Lecture 3- Vignette 1
Discovery of a novel overprinting gene in polyomaviruses

Matt Daugherty, former postdoc
now Assistant Professor, UC San Diego



VWHAT IS OVERPRINTING? HOW DOES IT EVOLVE!?
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UNUSUAL EVOLUTIONARY CONSERVATION

Virus A CCTATTAATGGAACAGCCA

Frame 1 RESST NG T A
Frame 2 EaST M- E O P

Virus B CCTATAAATGGAACAGCCA

Frame 1 Preal N G A Synonymous change
Frame 2 3 I * M E 0 P Nonsynonymous change

Observe depression of ‘'synonymous’ mutations in overprinting regions



A NOVEL GENE IN MCPYV

Small T

Polyomaviruses (PyV’s) are small DNA viruses
9 distinct human viruses, infect >50% of people
S$V40: Causes cancer in monkeys (also has a very useful promoter)

MousePyV: Causes cancer in rodents
Merkel cell polyomavirus (MCPyV): Causes cancer in humans
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ALTERNATE I ANTIGEN ORF (ALTO)

MCPyV LargeT [

1 817

ALTO (+1 frame) I

248 amino acid protein

No recognizable primary or secondary structure except a hydrophobic C-terminus
No similarity to any other viral protein except 3 closely related viruses
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How did ALTO come to exist?



A WHOLE CLADE OF OVERPRINTED LI GENES

Are there other PyVs with a large uninterrupted ORF overprinting on LT?

Overlap with LT OBD domain
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Includes another human virus (TSPyV) and oncogenic MousePyV
The overprinting MousePyV gene (called MiddleT) is sufficient to cause cancer

Defines a clade of AImi(ALTO or MiddleT containing)polyomaviruses



ALTO WAS BORN IN ONE VIRAL LINEAGE
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A STEPWISE MODEL FOR OVERPRINTING BIRTH

Ancestral LT gene LTframe [ T o>
Potential for +1 frame +1 frame |:>*aee JCPyV, KiPyV
start codon and
R Expansion of LT protein
already present
[ | >
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Innovation of ALTO/MT l Removal of stop codons
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I:»* Ancestral Almipolyomavirus

Subfunctionalization Create MT through splicin
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HOW WAS THIS NEW GENE BORN/!

What was in place before ALTO was born!?

MCPyV LargeT
ALTO (+1 frame)
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HOW WAS THIS NEW GENE BORN/!

What was in place before ALTO was born!?

MCPyV LargeT
ALTO (+1 frame)
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HOW WAS THIS NEW GENE BORN/!

The start codon and hydrophobic motif were in place before ALTO was born

Where did all of the extra sequence come from!?
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A STEPWISE MODEL FOR OVERPRINTING BIRTH

Ancestral LT gene LTframe [ T o>
Potential for +1 frame +1 frame |:>*aee JCPyV, KiPyV
start codon and
R Expansion of LT protein
already present
[ | >
E)*  ** LPV, HPyV9
Innovation of ALTO/MT l Removal of stop codons
[ | >

I:»* Ancestral Almipolyomavirus

Subfunctionalization Create MT through splicin
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VWHAT DOES ALTO DO!

N 2 DAPI
A (.\\@C?\\Q\{_O D
kD PP
50 = 6
37= - ! g
25 =
20=- R >
15
ALTO
-— ——
o
GADPH LL

ER
(ALTO 1-234)

The short answer: we don’t know!
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VWHAT

DOES ALTO

/.

50!

ChimpPyV2a
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e ALTO
Function unknown
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MiddleT
Oncoprotein
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Evolutionary connection to MousePyV allows
us to use MiddleT to understand ALTO

MiddleT transforms cells using short linear
motifs to disrupt cell cycle control

Several of these

motifs have phosphorylated Y’s

Does ALTO have conserved Y motifs!?
Do these motifs activate signaling cascades?
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Viral ’

genome
\

Other mammalian polyomaviruses
(including 8 other human polyomaviruses)

i Birth of a novel
Human polyomavirus (TSPyV) viral protein

Mouse polyomavirus

Hamster polyomavirus ~ ﬂ
Raccoon polyomavirus ALTO
Bat polyomavirus
Chimpanzee polyomavirus

Merkel cell polyomavirus



Lecture 3- Vignette 2
Deconvolution of two ancient mammalian antiviral families

Matt Daugherty, former postdoc
now Assistant Professor, UC San Diego






Heterozygosity or gene duplications provides host
genomes with an advantage against viruses
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IFIT genes: a case-study in diversity

Interferon IFIT|

IFIT2
IFIT3
IFITS
MxA

Interferon

stimulated
Hundred
b \ undreds of

other genes

IFIT: Interferon-induced with tetratricopeptide (TPR) repeats

0 DEEBOE)
oy IRPEY<EE><EE)

What are the functional consequences of IFIT evolution?



IFIT'| distinguishes ‘self’ from ‘non-self’

prPNN A/\/_’ "“GrrpNN /\/\/—> MeGPPP!\}!N A/\/

pre-mRNA Cap0 Capl
Nucleus
Cytoplasm

. e /\/\/
prPNIN A/\/_’ ' GPPPNNA GPPPD!N
Viral Cap0 Cap|
transcript T
Mouse IFIT I

Daffis et al, Nature, 2010



A discrepancy in IFIT | function

pppNNA/\/—> MGGPPPNNA/\/—» MGGPPPmNA/\/

Viral Cap0 Cap|
transcript T T
Mouse IFIT | Human IFIT |
Pichimair, 201 |

Andrejeva, 201 3



IFIT phylogeny violates mammalian phylogeny
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IFITIB

[ DOGIFITI & IB

| CATIFITI & IB

| PANDAIFITI & IB

| FERRET IFITI & IB

IFITS

ENES

Whole gene phylogeny of IFIT| and IFITIB

Suggests many independent duplications
(into the same chromosomal location)

Is there another possible explanation for this phylogeny?



Recurrent recombination among IFIT | parallels in mammals
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Pairwise comparison of ferret IFIT| & IFIT I B (black indicates divergence)
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|dentical breakpoint in all 4 carnivores!



IWO ancient families of IFIT| genes
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IFIT1

Primates (Human IFIT1) Missing IFITI:

Rodents Mice, rats, hamsters, guinea pigs
Carnivores

IFITIB __— Humans (Human IFIT1B)
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—— OId World monkeys :
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Rodents (Mouse IFIT1,1b,1c) PI1gS, COWS
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IFITI and IFITIB have been diverging for >100 million years!
But many species only have one or the other!



FUNCTIONAL DIVERGENCE OF IFIT | PROTEINS!?

IFIT1 Primates (Human IFIT1) Me /\/\/ Me /\/\/
Y GreppNN — GPPP!\}]N

Rodents
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Rodents (Mouse IFIT1,1b,1c) IFIT I B IFIT I
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Want to test IFIT activity independent of rest of innate immune system



A NOVEL YEAST ASSAY FOR IFIT FUNCTION

@ MeGPPPNN/\/\/ > MeGPPPmN/\/\/

Human FTS)D2
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Human IFIT1 [ Bk BK BE.
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IFIT| recognizes a different molecular pattern to arrest yeast growth



IFl T-ME

Vaccinia
virus

DIATED ANTIVIRAL RESTRICTION
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IFI T-MEDIATED ANTIVIRAL RESTRICTION
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CONSEQUENCES OF IFIT | EVOLUTION

Antiviral Molecular
specificity recognition
IFIT1 .
Primates (Human IFIT1)
X Rodents —I 7 7
Carnivores v o
IFIT1B __— Humans (Humad{FiT1B)
— Gibbons g
 Old World monkeys Speci
_I B ecific Cap0
—)& New World monkeys & iy ll?eco o tioﬂ
Rodents (Mouse IFIT1,1b,1c) Ca PO""‘/',?ms i &
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| C T2
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What is the function of IFIT1? Does it have antiviral activity?



IFIT | INHIBITS CAP| VIRUS REPLICATION

> MeGPPPDINA/\/

Capl
Vesicular |F|T |
stomatitis
virus (VSYV) ~ Empty
E 849 +Mouse IFIT1B
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© 47
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IFITI is a potent antiviral, but with specificity that differs from IFIT|B



IFIT | EVOLUTION ALTERS ANTIVIRAL DEFENSES

Antiviral Molecular
specificity recognition
IFIT1 .
Primates (Human IFIT1)
> Rodents _I * 7
Carnivores x
IFIT1B __— Humans (Human IFIT1B) VSV, others?
— Gibbons

—— Old World monkeys

—& New World monkeys
Rodents (Mouse IFIT1,1b,1c)

Carnivores
T2

T3
15

Specific Cap0
recognition

Cap0 viruses

IFITI and IFITIB are distinct gene families that diverged millions of years ago

IFIT1 and IFIT 1B have evolved different mechanisms and antiviral specificities



Recombination may also help explain MxA/MxB evolution
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Mitchell et al. PLOS Pathogens 2015



Recombination may also help explain MxA/MxB evolution
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GARD-predicted recombination breakpoints mapped onto human MxA
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100— human MxB
100 _L rhesus macaque MxB

85

howler monkey MxB
walrus MxB

100

r ferret MxB
63 panda MxB

camel MxB

100

-|9_3‘— whale MxB

cow MxB

howler monkey MxA

85

human MxA

86 rhesus macaque MxA

100

camel MxA

83

m? cow MxA
whale MxA

100 ferret MxA

GARD segment B
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E walrus MxA
panda MxA

rhesus macaque MxB

Mitchell et al. PLOS Pathogens 2015



Recombination may also help explain MxA/MxB evolution

GARD-predicted recombination breakpoints mapped onto mouse Mx1

** *%k%

A B

* %%

C

75 139

298

D

11

68

analyzed sequence

712

88

99

Chinese hamster MxA 2
Chinese hamster MxA 1

prairie vole MxA 2
prairie vole MxA 1

mouse MxA 2
85
L mouse MxA 1

72

78 _UE rat MxA 2
rat MxA 1

GARD segment A

91

hispid cotton rat MxA 1

hispid cotton rat MxA 2

squirrel MxA

91

chinchilla MxA 2
chinchilla MxA 1

guinea pig MxA 2

100L[IE’guinea pig MxA 1

kangaroo rat MxA
naked mole rat MxA 1
naked mole rat MxA 2

rabbit MxA

Mitchell et al. PLOS Pathogens 2015



Lecture 3- Vignette 3
An unusual origin for a host immune gene

Seemay Chou Matt Daugherty, former postdoc
former postdoc, Mougous lab, UW  now Assistant Professor, UC San Diego
now Assistant Professor, UC San Francisco



‘Stealing Immunity genes

Host Pathogen

Horizontal
gene transfer






Bacterial genes in eukaryotic genomes
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Antibacterial effector genes were ‘stolen’ at least 6 times

Ticks and mites Oxytricha

Daphnia Naegleria Sea anemone, Lancelet and others

Surrounded by other eukaryotic genes )

Contain introns m

Chou*, Daugherty*,...Malik, Mougous Nature 2015



(GENES WERE ‘STOLEN'’ AT LEAST 6 TIMES

—— Heterolobosea

— Jakobida Tae3 )

Excavata — Oxymonads and diplomonads Ao
a Archeplastida< VA ==
£ (plants) — Ciliates (Oxytricha, dae3)
§ — Dinoflagellates
@ Chromalveolata L Diatoms Crustaceans
Q Insects -M; -
o - . . a
> L— Arachnids (Mites & ticks, dae2) f
_Eg Rhizaria < — Lophotrochozoa
L] —— Mammals

iy — | L Cephalochordate (Lancelet, dae4)

moebozoa Hemichordate (Acorn worm, dae4)
—— Cnidaria (Sea anemone, dae4) \
SvehoaE —— Choanoflagellates (Monosiga, dae4) Ciaed)~—~

—— Fungi

Renamed Domesticated amidase effector (Dae) genes

Chou*, Daugherty®,...Malik, Mougous Nature 2015



>400 million years
of tick and mite
evolution

Conservation of catalytic residues

... and a new way to get out of cells

Bacterial
consensus

A. cajennense
A. triste

A. parvum

A. maculatum
R. pulchellus
R. sanguineus
l. scapularis
M. occidentalis
D. gallinae

D. pteronyssinus

Conserved catalytic residues

9 VaLye

KECVALVK
KECVALVK
KECVALVK
KECVALVK
RECVALVK
KECVALVK
KECVALVK
GSAAALIK

GSAAGLVK
QECAALVOQ

HAARY e

HAATFES
HAATFES
HAATFES
HAATFES
HAATFES
HAATFES
HAATIFES
HAGIFVR
HAAILVR
BTATFVR

New secretion signal

MKGFVICAALLVLGMAVGSSQAT
MNGFLLCAALLVLGMAVGSQAT
MKCFVTCTALLVLGMAVGSQAT
MNGFILSAALLVLGMAVGSQAT
MKGFVVSVGLLLLGMAIVIQAT
MKGFVISVGLLLLGMTVVTQAT
MKMGVTPLVLVVSIAFSLNCEVDAT
MKLFLISAALVVLGLAAVSDAM
MSPSTVTGALLALLAFTVGVSGM

MYSFKYCLAAATLLLVGNVCOQAF

Chou*, Daugherty®,...Malik, Mougous Nature 2015



Dae-mediated antibacterial immunity in vivo

Ixodes scapularis (deer tick) is the vector for the Lyme
disease pathogen (Borrelia burgdorferi)

Lyme disease is the most prevalent vector-borne illness in
the US

RNAi knockdown 2 weeks post-engorgement
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Control dae2 Control dae2

Chou*, Daugherty®,...Malik, Mougous Nature 2015



Horizontal gene transfer as a mechanism to acquire iImmunity

Bacteria
N

Eukaryotes —I & Bacteria
b_/

By stealing well-honed interbacterial toxins, eukaryotes get ‘out-of-
the-box’ antibacterial immunity factors



GENOMIC VIEW OF SELECTION
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beyond the usual suspects

Genetic conflicts between components of
the same cell and even same genome
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beyond the usual suspects

Genetic conflicts between components of
the same cell and even same genome

“selfish™ MtDNA replication/
mitochondria transcription proteins
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beyond the usual suspects

Genetic conflicts between components of
the same cell and even same genome

a/A Melosis >//§/ >>/y

» Alleles are evolutionary competitors
- fight fair (promote fitness; fitter allele ‘wins’)

- cheat to win during/after meiosis; unfit allele
can sometimes ‘win’






Cheating’ after Male meiosis
chromosome segregation

¢ What are possible suppressors?
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‘Cheating’ during
chromosome segregation

Female
MelosIS

oocyte
ooc;tte
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