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Introduction

® cvolution (RNA world) & genomics
® RNA biology & RNomics

(molecular and cellular functions)

® structural biology & structural
bioinformatics (structural basis for
functions)

® enzymology & computational enzymology
(catalysis)
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Prebiotic chemicals

Prebiotic & RNA Worlds

Protocells containing
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ribozymes  self-replication  replication, selfish elements,
amplification viroids,

Martin et al., Lite, 2015.
Attwater et al., Nat. Chem., 2013. Horning & Joyce, PNAS, 2016. €€
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Virus Wor
&
RNA World

Archaea with
plasmids, group
|l introns

Bacteria with
plasmids, retrons,
group | & Il introns
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Mutation rate/genome/replication

Viroids: « survivors from

the RNA World » functions

® crror-prone

102 < replication
® Viroids ® small size
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® replication
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Holmes, J. Virol., 2011 features o replication
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FAMILY

Viroids: Families

SUBFAMILY

GENUS

Pospiviroidae

Pospiviroinae

Pospiviroids

SPECIES

Potato spindle tuber (PSTVd)
Mexican papita (MPVd)
Tomato planta mach o (TPMVd)
Chrysanthemum stunt {CSVd)
Citrus exocortis (CEVd)
Tomato apical stunt{TASVd)
Iresine 1 (Irvd 1)

Columnea latent (CLYd)

Hostuviroids

Hop stunt (HSVd)

Cocadyviroids

Coconut cadang-cadang (CCCVd)
Coconuttinangaja (CTiVd)

Hop latent (HLVd)

Citrus IV {CVd-1V)

Apscaviroinae

Apscaviroids

Apple scar skin (ASSVd)

Citrus Il (CVd-IIl}

Apple dimple fruid (ADFVd)

Grapevine yellow speckle 1 (GY SYd 1)
Grapevine yellow speckle 2 (GY SVd 2)
Citrus bent leaf (CBLVd)

Pear blister canker (PBCVd)

Australian grapevine (AGVd)

Coleviroinhae

Coleviroids

Coleus blumei 1 (CbVd 1)
Coleus blumei 2 {(CbVd 2)
Coleus blumei 3 (CbVd 3)

Avsunviroidae

Flores et al.,

Arch. Virol.,
1998.

Avsunviroids

Avocado sunblotch (ASBVd)

Pelamoviroids

Peach latent mosaic (PLMVd)

7Ch nysanthemum chlorotic mottle (CChMVd)

PSTVd
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Viroids: Plant Parasites
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Ding & Itaya, Mol Plant Microbe Interact, 2007.
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Viroids: Replication

Asymmetric pathway (family Pospiviroidae)
RNase III RNase 11l

5 “ “ -
3
e ————————————

5‘* P 5P m—3 Ol

RNA
pol 11 RNA
ligase
RNA
5 ligase? 5
5'OH .

i

Symmetric pathway (family Avsunviroidae)

Rz: hammerhead ribozyme
9 Flores et al., Viruses, 2009


http://dx.doi.org/10.3390/v1020317

Viroids: 2D Structures

Cleavage site - .
(+) PSTVd e Pospiviroids
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Transcription
initiation (A286) e
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A ° od KiSSing'Ioop
vsunviroias interactions

10 Ding & Itaya, Mol Plant Microbe Interact, 2007.
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Viroids: Pospiviroids
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Viroids: Avsunviroids

A Pelamoviroids B Avsunviroids
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Vironids & RNA sivlengRing
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ASBVd: 2D Structures

(+) ASBVd

(-) ASBVd
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Ding & Itaya, Mol Plant Microbe Interact, 2007.
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ASBVd(-): 2D Structures

Hammerhead (HHR)

e intra-molecular base-pairs

= tertiary or inter-molecular contacts
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15 Flores et al., Adv, Virus Res., 2000.
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HHR motifs in life forms
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Consensus _ K
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J. Virol., 2011.
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A prototype for RNA
Catalysis

“Minimum” Hammerhead Ribozyme

UA substrate/
G A
Stem HI S 2 Scissile
50 _G1e bond
Af=-NT AA- u /

erlsclzc " aeats
i l ! ‘:é e it 1
1047 s04.A _ U, Stem |
Stemll . - G 1 a%s

Canonical 2D Structure

Scott, Q. Rev. Biophys., 1999
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Selt-Cleaving / Selt-Splicing
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Catalytic Metal Ions: One/

0 R TWO X-ray (active)
g

experimental: Pontius ef al., 1997; Lott et al., 1998
theoretical: Boero et al., JCTC, 20056

6 8 10

[LaCl], uM 19 theoretical: Leclerc & Karplus, JPC, 2006



http://dx.doi.org/10.1021/jp053835a
http://dx.doi.org/10.1021/jp053835a

Contribution of Metals to

Relative Free Energy (kcal/mol)

1 — = N DN N
O © Ov O Ov o Ov O

B3LY
B3LY

P/6-3]
P/6-3]

Catalysis

22.9 kcal/mol
20.8 kcal/mol

19.3 k&l/mol

|+G(d,p)
11+G(2d,2p)//B3LYP/6-31G(d,p)

B3LY]

P/6-3]

+G(d,p)//HF/3-21+G(d)

I1

11

Iv. VvV VI VII VIII IX

Reaction Coordinate

20

AG™P= 20.1 kcal/mol

== no metal
== ] metal
= 9 metals

dianionic mechanism

Lopez et al., 2006
Torres et al., 2003

Leclerc ¢5 Karplus, 2006


http://dx.doi.org/10.1021/jp0603942
http://dx.doi.org/10.1021/ja021451h
http://dx.doi.org/10.1021/jp053835a

HHR: reaction mechanism

A

Y
.
L 3 3
v \

o

Reaction Path Following:2 1B3LYP/€>-31+G(d,p)// HF/3-21+G(d)



https://youtu.be/GWmwWyJC3xk

Folding Metal Ions Models

X-ray (active)

experimental:

Peracchi et al., 1997




Metal Binding Sites in the
Hammerhead Ribozyme ?

Chartrand et al., RNA, 1997 Hansen et al.,, RNA, 2008
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Minimum/Full-Length
HHR
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Wang ¢t al., Biochem., 1999

de la Pesia et al., EMBO J., 2003 24

Khvorova et al., Nat. Struct. Biol., 2003

Canny et al., JACS, 2004
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http://dx.doi.org/10.1093/emboj/cdg530
http://dx.doi.org/10.1021/ja046848v
http://dx.doi.org/10.1021/bi9913202

Variations in HHR motits

AU :
Type ll B u u 5 £‘3
. . U—A G U
- Hammerhead - covarying mutations G-C G |a
- Consensus = compatible mutations A-U ¢ ¢
Il e-0 | R = purine; Y = pyrimidine A U G |8 5
C=G Cleavage : . A-U A [l g
' AA=U / site (: variable-length hairpir AL ! cc c I A,\G S
G-C U-A -
5-RROEC Sssssrec®® - - A-U N Ac-c G U-A
il 11111 M A nucleotide nucleotide Ga A A A Gc_c A G-C
YOG 0000 Y00 _.° identity present u-"ul A c Gc A oc-c G G-C
A A Uc oY N 97% G G A ¢C S A u-Aa | cC C-G
G G AG I N oon @97% ©75% e u-a- A u-a"  6-c c , A
© Y o, ®90% O50% c_a Y lc-c c-c ¢ L, UAA-
Y pseudoknot N 75% s DR Geoh o oXe ¥ A "ATU-
(< Il A / G-C c-
U-A C-G U-A c c llc- c-
® G-C C-G C-G N U coS X
A-U G-C GoA X GyA 4,6~
lc-¢ c-c A\ Lc-c €-G rRe
GwoA X A \XC ¢ ATY N
A A/G—C A-U GU U:G : GUAG
A X c c-g CGUA Ic-¢ c-G
_ u A-U U-A
C-G ll] 6-¢ _ -
la-u _ c-G c-G
U-G AU oG
Cc-G cC-G G-C C-G
,C_Gg . ,A—Ugg A A
3 5 3 5 Gs 6° AC
marine Drosophila Yarrowia mouse gut
metagenome pseudoobscura lipolytica metagenome

Perreault ¢t al., PLoS Comput. Biol., 2011
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http://dx.doi.org/10.1371/journal.pcbi.1002031

LLoop-Loop interactions in

HHR folding

|
K2
\ : N
I | < «—
; K.2
state U state | state F

Penedo et al., RNA, 2004.
26


http://dx.doi.org/10.1261/rna.5268404

LLoop-Loop interactions in

HHR catalysis

A B C 3 5 D
!
L) 2|3 B L.
¥ 35 = L] B

Stem Il = __ Stem | Stem | 2= Stem | Stem |l = Stem | Stem i . Stem |

G A Lo G A Lo G A Lo G A e

A A A A ' :

M M M

A >\G/ U A >\G/ U, A >’\G/ U - >\ 2"

A U U A\G A U, U A(3 A U U A(3 A U UA,G'
Stem Il Stem Il Stem Il Stem Il

3 5 3 & 3 5 35
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Minimum HHR, Tertiary
Contact and Catalysis

(uz 8)

(@)  45=NT . (b)

AU Hoogsteen pair | oy
O A" Tetraloop \og o D -- ;
Tetraloop L3G U : Uu” Y . i’ s
A G "G—cC" QL
A CT gl A — U1-5 ,'_ AU Hoogsteen pair
139G —=C 2,4C _ G1,4 Stem |l )R N
Stem Il 128 —| )02 2-SU . AmStem I
"C—-G" “G—c~ Cleavage
o, GAFA "}AEU“/ Site
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VAN
O —G" AG
Stem Il mC G Cﬁgg'rsg'c Stemil T
4C G164 .
155 A U155

O’Rourke el al JMB, 2015 28


http://dx.doi.org/10.1016/j.jmb.2015.05.005

HHR morphing

Highly active
form

Hoogsteen
pair

O’Rourke et al.,, JMB, 2015


http://www.chem.ucsc.edu/~wgscott/gifs/morphing_labeled.gif

A Nucleobase
Catalyst

O Ci7
@) n )
' ~—H
3 O\ 07 F
5 P, 0
R=0"1 R
./ Os
I?
Ollll/,l,:,”.,. O/_\l\_H
Gg PARAN
O O

5 -0 experimental: Chi et al., PLoS Biol., 2008
theoretical: Lee et al.,, JACS, 2008 30


http://dx.doi.org/10.1371/journal.pbio.0060234
http://dx.doi.org/10.1021/ja711242b

Metal Catalysts in the
2'0OH activation ?

31 Chval et al., JPC, 2011


http://dx.doi.org/10.1021/jp200970d

Metal Catalysts in the
Hammerhead Ribozymes ?

O™—H

Osborne ¢t al., Biochem., 2009
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http://dx.doi.org/10.1021/bi900614v

Cooperative Models in

Selt-Cleaving ?




Cooperative Models in

Self— Cleaving ?
viid

34


http://dx.doi.org/10.3390/molecules15085389

Metal Ions back in the
Hammerhead Catalysis

C

Ground-state, unbound Ground-state, bound

)
Gq

Kuz(s) ~ Ky (0) Kuz(s) <Kyp (0)
Ward & DeRose, RNA, 2011
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HHR: Active Conformation
and Metal Ions

A R B
66“T G-C
U-A stem la
/e, 618
loop II 8 AEZf ld A
L2.6Q_GU \AA ‘
A L13"G-C
s ¢-G
G-C C -G stemlb
111G =G 247
128 * Ay y\:
A C
A \/ 17 C
| G U
A-U7, CsUAG
C-G—
G-C
stem Il 8:8
C-G._
A 5

36 Mir et al., Biochem., 2015


http://dx.doi.org/10.1021/acs.biochem.5b01139

HHR: Metal Ions and
Catalysis

N=\
N—R
c17//’:b ~
| © | 6-12
RNA; ' : NN
§ 04 O, \ S
O : v, M 2+
T=p—0
\\\O E
" ‘ N1.1
O
OH
RNA; '
RNA; '
0O
Il —=m inner-sphere coordination
IIIIIIIIIII outer-sphere coordination, electrostatic interaction RNA 5 '

Leclerc, Molecules, 2010 37 Mir & Golden, Biochem., 2015
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ASBVd(-)/HHR(-): SANS
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HHR(-) dimerization/

catalysis

E ~8kcal/mol ~20kcal/mol

a
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a a
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HHR(-): 2D structures
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HHR folding

state U state | state F

R,(I)/(F) ~ 1.1
Penedo et al.,, RNA, 2004. ASBVd: Rg(I)/(F) ~ 1.2
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http://dx.doi.org/10.1261/rna.5268404

HHR morphing

Highly active
form

O’Rourke et al.,, JMB, 2015

R,(I)/(F) ~ 1. 1 . ASBVd: R (D/(F) ~ 1.2


http://dx.doi.org/10.1016/j.jmb.2015.05.005

S
AN
deling/S

Mo !

: 5(12%2\
exp =
- 31
*calc —
Rg




HHR (-): dimerization

m——— intra-molecular base-pairs

= tertiary or inter-molecular contacts
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HHR(-): monomer 2

49




HHR(-): monomer seeds




HHR(-) monomers




HHR: Monomer & Dimer

A C
: \A‘
A V¢
J PDB ID:

52 Mir et al., Biochem., 2015


http://dx.doi.org/10.1021/acs.biochem.5b00824

Rg & self-association




MD setup for HHR dlmer

o 300 000 atoms s
e K+ & Cl- (0.156M) "’a
e T = (283K, 313K) ‘
e NAMD f‘.’
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Dynamics of HHR(-) dimer
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HHR dimer: MD trajectory




BVd(-): self-association

Ao,
70 0 | 120
Y ° OECIPNOL0

£ 0 0220 0 o ©OO000 OO 0003000 e@‘?.e‘a) ?'0‘? Ge!t

_-l._m |-|-xx-|.|-_x -|-|¢ 3 L&l IS8

0006 0cUENG GO 00 CWE6O6 00 00 OgO st 5@ ©
© 00 o 240 QMG 230 o 220 210 \200
, 000 190

249

ﬁ Al o @ AN

GGQGGGG@@QGGGG@G@@QQGGGGGGGGGGGGGGGG@G@G@GGGGGGGGGGGG@GGGGGGG CCICCECCICOCECTCCEA00E! CECEACOCEEEIE PGGGGGGGQGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG@GG A @GGG@@G@GQGGGGGGGGGGGGG@G@QGGGGGGGGGGGGGGGGGGGGGGG@GGGGGGGG (AU UV clc(UGANGAGACIE A GG@GG
10a 20a 30a 40a 50a 60a 70a 80a 90a 100a 110a 120a 130a 140a 150a 160a 170a 180a 190a 200a 210a 220a 230a 240a 249

monomer 1 57




ASBVd(-): self-association

~(10°C) = -9.35 kcal/mol
(25°C) = -7.27 kcal/mol

int

(10°C) = -163 kcal/mol \
(25°C) = -120 kcal/mol
(45°C) = -63.6 kcal/mol
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ASBVd(-): self-association

intra-molecular base-pairs

inter-molecular contacts

B R motif

. nucleotide in tertiary contact

. cleavage site
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What did we learn ?

for RNA and ribozymes: « too short » may be bad
don't forget about dynamics

SANS & modeling approaches to infer self-

assoclation modes

theoretical approaches to explore reaction
mechanisms and pathways



Viroids: Plant Parasites

Genus Pospiviroids:
PSTVd (potato spindle tuber)

Genus Hostuviroids:
HSVd (hop stunt)

Genus Cocadviroids
CCCVd (coconut cadang-cadang)

Genus Apscaviroids:
ASSVd (apple scar skin)

Genus Coleviroids:
CbVd 1 (coleus blumei 1)

Genus Avsunviroids:
ASBVd (avocado sunblotch)

Genus Pelamoviroids:
PLMVd (peach latent mosaic)
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Viroid & HDV:

AAAAA

Genome Antigenome mRNA S Minus
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Assembling the RNA World

da

Prebiotic chemical synthesis

* How can nucleotides be synthesized in
appreciable quantities?

* How can nucleotides be polymerized into

strands long enough to be functional?

b

Finding functional ribozymes

* How small is the fraction of random
sequences that can act as functional
ribozymes, and how long do functional
sequences have to be?

* Are there ribozymes that can make

accurate copies of themselves by any
mechanism?

Cc
Evolutionary theory and modelling
* |5 it easier to begin life with an

autocatalytic set or a single polymerase?
* What is the error threshold for cooperative

trans-acting replicators in a spatially
structured model?

|l-'-.-_-\-\.-\--)I
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- P9 =i oy = xl
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h, AL ~ L

d

Molecular cooperation

» Can larger cooperative sets be assembled?

* Can an autocatalytic set be designed that
uses single nucleotides as input?

g

RNA replication inside cells

* Did surface-based replication precede
protocells?

* How were growth and division of
protocells controlled by the genetic
material inside?

f

Early Earth environment

* What were the temperature, pressure,
salinity and other physical conditions in
which replication got going?

* What other molecules were relevant to
replication (for example, lipids, mineral
catalysts and peptides)?

e

Energy and metabolism

*» What was the source of energy and raw
materials for RNA-based organisms?

* Can we find a set of ribozymes that will
catalyze all the metabolic reactions
involved in their own synthesis?

Higgs & Lehman, Nat. Rev. Genet., 2011

65



http://dx.doi.org/10.1038/nrg3841

Viroids: Phylogeny

REPLICATION FAMILY SUBFAMILY GENUS SPECIES

Potato spindle tuber (PSTVd)
Mexican papita (MPYd)
Tomato planta macho (TPMYd)
Chrysanthemum stunt{CSVd)
Citrus exocortis (CEVd)
Tomato apical stunt{TASVd)
Iresine 1 (Irvd 1)

Columnea latent (CLYd)

Pospiviroids

Pospiviroinae

Hostuviroids Hop stunt (HSVd)

Coconut cadang-cadang (CCCVd)
Coconuttinangaja (CTiVd)

Cocadviroid
ASTIToIC | | Pospiviroidae N R

Apple scar skin (ASSVd)

Citrus Il (CYd-lII)

Apple dimple fruid (ADFVd)

g o Grapevine yellow speckle 1{GY SVd 1)
Apscaviroinae Apscaviroids Grapevine yellow speckle 2 {(GY SVd 2)
Citrus bentleaf (CBLVd)

Pear blister canker (PBCVd)
Australian grapevine (AGVd)

Coleus blumei 1 (ChVd 1)

rol, Coleviroids Coleus blumei 2 (CbVd 2)
Coleviroinae Coleus blumei 3 (CbVd 3)

Avsunviroids Avocado sunblotch (ASBVd)

SYMMETRIC Avsunviroidae

PATHWAY Peach latent mosaic (PLMVd)

Pelamoviroids Chrysanthemum chlorotic mottle (CCh MY d)
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Modeling RNA-RNA

Interactions

A.

CG— 79nt RNA AU

2 A 3 ar-4UA
5’ GCGUUGUCAAUACCCCUCCCGCU 3!

- 10 30 60 120
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HHR motifs
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HHR (-): symmetric

dimerization
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E"(459C) = -5.9 keal/mol E " (450C) = -22.0 kcal/mol m— intra-molecular base-pairs

int dimer

= tertiary contacts

‘ nucleotide in tertiary contact
‘ cleavage site

monomer 1 HI HII HIl monomer 2
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ASBVd(-): symmetric

self-association

(10°C) = -15.4 kcal/mol

E
int
E,(25°C) = -12.0 kcal/mol
E,(45°C) = -8.07 kcal/mol
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ASBVd(-): symmetric

self-association

int

@ E, (25°C) = -5.68 kcal/mol
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ASBVd(-): symmetric

self-association

E(45C) = -8.1 kcal/mol




HHR design & engineering

% A Gswntch %

Ribozyme binding conformation
Structured hammerhead ribozyme

AG hybrid

AGdisruption

q
g Ribozyme-target hybrid

5' 3] 5' I 3’

Structured target mRNA Local structure disruption
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Viroid Pathogenicity &

Localization
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Viroid& RNA silencing

(a) TAS gene

T: (pre)ta-siRNA
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Viroid disease symptoms

chrysanthemum
stunt viroid

Avocado
Sunblotch Viroid
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A.  PSTVd mmoimum B
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Conserved Sequences Domains
- Terminal Conserved Region (TCR) Terminal Left (TL) Pathogenesis (P)
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e Central Conserved Region (CCR)
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