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1. Darwinian evolution in laboratory experiments



Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

Variation through mutation and recombination operates on the genotype
whereas the is the target of

One important property of the Darwinian scenario is that variations in the
form of mutations or recombination events occur uncorrelated with their
effects on the selection process.

All conditions can be fulfilled not only by cellular organisms but also
by nucleic acid molecules in suitable cell-free experimental assays.



Selection and

Genetic drift in

Genetic drift in

Generation time adaptation small populations | large populations
10 000 generations | 10°generations 107 generations

RNA molecules 10 sec 27.8h=1.16d 115.7d 3.17a

1 min 6.94 d 1.90 a 19.01 a
Bacteria 20 min 138.9d 38.03 a 380 a

10 h 11.40 a 1140 a 11 408 a
Multicelluar organisms 10d 274 a 27 380 a 273 800 a

20 a 20 000 a 2x 10" a 2% 10%a

Time scales of evolutionary change




Bacterial Evolution

S. F. Elena, V. S. Cooper, R. E. Lenski. Punctuated evolution caused by selection
of rare beneficial mutants. Science 272 (1996), 1802-1804

D. Papadopoulos, D. Schneider, J. Meier-Eiss, W. Arber, R. E. Lenski, M. Blot.
Genomic evolution during a 10,000-generation experiment with bacteria.
Proc.Natl.Acad.Sci.USA 96 (1999), 3807-3812

S. F. Elena, R. E. Lenski. Evolution experiments with microorganisms: The
dynamics and genetic bases of adaptation. Nature Review Genetics 4 (2003),
457-469

C. Borland, R. E. Lenski. Spontaneous evolution of citrate utilization in
Escherichia coli after 30000 generations. Evolution Conference 2004, Fort Collins,
Colorado



Genotype = Genome

Mutation ——» GGCTATCGTACGTTTACCCAAAAAGTCTACGTTGGACCCAGGCATTGGAC....... G

A
Unfolding of the genotype: Fitness in reproduction:
Production and assembly of Number of bacterial cells
all parts of a bacterial cell, in the next generation
and cell division
\ 4
Phenotype

Selection >

Evolution of phenotypes: Bacterial cells



lawn of E.coli

nutrient agar

lday » 6.67 generations
1 month » 200 generations
1 year » 2400 generations

Serial transfer of Escherichia coli
cultures in Petri dishes
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Fig. 1. Change in average cell size (1 fl = 107 '° L)
in a population of E. coli during 3000 generations
of experimental evolution. Each point is the mean
of 10 replicate assays (22). Error bars indicate
95% confidence intervals. The solid line shows the
best fit of a step-function model to these data
(Table 1).
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Fig. 2. Correlation between average cell size and
mean fitness, each measured at 100-generation
intervals for 2000 generations. Fitness is ex-
pressed relative to the ancestral genotype and
was obtained from competition experiments be-
tween derived and ancestral cells (6, 7). The open
symbols indicate the only two samples assigned
to different steps by the cell size and fitness data.

Epochal evolution of bacteria in serial transfer experiments under constant conditions

S. F. Elena, V. S. Cooper, R. E. Lenski. Punctuated evolution caused by selection of rare beneficial mutants.

Science 272 (1996), 1802-1804



| -
) 25 T "v.
S 20 ¢ e
9
) -~
*

8 1 5 T o ‘4"
© R
2 10 ¢

"
g) a"‘
E 5 T "o‘
- v ®
(© p 1 I i | ]
T 'f“ ) ! ! 1 ) >

2000 4000 6000 8000 10000 Generations

Time

Variation of genotypes in a bacterial serial transfer experiment

D. Papadopoulos, D. Schneider, J. Meier-Eiss, W. Arber, R. E. Lenski, M. Blot. Genomic evolution during a
10,000-generation experiment with bacteria. Proc.Natl.Acad.Sci.USA 96 (1999), 3807-3812



Innovation after 33 000 generations:

One out of 12 Escherichia coli colonies
adapts to the environment and starts
spontaneously to utilize citrate in the
medium.
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Genotype = Genome

Mutation — ¥ GGCUAUCGUACGUUUACCCAAAAAGUCUACGUUGGACCCAGGCAUUGGAC....... G

Unfolding of the genotype: Fitness in reproduction:

Number of genotypes in

RNA structure formation )
the next generation

Evolution of phenotypes: RNA structures and replication rate constants



RNA sample
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Stock solution: QB RNA-replicase, ATP, CTP, GTP and UTP, buffer

The serial transfer technique applied to RNA evolution in vitro



Reproduction of the original figure of the
serial transfer experiment with QB RNA

D.R.Mills, R,L,Peterson, S.Spiegelman,
An extracellular Darwinian experiment

with a self-duplicating nucleic acid
molecule. Proc.Natl.Acad.Sci.USA
58 (1967), 217-224
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Fig. 9. Scrial transfer experiment. Each o-25 ml standard reaction mixture
contained 40 xg of Q/f replicase and **P-UTP, The first reaction (o transfer)
was initiated by the addition of o2 pug ts-1 (temperature-sensitive RNA)
and incubated at 35 °C for 20 min, whereupon o002 ml was drawn for
counting and 0'02 ml was used to prime the second reaction (first transfer),
and so on. After the first 13 reactions, the incubation periods were reduced
to 1§ min (transfers 14-29). Transfers 30-38 were incubated for 1o min.
Transfers 39-52 were incubated for 7 min, and transfers 53-74 were incu-
bated for § min. The arrows above certain transfers (o, 8, 14, 29, 37, 53,and
%3) indicate where o'co1-o0'1 ml of product was removed and used to prime re-
actions for sedimentation annlysis on sucrose. The insct examines both infec-
tious and total RNA. The rcsults show that biologically competent RNA ceases
to appear ufter the 4th transfer (Mills ez al. 1967).
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The increase in RNA production rate during a serial transfer experiment



2. Modeling the evolution of molecules



James D. Watson, 1928- , and Francis Crick, 1916-2004,
Nobel Prize 1962

The three-dimensional structure of a
short double helical stack of B-DNA




PlUS Strang — =r—pe—p—p————— - - e
AUGGUACAUCAUGA CUUG
Template induced synthesis
Plus strand sr=—re——p———————_c e =ecc =~ — @
AUGGUACAUCAUGA CUUG
, UACE AU
Minus strand @-t=—te—te—t——— G
Template induced synthesis
PiOs Sirahd r—r—rrye———————————————— r—r—r—10
AUGGUACAUCAUGA CUUG
| UACCAUGUAGUACU GAAC
MiINUS Stran(l @t ———— e e e - i e P
Complex dissociation lT
PlUS Strand = r——p—p————— - < - T
AUGGUACAUCAUGA CUUG
+
, UACCAUGUAGUACU GAAC
MiNUS Strand @ =——te—i—t————r——————— - - « = = = = = = b e Be o i, (B

Complementary replication is the
simplest copying mechanism of RNA.
Complementarity is determined by
Watson-Crick base pairs:

G=C and A=U



A) + lcI Xm /dt = fz X5 = X b
( ) Il > Iz M Il dxz/dt=f1x1-x2(b

f)
A + (L - > (1) + (L

(D=Zifixi; ziXi=1;

Complementary replication as the simplest molecular mechanism of reproduction

1=1,2
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.Replication fork' in DNA replication

The mechanism of DNA replication is ,semi-conservative®
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(A)

(A)

(A)

(A)

dx; /dt = fix; - X; @ =X (f;- D)

O = Zj fj Xj ; Zj Xj = 1; 1,j=1.2,..,n
[li]=%;=0; 1=12,..,n;
[A] = a = constant

f = max {fj; j=1,2,...,n}

Xm{) — 1 for t = oo

Reproduction of organisms or replication of molecules as the basis of selection
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Selection of advantageous mutants in populations of N = 10 000 individuals



Plus strand =+—+—r—r—-s—T—T—T—T—T—T—T—T —r—T®
AUGGUAUAUCAUGA CUUG
Template induced synthesis

Plus strand sr—p——p——————————- === === === )
AUGGUAUAUCAUGA CUUG

, UACCAU

Minus strand @- ittt G
Template induced synthesis

Plus strand =r—r=——r——r———r————r— ——T®
AUGGUAUAUCAUGA cCuu

_ UACCAUGBUAGUACU GAAC

Minus strand @ttt —t—|—————————— - - - = = = =~ il e

Complex dissociation lT

Plus strand =r—r——y—y——————— ——T0

AUGGUAUAUCAUGA CUUG
+

, UACCAUGUAGUACU GAAC

MINUS SIrand @ —i—ie—t—t—————————- - = == = ==

Plus strand  =r—y—p———————— = = <o == p——p—p——)
AUGGUACAUCAUGA CUUG

Point mutation is the most common
error in RNA replication. Its mechanism
IS based on mispairing of nucleotides,
here

U=G instead of U=A.

The result is a replacement A = G in
the minus strand and U = C in the plus
strand.
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Chemical kinetics of replication and mutation as parallel reactions

dx; / dt :ZJ ijjin - X @
CDIijin; ZijZI; ziQijzl

[li]]=%;=0; i=12,.,n;
[A] = a = constant

Qjj = (1-p)* A0 pdlih)
P, Error rate per digit

0....... Chain length of the
polynucleotide

d(i,j) .... Hamming distance
between Ij and I



Mutation-selection equation: [I,] =x;20, >0, 0,20

dtl:Zi=1ijjixj_xi¢’ i=12,--,n; Z—ll L ¢= Z_lfjxj—f

Solutions are obtained after integrating factor transformation by means
of an eigenvalue problem

() gzk Ck( )'exp(/lkt)

Z _12 Ejk 'Ck(o)' exp(/ikt);

i=12,--,n; ¢, (0)= Z;hki x,(0)

W+{fl.Ql.j; i,j=1,2,---,n}; {ZU, i, j=1,2,- }; L_1:H={hij; i, j=1,2,---,n

L*W-L = A = {4;k=0,1,--n—-1}



Uniform distribution ——
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Stationary mutant distribution — called ,,quasispecies® —as a function of the error rate p
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Master sequence

Formation of a quasispecies

in sequence space

UONJBIIUIIUO))



Master sequence

Formation of a quasispecies

in sequence space

UONJBIIUIIUO))



Master sequence

UONJBIIUIIUO))

Formation of a quasispecies

in sequence space



Uniform distribution in

sequence space

UOIJBIIUIOUO))



Chain length and error threshold

O-c = l-p)ooc 21 = n-In(l-p) >2-Inc
Ino
p ... constant: n_ ., ~ —
P
Inc
n ...constant: p_ . & —
n
O=@0-p)" ... replication accuracy
p ... errorrate
n ... chain length
o

_Z 7o superiority of master sequence
J#Em J



3. From RNA sequences to structures and back



5'-end

O—CH, ¢ Ny

5-end GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA 3-end

Q
Na®
o)
O OH
O=——p——0 CH, o N3

20




5'-End 3'-End

Seq uence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

3-End .

§

Secondary structure

5

Symbolic notation  ((((((+=+((((++eeeee- M) (((((ooeeeee ) (G ))))e))))))eeee
5'-End 3-End

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs



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

NGy = X gyt 2 h(m) + D b(m)+ X i(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.



Structure space
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Sequence space

Mapping from sequence space into structure space



Structure space

Sequence space



Sk=w()

Sequence space Structure space

The pre-image of the structure S, in sequence space is the neutral network G,



GUUAAUCAG
G
UAAA UCAG

GUCAAUCAG AUCAAUCAG

The surrounding of
GUCAAUCAG in sequence space

ovon Yvono



Gr=vy (S = {I; | y() =Sy }

2 Ai(k)
Xk _ j€|Gyl
|Gl
Alphabet size « :
K .
2 0.5 AU,GC,DU
Aj=12/27=0444 3 | 0423 | AUG,UGC
4 0.370 AUGC
M > Agp ... network Gy is connected
A <Ag - ... network Gy is not connected

Connectivity threshold: A, =1-x "1/(e-1)

Degree of neutrality of neutral networks and the connectivity threshold



Giant Component

A multi-component neutral network formed by a rare structure: A <A,



A connected neutral network formed by a common structure: A > A,



4. Evolution on neutral networks



Genotype = Genome
Mutation — ¥ GGCUAUCGUACGUUUACCCAAAAAGUCUACGUUGGACCCAGGCAUUGGAC

Unfolding of the genotype: Fitness in reproduction:
Number of genotypes in

RNA structure formation )
the next generation

Evolution of phenotypes: RNA structures



Stock Solution —>

Q

Reaction Mixture ——

Replication rate constant:
f.=v/ [0+ Adg ]
Ads = dyy(S,.S,)

Selection constraint:

Population size, N =# RNA
molecules, is controlled by
the flow

N@)~N £JN

Mutation rate:

p = 0.001 / site x replication

The flowreactor as a

device for studies of

evolution in vitro and
in silico



Replication rate constant:
fe=7v /o + Ads (] :
Adg = dy(S,.S,) 2. e

Evaluation of RNA secondary structures yields replication rate constants



Randomly chosen Phenylalanyl-tRNA as
initial structure target structure




Master sequence

Mutant cloud

N

uonenuaduo))

Formation of a quasispecies

in sequence space



Master sequence

Mutant cloud
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Migration of a quasispecies
through sequence space



Genotype-Phenotype Mapping

C

s S¢=w(l)

Evolutionary dynamics
including molecular phenotypes



AUGC alphabet GC alphabet

connected neutral network disconnected

Evolutionary optimization of RNA structure





00 09 31 44

Three important steps in the formation of the tRNA clover leaf from a randomly chosen
initial structure corresponding to three main transitions.



Evolutionary trajectory i

30 \ \ oy
Quasistationary epochs

40

Mean distance from the target structure Adg

50 r T 1 T T
0 250 500 750 1000 1250

Time (internal units)

In silico optimization in the flow reactor: Evolutionary Trajectory



entry
exit

entry
exil

enLry

10

cxit

a long quasi-stationary epoch

Evolutionary trajectory

fr——

! |
0 250 500
Time (internal units)

during
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Average distance from
target structure Adg

N
o

GGUAUGGGCGUUGAAUAGUAGGGUUUAAACCAAUCGGEICAACGAUCUCGUGUGCGCAUUUCAUAUCCCGUACAGAA
CCCCCCOCCCe ity (CCooo))) e IDDDD I CCCCon ))))))))II)) ...
GGUAUGGGCGUUGAAUAAUAGGGUUUAAACCAAUCGGCCAACGAUCUCGUGUGCGCAUUUCAUAUBCCAUACAGAA
GGUAUGGGCGUUGAAUAAUAGGGUUUAAACCAAUCGGCCAACGAUCUCGUGUGCGCAUUUCAUAUNCCAUACAGAA
CCCCCC COCCC e (CC...0)) e DD DI et .o 3)))).0)33)) ...
UGGAUGGACGUUGAAUAACAAGGUAUCGACCAAACAACCAACGAGUAAGUGUGUACGCCCCACACABCGUCCCAAG
UGGAUGGACGUUGAAUAACAAGGUAUCGACCAAACAACCAACGAGUAAGUGUGUACGCCCCACACABICGUCCCAAG
CCCCC OO0ty SCTRREDDD NPT )N CCCCCon i 333))..0)))) ...
UGGAUGGACGUUGAAUAACAAGGUAUCGECCAAACAACCAACGAGUAAGUGUGUACGCCCCACACAGCGUCCCAAG

Transition inducing point mutations leave the
change the molecular structure molecular structure unchanged

Neutral genotype evolution during phenotypic stasis
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Spreading and evolution of a population on a neutral network: t =150



Spreading and evolution of a population on a neutral network : t=170



Spreading and evolution of a population on a neutral network : t =200
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Spreading and evolution of a population on a neutral network : t =350
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Spreading and evolution of a population on a neutral network : t =500
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Spreading and evolution of a population on a neutral network : t =650
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Spreading and evolution of a population on a neutral network : t =820
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Spreading and evolution of a population on a neutral network : t =825
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Spreading and evolution of a population on a neutral network : t =830



Spreading and evolution of a population on a neutral network : t =835



Spreading and evolution of a population on a neutral network : t =840



Spreading and evolution of a population on a neutral network : t =845



Spreading and evolution of a population on a neutral network : t =850



Spreading and evolution of a population on a neutral network : t =855



Mount Fuji

Example of a smooth landscape on Earth



Dolomites

Bryce Canyon

Examples of rugged landscapes on Earth



Fitness

End of Walk

!

1\ Start of Walk

Genotype Space

Evolutionary optimization in absence of neutral paths in sequence space




Fitness

J, End of Walk
Adaptive Periods

Random Drift Periods

1\ Start of Walk

Genotype Space

Evolutionary optimization including neutral paths in sequence space




Grand Canyon

Example of a landscape on Earth with ‘neutral’
ridges and plateaus



Darwinian evolution in laboratory experiments
Modeling the evolution of molecules

From RNA sequences to structures and back
Evolution on neutral networks

Origins of complexity



| b -

The Hypercycle

Chemical Kinetics of molecular
evolution

M. Eigen, P. Schuster, "The Hypercycle”,
Springer-Verlag, Berlin 1979




Four phases of major transitions
leading to radical innovations in
evolution

M.Eigen, P.Schuster: 1978
J.Maynard Smith, E. Szathmary: 1995

Phase I:
Independently Competing
Replicators

Phase II:
Functionally Coupled
Replicators

Parasite

Phase lll:
New Unit of Selection

Parasite

Phase IV:
Independent Competing
Units




A model genome with 12 genes
2 3 4 5 6 7 8
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Regulatory protein or RNA
/ @ » Enzyme

. Metabolite

14

B Regulatory gene \%
B Structural gene

Sketch of a genetic and metabolic network




All higher forms of life share the almost
same sets genes.

Differences come about through different

expression of genes and multiple usage of
gene products.

Are there molecules with multiple functions ?
How do they look like?

RNA switches as an example



Many suboptimal structures Metastable structures

One sequence - one structure iy ; : .
9 Partition function Conformational switches

A \L
> E
9 '
o :
< :
L] .
cu ;
o
LL
S1
S0 So
S1 SO
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The compatible set € of a structure S, consists of all sequences which form
S, as its minimum free energy structure (the neutral network G,) or one of its
suboptimal structures.
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Intersection of two compatible sets: -

The intersection of two compatible sets is always non empty: C, N C, ¢ J
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Random graph theory is used to model and analyse the relationships between sequences and
secondary structures of RNA molecules, which are understood as mappings from sequence
space into shape space. These maps are non-invertible since there are always many orders of
magnitude more sequences than structures. Sequences folding into identical structures form
neutral networks. A neutral network is embedded in the set of sequences that are compatible
with the given structure. Networks are modeled as graphs and constructed by random choice
of vertices from the space of compatible sequences. The theory characterizes neutral
networks by the mean fraction of neutral neighbors (A). The networks are connected and
percolate sequence space if the fraction of neutral nearest neighbors exceeds a threshold
value (A > A*). Below threshold (A < A*), the networks are partitioned into a largest “giant”
component and several smaller components. Structures are classified as “common” or
“rare” according to the sizes of their pre-images, i.e. according to the fractions of sequences
folding into them. The neutral networks of any pair of two different common structures
almost touch each other, and, as expressed by the conjecture of shape space covering
sequences folding into almost all common structures, can be found in a small ball of an
arbitrary location in sequence space. The results from random graph theory are compared to
data obtained by folding large samples of RNA sequences. Differences are explained in
terms of specific features of RNA molecular structures. © 1997 Society for Mathematical
Biology

THEOREM 5. INTERSECTION-THEOREM. Let s and s' be arbitrary secondary
structures and C[s). C[s'] their corresponding compatible sequences. Then,

Cls]InC[s'] # 2.

Proof. Suppose that the alphabet admits only the complementary base pair [XY] and we
ask for a sequence x compatible to both s and s'. Then j(s,s') = D,, operates on the set of
all positions {x,,...,x,}. Since we have the operation of a dihedral group, the orbits are
either cycles or chains and the cycles have even order. A constraint for the sequence
compatible to both structures appears only in the cycles where the choice of bases is not
independent. It remains to be shown that there is a valid choice of bases for each cycle,
which is obvious since these have even order. Therefore, it suffices to choose an alternating
sequence of the pairing partners X and Y. Thus, there are at least two different choices for
the first base in the orbit. |

Remark. A generalization of the statement of theorem 5 to three differ-
ent structures is false.

Reference for the definition of the intersection
and the proof of the intersection theorem
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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-
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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
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Two ribozymes of chain lengths n = 88 nucleotides: An artificial ligase (A) and a natural cleavage
ribozyme of hepatitis-0-virus (B)
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The sequence at the intersection:

HDV fold

Ligase fold

An RNA molecules which is 88

nucleotides long and can form both

structures
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