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p.5

p. 6
p. 7-12
- ”” Biotechnology Explorer”
Biotechnology Explorer p. 12-14
- 3
- 50 X
DNA p. 14-30

- DNA
- DNA
- Green Fluorescent Protein (GFP)
-7 pGLO
- Ampicillin - B lactamase
- pGLO DNA
- DNA

p. 30-36



DNA

9-1

p. 53-55

URL

p. 56-76

DNA

pGLO

LB
DNA

p. 37-50

p. 51-52

DNA



DNA

DNA - RNA -
DNA
DNA
DNA
DNA
’Biotechnology
Explorer” Bio-Rad laboratories DNA
DNA
DNA
”Biotechnology Explorer” 50
Aequorea victoria Green
Fluorescent Protein (GFP)
GFP
DNA pGLO K12 HB101
GFP GFP

DNA

2004 7 28



DNA

o “Biotechnology Explorer Kits”

GFP

o GFP

GFP



DNA

DNA

Advanced placement (AP )
SSH

Technique/Technology

Scientific literacy, Genetic literacy — Public acceptance (PA)

Genetic literacy

Public acceptance



1970 DNA

1970-1980
DNA
1980 PCR DNA
PCR DNA
1990 High throughput HT
2000 ome
proteome
phenome
1970
1980
980
1985

interactome



Stanford Univ.

advanced placement (AP)

1980

1990
“DNA SCIENCE”
DNA NIH

1995
DNA SCIENCE ”National Science Education Standards”
Standard Standard

DNA
AP
Bio-Rad laboratoreis ”Biotechnology Explorer system* Stanford

Univ.

Bay area biotechnology education consortium BABEC http://www.babec.org/




The University of Illinois College of Medicine at Rockford
Pierce 1992
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- “Biotechnology Explorer”

- ”Biotechnology
Explorer Kits & Curriculum” Bio-Rad laboratories
1 Stanford
Bio-Rad laboratories Ron

Mardigian advanced placement (AP)

“Biotechnology Explorer Kits & Curriculum”

Kit DNA
GLO Bacterial Transformation kit

Kit DNA

Green Fluorescent Protein Chromatography kit
Kit DNA

Analysis of Precut Lamda DNA kit _
Kit DNA

Restriction Digestion & Analysis of Precut Lamda DNA kit
Kit DNA

DNA Fingerprinting kit
Kit DNA

Secrets of the Rain Forest kit
Kit

Size Exclusion Chromatography
Kit8 PCR DNA
PV92 PCR/Informtics kit

Kit 9

Protein Fingerprinting kit
Kit 10 DNA

Genes in a Bottle kit

Kit 11

ELISA ImmunoExplorer kit

11



Secrets of the Rainforest Kit

DNA

Genesin a Bottle Kit pGLO Bacterial Transformation Kit

DNA Fingerprinting Kit Green Fluorescent Protein Chromatography Kit

PV92 PCR | Informatics Kit
Chromosome 8 PCR Kit

Anaysis of Precut Lambda DNA Kit
Restriction Digestion

and Anaysis of Lambda DNA Kit Protein Fingerprinting Kit
Size Exclusion Chromatography Kit
ELISA Immuno Explorer Kit

AP

Biotechnology Explorer
Biotechnology Explorer Kit 1 DNA
pGLO Biotechnology Explorer Kit 1 No.166-0003JEDU

) Bio-Rad laboratories

http://explorer.bio-rad.com
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p. 3-15
p. 3-4
p. 11-12
p. 13-15
p. 15-1
p. 1-2
p. 5-10
p. 18-21
p. 50-68
A B
D E F DNA
lesson
Lesson 1 p.3 -34
Lesson 2 p. 35-41
Lesson 3 p. 42-45
Lesson 4 p.46-49
lesson p. 22-30
- 50 x
Lesson 1 p. 31-34
5
DNA
DNA
DNA>RNA> >
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Lesson 2 p. 35-41

pGLO
Lesson 3 p. 42-45
Lesson 4 p. 45-48
DNA
DNA
DNA
DNA
DNA
DNA 2
MALDI TOF MS NMR
DNA DNA

14



1950-60
]
1980-90
g
2000
e
DNA
Biotechnology Explorer green fluorescent
protein: GFP DNA
GFP GFP
DNA DNA
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cDNA library

- -

4 \4s

%ﬁ

v
/
DNA/RNA -PCR .
DNA
DNA A G Cc T
G C( 3 )A T
2 ) GC DNA
DNA
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5"

DNA
1 bp
DNA
DNA Cc 5 OH
DNA 1 base pair (bp ) 2 nm 0.3 nm
DNA RNA
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S ATGACGGAATATAAGCTGGTGGTGGTGGGCGCCGTCGGT

DNA - TACTGCCTTATATTCGACCACCACCACCCGCGECAGCCA

o

18

— _—
(transcription)
RNA 5_AUGACGGAAUAUAAGCUGGUGGUGGUGGGCGCCGUCGGU
‘ (translation)
HaN Met Thr Glu Tyr Lys Leu Val Val Val Gly Ala Val Gly COOH
H2 OOH
DNA RNA RNA RNA RNA
T U RNA
U C A G

Phe Ser Tyr Cys U

U Phe Ser Tyr Cys C

Leu Ser stop stop A

Leu Ser stop Trp G

Leu Pro His Arg U

C Leu Pro His Arg C

Leu Pro Gln Arg A

Leu Pro Gln Arg G

lle Thr Asn Ser U

A lle Thr Asn Ser C

lle Thr Lys Arg A

Met Thr Lys Arg G

Val Ala Asp Gly U

G Val Ala Asp Gly C

Val Ala Glu Gly A

Val Ala Glu Gly G

DNA A G C T 3 1 ( ) RNA
( RNA AGCU )



- DNA

DNA DNA DNA DNA
DNA
DNA
cDNA DNA
DNA DNA DNA DNA
DNA DNA
DNA DNA

DNA

DNA cDNA

T
~ ‘ s

L—ﬁ DNA

DNA

DNA DNA
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DNA DNA

(endonuclease) DNA

: DNase

(restriction endonuclease)
100

Eco RI . .
(Eschericia coli.)

Bam HI . .
(Bacillus amylolique faciens)

Alu |
(Arthrobacter luteus)

Not1 .= . . .
(Nocardia otitidis-caviarum)

Bst Ell
(Bacillus stearothermophilus ET

Pst I ) .
(Providencia stuertii)

4 6 8

(palindorome)

(cohesive end)

2 DNA 3'-OH 5'-

DNA (DNA ligase

20

DNA

(exonuclease)

1,000

5GAATTC3
JCTTAA|GS

5GIGATCCZ3
3CCTAGIGS
CTg

5GCGGCCGC3T
3CG CG5

5GIGTNACC3Z
3'CCANTGGS

5CTGCAG3
3GIACGTCYS

(blant end)

) DNA



DNA TADNA

AATTCZ3

5GAATTCZ

TTAA + cs5' > 3CTTAACSH
5AG CT3 » S5AGCTSZ
3TC + GAS 33TCGAS
5
, _ PH
oP0 c
o]
OH H
H 5 1 H < 3
“op-o +
0 5'
2C _ PpH
op-o
. OH H ! ATP OzC
3 Mg2+ S ;
+H,0 3IOH H
DNA
T4 DNA
ATP
- Green Fluorescent Protein (GFP)
GFP Aequorea victoria
GFP
GFP
GFP GFP
GFP 27kDa 27000
C
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E=Nhc/ A

E A nm N 6.02x1023 h 1.58x10-37 kcal/mol ¢ 3x108 m/s

B

GFP
A B C
-7 pGLO
pGLO GFP
B Bla DNA
DNA GFP
PBAD PBAD Ara C Ara C
5371 bp DNA DNA
DNA
RNA
B Blactamase Beta lactamase ampicillinase
B Bla

ori
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pGLO

GFP GFP GFP. GFP
AraC AraC Ara Ara C

L '] - ::‘x
; Al et
7/ -~ o

L Y

/ LT

[ <N BstEN
f el b —
II I| I| = I| 1 II

LA 5371 bp e
1A A N
".l-""-hl"*- \ I, _u"l
LY m'\-\.\\"' ‘P.- "-..-:-i-\-\-
H‘\-;"-\.‘ s :ﬂlh :_bﬁ'._._.-"'".-"'_.-_ ::-n-l |
. T
1 — J
;e |
___.-""' Pat 1
ird 1]
GLO DNA
p plasmid G GFP L [Lactamase O: ori
pGLO
p-glow
(glow) Ron Mardigian (Bio-Rad laboratories)
- Ampicillin - B lactamase
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D-alanyl-D-alanine

N
PYN H
0 Hic' H Ha
N N CHs
NNy s H
o H‘ H . T
Ampicillin
D- D-
B B
Sooaa—t{FALR
QOOH
Y A Tt
©5-LLT
o \
32 09LES
B
DNA B . Bla
pGLO
DNA DNA

DNA

24
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- pGLO DNA
GFP pGLO (Transformation)
GFP Beta-lactamase

Beta-lactamase
GFP
GFP

Beta-lactamase

v =
-
=0 Oreen fluorescent protein i
-=ur  Beta-lactamase=Ampicillinase=
= O
p— GFP "araC" -
PeaD A
GLO DNA
DNA pGLO DNA
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araB L-ribulose kinase , araA L-arabinose isomerase , araD
L-ribulose 5-phosphate isomerase
3
L-ribulose kinase (araB)
L-arabinose - L-ribulose - L-ribulose 5 phosphate - D-xyulose-5 phosphate
L-arabinose isomerase (araA) L-ribulose 5-phosphate isomerase (araD)
AraC
AraC  PBAD RNA
AraC PBAD
Peab RNA
AraC araB, araA, araD
PBAD

- I araB |—| araA |—| araD I—

_‘_¢f 2rab | aran | araD —

l O L-arabinose

—@PB%‘ araB |—| araA |—| araD I—
g
—

Q RNA polymerase rna
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pGLO araB, araA, araD GFP
GFP AraC
pGLO DNA
GFP

PBAD

OS=

g

-

O L-arabinose

Q RNA polymerase rna
—_—
[ e |
l /-ar.:lﬂ'
—_—

g

| GFR| " pGLY oo
yE \
i - 4
GFP
pGLO DNA GFP
PBAD GFP
GFP
RNA
GFP
GFP
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RNA

DNA
50 mM  CaCI2
competent cell
DNA DNA
42

50 mM CaCl2

ca* DNA

DNA

28



DNA

Oo
(0]0)
Vol
Oo @ /
(e]e)

CaCl

DNA

CaCl2

DNA

42

DNA

DNA
DNA

DNase

DNase

DNA
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DNA

DNA Mg? DNA DNase
EDTA
DNA
DNase
pGLO Biotechnology Explorer Kit 1
) Bio-Rad laboratories
8 8 16 1
1 4
42
42 42 1

30

DNA

No.166-0003JEDU

http://explorer.bio-rad.com




37
24 48

366 nm

HB101

LB 1 Lb/amp 2 LB/amp/ara 1
Transformation buffer: ”Bu”
LB Luria-Berterni
DNA

31

[N

0.8
0.8 ml



121 20
500 ml 500 ml
< 200 ml <= 300 ml
< LB/ 79 <= LB/ 1059
¢ !
121 20
¥ 121 20
LB 16 ‘
60
<=
LB/amp 16 |t=—
<=
LB/amp/ara 8
121 15-20

60

LB Lb/amp LB/amp/ara
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Iml - 30 mg/ml
3ml - 200 mg/ml

Bu DNA pGLO LB LB

33



pGLO DNA 250 pl -80pug/ml

250
o DNA 60 1/1 -2 1
250 /
DNA
60u |
° Transformation buffer: ”Bu” 08 71
e LB Luria-Berterni 0.8 ml/1

34



37 16 20

p. 42

Bio-Rad laboratories AP
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LB1 , LB/amp2 , LB/amp/aral
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DNA

DNA DNase

70%
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24

+DNA, -DNA
+DNA, -DNA
v
5
HB101 1
+DNA, -DNA
DNA 1
+DNA
v
10

24, 25

ol .=|\."-:|'
.' 'I s
+DNA -DNA
L
‘:'“:z 250 p |
R
250 | Ty
+DNA -DNA
=
_,__.—. "
"
] =
- -
5
@f W
+DNA -DNA

DNA" LDNA -DNA
Ilh v = Ir_- SE—
[ |
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|

, 50

42

Lo

42

2

250 p |

LB broth 250 |

'
|
l

-DNA

+DNA

100 pl

o L ~D
‘.'il'rp'-ll"" Caamir

+Dmdi
LB g

37

>
-]

39
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DNase

41



o LB-broth o

26
1
100pl 1 ml 26

16 20

27
27

27

27

42



27

27

CaCl2

crushed ice

28

O
O
0

(Crushed ice)

28B

28A
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DNA

DNA

DNA
29
20ug/250 1 0.8ug/10pl

DNA
10ul 0.8ug

29

30

DNA

DNA

30

44

42
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LB broth

Blactamase AraC
GFP
DNA
LB
amp+ ara-
Biotechnology Explorer 50

LB/amp, LB/amp/ara

366 nm
pGLO GFP 380 nm

45

AraC

+DNA,



254 nm

AB 2

GFP

GFP

+DNA LB/amp
DNA

4x(a b)

+DNA, LB/amp/ara
DNA

GFP

vs LB/amp/ara

46

31

Explorer
DNA



PBAD

PBAD

--DNA LB

—+DNA LB/amp

- LB/amp

—+DNA LB/amp

/ug
Transformation

CaCl2

araC araC
RNA PBAD GFP

ON/OFF GFP

RNA 14

vs LB/amp/ara

+DNA vs -DNA
ON/OFF
vs LB/amp/ara

DNA 1pg

10" &/ ug
/ ug DNA

a7

13

DNA



+DNA +DNA -DNA -DNA

LB/amp/ LB/ampsala LB/amp LB
| | | |
+DNA -DNA
pGLO pGLO
DNA
31
amp ampicilline ara arabinose DNA plasmid
E. coli K12 HB101 LB LB

48



GFP

+DNA, LB/amp

32

ara

+ara

—-ara

32 GFP

121 20 33

49



33

50

33



DNA

DNA

pGLO
ON

MRNA

DNA UV

GFP

%

DNA

GFP

GFP

GFP

GFP

Single nucleotide polymorphisms: SNPs

DNA

OFF

51

SNP

GFP

DNA
DNA 0.1
ALDH2

Biotechnology Explorer
GFP



o GFP uv

DNA

DNA
DNA

GFP
Biotechnology Explorer Kit 2

GFP

GFP

DNA

DNA pGLO

GFP
GFP

52

uv



ISBN 4-89706-637-9

ISBN 4-7655-02384

Q&A
ISBN4-89706-659-X
DNA
Q&A
/ /

2002 ISBN 4-89706-285-3
DNA

DNA Biotechnology Explorer

53

DNA

2002

DNA

BLAST



Sambrook and Russell : “Molecular cloning A loboratory manual” 3rd ed.
1 Maniatis et al

1980 3
GFP

Cold Spring Harbor Laboratory press 2001 ISBN0-87969-577-3
URL.: http://www.MolecularCloning.com

2003

o
20y §
o
-0
o
i 1

Campbell N. A. :”Biology” 4™ edition The Benjamin/Cummings Publishing Company Inc.
Menlo Park CA 1996 ISBN 0-8053-1957-3

Greenberg J ed “BSCS Biology A molecular approach” 8" edition Everyday Lerning
Corporation Chicago, IL 2001 ISBN 0-538-69039-9

Leonard W. H. and Penick J. E.: “Biology A community context” South-Western
Educational Publishing Cincinnati, OH 1998 ISBN 0-538-65208

Laboratory Manual “Biology:The Dynamic of Life” The McGraw-Hill company

ISBN 0-02-828251-5
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- URL
NCBI GenBank http://www.nchi.nim.nih.gov/GenBank

Biotechnology Explorer http://explorer.bio-rad.com
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- DNA

32,615

Haploid 1 Diploid 2
DNA DNA 4
A G C 22
1 23 1 30
1 1 1
2 60
gene+chromosome=genome
DNA genomic DNA DNA
DNA mRNA
DNA mRNA cDNA
o DNA 1 1
1 1
Alternative splicing
Post translational modification
DNA
(exon) (intron)
mRNA
30 2
2000 6 26
1999
22 1 545
1) 2000
21 22 1 225
(2) 2001 2 "Nature™ 10

(3) 2003 4 14
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o DNA nucleoside
nucleoside
A G C T DNA

A TG C
G-C 3 A-T 2
PCR
DNA
(1) Dunham, I. etal.: *The DNA sequence of human chromosome 22": Nature, 402: 489-495, 1999
(2) HattorM. etal.: *The DNA sequence of human chromosome 21": Nature, 403: 311-319, 2000
(3) International Human Genome Sequencing Consortium: “Initial sequencing and analysis of the human genome": Nature, 409:

860-921, 2001

23 DNA \1\

wa

g 1 :
thRNA
Cap ARAAA mMRNA
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SNPs

SNPs Single Nucleotide Polymorphisms 1
500-1000 1
300 DNA 0.1 DNA
STR(Short tandem repeats 3-5 )
VNTR(Variable number of tandem reperats ) SNP
1 A G
1 SNP
SNPs cSNPs (codingSNPs
SNPs), rSNPs (regulatorySNPs SNPs), gSNPs (genomeSNPs
DNA SNPs) cSNPs  rSNPs
ALDH Acetoaldehyde
dehydrogenase
~\

y { SNPs STR VNTR

SNPs STR VNTR
SNPs
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DNA

DNA

DNA
" A=
= DNA, DNA
F -
DNA ',
RasMol Cn3D
GFP GFP RasMol

RasMol Windows

o

http://www.umass.edu/microbio/rasmol/getras.htm  Windows 95, 98

http://www.bernstein-plus-sons.com  Windows XP

RasMol
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o

http://www.genome.ad.jp/

PDB
GFP green fluorescent protein
W
1EMA GFP
Entire PDB file
o 3
PDB RasMol
option
shift
shift option
”Display”
”Ribbons”
”Ball & Stick”
“Wireframe” ”Backbone” ”Sticks”
”Ball & Stick” ”Ribbons”
GFP 65-67 cro

RasMol Command line

RasMol> select cro

60

”Spacefill”



22 atoms selected!

RasMol> colour green

”Display”  Spacefill”

Cn3D
Cn3D NCBI NCBI
ASN.1
o Cn3D
http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml

Cn3D

o

http://www.ncbi.nlm.nih.gov/

NCBI search: Structure
GFP green fluorescent protein
Go

GFP

61



1EMA
View 3D structure
PC Cn D

- pGLO

GenBank data

GenBank: http://www.ncbi.nlm.nih.gov/GenBank

1: U62637 Cloning vector PubMed, Protein, Related Sequences, Taxonomy
pBAD-GFPuv,
complete sequence
LOCUS  CVU62637 5371 bp DNA SYN 14-AUG-1996
DEFINITION Cloning vector pBAD-GFPuv, complete sequence.
ACCESSION  U62637
VERSION U62637.1 GI1:1490531
KEYWORDS
SOURCE Cloning vector pBAD-GFPuv.
ORGANISM Cloning vector pBAD-GFPuv
artificial sequence; vectors.
REFERENCE 1 (bases 1 to 5371)
AUTHORS  Crameri,A., Whitehorn,E.A., Tate,E. and Stemmer,W.P.
TITLE Improved green fluorescent protein by molecular evolution using DNA
shuffling
JOURNAL  Nat. Biotechnol. 14 (3), 315-319 (1996)
MEDLINE 98294348
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REFERENCE 2 (bases 1 to 5371)
AUTHORS  Crameri,A. and Kitts,P_A.
TITLE pBAD-GFPuv complete sequence
JOURNAL  Unpublished
REFERENCE 3 (bases 1 to 5371)
AUTHORS  Kitts,P.A.
TITLE Direct Submission
JOURNAL  Submitted (28-JUN-1996) CLONTECH Laboratories, Inc., 1020 East
Meadow Circle, Palo Alto, CA 94303-4230, USA
FEATURES Location/Qualifiers
source 1..5371
/organism="Cloning vector pBAD-GFPuv"
/db_xref="taxon:50707"

gene complement(96..974)
/gene="araC"

CDS complement(96..974)
/gene="araC"

/note="PID: g455167"

/codon_start=1

/transl_table=11

/product="araC protein”

/protein_id="AAC53662.1"

/db_xref="G1:1490532"

/translation="MAEAQNDPLLPGYSFNAHLVAGLTP IEANGYLDFFIDRPLGMKG
Y ILNLT IRGQGVVKNQGREFVCRPGD I LLFPPGE IHHYGRHPEAREWYHQWVYFRPRA

YWHEWLNWPS I FANTGFFRPDEAHQPHFSDLFGQ T INAGQGEGRYSELLAINLLEQLL

LRRMEAINESLHPPMDNRVREACQY I SDHLADSNFD IASVAQHVCLSPSRLSHLFRQQ

LGISVLSWREDQR I SQAKLLLSTTRMPIATVGRNVGFDDQLYFSRVFKKCTGASPSEF

RAGCEEKVNDVAVKLS"
gene 1342..2061

/gene="gfpuv"
CDS 1342..2061

/gene="gfpuv"
/note="GFPuv is the GFP variant called "cycle 3"; Allele:
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gene

CDS

BASE COUNT
ORIGIN

1369 a

AC2; green fluorescent protein variant”

/codon_start=1

/transl_table=11

/product="GFPuv"

/protein_id="AAC53663.1"

/db_xref="G1:1490533"

/translation="MASKGEELFTGVVP ILVELDGDVNGHKFSVSGEGEGDATYGKLT
LKFICTTGKLPVPWPTLVTTFSYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERT I SFK
DDGNYKTRAEVKFEGDTLVNRIELKG IDFKEDGN ILGHKLEYNYNSHNVY I TADKQKN
GIKANFKIRHNIEDGSVQLADHYQQNTP 1GDGPVLLPDNHYLSTQSALSKDPNEKRDH
MVLLEFVTAAGITHGMDELYK™

2636- -3496

/gene="bla"

2636..3496

/gene="bla"

/function="confers resistance to ampicillin"
/codon_start=1

/transl_table=11

/product="beta-lactamase"

/protein_id="AAC53664.1"

/db_xref="G1:1490534"

/translation="MSIQHFRVAL IPFFAAFCLPVFAHPETLVKVKDAEDQLGARVGY
IELDLNSGK I LESFRPEERFPMMSTFKVLLCGAVLSRVDAGQEQLGRR IHYSQNDLVE
YSPVTEKHLTDGMTVRELCSAAITMSDNTAANLLLTT IGGPKELTAFLHNMGDHVTRL
DRWEPELNEA IPNDERDTTMPAAMATTLRKLLTGELLTLASRQQL IDWMEADKVAGPL
LRSALPAGWF IADKSGAGERGSRG I IAALGPDGKPSRIVVIYTTGSQATMDERNRQIA
EIGASLIKHW"

1368 ¢ 1300 g 1334 t

1 atcgatgcat aatgtgcctg tcaaatggac gaagcaggga ttctgcaaac cctatgctac

61 tccgtcaage cgtcaattgt ctgattcgtt accaattatg acaacttgac ggctacatca

121 ttcacttttt cttcacaacc ggcacggaac tcgctcgggc tggccccggt gcatttttta

181 aatacccgcg agaaatagag ttgatcgtca aaaccaacat tgcgaccgac ggtggcgata
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241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221

ggcatccagag

tggtgctcaa

aagcagcttc

gcctggctga

tacgttggtc ctcgcgecag

cttaagacqgc

taatccctaa

ctgctaqcag

aaaagatgtg

acagacgcga cggcgacaad

caaacatgct

gtgcgacgct

ggcgatatca

aaattgctgt

ctgccaggtg atcgctgatg

tactgacaag

cctcgcgtac

ccgattatcc

atcggtggat

ggagcgactc gttaatcqgct

tccatgcgcc

gcagtaacaa

ttgctcaagc

agatttatcg

ccagcagctc cgaatagcgc

ccttcccctt

gcccggegtt

aatgatttgc

ccaaacaggt

cgctgaaatg cggctggtgc

gcttcatccqg

gdcgaaagaa

ccccgtattg

gcaaatattg

acggccagtt aagccattca

tgccagtagqg

cdgcgcggacg

aaagtaaacc

cactggtgat

accattcgcg agcctccqga

tgacgaccgt

agtgatgaat

ctctcctgac

dggaacagca

aaatatcacc cggtcggcaa

acaaattctc
taacctttca

gtccctgatt
ttcccageqg

tttcaccacc
tcggtcgata

ccctgaccge
aaaaaatcga

gaatggtgag attgagaata
gataaccgtt ggcctcaatc

ggcgttaaac

ccgccaccag

atgggcatta

aacgagtatc

ccggcagcag gggatcattt

tacgcttcag

ccatactttt

tgcatcagac

accccgctta

attgccgtca

ttaaaagcat

aacaaaagtg tctataatca
ctttgctatg ccatagcatt
tcgcaactcet ctactgtttc

ctttaagaag
ccaattcttg

gagatataca

ttgaattaga

catactcccg
ctgcgtettt
tctgtaacaa
cggcagaaaa
tttatccata
tccatacccg

tatggctagc

ccattcagag
tactggctct
agcgggacca
gtccacattg
agattagcgg
tttttttggg
aaaggagaag

aagaaaccaa ttgtccatat
tctcgetaac caaaccggta

aagccatgac aaaaacgcgt

attatttgca cggcgtcaca
atcctacctg acgcttttta
ctagaaataa ttttgtttaa
aacttttcac tggagttgtc

togtgatgtt

aatgggcaca

aattttctgt cagtggagag

ggtgaagatg

atgctacata

cggaaagctt

acccttaaat

ttatttgcac tactggaaaa

ctacctgttc

catggccaac

acttgtcact

actttctctt

atggtgttca atgcttttcc

cgttatccaqg

atcatatgaa

acggcatgac

tttttcaaga

gtgccatgcc cgaaggttat

gtacaggaac

gcactatatc

tttcaaagat

gacgggaact

acaagacgcg tgctgaagtc

aagtttgaag

gtgataccct

tgttaatcgt

atcgagttaa

aaggtattga ttttaaagaa

gatggaaaca

ttctcggaca

caaactcgag

tacaactata

actcacacaa tgtatacatc

acggcagaca

aacaaaagaa

tggaatcaaa

gctaacttca

aaattcgcca caacattgaa

gatggatccqg

ttcaactagc

agaccattat

caacaaaata

ctccaattgg cgatggccct

gtccttttac

cagacaacca

ttacctgtcqg

acacaatctg

ccctttcgaa agatcccaac

gaaaagcgtqg

accacatggt

ccttcttgag

tttgtaactg

ctgctgggat tacacatggc

atggatgagc

tctacaaata

atgaattcga

cctgcaggca
gattaaatca

ggtggtccca

tgcaagctty
gaacgcagaa

cctgacccca

gctgttttgg
gcggtctgat

tgccgaactc
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gctcggtacc
cggatgagag
aaaacagaat

agaagtgaaa

cggggatcct ctagagtcga
aagattttca gcctgataca
ttgcctggey geagtagege
cgccgtageg ccgatggtag



2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261

tgtggggtee
gtgcaaagac
gacaaatccg
aggacgcccg
cctttttgey
gctcatgaga
tattcaacat

cccatgcgag
tgggcecttte
ccgggagegy
ccataaactg

tttctacaaa

agtagggaac
gttttatctg
atttgaacgt
ccaggcatca
ctctttgttt

caataaccct gataaatgct

ttccgtgtcg

cccttattcc

tgccaggcat
ttgtttgtcg
tgcgaagcaa
aattaagcag
atttttctaa
tcaataatat
cttttttgceg

caaataaaac
gtgaacgctc
cggcecggag
aaggccatcc
atacattcaa
tgaaaaagga

gcattttgcc

gaaaggctca
tcctgagtag
ggtggcggge
tgacggatgg
atatgtatcc
agagtatgag
ttcctgtttt

tgctcaccca

gaaacgctag

tgaaagtaaa

agatgctgaa

gatcagttaqg

gtgcacgagt

gagttacatc

gaactggatc

tcaacagcaqg

taagatcctt

gagagttttc

gccccgaaga

acgttttcca

atgatgagca

cttttaaagt

tctgctatgt

ggcgeggtat

tatcccgtgt

tgacgccgag

Caagagcaac

tcgatcaccqg

catacactat

tctcagaatg

acttggttga

gtactcacca

gtcacagaaa

agcatcttac

ggatggcatg

acagtaagag

aattatgcag

tgctgccata

accatgagtg

ataacactgc

ggccaactta

cttctgacaa

cgatcggaqd

accgaaggag

ctaaccgctt

ttttgcacaa

catgggggat

catgtaactc

gccttgatcg

ttgggaaccqg

gagctgaatg

aagccatacc

aaacgacgag

cgtgacacca

cgatgcctgc

agcaatggca

acaacgttgc

gcaaactatt

aactggcgaa

ctacttactc

tagcttcccg

gcaacaatta

atagactgga

tggaggcaga

taaagttgca

ggaccacttc

tagcgctcgac

ccttccqget

ggctggttta

ttgctgataa

atctggagcc

ggtgagcgtg

ggtctcgeqg

tatcattgca

gcactggagac

cagatggtaa

gcccteccgt

atcgtagtta

tctacacgac

gaagagtcag

gcaactatqg

atgaacgaaa

tagacagatc

gctgagatag

gtgcctcact

gattaagcat

tggtaactgt

cgccctgtag
cacttgccag
tcgeeggett
ctttacggca
cgccctgata
tcttgttcca
ggattttgce
cgaattttaa
gataatctca
gtagaaaaga
caaacaaaaa
ctttttccga
tagccgtagt

cggcgcatta
cgccctageg
tccecgtcaa
cctcgaccce
gacggttttt
aactggaaca
gatttcggcee
caaaatatta
tgaccaaaat
tcaaaggatc
aaccaccgct
aggtaactgg

taggccacca

cagaccaagt
agcgcggegg
ccegetectt
gctctaaatc
aaaaaacttg
cgccctttga
acactcaacc
tattggttaa
acgtttacaa
cccttaacgt
ttcttgagat
accagcggtg
cttcagcaga

cttcaagaac

66

ttactcatat
gtgtggtggt
tcgetttett
gggggcteee
atttgggtga
cgttggagtc
ctatctcggg
aaaatgagct
tttaaaagga
gagttttcgt
cctttttttc
gtttgtttgc
gcgcagatac

tctgtagcac

atactttaga
tacgcgcage
cccttecttt
tttagggttc
tggttcacgt
cacgttcttt
ctattctttt
gatttaacaa
tctaggtgaa
tccactgage
tgcgegtaat
cggatcaaga
caaatactgt

cgcctacata

ttgatttacg
gtgaccgcta
ctcgecacgt
cgatttagtg
agtgggccat
aatagtggac
gatttataag
aaatttaacg
gatccttttt
gtcagacccc
ctgctgcttg
gctaccaact
ccttctagtg
cctegetctg



4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341

ctaatcctgt
tcaagacgat
cagcccagct
gaaagcgcca
ggaacaggag
gtcgggtttc
agcctatgga
tttgctcaca
tttgagtgag
gaggaagcgg
caccgcatat
acactccgct
ctgacgcgcee
tctccgggag
aaggagatgg
caagcgctca
taggcgecag
aggatctaat

taccagtggc
agttaccgga
tggagcgaac
cgcttcccga
agcgcacgag
gccacctcty
aaaacgccag
tgttctttec
ctgataccgc
aagagcgcct
ggtgcactct
atcgctacgt
ctgacgggct
ctgcatgtgt
cgcccaacag
tgagcccgaa
caaccgcacc
tctcatgttt

tgctgecagt
taaggcgceag
gacctacacc
agggagaaag
ggagcttcca
acttgagcgt
caacgcggcee
tgcgttatcc
tcgeegeage
gatgcggtat
cagtacaatc
gactgggtca
tgtctgctcc
cagaggtttt
tcceeeggee
gtggcgagee
tgtggegecy
gacagcttat

ggcgataagt
cggtcggget
gaactgagat
gcggacaggt
gggggaaacy
cgatttttgt
tttttacggt
cctgattctg
cgaacgaccg
tttctcctta
tgctctgatg
tggctgegee
cggcatccge
caccgtcatc
acggggcctg
cgatcttcce
gtgatgcegg
c

Crameri,A., Whitehorn,E.A., Tate,E. and Stemmer,W.P.

cgtgtcttac
gaacgggggg
acctacagcg
atccggtaag
cctggtatct
gatgctcgtc
tcctggectt
tggataaccy
agcgcagcga
cgcatctgtg
ccgcatagtt
ccgacacccg
ttacagacaa
accgaaacgc
ccaccatacc
catcggtgat

ccacgatgcg

“Improved green fluorescent protein by molecular evolution using DNA

cgggttggac
ttcgtgcaca

tgagctatga
cggcagggte
ttatagtcct
aggggggcyy
ttgctggect
tattaccgce
gtcagtgagc
cggtatttca
aagccagtat
ccaacacccg
gctgtgaccy
gcgaggcage
cacgccgaaa
gtcggcgata
tccggegtag

shuffling”Nat. Biotechnol. 14 (3), 315-319 (1996)

“Improved green fluorescent protein by molecular evolution using DNA shuffling.”
Crameri A, Whitehorn EA, Tate E, Stemmer WP.
Affymax Research Institute, Palo Alto, CA 94304, USA.

Green fluorescent protein (GFP) has rapidly become a widely used reporter of gene regulation.
However, for many organisms, particularly eukaryotes, a stronger whole cell fluorescence signal
is desirable. We constructed a synthetic GFP gene with improved codon usage and performed
recursive cycles of DNA shuffling followed by screening for the brightest E. coli colonies. A
visual screen using UV light, rather than FACS selection, was used to avoid red-shifting the

excitation maximum. After 3 cycles of DNA shuffling, a mutant was obtained with a whole cell
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fluorescence signal that was 45-fold greater than a standard, the commercially available
Clontech plasmid pGFP. The expression level in E. coli was unaltered at about 75% of total
protein. The emission and excitation maxima were also unchanged. Whereas in E. coli most of the
wildtype GFP ends up in inclusion bodies, unable to activate its chromophore, most of the
mutant protein is soluble and active. Three amino acid mutations appear to guide the mutant
protein into the native folding pathway rather than toward aggregation. Expressed in Chinese
Hamster Ovary (CHO) cells, this shuffled GFP mutant showed a 42-fold improvement over
wildtype GFP sequence, and is easily detected with UV light in a wide range of assays. The
results demonstrate how molecular evolution can solve a complex practical problem without
needing to first identify which process is limiting. DNA shuffling can be combined with screening
of a moderate number of mutants. We envision that the combination of DNA shuffling and high
throughput screening will be a powerful tool for the optimization of many commercially important

enzymes for which selections do not exist.

DNA GFP GFP
GFP 65-67
DNA GFP 99 153 163

Tyr
Gly‘_67
ST =Y
Ser 65
GFP 65-67 Ser Tyr Gly
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Phe99Ser
Met153 Thr

Vall63Ala Fluorescence

Emmision

e

400 500
Wavelength (nm)

DNA
DNA GFP

o Physical containment

P1

DNA P1

Phe99Ser Met153 Thr Vall63Ala
GFP

P Physical
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P1 ”P2

P3
P2

o Biological containmant

Bl 2
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70



K12 B. subtilis Marburug168
cerevisiae Thermus
(@]
K12 -
DNA 1
12 1
DNA Bl
DNA
DNA
PCR
DNA
160 1-2

0.22
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DNase RNase Free 9000

/500 ml
O
O
@)
MQ cm
O
Reverse osmosis(RO) MilliQ
1 10MQ cm
O
Reverse 0smosis(RO)
17MQ cm
DNA Cl  Fe
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Bacto-trypton, Yeast extract ( DIFCO ) NaCl NaOH
200 ml
<« 100 ml

<— Bacto-tryptone (DIFCO) 1.0¢
<— Yeast extract (DIFCO) 05¢g
<— NaCl 10g
y

<= 10 M NaOH 10 u |
- 12 ¢

VvV

121 20

LB
2.5¢ 100 ml
121 20

30 mg/ml
L(+) 200 mg/ml ( )
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- DNA

DNase RNase

DNA  RNA

RNA
DNA RNA

DNA RN

Nuclease

0.22 0.45um
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AMAAA A

/MA o o/ 0. 0.1-1y mRNA (polyA RNA)

/_’\/AAMAA

RNA (polyA RNA)
5‘_

AAAAA A-3
l 3-TTTTT -5

wa
2

AAAAA  A-3'
TTTTT -5
DNA

RNase H Ecoli DNA

w U1
o

AAAAA 3
TTTTT &

- l ey

( ONA ) 10 ng cDNA

RNA (polyA RNA) cDNA

cDNA

polyA RNA

DNA
DNA

DNA

DNA

DNA Mg
colony forming unit CFU
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pGLO DNA
190
/g DNA

10 pl

250 p | TF soln.
250 p I LB broth
10 p | pGLO soln.

510 p |

100

X038 -Obl/G

190

= = 3
0.160 g 1,187 1.2X10‘i‘\ /ug

1y

DNA
107 108 /p

DNA 1/1,000
3.2x103 /g DNA 30,

DNA

DNA
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1/100,000

0.8 pg

DNA

16

/10pg DNA
3.2x108 /g DNA 30,

/0.1pg DNA

ng DNA

1.2x103



DNA

250 p | TF soln.
250 p | LB broth 510 p |
10 p | pGLO soln.

10 10 10

DNA
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-520

~x10* 389  x10° 36
1 100 pl

10* 10°

389 x10°=3.9 x10° 36 x10°=3.6 x 10°

3.8 x 10°

520
5.2x10%/3.8x10°=1.4x10% (0.014 )
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