAAC
CGCAACGCCCGTGTGGCCGACCTCGTGCACATCCTCACGCACCTGCAGCTGCTCCGT
GCGCGGGACATCATCACAGCCTGGCACCCTCCCGLCCCGLTTCCG-

A6 IRAK1-DD-PST (pcDNA 3.1)

ATGGCCGGGGGGCCGGGCCCGGGGGAGCCCGCAGCCLCCCGGCGCCCAGCACTTCCTT
GTACGAGGTGCCGCCCTGGGTCATGTGCCGCTTCTACAAAGTGATGGACGCCCTGGA
GCCCGCCGACTGGTGCCAGTTCGCCGCCCTGATCGTGCGCGACCAGACCGAGCTGC
GGCTGTGCGAGCGCTCCGGGCAGCGCACGGCCAGCGTCCTGTGGCCCTGGATCAAC
CGCAACGCCCGTGTGGCCGACCTCGTGCACATCCTCACGCACCTGCAGCTGCTCCGT
GCGCGGGACATCATCACAGCCTGGCACCCTCCCGCCCCGCTTCCGTCCCCAGGCACC
ACTGCCCCGAGGCCCAGCAGCATCCCTGCACCCGCCGAGGCCGAGGLCCTGGAGCCC
CCGGAAGTTGCCATCCTCAGCCTCCACCTTCCTCTCCCCAGCTTTTCCAGGCTCCCAG
ACCCATTCAGGGCCTGAGCTCGGCCTGGTCCCAAGCCCTGCTTCCCTGTGGCCTCCA
CCGCCATCTCCAGCCCCTTCTTCTACCAAGCCAGGCCCAGAGAGCTCAGTGTCCCTC
CTGCAGGGAGCCCGCCCCTTTCCGTTTTGCTGGCCCCTCTGTGAGATTTCCCGGGGC
ACCCACAAC-

A7 IRAK1-DD-PST-KD (pcDNA 3.1)

ATGGCCGGGGGGCCGGGCCCGGGGGAGCCCGCAGCCCCCGGCGCCCAGCACTTCTT
GTACGAGGTGCCGCCCTGGGTCATGTGCCGCTTCTACAAAGTGATGGACGCCCTGGA
GCCCGCCGACTGGTGCCAGTTCGCCGCCCTGATCGTGCGCGACCAGACCGAGCTGC
GGCTGTGCGAGCGCTCCGGGCAGCGCACGGCCAGCGTCCTGTGGCCCTGGATCAAC
CGCAACGCCCGTGTGGCCGACCTCGTGCACATCCTCACGCACCTGCAGCTGCTCCGT
GCGCGGGACATCATCACAGCCTGGCACCCTCCCGLCCCCGLCTTCCGTCCCCAGGCACC
ACTGCCCCGAGGCCCAGCAGCATCCCTGCACCCGCCGAGGCCGAGGCCTGGAGCCC
CCGGAAGTTGCCATCCTCAGCCTCCACCTTCCTCTCCCCAGCTTTTCCAGGCTCCCAG
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ACCCATTCAGGGCCTGAGCTCGGCCTGGTCCCAAGCCCTGCTTCCCTGTGGCCTCCA
CCGCCATCTCCAGCCCCTTCTTCTACCAAGCCAGGCCCAGAGAGCTCAGTGTCCCTC
CTGCAGGGAGCCCGCCCCTTTCCGTTTTGCTGGCCCCTCTGTGAGATTTCCCGGGGC
ACCCACAACTTCTCGGAGGAGCTCAAGATCGGGGAGGGTGGCTTTGGGTGCGTGTA
CCGGGCGGTGATGAGGAACACGGTGTATGCTGTGAAGAGGCTGAAGGAGAACGCTG
ACCTGGAGTGGACTGCAGTGAAGCAGAGCTTCCTGACCGAGGTGGAGCAGCTGTCC
AGGTTTCGTCACCCAAACATTGTGGACTTTGCTGGCTACTGTGCTCAGAACGGCTTC
TACTGCCTGGTGTACGGCTTCCTGCCCAACGGCTCCCTGGAGGACCGTCTCCACTGC
CAGACCCAGGCCTGCCCACCTCTCTCCTGGCCTCAGCGACTGGACATCCTTCTGGGT
ACAGCCCGGGCAATTCAGTTTCTACATCAGGACAGCCCCAGCCTCATCCATGGAGAC
ATCAAGAGTTCCAACGTCCTTCTGGATGAGAGGCTGACACCCAAGCTGGGAGACTTT
GGCCTGGCCCGGTTCAGCCGCTTTGCCGGGTCCAGCCCCAGCCAGAGCAGCATGGT
GGCCCGGACACAGACAGTGCGGGGCACCCTGGCCTACCTGCCCGAGGAGTACATCA
AGACGGGAAGGCTGGCTGTGGACACGGACACCTTCAGCTTTGGGGTGGTAGTGCTA
GAGACCTTGGCTGGTCAGAGGGCTGTGAAGACGCACGGTGCCAGGACCAAGTATCT
GAAAGACCTGGTGGAAGAGGAGGCTGAGGAGGCTGGAGTGGCTTTGAGAAGCACC
CAGAGCACACTGCAAGCAGGTCTGGCTGCAGATGCCTGGGCTGCTCCCATCGCCAT
GCAGATCTACAAGAAGCACCTGGACCCCAGGCCCGGGCCCTGCCCACCTGAGCTGG
GCCTGGGCCTGGGCCAGCTGGCCTGCTGCTGCCTGCACCGCCGGGCCAAAAGGAGG
CCTCCTATGACCCAGGTGTACGAGAGGCTAGAGAAGCTGCAGGCAGTGGTGGCGGG
GGTGCCCGGGCATTCGGAGGCCGCCAGC-

A8 Codon-Optimized IRAK1-DD (pMAL-c5x)

ATGGCGGGTGGTCCGGGTCCGGGTGAACCGGCGGCGCCGGGTGCGCAGCATTTCCT
GTACGAAGTGCCGCCATGGGTGATGTGCCGTTTCTACAAGGTTATGGATGCGCTGGA
GCCGGCGGATTGGTGCCAGTTTGCGGCGCTGATCGTGCGTGACCAAACCGAGCTGC
GTCTGTGCGAACGTAGCGGTCAGCGTACCGCGAGCGTTCTGTGGCCGTGGATCAACC
GTAACGCGCGTGTGGCGGACCTGGTTCACATTCTGACCCACCTGCAACTGCTGCGTG
CGCGTGATATCATCACCGCGTGGCACCCGCCGGCGCCGCTGCCGAGCCATCATCATC
ATCATCACTAA-

A9 TN14-IRAK1-DD (pET21d)

GCGCAGCATTTCCTGTACGAAGTGCCGCCATGGGTGATGTGCCGTTTCTACAAGGTT
ATGGATGCGCTGGAGCCGGCGGATTGGTGCCAGTTTGCGGCGCTGATCGTGCGTGAC
CAAACCGAGCTGCGTCTGTGCGAACGTAGCGGTCAGCGTACCGCGAGCGTTCTGTG
GCCGTGGATCAACCGTAACGCGCGTGTGGCGGACCTGGTTCACATTCTGACCCACCT
GCAACTGCTGCGTGCGCGTGATATCATCACCGCGTGGCACCCGCCGGCGCCGLTGLC
GAGC-

A10 TN21-IRAK1-DD (pET21d)
GTGCCGCCATGGGTGATGTGCCGTTTCTACAAGGTTATGGATGCGCTGGAGCCGGCG

GATTGGTGCCAGTTTGCGGCGCTGATCGTGCGTGACCAAACCGAGCTGCGTCTGTGC
GAACGTAGCGGTCAGCGTACCGCGAGCGTTCTGTGGCCGTGGATCAACCGTAACGC
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GCGTGTGGCGGACCTGGTTCACATTCTGACCCACCTGCAACTGCTGCGTGCGCGTGA
TATCATCACCGCGTGGCACCCGCCGGCGCCGCTGCCGAGC-

All TN21-P23A-P24A-1IRAK1-DD (pET21d)

GTGGCGGCGTGGGTGATGTGCCGTTTCTACAAGGTTATGGATGCGCTGGAGCCGGCG
GATTGGTGCCAGTTTGCGGCGCTGATCGTGCGTGACCAAACCGAGCTGCGTCTGTGC
GAACGTAGCGGTCAGCGTACCGCGAGCGTTCTGTGGCCGTGGATCAACCGTAACGC
GCGTGTGGCGGACCTGGTTCACATTCTGACCCACCTGCAACTGCTGCGTGCGCGTGA
TATCATCACCGCGTGGCACCCGCCGGCGCCGCTGCCGAGC-
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