Biochemistry 410 - RNA Section

Learning objectives:
» Coding and Non-Coding RNAs, How to detect RNAs?

» secondary and tertiary structures of RNA and how to study them

= RNA-based enzymes: ribozymes (e.g., the ribosome) — the ‘RNA world’
= RNA molecules as sensors: riboswitches

= RNA processing

= The control of mMRNA translation

» The regulation of the translation of specific mMRNAs

= microRNAs and RNA interference/gene silencing
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Non-canonical Basepairing

be able to recognize Watson-Crick vs
a Wetson-Crich Hoogsteen edge

(anti) 0 (@nti) (@nti) 0 (@nti)

Hoogsteen

backbone must be changed
a little bit in order to
accommodate this anti-syn change (don't need to know more)

498 | NATURE | VOL 470 | 24 FEBRUARY 2011

3 nucleotides can interact at the same junction
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RNA can fold and is dynamic

secondary (local) and tertiary (long-distance interactions)....not exclusive

RNA fold that determines binding to RNA or protein and can be catalytic!

Common RNA Structural Motifs

a

(i)

i21
Double-stranded Bulge
segment (dsRNA)
b

e

Two-stem junction Pseudoknot

(coaxial stack)

il

L

Internal loop (if i = |,
internal loop; if i #|,
internal loop)

symmelric
asymmetric

H(i)

triloop
tetraloop

Hairpin
(stem-loop)

5'to 3' strand that folds back on

itself, can be thermodynamically
stable because of base-

Kissing hairpins

pairing but the loop is
unstable

Nature Reviews | Molecular Cell Biology
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F(” Triloop
3<i<8 can interact with other 16S rRNA
— regions of the RNA using the flipped out nucleotides

Hairpin
(stem-loop)

11 L)
ol 1158:1162 (T1)
u : 3 I’/I';" 182 (Ec)
Triloop : !g] AT A
G15 Q& oA
u16 A14 e

c13 nucleotides can also=

G17 o= 3]933:987 (T o0
3§ flip out for tertiary R (181 g0l ™
1aqo structure interactions

Stereoviews of triloop /
used to show the 3D structure

1296:1300 (TY
we 1315:1319 (Ec)
6468 (Ty n R1(lA)
6468 (Ec) b

Jra:522 (M)
323:327 (Be)
R1 (1lA)

H bondlng -hydrophobiC, 1 .........
(Watson-Crick -1r orbitals (electrons are shared)i

b iring) -van der Waals interactions é
ase pairing .

Oct 29, 2014
RNA. 2007 Sep;13(9):1537-45. Epub 2007 Jul 25
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Tetraloop Hairpin

very common motif for tertiary structure

x -one of the most common are
tetraloops, GNRA and
UNCG, in rRNA
G and A interact
- very thérrddyiamically
stable because the first
and last bases of tetraloop
hydrogen bond

16S rRNA

For GNRA....Gand A

For UNCG.....Uand G

X Oct 29, 2014
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don't memorize these structures

2) base stacking (x3 here) Te
but now that GNRA is

stabilized by pi orbitals and hydrophobic
interactions, and van der wals

traloops
5 -GNRA-3’ a common motif, and be :Ti}j:”

able to say why it is stable*NH"":ﬁ-H
3) adenine can H bond with the (N = any nt; R = a pur'me) HJ:,Z‘ B

_ and point out
#5 ribose
3

V\gere these A-G N7-amino,

amino-N3

B interactions would be

2
LA HD<
QLT [ATCL A
o< ][ g
\
Ribose 1 _ .
H Know if there is

non canonical base
pairing, stabilized via hoogsteen edge

base interaction or

. actually Hoogsteen
J. Mol Biol (1998) 264, S9658-980

Oct 29, 2014 edge

Phosphate
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just 4 nucleotides can lead a LOT
of stability to this tetraloop

b4 4
5 -GNRA-3
this nucleotide can flip out too (can be
any nucleotide, not just C or A)

Tetraloo PS * really holds the RNA together

H bond phosphat

° N

A8

H bond base-ribose

interactions here
Ribose

Phosphate _
this phosphate connects A7 and A8

Oct 29, 2014
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in anticodon loop of tRNA . . _
U-Turn Motif (Uridine turns) oftenfoundinloops

can sometime be without the U

a b
Sharp Phosphate Turn in by \E\

u g
Phosphate Backbone 2
oy U A
Anticodon | TYC Loo i
** sharp phosphate DR P anticodon
backbone, instead of° & e - loop
smooth region, dueto gl y..-- U
itheu B coconl U A
Hammerhead 23S rRNA 1082-1086

UNR consensus

23S rRNA 1065-1073 GUAANA
23S rRNA 1093-1098,

HIV LTR, U2 snRNA loop lla

very similar ~ T——_

vass’ " Sugar
Oct 31 % G A Base
J Mol Biol. 2000 Jul 21;300(4):791-803 c < @ Phosphate
“ GNRA Loop = U-Turn
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U-turns
(uridine turn)

phenylalanine anti-codon (UUU)

5’ 3’
Cyr Gy
C G
A U
G C
A U
Y G, A
G
UTG A,
N Ags

at least 3 nucleotides, therefore
U turn

Especially sharp turn in phosphate backbone

Oct 31 2014
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RNA can fold and is dynamic

- secondary (local) and tertiary (long-distance interactions)

RNA fold that determines binding to RNA or protein and can be catalytic!

Common RNA Structural Motifs

A-form

Double-stranded
segment (dsRNA)

Two-stem junction

(coaxial stack)

Bulge

il

(i) ()

L

Internal loop (if i = j, symmetric
internal loop; if i # j, asymmetric
internal loop)

triloop, tetraloop,
U-turn

(i)

!

3<i<8

Hairpin
(stem-loop)

kink with extra nucleotides can cause bulge

Bulge = no base pairing

——
e
Pseudoknot Kissing hairpins

Nature Reviews | Molecular Cell Biology
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Bulge

Internal loop (if i = j, symmetric
internal loop; if i # j, asymmetric
internal loop)

all somewhat the same
Types: K-turn, S-turn, hook-turn

cross-strand purine stack,
Adenosine platform

3’ 57
(G)C-G(C)
G-C
R
N
e"‘e - RNN
ORI
57 0\04'
37

Consensus K-turn
| some base stack
U G97 interaction at A80

A96

Oct 31 2014
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—_— S —
— —_—
— S
(i ()
—
— —_—
[ -— .
121 — I -— 21
— —_—
— S
— —_—

Bulge Internal loop (if i = |, symmetric
internal loop; if i # j, asymmetric
internal loop)

all consensus K turns

Types: K-turn, S-turn, hook-turn
cross-strand purine stack,
Adenosine platform

3’ 5’

(G)C-G(C)
G-C

R
4, u
s ¢O‘-9

57 O
<

Consensus K-turn

Examples of K-turn

Oct 31 2014
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K-turns in 23S rRNA

ul

g -
o
4 ] LRALL
=—=ID
Q\\ 2 =
KT=15 {9} p L R
( —4. -
‘\\' S—— I LS I ‘n

K-turns, like most of bulges and loops, can be involved in tertiary structur
interactions and protein interactions

Oct 312014 The EMBO Journal (2001) 20, 4214-4221



What stabilizes these hairpin loops, internal loops?

[

K ! - hydrogen bonding within base pairing and
ribose groups
- base stacking interlocking RNA strands

L

Bulge Internal loop (if | = |, symmetric
internal loop; if i # |, asymmetric
internal loop)

(@) 5 (b)
.»WA
q@
, some overlap of bases
=0

multiple interactions =5 without h bonding (in the
needed to hold it togethef; -3 | ~._same strand here)
NN base stacking
\ (intra and inter)

a) ColE1 dimer loop (same Oor Cross

b) sarcin/ricin loopin  strand stacking
28S rRNA

c) junction of T and D

=g loop of tRNA

o V SthFking of bases from different strands

(c)
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RNA Secondary Structures

2 A-form K-turn I”::00|p
helix 0 0 0 0 etraloop
) | ‘ U-turn
121 121 121
3<i<8
Double-stranded Bulge Internal loop (if i = j, symmetric Hairpin
segment (dsRNA) @ntcrnal Ioop‘; ifi #j, asymmetric  (stem-loop)
internal loop) H-bonding (WC, non-WC, ribose, phosphate)
base stacking (inter and intra strand)
Tertlary structures bulges and loops involved in teritiary

- long distance interactions between RNA strand§ ¢S

normally between secondary structure motifs
y y STRUCTURAL MOTIFS IN RNA

b S f - .
= P. B. Moore Annu. Rev. Biochem. 1999, 68:287-300
— m Stitching Together RNA Tertiary Architectures
— Thomas Hermann* and Dinshaw J. Patel*

Two-stem junction Pseudoknot Kissing hairpins J. Mol Biol. (1999) 294, 829-849

(coaxial stack)

tetraloop/tetraloop receptor, A-minor motifs, and ribose zippers

Oct 31 2014


Arooj
Typewritten Text
H-bonding (WC, non-WC, ribose, phosphate)
base stacking (inter and intra strand)
bulges and loops involved in teritiary structures


group 1 self-splicing intron
Tetrahymena Group | intron in pre-rRNA

In 1982, Tom Cech et al discovered that an The Nobel Prize in Chemistry 1989

intron within a pre-rRNA from 7etrahyrmena
thermophila can catalyze its own cleavage (called
self-splicing) to form the mature rRNA product.

Thomas R. Cech &
Sidney Altman

WG sAanAnas 3

, , 2
" ié. : Folding requires Mg
(%) § B
5-,_}'

exogenous guanosine Exogenous

l attacks 5' splice site via 5 3 / Guanosine

transesterification reaction f ;
' exons = red LNy b

WG Anaannn 3

blue = introns nucleophile o
l conformational change attacks phosphate\ o ' this time the 3" OH attacks back
at 5' splice site : tatron

N@ doesn't use any proteins, and

|  free 3'0H attacks  the RNA splices itself out! (catalytic RNA)
3'splice site Lehninger, Biochemistry Ed. 5 pp 1035-1036

W, THE CATALYTIC DIVERSITY OF RNAS

i ) *f - ATTl - i
Martha J. Fedor™* and James R. Williamson VOLUME 6 | MAY 2005 399
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Tetrahymena Group | intron in pre-rRNA

Tetrahymena - ciliated protozoa

Group | intron - found in rRNA, tRNA, and mRNA of bacterial, mitochondrial and chloroplast

genes. Also in rRNA of lower eukaryotes.

a PO,
AAGGGAG----[P9.1-P9.2|
: ASCCCUC !
b WG AawAaaas 3 . —_—
: Folding requires Mg*? (/ 'l
= e {/"
exogenous guanosine ,GeU’ A
l attacks 5' splice site via ol faetgRo
transesterification reaction i (‘I*
G A T 16/7 'I .
5 oo
o J3/4 3 )
: | BC
1 i Ja ! ::
l conformational change L AR
P2.1) \[<I
l free 3'OH attacks . —
3'splice site "
I\ held together by tertiary structure

| @ = interactions
Oct 31 2014
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3' splice site

exogeous
guanosine
binding site
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Group | intron P4-P6 domain

Helical stacks are arranged parallel to each other.

1) tetraloop/tetraloop receptor

2) A-rich, single-stranded loop and the
minor groove of the opposing helix

3) Ribose zipper

—t
- £
(%))
o

g

Crystal Structure of a Group | Ribozyme Domain: Principles of RNA Packing

Author{s): Jamie H. Cate, Anne R. Gooding, Elaine Podell, Kaihong Zhou, Barbara L. Golden,
Creig E. Kundrot, Thomas K. Cech, Jennifer A. Doudna

Source: Science, New Series, Vol 273, Mo, 5282 (Sep. 20, 1996), pp. 1676-16835

FPublished by: American Association for the Advancement of Science

Stable URL: httprwww jstor.ong/stable/ 2801902
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ea €6 ARGGs
Jae . K
Psh g_g ¥ I
G-U
GsU
G-C
“‘"0 o‘
AA
Tetraloocp
(LSb)
GNRA
o 203y
stabilized pob A-8
i A-U
via base gc.so
stacking L6b "y eu

(GNRA)
1) tetraloopl/tetraloop receptor

Adenosine 226 and
225 lie next side by Side]
and open up minor
groove

4 A and G are
stacked on top of
each other to
stabilize the
interaction

_—
£ -~
0 3

?,

adenosine

platform —~

(2° structure

motif) adenosines flip

' 4 base stacks on top gf,gach other to

bulging adenines
: : 3 share hydrophobic interactions pi
interact with each X _

Jsasb  orbitals

other and act as tetraloop

receptor

landing pad side by side not across from each

;//,,bulge - Triple adefib§ines are flipped out to

interact with CU

Interaction requires an Adenosine Platform
within the tetraloop receptor

interactions, and some A's stick out  Oct 31 2014
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15/5a Adenosine Platform

~—GACA ™
F_—>ACA—
c-G v A
c-G Yo -g-C . . . .
o iy Face of Adenine is open for interaction
PSa o c-8

L us'
A-rich
l bulge cC G
A- 4C 8 Adenosine 226 and
P52 C-6 e 8"« 225lie next side by side
C-GVx L5¢ GC Ca- .
"“'g“.u, ¢-¢ w7 and open up minor
oy L/ groove
wAeG PSc 148 y4
G U pe B0 0"
0 €6 ARGGs
C-G w C A
-, U-A
P5b c-g I
o Ak ¢
E:lé 20.GoU
Al \ A G and U stacked on top of each other
T oo g Internal bulge of adenosines
rece thr
e G227, U247 and A246 also play a role
U-A
N base stacking stabilizing it so it opens up
P6b g Interaction requires an Adenosine Platform
A-U . .
ok within the tetraloop receptor
> Uel
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Extensive base pairing between the tetraloop and tetraloop receptor

H-bonding between
ribose and base

H bonding between
two riboses

interacting with
this A 5

J6a/6b
tetraloop
receptor

A-U 7
reverse

Hoogsteen\
-
r\_( e

»=hoogsteen,
edge
Oct 31 2014
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15/5a
e GACA =
e
|‘ ‘
C-G U A
C-G YU« c-c
e-C G ol ¥
4 UU-A P5 U-G
Pa ¢c-¢ c-G
— Rt C-.G
U s "
! bulge c-6
A- .’H-'-‘.eho
i ¢ -. W,
:' S p, ' I."//

40 G 3 . B \_... '
o-a 88 2"
c-g 6 C-6 ARGGy
C-G 160 g s
U-A

iy 30 X ihe
GeU 4
G-C

-8R U-A
AA Péa

Ll 2%
Efigo-'cp Tetraloop
| receptor

(J6a/6b)
U-A
Cc-G
2% .A_U
P6b &-g
A-U
A(3-(: 240
U
L6b UcU

A-rich bulge interacts with minor groove of
J4/5 and P4 helix

Bases flip out (AAUAA)

Adenosines are involved in stacking
interactions and hydrogen bonding

How does A-rich interact with the minor groove?
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How does A-rich interact with the minor groove?

15/5a
e G.A CA—%
F_—~ACA—
{ .
Cc-G U A
c-G M-g-C
0. g9C Gy
_ U-A o
Pia c.g C-G
A-U % %
L s !t
| MMQO? 113
ge c-6
A- el B
P5a C-6 Nc-c B
C-G ¥ L5¢ 6-C ¢a’
UAlg = ) .
-t 2N | D
W |
It ™ C o 8
. : - 34
3-2 p, B0 u"
C-6 ARGGq
C-G & C A
PSh S8 Ntk
A-U \
G-U u G
G-U 2N -‘G.U
G-C
G°A U-A
AA Péa
Tetraloop
p{ rc_-]_m{‘c Tetraloop
RN receptor
(J6a'6h)
U-A
Cc-G
20 A=Y
P6b -8
A-U
G-C 24

Sheared A-A bp Standard A-U bp

A A113

AT

cross-strand purine stack
stack allow the top A's to interact

- Hydrogen bonding and stacking of bases

stabilize this conformation....opens up minor groove
Oct 31 2014
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A-Minor Interactions

stick long distance interactions together

-Adenines inserted into the minor groove ol
-A-bulge interaction is a type of A-minor interaction — = =

-Often in clusters of adenines and
can be in loop or bulges

38 39
ignnnggilie
K

\

40

75
>

< | | 7 : i
Extensive ‘s 6
2'0OH ribose h 'Ev.ﬂllllllll 44
i i H
H bonding 2%;_,\ é
SH | 235 rRNA
I &5 (16S RNA)
[y 2]

A common motif in the 23S rRNA
Not WE Ha8épairing
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P5b

Group | intron P4-P6 domain

Helical stacks are arranged parallel to each other.

@

1) tetraloop/tetraloop receptor

2) A-rich, single-stranded loop and the
minor groove of the opposing helix

3) Ribose zipper

Oct 31 2014
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Interactions result in tight packing of the helices
Ribose Zippers

(a) (D)

(e)

: ‘\* ﬂ,;)ffj. B
et

3 Ribose zippers: closely packed
Al ¥ : RNA strands, the 2'OH of ribose

can hydrogen bond
U 224

Oct 31 2014



Tertiary structures

- long distance interactions between RNA strands, normally between
secondary structure motifs

tetraloops, A-minor interactions, ribose zippers

Two-stem junction
(coaxial stack)

Pseudoknot

Kissing hairpins

Nature Reviews | Molecular Cell Biology

Oct 31 2014



‘Pseudoknots’

Vol. 44, No. 12 = 2011 = 1302-1311 = ACCOUNTS OF CHEMICAL RESEARCH
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‘Pseudoknots’

M g++

Found in rRNA, telomerase RNA

Also in viruses, important for translation (i.e. IRES), viral frameshifting

Viral RNA pseudoknots: versatile
motifs in gene expression and
replication 598 [AUGUST 2007 | VOLUME &

lan Brierley*, Simon Pennell* and Robert J. C. Gilbert$

wu 31 2014
Nature reviews Microbiology



Frameshift requires a ribosome pseudoknot and a slippery sequence

a
ORFla
2 ORFlb ;
5
PN ey d ;
CG 3
C’G A é.g
284 1Y 52 G-& ALl
G-C C:G:C
CG FQJJA:;_
UG B 9
G-C G-C, A
Ribosome \A A .U Sl gccs c L3
BE H.BS 66 gl
Al >’g G :
U*A
P G-C
J!— g-¢ - .
Symmkyvtaudausc G-c The beetwestern yellowsvirus (EWYV) pseudoknot
\ipHery V fseudoknot

sequence

Frameshift pseudoknots important

coronavirus Infectious Bronchitis Virus (IBy) ~ foF retroviruses (ex. HIV) and

- efficient 14-27% frameshifting coronaviruses (ex. SARS)
Oct 31 2014



Tertiary structures

- long distance interactions between RNA strands, normally between
secondary structure motifs

i21
3<i<8
Double-stranded Bulge Internal loop (if | = j, symmetric Halrpm
segment (dsRNA) internal loop; if i # j, asymmetric  (stem-loop)
internal loop)
b —

% . MM O=CTIT

Two-stem junction Pseudoknot Kissing hairpins
(coaxial stack)

Nature Reviews | Molecular Cell Biology

Oct 31 2014



Kissing loop interactions involved in HIV life cycle

HIV dimerization required for replication,
recombination, possibly translation

v,
a;
2

N \54_/

Nucleus / R
/édh
lntegra!lon )

m \/ i
\%?Tmf ,, 1@*’ \5

PROV!HUS LDI BMH
Translatlon Y ;
ranscnptlon
\ ¥ e
Gag
....................... 61 5

Proteln assembly
and pacmona

{
207 —AG—— 280 .
5cuce G CUUGCUG (6T ACAGCAAG™ %cGAG 3
1111 TErrntd ARRAN [ARRRRR 1111
4GAGC,, ,GAACGACA GUCGUUC G GCUG ,,
U GgA
2944 280" GA 260
213
Nucleocapsid ?
Extended duplex
G

5 AG G“GC
CUCG G CUUGCUG GUGCARC ACAGCAA GAG
11l (BARREN [AERAN Pl SN

3

3.GAGCG AGAI\CGAC)\ CALCEDGE  GUCGUUC G GCUG 5
Nature Reviews | Microbiology G GA

Oc Nature Reviews | Microbiology



Kissing Loop Interactions important for HIV replication

’ Kissing-loop complex ‘

= Az(‘5;7 zgz 2(7;2
......... %
5---CUCG e cuuecuc? g:ﬁﬁg ceecAac” coac—3
TTIT] E TTT1 PEE 1118031 @wg PREELEED  BBBI
' GUCGUUC _ GCuc—¥
= e 3 GAGCGGAGAACGGCACG- ...... c GAA (|3
‘ 247
272 262 257
nucleocapsid protein
Extended duplex Ine psid p
272

247
An 257 262 5

Kissing hairpins
G /
§---CUCG CUUGCUG GCGCGCACGGCAAGA CGAG-%

3'~~éA<';c':G Ac’;AAéc'e'cAcéc'ccé GUCGUUC GCUC—¥
G 257 262 G

]
247

i
272

Nature Reviews | Molecular Cell Biology

- \J
4 N .
2
»
S QN -
C17g, : x
A-16
G-2 C-15 . A R 3 -
A9 L - P 4 [
c-14 C10 Py b e b 5
Y. o >
S "w
G-5 < ' :
- g

G4 c13
U-12 ;
G6 U124
A7 ;
ci3 o
&1o G4
U3
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Tertiary structures

- long distance interactions between RNA strands, normally between
secondary structure motifs

i21
3<i<8
Double-stranded Bulge Internal loop (if | = j, symmetric Halrpm
segment (dsRNA) internal loop; if i # j, asymmetric  (stem-loop)
internal loop)
b —

% . MM O=CTIT

Two-stem junction Pseudoknot Kissing hairpins
(coaxial stack)

Nature Reviews | Molecular Cell Biology

Oct 31 2014



0

SI

Helix Coaxial Stacking

(links = 0)

Watson-Crick A-form,
quadraplex, Z-form

End-to-end stacking of

UNCG, GNRA, two helices
CUYG tetraloops; D-loop: T-loop

External loop
(links = 1)

Major determinant for

Internal loop | | | | | | | | | | K-turn, S-tum, hook-tum, a“gnment of helices in

(links = 2) base triples large RNAs
Junction loop Unclassified Most prevalent tertiary
(links = 3, 4, 5...) structure

Stabilized by WC bp,
van der Waals

and hydrophobic
effects
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tRNAPPe Structure Quigley and Rich, 1976
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Base stacking
between 2 helices
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¥’ Anticodon loop
35

Coaxial interactions important for tRNA structure (continuous helix)

Mediated by stacking interactions, van der Waals, hydrophobic interactions
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RNA Structural Motifs

Buige loop

Coaxial stacking

K-turn moti

Tetraloop :

'37

8 \J _ kJ Pseudoknot

U-Turn
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