Building Programmable Jigsaw
RNA Self-assembly Puzzles with RNA

Arkadiusz Chworos,’ Isil Severcan,’ Alexey Y. Koyfman,'*
Patrick Weinkam,"* Emin Oroudjev,? Helen G. Hansma,?
Luc Jaeger'?*

(2004) Science 306, 2068-2072
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RNA Self-assembly

(2004) Science 306, 2068-2072
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RNA Physical Catalyst RNA-Mediated Metal-Metal Bond
Formation in the Synthesis of

Hexagonal Palladium Nanoparticles

Lina A. Gugliotti, Daniel L. Feldheim,* Bruce E. Eaton*
(2004) Science 304, 850-852

Fixed Evolving Fixed RNA ———— % (\\/\‘\ %S&
§y &

dsDNA STEP 1
STEPS TPCR Ampification Library of 10'* ssRNA folded sequences
ssDNA
STEP 4 A‘Rovono ::::bation STEP 2
Transcription w/Reagents

-~ Partitioning Particle §

Active sequences  Inactive sequences

) I, Fig. 1. Transmission electron micrograph images of palladium particles formed in the presence of
144 W e 4y VW cycle 0 pool modified RNA (A) and the cycle 8 RNA pool (B and C).
/ ¢ STEP 3 Q, A\
+

Family 1 (14 members, 56%) Family 2 (6 members, 24%
pp_017  s-cccuvucUAUCCUNNIlACCAACARAAAATUGUAIUCC-Y D019 .«'E CCUUAAUACC UK AARAUACCCCAUCULUACGUACGUUA-3
PD_021 5~CUCUUCCUAUCCUCAAAGUACCAACL s PD_022  SYCUCCUUAAUACCU (UUURAUACCCCAUCUULICGU AACGU DALY
H PD_0M  5-CCCUUUCUAUCUL 1 J PD_026  §"{CUCCUUAAUACCUUAARAUACCCCAUCUUUAUGUAACGUUA-3
'()/\ o PD_025  §-CCCUULCUAUCCL ! PD_027  §4CUCCUUAAUACCUUAURAUACCCCAUCUUUACGAACGUUA-Y
PD_02§  §-CCCUUCCUAUULG ) * PD.030  §JCUCCUUAAUACCUUUUMAS GUAACGUUA-3
- » PD_029 5-0CCUULCUALCCU ! - PDU®  SCUCCUUAAUACCUUUURAUACCCCAUCUULICGUAACGUUA-Y
NTP's = JATP + CTP+ GTP+*UTP ute PD_03l  §.CCCUUCCUAUULY]
PD_032 S-CCCUUCCUAUUU) 2 =3 Family 3 (2 members, 8%
PP PD_0B2  5-CCCUUCCUAUCUQ "CCAAC., PD_020  §.CUC AAAUACCAAAUCUUAAUGAAUCCCC-Y
PD_083  5-CCCUUDCUAUCCU - =¥ PD091  $-CUCCIUUAUUUCCUUAUAGUACCCCCUCUUAUUGUAUCGCC-3
PD_086  5-CCCUUUCUAUUCU "CAAC JeCe-y
Scheme 1. Steps of the RNA in vitro selection cycle. PD_0%0  5-CCCUUCCUAUCUL "CAACUAAAAAUGUAUUCCC-3  Family 4 (2 members, 8%)
PD_093 §<CCCUUCCUAUCH CCAAC AAAUGUAILCOCC-Y  PD_0BI SJCOCCUCAAUACCUUUU AUCUUUCGUACGIXCUA-Y"
PD_094 AAUGUAUUCCC-3*  PD_089 s‘ %cuwmua/u\cmcc.y

Orphan

PD_OR4 S-CCCUULCULUUUUCAAAGUACCCCCUAUUAULGUALULCA-Y

*UTP 1s 5-(4-pyridylmethyl)-uridine 5° triphosphate
Pd2(DBA)3 is dibenzylide-acetone palladium (0)
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RNA Physical Catalyst

RNA-Mediated Control of Metal Nanoparticle Shape

Lina A. Gugliotti,t Daniel L. Feldheim,*t and Bruce E. Eaton™ 1+

J. AM. CHEM. SOC. 2005, 7127, 17814—17818

Table 1. Metal Precursor Effects on Particle Shape and Size
RNA metal particle size %
isolate precursor shape (zem) population
17 Pd,(DBA); hexagonal 1.24 £0.57 100
Pt2(DBA)3 spherical 0.10 +0.06 14
cubic 0.224+0.13 16
hexagonal 046 +£0.22 69
Pd(PPhj3)s spherical 027 +£0.16 100
Pt(PPh3)4 spherical 0.007 4+ 0.003 100
Ni(PPh3)s spherical 0.27 +£0.10 100
34 Pdy(DBA); cubic 0.10 £0.05 100
Pt;(DBA)3 spherical 0.16 =0.05 2
cubic 0.14 £ 0.07 29
hexagonal 0.37+0.16 68
Pd(PPh3)4 spherical 0.314+£0.29 100
. i i i Pt(PPh3)4 spherical 0.009 £ 0.007 100
Figure 2. TEM micrographs of (A) hexagonal palladium particles formed Ni(PPhs):  spherical 024+0.10 100

in the presence of Pdase 17 and (B) cubic palladium particles formed in
the presence of Pdase 34.

*UTP is 5-(4-pyridylmethyl)-uridine 5’ triphosphate
Pd2(DBA)3 is dibenzylide-acetone palladium (0)
3/29/06 LaBean COMPSCI 296.5



Ellington & Szostak

Nature. 1990 Aug 30:346(6287):818-22.

In vitro selection of RNA molecules that bind specific
ligands.

Ellington AD, Szostak JW.

Department of Molecular Biology, Massachusetts General Hospital, Boston 02114.

Subpopulations of RNA molecules that bind specifically to a variety of

organic dyes have been isolated from a population of random sequence
RNA molecules. Roughly one in 10" random sequence RNA molecules
folds in such a way as to create a specific binding site for small ligands.
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Ellington & Szostak  nature. 1990 Aug 30;346(6287):818-22.

T7 Promoter Ral‘ldom DNA cDNA Priming

l Transcription

Random RNA

l Column fractionation

Reverse

Transcription Dye column

/\ Unbound (discard)

Bound RNA [flow-through high salt]
[high salt wash, water elute]
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EIIington & Szostak Nature. 1990 Aug 30;346(6287):818-22.

3/29/06

100 random nucleotides (+ constant regions)
Complexity of initial pool ~107°> (1090 possible)
Poor transcription; PCR amp; ~1073 diversity
~4x10'* RNA molecules applied to column

<0.1% of initial RNA library bound then after 4 to 5
cycles of bind, RT, PCR, Transcribe, rebind ~50% of
RNA molecules bound.

Binding is specific for dye selected.

For 1 column 20 clones were sequenced ~16-20
nucleotides were invariant over the set of clones.

APTAMER from Latin ‘aptus’, to fit.

LaBean COMPSCI 296.5



EIIington & Szostak Nature. 1990 Aug 30;346(6287):818-22.

A GAAAA GUAC A C C UCACA A-C CC

A UCC AUCC CCAAC CAG GC CGG GCC A
A Il [ 111 [111] [T 11 [ 1] [ 1] U
G AGG UAGG GGUUG GUC-CG GCC CGG U
C A-UAA ACCC C-GAC C-A-A AAU CA
G-C
G-C
Cc |
G-C
C_G ° .
gg B4 Reactive blue binder
U-A
U-A
A \
A G
G-C
A-U
G-U
G
G
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Systematic Evolution of Ligands by Exponential
Enrichment: RNA Ligands to Bacteriophage
T4 DNA Polymerase

CRrAIG TUERK AND LARRY GOLD

Science, New Series, Vol. 249, No. 4968 (Aug. 3, 1990), 505-510.

= SELEX- systematic evolution of ligands by
exponential enrichment.

= Selected RNA for binding to T4 DNA polymerase.
= 65,536 possible sequences.

= Wild-type T4 bacteriophage mRNA sequence found
and a variant with 50% identity to wild-type.

AA

A U
A cC
U-G
c-G
c-G
G-C

A-U
. » s uaavauvauCAAG AUAAACUAAGGAAUaucuaug. ..

Flg. 1. The gene 43 translational operator in bacteriophage T4. Shown is the
sequence at the ribosome binding site of gene 43. The bold-faced capiralized
letters indicare the extent of the information required for binding of gp43

(6).
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Tuerk & Gold Science, New Series, Vol. 249, No. 4968 (Aug. 3, 1990), 505-510.
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Tuerk & Gold Science, New Series, Vol. 249, No. 4968 (Aug. 3, 1990), 505-510.

Selection:
cycle

'. A ' A - - A

............ -vesfte. 2 F§ . TelTd
Variable - = o 2 e g
sequence - ige] - ¢ ti
regwon -

Fig. 6. The clonal composition of the “consensus™ sequence. Of the three
sequencing gels, the first is the barch sequencing of selected RNAs as shown
in Fig. 4 for experiment B; the second and third gels show sequencing
products derived from plasmid templates (26) of representative clonal
1solates of the batch population. These two individual sequences alone yiekd
the batch “consensus” that is observed.

UGCA UGCA UGCA

Fig. 4. Barch RNA sequences through rounds of selection. Sequencing and
labeling were done as in Fig. 3. The transcripts were derived from amplified
products of selections 2, 3, and 4 for experiment B.
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Science, New Series, Volume 261, Issue 5127 (Sep. 10, 1993), 1411-1418.

Isolation of New Ribozymes from
a Large Pool of Random
Sequences

David P. Bartel and Jack W. Szostak

An iterative in vitro selection procedure was used to isolate a new class of catalytic
RNAs (ribozymes) from a large pool of random-sequence RNA molecules. These
ribozymes ligate two RNA molecules that are aligned on a template by catalyzing the
attack of a 3'-hydroxyl on an adjacent 5'-triphosphate-—a reaction similar to that
employed by the familiar protein enzymes that synthesize RNA. The corresponding
uncatalyzed reaction also yields a 3',5'-phosphodiester bond. In vitro evolution of the
population of new ribozymes led to improvement of the average ligation activity and T
the emergence of ribozymes with reaction rates 7 million times faster than the uncat-

i 5' constant
alyzed reaction rate. rogion 5 constant
ﬂion
5 tag |——c | 3
Substrate oligo Pool RNA molecule

= 220 random positions
= 1.6x107° diversity oo,

54 ta N220 3

-
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Science, New Series, Volume 261, Issue 5127 (Sep. 10, 1993), 1411-1418.

Bartel & Szostak

szl

PP

Incubate with substrate oligo Pass pool through oligo affinity column

54 tagl—p

A\

e@ Elute from affinity column,
Reverse transcribe

Aead
PCR amplify with selective primer
5+ tagf——p
—_— —

e |

3/29/06

PCR amplify with nonselective primer
Wash off salt and unused
substrate oligo, 54 tagle—r
Elute pool from agarose —
column
50 80 70 ' 80 9 . 100 110 120
AAAGCGTACGAACTAAGTGATAAGGAATTCAGAT TAAAGCGAGCGGGGTTCCGCACGTGGTTTGCAGGGGTTGCCTTIGG
130 140 150 160 170 180 190 200
CGACACTGTICCTCTCACTCTGTTCAAAAGCCGATTGCTGAACGTGTTAAAACGCCATCACAATATGTGCCCGTACGGGACS

200 220 230 240 2% 280 20
GAGMAGGCATAGGGTGACGTCGGTGGAGATGTATAGTCTTAGGGTéAGGCTGGIATGACCGGTMCGGCTC

Fig. 9. Sequence of one of the isolated ribozymes. Members of pool 10 DNA were cloned (TA
Cloning, Invitrogen) and sequenced. The sequence of the central 233 nucleotides of clone 4 is
shown. Sequences of the 5’ constant region (bases 1 to 42) and the 3’ constant region (bases 276
o 295) are described in (29). Sty | and Ban | restriction sites used in pool construction are
underlined. The 10 bases that differ from the consensus sequence of the dominant pool 10
sequence family are also underlined. Consensus bases at these positions are 56A, 63A, 90A, 94T,
96T, 131C, 188A, 195A, 217A, and 258A.



In vitro evolution of nucleic acids.

Random pool

Amplify and/or Select for desired phenotype
mutate geneotype

Selected pool

Multiple
cycles l

Final selected ensemble
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IN VITRO SELECTION OF FUNCTIONAL
NUCLEIC ACIDS

David S. Wilson and Jack W. Szostak A Rev: focthem. 1599 65.611-631

Howard Hughes Medical Institute and Department of Molecular Biology,
Massachusetts General Hospital, Boston, Massachusetts 02114-2696;

= In vitro selection requires linking of genotype and
phenotype.

= Binding targets: simple ions, small molecules,
peptides, proteins, organelles, and cells.

Synthetic
DNA Pool
T7 constant random constant
promoter sequence sequence sequence
5 _t.mw Hn 3
PCR

}

Aptamers <€ Clone —ds DNA pool €«—pPcr—— cDNA

Transcribe $
* RIT
RNA—— /i1 —> Enriched
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a) Annu. Rev. Biochem. 1999. 68:611-647

¢ v AMP binding aptamer

5'-GGUG CAGC U

[ T

3'-CCAC GUCG C

b)

3'

Theobromine Caffeine

= Selectivity: theophylline
aptamer shows 10,000-fold
decrease in binding to
caffeine which differs by
one additional methyl group.

Jenison RD, Gill SC, Pardi A, Polisky B.
3/29/06 LaBean COMPSCI 296.5 1994. Science 263:1425-29



TABLE 1 Aptamers for small molecules

Annu. Rev. Biochem. 1999. 68:611-647

Target Estimated K, (um) Target Estimated K, (pm)
Nucleotides and nucleobases Antibiotics
ATP/adenosine 1 Tobramyecin (aminoglycoside) 0.0008
ATP/adenosine (DNA) 6 Neomyecin (aminoglycoside) 0.1
Guanosine 32 Lividomyein (aminoglycoside) <0.2
Guanine/xanthine 1.8 Kanamyein (aminoglycoside) <0.2
7-Methyl-GTP ~0.5 . . .
Theophylline 011 Streptomycin (.ammocychtol) ~1
Viomyein (basic peptide) 12
Amino acids Chloramphenicol (small, neutral) 2.1
Arginine 0.33
Citrulline 62 Transition state analogs
Valine 12,000 Diels-Alder reaction 3,500
Tryptophan 18 Bridged biphenyl isomerization 542
Cofact Other
ofactors )
Cyanocobalamin 0.09 Dopamine 28
N-methylmesoporphyrin IX ~14 Peptide (substance P) B=
N-methylmesoporphyrin IV (DNA) ~0.5 Divalent metals ~1
Flavin 0.5
NAD 25
RMP-botin 2
3/29/06 LaBean COMPSCI 296.5



In vitro selection and directed
evolution of peptides and proteins

;S

3/29/06

Goal: find protein/peptide with desired function
(binding, catalyst, stability, etc.)

In vivo vs In vitro selection.
Rational design vs. Library methods.

Combinatorial peptide libraries.

= Geysen. Discontinuous epitope mapping. Solid phase
peptide synthesis. Birth of combinatorial chemistry.

Phage display.

MRNA fusion. Ribosome stalling.

Antibody engineering and evolution.
Primerless PCR. DNA shuffling. Sexual PCR.

LaBean COMPSCI 296.5



Searching for Peptide Ligands with an
Epitope Library

Sequence encoding resistance

Single stranded DNA to tetracyciine
Protein of o g3p il
interest —-~ o | LT
fused tog3p j ’ e e 320
gép \

g8p

Sequence encoding protein of interest
5 | 3

g3p signal peptide Sequence
encoding g3p

Filamentous bacteriophage (M13, fd)

Jamie K. Scort AND GEORGE P. SMITH*

Science, New Series, Vol. 249, No. 4967 (Jul. 27, 1990), 386-390.
Science, New Series, Vol. 228, No. 4705 (Jun. 14, 1985), 1315-1317.

antigen combining region

Cloning into p3 (plIl) coat protein

A fUSE5 RF Sfi | Sfi |

5'-CTATTCTCACTCGGCCGACGIGGCCTGGCCTCTYGGGCCGAAACTGTTGAA-3 "
3'-GATAAGAGTGAGCCGGCITGCACCGGACCGGHGACCCCGGCTTTGACAACTT-5"

Degenerate Bgl | +
fragment GGGCT(NNK) GGGGCCGCTG
TGCCCCGA(NNM) CCCCGGE

C Ligation product

~CTATTCTCACTCGGCCGACHGGGCT(NNK) GGGGCCGCTHGGGCCGARACTGTTGAA~
-GATAAGAGTGAGCCGG GCCCCGA(NNM)SCCCCGG SACCCCGGCTTTGACAACTT~

Recombi-
nant plll

NH, AIDGA X, GAAGAJETV E-

NNK codons: N=ACTG, K=GT.
Encodes 32 triples, all 20 amino
acids and only one stop codon.
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Scott & Smith  Science, New Series, Vol. 249, No. 4967 (Jul. 27, 1990), 386-390.

= 64 million possible hexapeptides

= Library contained 1.3 x 104 phage from
2 x 108 clones

Number . e
Displayed of clones Binding (OD x 10°)
peptides isolated
with MAb M33 MAb A2
MAb MAb

No.  Scquence M33 A2 Fab IgG. Fab IgG
MHr DFLEKI 72 352 136 235

Third round with 0.1 nM MAb
1 ————WL* 16 203 551 229 233
2 ————ML 1 2 92 558 269 236
3 ———AWL 14 14 242 139 273

Second round with 0.1 nM MAb
4 ———R-— 1 94 318 118 290
5 CRFVWC 2 65 331 -4 -5
6 CE—C 1 18 294 -1 123
7 CR——C 1 21 205 4 127
8 ——M-WL* 1 35 288 1 125
9 -—=VQLt 1 5 127 23 147
10 ——AIVt 4 15 43 97 142
11 e 2 67 157 9 253
12 ——=IL 1 100 431 159 308
13 —IV 1 37 168 195 293

Second round with 10 nM MAb

14 ————QL 1

15 ———HF- 1 6 108 -3 -2
16 AWERRG 1 4 8 -3 9
17 —F-I- 1 29 244 77 224
18 —-——MLV 1 3 18 17 50
19 Q-VFCW 1 3 16 -5 28

*Four clones with the peptide 1 sequence and one with thlcdxftidc 8 sequence were
also isolated from the second round of AP with 10 nM MAb M33. tOne clone cach
with the peptide 9 and 10 sequences were also isolated from the second round of AP

3/29/06 with 10 nM MAb A2.



(@) Cleavage site of protease
l TSA

e 4
Phage display e

| Interaction
High affinity Low affinity
Elution by protease Elution by addition
of soluble TSA

= Enzyme selection. T SR stk
T -
= Note: hidden in vivo l

selection too... -

Substrate

EE e

|

Elution by protease
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(a) Double-stranded
DNA

——————
(i) \(iv)

N
(p) _?-O
’ C— Immobil‘ized’
s
N
= MRNA-protein \\. _'j’%‘
.

fusion
[ | Ri bOSO me Doublg-il;anded

display 0 o
. Other. Cro? / ‘\

(iii)

A Immobilized
selection
motif

Current Opinion in Chemical Biology
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antigen-
binding site

HzN

H2N

hinge
regions

antigen-
binding site

NH;

heavy
chain

EBoC® © 1995 Garland Publishing, Inc.

HOOC COOH
HIGH-AFFINITY ~ LOW-AFFINITY
BINDING BINDING

antigenic
determinant

antigen-binding
site of antibody
molecule

light
chain

antigen-binding
sites

chain

N
010

. PAPAIN CLEAVAGE

L

PEPSIN CLEAVAGE

antigen-binding
snes

\V/i

pepsin

\“l‘l B
Qiviedm

two Fab fragments

one Fc
fragment

one F(ab'); fragment

subffagments
of Fe

From The Art of MBoC® © 1995 Garland Publishing, Inc.




Phage display of Ab libraries

(@)

Fab display

ﬁ Helper phage

' . ‘ ﬁMale E. coli
/ lacz ~ OMpA pel B trp

VL CL VH CH1 | Gene Ill fragment
SD SD
antibody Sac / Xba | Xho | Spe | Nhe !
protein Sfil Sfi 1
(variable ' b ompA
region) ' \, antibody ® lacZ so{ W | VH | Gene Il fragment ':_
genes Sac | Spe | Nhe |
ML Sfil Shil
OO
A Jl Male E. coli

@ Helper phage

scFv display Diabody display
(c) phoA g’gﬁf“ HelHA| P
-9 =
N Sfit
Fab or scFv © 1997 Current Opinion
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Artificial immune maturation

= Gene library from human,
animal, or synthetic source.

s Maturation:

= Saturation mutagenesis of

= Chain shuffling.

CDRs.

« Growth in mutagenic E. coli

3/29/06

strains.

LaBean COMPSCI 296.5

Selection <

l

Antibody (Fab)
phage-display
library

S
ofs al
Library of
closely related
Fab phage
I\

Antigen

ic
a Soluble Fab of higher
age affinity for antigen



Diabodies and triabodies

= In vitro selection/evolution of bifunctional antibody
fragments.

= Universal protein-based adapter/address system.

3/29/06 LaBean COMPSCI 296.5



DNA shuffling by random fragmentation and reassembly:
In vitro recombination for molecular evolution

WiLLEM P. C. STEMMER Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 10747-10751, October 1994

Affymax Resecarch Institute, 4001 Miranda Avenue, Palo Alto, CA 94304
http://www.maxygen.com/science-pub.php

A fragment B reassemble C select best D
with DNAsel fragments recombinants
—lin —_—l
% —H— —— —0— —> —e—
=% - —H=— * — e —
HHH—K — = ¥ m * HHHIH AW H U~
*

repeat for multiple cycles

Fi1G. 1. (A) A pool of homologous genes with different point mutations is fragmented with DNase 1. (B) For simplicity, all mutations shown
are considered beneficial and additive. (C) Reassembly of the random fragments into full-length genes results in frequent template switching
and recombination. A recombinant gene containing the four crossovers (thick lines) can be selected from the library of recombinants based on
its improved function. (D) Selected pool of improved recombinants provides the starting point for another round of mutation and recombination.
The recombination process alone causes a low level of point mutations but, if desired, additional mutations could be introduced by error-prone

PCR or UV mutagenesis of the pool of genes.

Table 1. Mutations introduced by mutagenic shuffling

= (Gene reassembly s ey Taamerion s

G—-A 6 A->T
A-G A-C

= Whole plasmid reassembly 25 S B =

G->C
G—-T
T—A
T-G
A total of 4437 bases of shuffled lacZ DNA were sequenced. The

mutation rate was 0.7%; 11/12 types of base substitutions were
found, but there were no frameshifts.

L S N~ L
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DNA shuffling of a family of
genes from diverse species
accelerates directed ev0|ution NATURE'VOL 3901 ||5 JANUARY 1998

Andreas Crameri, Sun-Al Raillard, Ericka Bermudez
& Willem P. C. Stemmer

Maxygen Inc, 3410 Central Expressway, Santa Clara, California 95051, USA

= Can natural diversity accelerate the evolution process?

= Goal: obtain moxalactamase activity from four
cephalosporinase genes. DNA shuffling within genes

or between genes...

3/29/06

-

__{:C:rrobacre.' freunaii Pz .
Enterobacter cloacae Pa Lg
Yersinia enterocolitica ks L

Klebsialla pneumoniae
Figure 1 Phylogenetic tree of the four cephalosporinase genes. The numberson
the vertical bars indicate the percentage of DNA sequence similarity.

LaBean COMPSCI 296.5



a Cephalosporinase Genes Figure 2 a, Comparison of single sequence
ster freundi shuffling versus sequence family shuffling. b,
Sequence of chimaeric mutant A obtained by
family shuffling. The segments derived from
Enterobacter cloacae Enterobacter are shown in blue, thosz from
Klebsielle are shown in yellow, and those from
PP it S g Citrobacter are shown in green. The grey seg-
) ' ments are where the crossovers have taken
S;‘,?,l;ﬁ,e; e //// \ Msuhlz;gienn; place. Bzcause of DNA homology in the grey
‘ o e segments, the exact location of the crossover

Library of point mutants Library of chimaeras . .
- T cannot be determined more exactly. The amino-
acid point mutations are shown with underlined
red letters. The numbers at the beginning and

Kiebsiefla pneumoniae

Yersinia enterocolitica

Plats on Moxalactarr ARG Ve
Select best mutants B e— R end of each segment are the numbers from the
Genbank protein files of the wild- enzymes
8-fold increased resistance — — ) P pe enzy
. Reeroy and differ from those used for the Enterobacter
8-fold increased resistance SRR (A cloacee enzyme™.
N IR R T R
8-fold increased resistance B .
AN TN AP T —— SRR
8-fold increased resistance
on Moxalactam
b * Se es! mutant:
4 270-540+old increased resistance

slgnal 2
MIWMAVM LRSGKAHYFNYGVATRESGQRVSEQTLFEEGSVSKTLTATLGAY

AAVKGGFEMDDKVSQHAPMLKGSAFDGYTMAELATYSAGGLPLQERS E v T OIS L LRF Y QNWQ L oW GRKRENANSSTCEFGANAVKSSCISYE
134 41143 148 10 183

LoweML N D S e RS 1 GS TGGFGSYVAFVPARGT ATVML ANRNY PTEARY KA ANRTUEREQ!
334 349 267 374
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Stemmer NATURE| VOL 391 |15 JANUARY 1998

= Can natural diversity accelerate the evolution process?

= Goal: obtain moxalactamase activity from four cephalosporinase
genes. DNA shuffling within genes or between genes...

One cycle: ~8-fold improvements from separately evolved genes.

= One cycle: 270- to 540-fold improvement from the four genes
shuffled together.

= Best clone contained 8 segments from 3 of the 4 genes & 33
amino-acid point mutations.

Single seguence shuffling Sequence family shuffling
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Figure 4 Searching sequence space by family shuffling versus by single
sequence shuffling. Single sequence shuffling yields clones with a few point
mutations and the library members are typically 97-99% identical. Family
shuffling causes sequence block exchange which yields chimaeras that have
greater sequence divergence. At equal library size, the increased sequence
diversity of the chimaeric library results in sparse sampling of a much greaterarea
of sequence space, allowing more promisingareas to be found and subsequently
3/29/06 explored at increased sampling density.
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Figure 6. DNA family breeding of the subtilisin gene illustrates the potential for rapid improvement in protein function. Subtilisin is a protein-
degrading enzyme used in laundry detergent and the most highly engineered enzyme in existence. Twenty-six subtilisin genes from various
Bacillus microbes were shuffled to yield 654 progeny that were screened for enzyme activity at five commercially relevant conditions. Each
clone is shown as a set of concentric circles, with the size of the circle indicating the activity of the enzyme and each assay condition represented
by a different color. Several progeny showed simultaneous improvement in multiple properties over the best parental sequences.
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bacterial genomes from same species human genes with similar exon structura
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Figure 7. Genome shuffling (left) and exon shuffling (right) are two other applications of the
DNA breeding technique. Genome shuffling is modeled after the natural evolution of prokary-
otic organisms, whereas exon shuffling mimics eukaryotic protein evolution. In both cases the

progeny are more likely to have useful properties because the breeding step starts with *proven
diversity"—natural selection having already removed most deleterious point mutants.
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Selection of peptides with

semiconductor hinding
Belcher e —y-aeogre
nanocrystal assembly

Sandra R. Whaley*, D. S. English*, Evelyn L. Hu?, Paul F. Barbara*$
& Angela M. Belcher* ¥

(2000) Nature 405, 665-668
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Figure 3 AFM and TEM analysis of peptide—semiconductor recognition. a,b, AFM images
of G1-3 phage bound b an InP(100) substrake. a, Individual phage and their attached Au
nanoparticles. Scale bar, 250 nm. b, Image showing the uniformity of phage coverage on
the InP surface. Scale bar, 2.5 um. ¢, TEM image of G1-3 phage recognition of GaAs.
Individual phage particles are indicated with arrows. Scale bar, 500 nm.

G1-2
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Belcher

| (2000) Nature 405, 665-668

= GaAs (100),
GaAs(111), InP,
GaN, ZnS, CdS,
Fe;O,, CaCO,,
etc.

3/29/06 LaBean COMPSCI 296.5



