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5-End 3-End
Sequence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

Secondary structure

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs
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Symbolic notation 5-End ((((((---((((------- M)-(((((------- 1)) S L R M)-MN)):---- 3-End Ng < 3"

Criterion: Minimum free energy (mfe)

Rules: _(_)_ e {AU,CG,GC,GUUA,UG)

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs
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Base pairing No nearest neighbor pair rule No base triplet rule No pseudoknot rule

Base pairs € {AU,CG,GC,GU,UA UG}

Conventional definition of RNA secondary structures



Impossible (extremely high free energies)
for steric reasons

High free energies because of lack of stacking and
very rare in minimum free energy structures

Restrictions on physically acceptable mfe-structures: A>3 andc >2



Vienna RNA Package

RNAfold RNAdistance
RNAinverse RNAduplex
RNAsubopt RNAeval
RNAheat
RNAcofold
RNApdist
RNAalifold RNAplot

http://www.tbi.univie.ac.at/RNA/
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One sequence - one structure
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RNA sequence GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Biophysical chemistry:
thermodynamics and

Kinetics
RNA folding:
Structural biology,
spectroscopy of
biomolecules,
understanding Empirical parameters

molecular function

RNA structure
of minimal free
energy

Sequence, structure, and design



Free energy AGY

5"-end 3’-end

GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

(h)
S0

Minimum of free energy

The minimum free energy structures on a discrete space of conformations



hairpin loop

hairpin
loop

hairpin loop

free end
stack
hairpin loop
Elements of RNA |
secondary structures — ,%/ oop
: >
as used in free energy Ioopp
calculations

AG = D gyu+ 2 h(m) + D b))+ Di(n) +- &

stacks of hairpin bulges internal
base pairs loops loops



RNA sequence GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Iterative determination
of a sequence for the

given secondary Inverse folding of RNA:
structure Biotechnology,
design of biomolecules
Inverse Folding with predefined
Algorithm structures and functions

RNA structure
of minimal free
energy

Sequence, structure, and design



Inverse folding algorithm

- ->L-=>0L20->.--= — ... — 1

So— 5= 5,2 5,—= 5,25. 25> 5,,—=>..=5

s = M () and Adg(S,,Sy41) = ds(Sy41,Sy) - ds(SSp) < 0

M ... base or base pair mutation operator

ds (S;,S;) .- distance between the two structures S;and S;

,uUnsuccessful trial® ... termination after n steps



Initial trial sequences

Stop sequence of an
unsuccessful trial

AN

Target sequence

Target structure S,

Approach to the target structure S, in the inverse folding algorithm



Minimum free energy
criterion

/7 GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA
1st

e UGGUUACGCGUUGGGGUAACGAAGAUUCCGAGAGGAGUUUAGUGACUAGAGG

2nd

3rd trial > CUUCUUGAGCUAGUACCUAGUCGGAUAGGAUUUCCUAUCUCCAGGGAGGAUG

4th

Eth T T———3  CUUUUCUUCACGUUAGAUGUGUAAUGGACAUGUGUUUAUUUAGGAAAGGCGC
\ AUAACGUGAGUGUCUAAUACUGAUCGCUCCGGAGGGUGGUGGCGUUGUUAAU

Inverse folding of RNA secondary structures

The inverse folding algorithm searches for sequences that form a given RNA
secondary structure under the minimum free energy criterion.
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Minimum free energy structure

Many suboptimal structures
Partition function

Suboptimal structures



base pair probability pIJ X T Z 7/k k with 7/k( ) gv €

Base pair probability derived from the partition function Q(T)



35

Example of a small RNA molecule 5’
with two low-lying suboptimal

conformations which contribute

substantially to the partition function

UUGGAGUACACAACCUGUACACUCUUUC

Example of a small RNA molecule: n=28



UUGGAGUACACAACCUGUACACUCUUUC

second suboptimal configuration
AEq_,, = 0.55 kcal / mole

first suboptimal configuration
AEq_,1 = 0.50 kcal / mole

minimum free energy
configuration

AGq = -5.39 kcal / mole

CUUUCUCACAUGUCCAACACAUGAGGUU

2NNNO2NOVOVNONIOOVVYOVIVNOVOONN

UUGGAGUACACAACCUGUACACUCUUUC

»,Dot plot” of the minimum free energy structure (lower triangle) and the partition function
(upper triangle) of a small RNA molecule (n=28) with low energy suboptimal configurations



GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA
GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

Phenylalanyl-tRNA as an example for the computation of the partition function



ACCACGCUUAAGACACCUAGCUUGUGUCCUGGAGGUCUAGAAGUCAGACCGCGAGAGGGUUGACUCGAUUUAGGCG

GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA

=

GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA

VOOVODONNVYODVIVOOINVOINNOANDANOIONDHOVHOHNONAVOVVDNIVHVIIDODYVHVODDNNOVONIODVNANANAVODOID

first suboptimal configuration

AEqg_,; = 0.43 kcal / mole

tRNAPhe
without modified bases



GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

=

first suboptimal configuration

AEgp_,1 = 0.94 kcal / mole

=

tRNAPhe
with modified bases

ACCACGCUUAAGACACCUAGCPTGUGUCCUMGAGGUCUAYAAGUCAGACCMCGAGAGGGDDGACUCGAUUUAGGCG

VOOVOIO9ONNVYVYOVIVIONVYOOIdLONONIOONANOVOONINVAVYONIVOVIONIOVYOVYOHOHOHAAOVYINIOVNNNVYOOID

GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA



base pair probability pIJ X T Z yk k with 7/k( ) g, e ez /kT/Q( )

base pairing entropy S, = _Zj p; Inp; with p; zl_zj Py

Reliability measures for structure prediction
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Base pairing entropy and base pair probability in a model RNA molecule




without modification nucleotides with modification

base pairing entropy

base pair probability

Reliability of structure
prediction in tRNAPhe




native structure

Reliability of structure prediction in 5S ribosomal RNA
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Minimum free energy structure

Many suboptimal structures
Partition function

Suboptimal structures



Free Energy (kcal/mol)

One sequence - one structure ~ Many suboptimal structures Metastable structures

Partition function Conformational switches
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Minimum free energy structure Suboptimal structures Kinetic structures



The Folding Algorithm

A sequence | specifies an energy ordered set of
compatible structures €(1):

e) = {S,.S,, ..., S, O}

m ]

A trajectory ¥, (1) is a time ordered series of
structures in €(1). A folding trajectory is
defined by starting with the open chain O and
ending with the global minimum free energy
structure S, or a metastable structure S, which
represents a local energy minimum:

2,() = {0,SQ),...,S(t-1),S (),

S(t+1) , ..., S,}
() ={0,S(1),...,S(t1),S (1),
S(t+1) , ..., S.}

Master equation

PSR, 0-R0)- X AR YK,
k=01,...,m+1

Transition probabilities Pij(t) = PM{Si—>Sj} are
defined by

Py(t) = Py(t) ky = P(t) exp(-AG/2RT) / 3,
Pi() = Py(t) ky = P,(t) exp(-AG,/2RT) / 3;

m+2
DI Zk:l’kii exp(-AG,;/2RT)

The symmetric rule for transition rate parameters is due
to Kawasaki (K. Kawasaki, Diffusion constants near
the critical point for time depen-dent Ising models.
Phys.Rev. 145:224-230, 1966).

Formulation of kinetic RNA folding as a stochastic process



Nucleation Elongation

Base pair formation Base pair formation

b e
- -

e
T

.
Ty

Base pair cleavage Base pair cleavage

Corresponds to base pair distance. d,(S,,S,)

Base pair formation and base pair cleavage moves for nucleation and
elongation of stacks



Base pair shift

Class 1

Base pair closure, opening and shift corresponds to Hamming distance: d(S,,S,)

Base pair shift move of class 1: Shift inside internal loops or bulges



Suboptimal conformations

0OV

ABJaua 9814

Search for local minima in

conformation space

Local minimum



Free energy AGP
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"Reaction coordinate"

Definition of a ,barrier tree*

v

"Barrier tree"



CUGCGGCUUUGGCUCUAGCC

el CCCCRP )
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M.T. Wolfinger, W.A. Svrcek-Seiler, C. Flamm,
I.L. Hofacker, P.F. Stadler. 2004. J.Phys.A:
Math.Gen. 37:4731-4741.



CUGCGGCUUUGGCUCUAGCC

el CCCCRP )
(- CCC----22)-))) -
((CR(CEE)E)) Be
---------- F(ENS)5))
CCCC----3))---))-
B ((CEEE T )))
(C--CCC----)))--))-.
(- CC----))---2))-
SLCCCEEE) D) PR
----- ((CERRRER)) B
-G CCC----22)-)) - -
(-G
S(CH (CEEEY ) B ) B R
(- CCC----2)-2))) -
((E(CrEr ))-)))--
TN (((CH R )))))
----- (---))en
O ((CEEIY)) ) EEpEe
TR CCCRRED ) B) BRSPS
(C--Cenn- )--)))-
--CCCCC----2)-)--))
G ((CEER)) ) FEpe
---------- (------))
----------- (----)).
(- CC(C----22))-)) -
TN ((CI CRFT D))
L (CR(CEEEID))))
S CH (CEETY ) ) FEpE
S CR ((CEEEY)) B Fee

.30
.90
.10
-80
.20
.20
.00
.60
.60
.50
.40
.40
.00
.90
.90
.80
-80
.60
.60
.50
.50
.40

.30
.30
.20
.20
.20
.00

AG [kcal/mole]

6.04 L

I
bo
5

U

I
s
L
A,

M.T. Wolfinger, W.A. Svrcek-Seiler, C. Flamm,
I.L. Hofacker, P.F. Stadler. 2004. J.Phys.A:
Math.Gen. 37:4731-4741.
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Arrhenius kinetics

M.T. Wolfinger, W.A. Svrcek-Seiler, C. Flamm,
I.L. Hofacker, P.F. Stadler. 2004. J.Phys.A:
Math.Gen. 37:4731-4741.
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1D R 2D

GGGUGGAACCACGAGGUUCCACGAGGAACCACGAGGUUCcuUcCcC
3 13 G 23 33 44

v N\

1D 2D R
B ce® cc™
A A A A G/IA A
C=G C=G CG
C-G CIG C'G
A*U A=U U=A
A=U A=U U=A
G-C G=C G-C
G=C G=C AG CA
U=A/G A=U
3GeC ——G=C_44 1pBGC_ op
Cc-Gs3s
56 rR 28 CG A A
CG
. CG
-28.6 kcal-mol A=U
-28.2 kcal-mol™ A=U
G=C
G-C
U U
3G=C
. G-C
An RNA switch G
JNI1LH
-28.6 kcal-mol™
J.H.A. Nagel, C. Flamm, I.L. Hofacker, K. Franke, -31.8 kcal-mol™

M.H. de Smit, P. Schuster, and C.W.A. Pleij.

Structural parameters affecting the kinetic competition of
RNA hairpin formation, Nucleic Acids Res., in press 2006.
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A ribozyme switch

E.A.Schultes, D.B.Bartel, Science
289 (2000), 448-452
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One Sequence, Two Ribozymes:
Implications for the Emergence
of New Ribozyme Folds

Erik A. Schultes and David P. Bartel*

We describe a single RMA sequence that can assume either of two ribozyme
folds and catalyze the two respective reactions. The two ribozyme folds share
no evolutionary history and are completely different, with no base pairs (and
prabably no hydrogen bonds) in common. Minor variants of this sequence are
highly active for one or the other reaction, and can be accessed from prototype
ribozymes through a series of neutral mutations. Thus, in the course of evo-
lution, new RNA folds could arise from preexisting folds, without the need to
carry inactive intermediate sequences, This raises the possibility that biological
RMAs having no structural or functional similarity might share a common
ancestry. Furthermore, functional and structural divergence might, in some
cases, precede rather than follow gene duplication.

Related protein or RNA sequences with the
same folded conformation can often perform
very different biochemical functions, indi

ate isolates have the same fold and function, it
is lhnught that l.hey descended from a common
gh a series of mutational variants

that new biochemical functions can arise ﬁ'om
preexisting folds. But what evolutionary mech-
anisms give rise to sequences with new macro-
molecular folds? When considering the origin
of new folds, it is useful to picture, among all
sequence possibilities, the distribution of se-
quences with a particular fold and function.

that were eech functional. Hence, sequence het-
erogeneity among divergent isolates implies the
existence of paths through sequence space that
have allowed neutral drift from the ancestral
sequence to each isolate. The set of all possible
neutral paths composes a “neutral network,”
connecting in sequence space those widely dis-
persed seq sharing a particular fold and

This distribution can range very far in seq
space (1), For example, only seven nucleotides
are strictly conserved among the group I self-

activity, such that any sequence on the network
can potentially access very distant sequences by
neutral ions (3-5).

splicing introns, yet secondary (and p ly
tertiary) structure within the core of the ri-
bozyme is preserved (2). Because these dispar-

Mhitet Institute for Biomedical Research and De-
partment of Biology, Massachusetts Institute of Tech-
nology, 9 Cambridge Center, Cambridge, MA 02142,
USA

*To whom correspond, should be d. E-
mail: dbartel@wi.mit.edu

Theoretical analyses using algorithms for
predicting RNA secondary structure have
suggested that different neutral networks are
interwoven and can approach each other very
closely (3, 5-&). Of particular interest is
whether ribozyme neutral networks approach
each other so closely that they intersect, If so,
a single sequence would be capable of fold-
ing into two different conformations, would
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have two different catalytic activities, and
could access by neutral drift every sequence
on both networks. With intersecting net-
works, RNAs with novel structures and ac-
tivities could arise from previously existing
rlhozymcs, without the need to carry non-

as lutionary inter-
mediates. l-icre, we explore the proximity of
neutral networks experimentally, at the level
of RNA function. We describe a close appo-
sition of the neutral networks for the hepatitis
delta virus (HDV) self-cleaving ribozyme
and the class III self-ligating ribozyme.

In choosing the two ribozymes for this in-
vestigation, an important criterion was that they
share no evolutionary history that might con-
found the evolutionary interpretations of our
results. Chuosmg at least one artificial -
b dependent evolutionary his-
tories. The class 111 hgasc is a synthetic ri-
bozyme isolated previously from a pool of ran-
dom RNA sequences (9). It joins an oligonu-
cleotide substrate to its 5' terminus. The
prototype ligase sequence (Fig. 1A) is a short-
ened version of the most active class 11l variant
isolated after 10 cycles of in vitro selection and

lution. This minimal retains the
activity of the full-length isolate (10). The HDV
ribozyme carries out the site-specific self-cleav-
age reactions needed during the life cycle of
HDV, a satellite virus of hepatitis B with a
circular, single-stranded RNA genome (17).
The prototype HDV construct for our study
(Fig. 1B) is a shortened version of the antige-
nomic HDV ribozyme (/2), which undergoes
self-cleavage at a rate similar to that reported
for other antigenomic constructs (13, 14).

The prototype class III and HDV ribozymes
have no more than the 25% sequence identity
expected by chance and no fortuitous strue-
tural similarities that might favor an intersec-
tion of their two neutral networks. Neverthe-
less, seq; can be designed that simul
neously satisfy the base-pairing requirements

21 JULY 2000 WVOL 289 SCIENCE www.sciencemag.org
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