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Rappel: transcription et traduction
Universalité du code génétique et de la molécule d’ADN
Biologie moléculaire et génie génétique

Production de protéines recombinantes



But de l'ingénierie des protéines:

- produire une protéine a volonté (temps, quantité, prix...)
- produire une protéine fonctionnelle

- modifier les propriétés d’une protéine (stabilité, immunogénicité,
activité enzymatique)

Méthodes classiques: clonage, mutagénese

Evolution dirigée des protéines




Méthodes classiques



Clonage moléculaire : insertion d’une séquence d’ADN dans un vecteur
(plasmide, phage...) puis introduction dans une cellule-hote (bacteérie,

mammifere...)

Caractéristiques d’une séquence codante utilisable en expression:

- pas d’intron
- pas de séquences signales (sauf nécessité)
- en phase avec les tags ou protéines de fusion

Différentes méthodes:
- restriction/ligation
- PCR
- recombinaison in vivo ou In vitro




Choix de la séguence a cloner

Le départ:
- séquence de¢ja clonée dans un vecteur (ex: clone isol¢ d’une banque d’ADN)
= sous-clonage
- sequence connue mais pas de clone disponible
= clonage a partir de I’organisme d’origine
- séquence inconnue mais existence d’homologue dans d’autres organismes (ex:
clonage d’une enzyme de parasite présente ¢galement chez I’homme)
= recherche de la séquence (PCR dégéneéree ou séquencage du

génome)
- sequence inconnue sans homologue
= recherche du gene a partir de la protéine (génération d’anticorps puis
criblage de banques ou spectrométrie de masse)

Origine de la séequence:
- organisme d’origine : procaryote ou eucaryote
- ADN d’origine: vecteur, génomique ou ADNc?

Definir la stratégie de clonage a adopter !



L_a synthése des protéines chez les procaryotes
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La traduction a licu en 3 phases :

La phase d’initiation

- Fixation du ribosome au niveau du codon initiateur
\ AUG. Il signale le point dedépart de la traduction.

‘ .| - Début de la lecture de I’ARNm, le codon AUG code
| pour la méthionine (Met). Fixation de I’ARNt-Met.

et "IL' GG CCUAA
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Lecture successive des codons et formation du polypeptide : La phase de lecture ouverte
- @ lecture du codon situé dans le site A du ribosome AfiNi
- O fixation de I’ARNt-acide amin¢ correspondant est definie par le codon
- ©@ formation d’une liaison peptidique avec le polypeptide présent dans le site P AUG

- @ leribosome se déplace d’un codon.
- @ lecture du codon situé dans le site A du ribosome...

La phase de terminaison

@ _ ® T ®Le ribosome arrive a un codon stop
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Caractéristique d’un vecteur d’expression (E. coli)

PET-19b sequence landmarks

T7 promoter

TT transcription start
Hise Tag coding sequence
Multiple cloning sites
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Caractéristique d’un vecteur d’expression (E. coli)

T7 promoter primer #69348-3

Bgl‘ 1l LI pro moter lac ODE'rator Xhal rhs
AGATCTCGATC LG GAAAT TAATACGACTCACTATAGGEGAATTETGAGC GEATAACAATTCCCCTCTAGAMATAATTTTETTTAACTTTAAGAAGGAGA
Neo | His-Tag Ndel| Xho| BamH |
TATACCATGGGLCATCATCATCATCATCATCATCATCATCACAGCAGCGGLCATATCGACGACGACGACAAGCATATGCTCGAGGATCCGGCTGC TAAC ALA
MatGlyHisHisHisHisHisHisHisHisHIisHisSaerSerGlvHis] loAsphAspAsplAsplysHisMetleuGlulAspProblahlaobsnlys
Boul102 | Enterokinase 1

T7 terminator
GO GAAA G CAA G TEAGT TR C TG TGCCACC G TEAGCAAT AACTAGCATAACCCCTTERGGCETCTAAACGGETCTTRAGEGRTTTTTTG
AlafArglysGlublaGluleublaldlahlaThrAlal luGInEnd

TT terminator primer #5§9337-3

pET-19b cloning/expression region

Promoteur: s€équence de fixation de I’ARN polymérase (ici T7 pol)
Rbs: ribosome binding site

ATG: codon d’initiation (Met)
Enterokinase: site de clivage spécifique
T7 terminator: terminateur de transcription

Cassette d’expression : contient les ¢léments permettant la synthése d’un ARNm codant
pour la protéine d’interét




Exemple d’une fusion entre 2 séquences codantes

M A S S L R Q I L D S Q K M E 1)) R S 18
ATG GCT TCT TCT CTG CGT CAA ATT CTG GAT TCT CAA AAA ATG GAA TGG CGT TCT 54
N A G G S M S D K I I H L T D D S F 36
AAC GCT GGT GGT TCT ATG AGC GAT AAA ATT ATT CAC CTG ACT GAC GAC AGT TTT 108
D T D v L K A D G A I L v D F 1)) A E 54
GAC ACG GAT GTA CTC AAA GCG GAC GGG GCG ATC CTC GTC GAT TTC TGG GCA GAG 162
W C G P C K M I A P I L D E I A D E 72
TGG TGC GGT CCG TGC AAA ATG ATC GCC CCG ATT CTG GAT GAA ATC GCT GAC GAA 216
Y Q G K L T v A K L N I D Q N P G T 90
TAT CAG GGC AAA CTG ACC GTT GCA AAA CTG AAC ATC GAT CAA AAC CCT GGC ACT 270
A P K Y G I R G I P T L L L F K N G 108
GCG CCG AAA TAT GGC ATC CGT GGT ATC CCG ACT CTG CTG CTG TTC AAA AAC GGT 324
E v A A T K v G A L S K G Q L K E F 126
GAA GTG GCG GCA ACC AAA GTG GGT GCA CTG TCT AAA GGT CAG TTG AAA GAG TTC 378
L D A N L A * 132
CTC GAC GCT AAC CTG GCC TAG

Rouge: peptide substrat de la biotine ligase BirA de E. coli
Noir: thioredoxine

Expression d’une thioredoxine biotinylée in vivo



Méthode de clonage: restriction/ligation
Principe du clonage (cas d’'une banque génomique)

BamH |
vecteur linéarisé Source : autre vecteur ou produit PCR
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Vecteur + insert



Méthode de clonage: restriction/ligation
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Chapter 3




Méthode de clonage: PCR

——

_ Site de restriction dans les amorces

—

PCR

_ Digestion directe du produit PCR
peut étre inefficace: clonage du

produit PCR dans vecteur TA...



Méthode de clonage: PCR

Direct ligation with TA Cloning® Technology

The TA Cloning® technology makes it possible to easily clone PCR products produced by Tag polymerase. Tag has a
terminal transferase activity that adds a single 3°-A overhang to each end of the PCR product. TOPO TA Cloning®
vectors contain 3°-T overhangs that enable the direct ligation of Tag-amplified PCR products (Figure 6)(2.,3).

Figure 6 - How TOPO TA Cloning® works

1. Add 1 pl of a pCR-TOPO® vector to 2. Incubate for 5 minutes 3. Transform Cne Shot*
1 pl of Tag-amplified PCR produci. on your bench top. Competent E. colL

5" 3r &
—
PFCR
Tag-amplified A 5 Product -
PCR Product ﬂ'
+ A Bl TopOIsCMEEsE |
¥ 5 -

Activated TOPO TA Cloning® vector Tag-amplified PCR product Ligation complete. Vector is
with 3°-A overhangs ready for transformation

Clonage en vecteur TA (TOPO ou autre...) : rapide et efficace
Digestion du vecteur de clonage PCR puis sous-clonage en vecteur d’expression



Méthode de clonage: PCR
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Evolution dirigée des protéines



The steps involved in classical versus state-of-
the-art developmeant of enzymeas.

Present enzyme development Classical enzyme development

Creating biclogical
diversity

| Nature's diversity

1—| Malzcular evolution }1—

v

Primary screening

v

| Secondary screening

v
|
| | Classical mutagenesis
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Creating expression
system
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Fermentation v

Up-scaling process

v
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Purification | «— | Up-scaling process |
|«

Formulation

Production

| Production |

Cumant Opinion in Bictechnology




Evolution (cf Darwin) = sélection s’appliquant sur une variation dans la population

Variation r\ Sélection

Mutatio_n _ Capacité reproductrice
recombinaison (longévité, santé, alimentation...)

<« P

1 cycle = 1 génération

Adaptation au milieu
Réponses aux contraintes environnementales




Figure 1: The tree of life

A Human Horse Fish Insects Fungi Wheat M. jann. E. coli
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Adapted from Dayhoff et al., 1978, Apparition de nouvelles structures et fonctions



Application aux protéines : mémes mécanismes mais environnement controlé

Conditions controlées
= contraintes environnementales choisies

Variation r\ Sélection

Mutation Contrainte fonctionnelle:
recombinaison Fixation, activité enzymatique,

U solubilité, stabilite...

« Niveau » réglable

1 cycle = 1 génération



Notions d’évolution des protéines

_ « boucles fermées » Domaines:
Peptides: 5-10 aa 15-50 aa (n;;atj. 25-30) 100-200 aa

S

l
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Y <
:aJHJ %OQG o

Protéines mulidomaines



Notions d’évolution des protéines
le stade domaine (« fold »)

(b)

Globine: 3 boucles flavodoxine: 4 boucles
141 résidus 138 résidus



Notions d’évolution des protéines
contraintes d’hier et d’aujourd’hui

A

v

_> 4—
Stabilité ADN Mecanisme de réplication

thermostabilité/forme active
solubilité

Séquence d’ADN codante au sein

d’une plus grande molécule
Stabilité apportée par les contacts

intramoleculaires
enfouissement des hydrophobes

’ Taille maximale d’un

<+<— domaine protéique
globulaire ~40 kDa (400 aa)

|




Notions d’évolution des protéines

Acquisition de nouvelles fonctions

gene recruitment
. —
function depends upon

envirommeaental factors

gena duplication
—

iNmncremeantal

mutations

gene fusion

oligomerisation

post—translational

T—
-
—
—

O modification

Module de base

BN

Parametres physico-
chimiques modifiés

Séquence modifiée
structure globale conservée

Modification du contexte
protéique du module



Notions d’évolution des protéines
Acquisition de nouvelles fonctions
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Insertion Permutaticn Seaecondary structure exchangs

Crurrent Crpinion in Stroctural Biology

Génération rapide de diversité
Contraintes fonctionnelles
Contraintes antigéniques




« rational design » vs « directed evolution »

Connaissance fine de la
relation structure-fonction

Prédiction de 1’effet
de la modification

Exploration d’un petit
nombre de possibilité

Connaissance d’un mécanisme de base
(site actif, interface, ab initio?...)

Sélection des meilleurs variants

Population diversifiée



Liaison phénotype-information géenétique

Sélection sur le phénotype (activité enzymatique, ligand...)
Utilisation de I’information génétique pour les applications biotechnologiques

Surface display Phage display Ribosome display
(bactérie, eucaryote) plasmide display MRNA display
Activité intracellulaire Compartimentation
(antibiorésistance...) (émulsion)

Cf: production in vitro des protéines



— =5
— . s

- V i
et | LAY | w—
— *‘—3‘>'— }_._ —r >_— Y .w-r ¥

phage display ribosome display mRNA-peptide fusion plasmid display

-
- e T <O

= L - = o -ul;_; I

*ﬂi‘%@mﬂ, TS
/ ==
7 cal 4\\\ [ B -
cell-surface display genetics n-hybrid systems

.'/-- - N
- 2 | -
. I’Wl
N e s > S OO0 cCooo o
S e 2BESXBEEESESS
- ’; . . PO OO
i - e SCDOeCOoOC O OO = -
g - - ——— SoO0O0CCDOoD oDOS - o
\' SV, N SOOoOOOCOoDDo oo =
— A ¥ . ' SO00COD00 8o -
. |’-W" OO0 CDDD OCOD
e X A =7 -

in vitro compartmeenialization spatal agdress mass specirometry



Ribosome display

In vitro transcription

mRMNA fusicn

In vitro transcription

mRNA ) DNA o - mRNA
in vitro translation Ligation to purormycin linker l '_‘\P
; 3 Mative protein .
5 _~ tethered to A 5 3"-\#
ribosomes : "
bR CR In vitro translation l
,"-";I‘f'nltt.r selection K
Mutations | Mutations P
by PCR by PCR
5
errors Errors Peptidyl transferase
reaction l
l Eluticn by dissociation of
complexes [{
5 ¥ -/ Purificati
Reverse transcription uriication L
— P

5

Reverse transcription l

Affinity selection l

Competitive elution l




Liaison phénotype-information géenétique

Selection (binding and single catalytic turhover)

i 3 (d) Single emulsions
Library >
Library—straptavidin
Water ry Pt Li‘%?m—hﬁ

RN

: 2N () STABLE "44:____.(:
M.HagllHibrary (Haslll
5’m GGFC oy &

(f) M.Haelll display

Droplet-dependent technologles

Screening (multiple catalytic turnover)

Water

(h) Double emulsions

(g) Microbead display

o} Biotin
L|hr*ar§.r
‘\/& Streptavidin
Ribosome
(a) Ribosome display N ﬁlﬁ' Antibody
PRI
Ubrarg_r - .Wd PuromyEin 3 Ribosoma
> 'I;"’.'-\.*Mpolg[d.\l].; e

(e} mRNA display

Pesaaager M
Library—Rep&

BV VAV, WA

Droplet-independent technologles

(b) CIS display

Current Opinion in Structural Biology

Overview of different in wiro genotype-phenotype linkages. Selections for binding are possible in all systems. Selections for catalysis can be
subdivided into single turnover selections (mainly useful for an initial yes/no identification of catalysts beyond a fixed threshold) and multiple turnover
selections (to differentiate catalysts guantitatively according to how much product has been produced). Single turnover catalysis is detected by
association of the genotype-phenotype entity with a transition state analogue or a suicide inhibitor. Selections for multiple catalytic turnovers
are possible in droplet-based systems in which the reaction product can be directly detected. The product concentration can be measured by
FACS, either in double emulsions (h) or, after becoming attached to the bead, using a fluorescently labelled anti-product antibody (g). Droplet-
independent technologies. These systems rely on a specific, essentially intramolecular reaction between nucleic acid and encoded protein; this
obviates the need to keep them together in a droplet. (a) Ribosome display. The nascent protein does not dissociate from the ribosome and remains
non-covalently associated with its coding mRNA template through the ribosome. (b) CIS display. A protein fusion to the DNA-binding protein Re pA
is directed by the CIS element to bind specifically to the on site on the DNA template that it is expressed from. (¢) mRNA display. The protein is
covalently linked to its mRMNA template through a puromycin linker that is covalently attached to the protein by ribosome-catalysed peptide bond
formation. Droplet-dependent technologies. Protein expression occurs in droplets containing one copy of DNA, which ensures that each in vitro
expressed protein is linked to the specific DNA that encodes it. (d) Simple emulsions. A droplet holds one gene encoding a protein that acts on
a substrate connected to or identical with the DNA. (e) STABLE display. A protein fusion to streptavidin is linked non-covalently to its encoding
biotin-labelled DNA. (f) M.Haelll display. A protein fusion to the DNA methyltransferase M.Haelll forms a covalent bond to a suicide inhibitor
(5-fluorodeoxycytidineg) that is integrated into the M.Haelll recognition sequence (GGFC) on its coding DNA template. (g) Microbead display.
Polypeptide, substrate or product are linked to their template DNA via a series of non-covalent interactions based on streptavidin-coated beads.
(h) Double emulsions. A droplet holds one gene encoding a protein that acts on free substrate.

Meéthodes in vitro




Liaison phénotype-information génétique

Table 1

Overview of the different methods used to link genotype and phenotype in directed evolution.

Systemn Affinity Catalysis Library size (per ml)
Peptides Proteins Single Multiple
turnover turnover
In vivo
Cells: selection [56] - - (2] Mormally <10°%
Cells: screening [57] (58] - [2] Mormally <10%
Phage display [5] [5] e.g. [53,59] - <102 [g]
In witro RMA display
mRMA display [27.,31-33,35) [29,30,34,36,37""] Possible - <=10™
Ribosome display [14,17] [7.15,16,18,18, [60] - <10
21-23,24"
in vitro DNA display
STABLE (non-covalent [44,46] [45] Possible - <10™
DMA display)
CIS (non-covalent DNA display) [25] Possible Possible - ~10"
Covalent DNA display [49) [49] Possible - <10
(M.Haelll fusion)
Emulsion droplets - - [39] [40,41%,55%] <10
Microbeads in droplets [52) [61] Possible [B51*"] = (i




Nature cyclique des méthodes d’évolution

|
Mutagenesis |
— I——

Selected genes

Library of mutant genes

Sequencing or
further rounds of
Mutagenesis
and selection

Protein
expression

‘+—
Screen or selection

Library of mutant
proteins

Proteins with desired
property

Current Cpinicn in Chemical Biology

Population de départ diversifiée
(+/- : mAb, peptide, banque naive...)

Diversification a chaque cycle
(mutation neutre ou négative)

(a) (b}
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Diversity Diversity

TRENDS in Bictechnology

Fig. 2. Postulated relationships between diversity in a library and (a) average
activity of library and (b} improvement of best variant. The shape of (b) is as
suggested from a statistical mechanical model of the relationship between maxi-
mum improvement and average DNA mutation rate of a single gene [17].



Nature cyclique des méthodes d’évolution

(a) (b)
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Nature cyclique des méthodes d’évolution

(I} Targeted random
mutagenesis

Catalytic (1) DNA shuffling f//'?
fithess o h { /

N

Wild type C,éz, "II \”'-.

/5—* N\ T \\,

o

Sequence space

Currant Opinion in Structural Biology

A simplified evolutionary fitness landscape representing peaks of
enzyme catalysis in sequence space. (i) Incremental improvement by
repeated error-prone PCR or DNA shuffling can find the local catalytic
fitness maximum. (i) Targeted mutation of relevant enzyme regions,
such as the active site, may access new peaks or functions in the fithess
landscape by identifying multiple synergistic mutations.

Existence de «puits » : nécessité d’exploration large



Genération de la diversité et méthodes de séelection

Liaison a un ligand (Ab, recepteur, peptide...) : panning

Activité enzymatique : intracellulaire, émulsion ou phage

8 —8
Fig. I. Principe de la sélection en fonction de |"activité catalytique.
Lesubstrat S de |"enzyme est lié de maniére covalente & une protéine
de la surface du phage. Si une enzyme est exprimee 4 la surface du
phage a proximité du substrat, le substrat est converti en produit F,
qui est isolé par chromatographie d'affinité : la phage-enzyme est
ainsi extraite du mélange de phages-protéines. Si aucune enzyme
n'est exprimee a la surface du phage, le substrat S n’est pas converti

en produit P et le phage n'est pas isolé par chromatographie d’affi-
nité pour le produit de la réaction.

.

-;lU'l}’-bml:i.m:

\ pontage

[ﬁw Lyl
b oA

TRACACGACAAAGCESAAGAT ST G0ET
1 GOGTTCTACACCGOAAANTAACARGAT
2

/ polymérisation

Fig. 2. Sélection in vitro en fonction de 1" activité ADN-polymérase.
La réaction de pontage conduit 4 la formation d'une liaison covalente
entre 'amorce 1 modifiée par un groupement maléimidyle 4 son
extrémite 3 et un nucléophile i la surface du phage. La réaction de
polymeérisation est 1"addition catalysée par la polymérase d un nu-
cléotide 3 4 l'extrémite 3" de I'amorce 1 hybridée au brin matrice 2.
Le trait en gras entre O et T indique I"oxygéne 5' du nucléotide T de
I"amorce.



Genération de la diversité et méthodes de séelection

a0
ORO
mR10
25 4
20
&
g 15
=
[=]
=
m
10
5 |
1] THF- IL-1 IL-13

Figure 2. Specificity of Binding of the ""Fn3 Pool Translated from
the Original, Randomized Library and from the Pool Obtained after
Ten Rounds of Selection for Binding to THF-«x

. £ ) . The libr the PCR product of the elution after R10 was tr
Point de départ de la banque : domaine scribed and transiated In vitro, In the presence of #S-methionin
. 1 ) . . but without forming RNA-protein fusion. The fraction of the resuiting
Val'lallb C d un antlcorps ou domalne free protein bound to underivatized Sepharose, to TNF-a-Sepharose
.. . (~10 pM TNF-a in the target-"Fn3 binding mixture), to IL-
d’adhésion (ex: fibronectlne) 1u-$ep";lams:e{w30 M IL-1a), and to IL-13-Sepharose (~50 uM IL-

13) is compared. The R10 selected protein pool binds specifically
to TNF-a-Sepharose, whereas the RO library binds at a comparable,
low background level to all three immobilized cytokines.



Geéneération de la diversité et méthodes de sélection

(a) _
Linker
Test protein is soluble .
)-\:40 R is functional
Test protein
Reporter R

(b)
Test protein is insoluble { R is non-functional

Cumant Opinion in Chemical Biology

Principle of fusion solubility reporter. A reporter domain with an easily measured function is fused to a test domain via a flexible linker. (@) When the
test protein is soluble, the reporter domain is functional and its activity can be detected. (b) On the other hand, when the test protein is inscluble or
misfolded, the function of the reporter domain is compromised. The reporter domain can be any moiety with an easily measured function. The mode
of the assay depends only on the function of the reporter, which can be a selectable marker protein such as a metabolic enzyme or antibiotic
resistance protein or a screenable marker such as an enzyme or fluorescent protein. Intact proteins or fragments of proteins can be used, such as
split protein interactors.

Optimisation de la solubilité d’une protéine
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Gene of Interest

Plac

gl0ORBS  ATG DHFR gene TAA
Pwvull Ndel Pstl Hindlll Sphl Pvull

Fig. 1. The Escherichia coli DHFR fusion vector pJWLI1030folA. The
important elements in the cloning region are shown.
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(Houry et al., 1999). T4 phage growth is supported by both wild-
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encoded GroES (Ang et al., 2000).
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Mutagenese : error-prone PCR, souche mutante,...
recombinaison : DNA shuffling et variantes

Mécanismes similaires « dans la nature » (exon, boucles...)

® (c)

W= (N

Current Opinion in Structural Biclogy

Random mutagenesis, targeted mutagenesis and recombination are three strategies for producing seguence libraries for directed evolution.

(a) Random mutagenesis introduces amino acid substitutions throughout the protein and can uncover beneficial mutations distant from the active
site. The red residues in the structure at top show four mutations uncovered by random mutagenesis that enhanced the activity of mammalian
cytochrome P450 2B1 on several substrates [15]. The bar below shows the distribution of mutations in the primary seqguence. (b) Targeted
mutagensasis uses structural information to select a small number of amino acids for randomization and is a good method for making multiple
active site mutations. The red residues were targeted for mutagenesis to increase the enantioselectivity of Pseudomonas fluocrescens esterase
[267]. (e) Recombination of protein sequences can introduce large numbers of simuftaneous sequence changes. The structure shows a chimera
of two bacterial cytochrome P450 seguences (fragments from different parents are shown in red and gray) that exhibits an altered functional
spectrum [48]. Chimeras are created by recombining fragments of different protein sequences, indicated by the bars. The PDE structures in

the figure are 1SU0, 1WA4 and 2HPD, respectively.
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Table 1

Summary of new technologies for generating molecular diversity.

Methodology

Target

Oligonucleotide-directed randomization

MAX randomization

Codon shuffling
(hexamer assembly)

Whole gene randomization

Sequence Saturation
Mutagenesis(SeSah)

Anc-finger protein

TEM-1 B-lactamase

Green fluorescent
protein

Homology-dependent recombination

Degenerate homoduplex
recombination (DHR)

Synthetic shuffling

Assembly of designed
oligonucleotides (ADO)

Recombination-
dependent exponential
amplification PCR
(RDA-PCR)

Mutagenic and
unidirectional
reassembly (MURA)

Recombined extension
on truncated templates

(RETT)

Marmmalian epidermal
growth factors

15 Bacillus subtilisins

B subtiis lipases
LipA and LipB

Green and yellow
fluorescent proteins

Serratia
phospholipase Plaf

Two Serratia
chitinases

Homology-independent recombination

Seqguence-independent
site-directed
chimerageneasis (SISDC)

Structure-based
combinatorial protein
engineering (SCOPE)

Enhanced crossover
SCRATCHY

TEM-1 and
PSE-4f-lactamases

DMNA polymerases
pand X

Rat and humanGSTs

Library size

1% 10°
1 x 10°

nr

3 = 108

1.5 = 10°

3 = 10°

nr

3% 10°

8« 107

1.5 x 108

6.5 = 10°

1 % 10°

Qutcome

More uniform codon distribution;
bias from genetic code removed
Severely truncated, divergent
sequences retain near-WT activity

100 clones sequenced; 88%
of point mutations attributable
to SeSaM

Mouse—human hybrid has
123-fold greater mitogenic
potency

20% of variants active; improved
pH and thermostabilty profiles
Twofold improvements in
conversion and/or
enantioselectivity

All clones analyzed have
fluorescence similar to parents

Lipase activity increased
1000-fold; no decrease in
phospholipase activity

1.5-fold increase in activity;
epPCR improved thermostability

Of 256 possible variants,
14 retain up to 30% WT activity

Hybrids with up to five crossovers
complement auxotroph

Average of 1.4 crossovers per
gene; 1% retain parental activity

Abbraviations: WT, wild-type; GST, glutathione-S-tranferase; nr, not reported.

Advantage/disadvantage

Reduces target
library size
Randomization not
constrained by length
of parental gene

Unbiased or controllable
mutation spectrum

All shuffled variants
equally likely

All shuffled variants
equally likely
All shuffled variants
equally likely

Guarantees odd
number of crossovers

Combines epPCR, DMNA

shuffling and unidirectional

random truncation

Removes seqguence bias
of DMase | digestion

Mumber and locations
of crossovers specified

Some variability in linkers
between specified

subdomain building blocks

Increases number of

crossovers; some variability

in crossover location

(8]

(10°*]

(117

[12°

[14]

[15]

[16]

(20°)

[21])

(247
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Fig. 1. Schematic representation of synthetic shuffling and degenerate homoduplex recombination. For simplicity, recombination of only two genes with only seven poly-
morphisms is shown. In synthetic shuffling, the gene is divided into equal length, overlapping, degenerate oligonucleotides that are reassembled in a PCR reaction. For
degenerate homoduplex recombination, the oligonuclectides are designed to minimize divergence in the overlap region and the genes are reassembled on a series of scaf-
fold oligonucleotides.
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DNA truncation and mutagenesis methods. (a) Generation of specific constructs by PCR, () unidirectional DNA truncation using exonuclease 111 and
nuclease (mung bean or 51), (¢) fragmentation using enzymatic or physical breakage of the DNA, (d) random point mutation by error-prone PCR
{epPCR) or bacterial mutator strain and (e) DNA shuffling for combining different lineages of point mutations on the same DNA strand.
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Table 3

Meodified recombinant protein pharmaceuticals approved in the USA.

Product name Product Compared with endogenous First indication Reason tor change
and reterence
Betaseron [49] IFNB-1k Cys17—5Ser, glycosylation, Multiple sclerosis Increased production yields

(Chiran)
CEA-Scan* [50]
(Immunomedics)
Cerezyme [51,52]
(Genzyme)

Enbrel [53]
(Immunex)

Geref [54]
(Serona)
Herceptin [55]
(Genentech/Roche)
Humalog [56]
(Lilly)

Infergen [57]
(Amgen)

Lantus [58]
(Aventis)

Leukine [59]
(Immunex)
Miacalcint
(Movartis)
Mylotarg [60]
(AHP/Celltech)
MNeumega
(Genetics Institute)
Neupogent
(Amgen)
OncoScint* [61]

Anti-carcinoembryonic
antigen Ab fragment

Glucocerebrosidase
Soluble TNFR
Human GHRH
{synthetic)
Anti-HERZ Mab

Insulin

Type 1 IFNo

Long-acting insulin
Human GM-CSF

Calcitonin—salmaon
(synthetic)

Anti-CD33 Mab

Human interleukin-11

Human G-CSF

Anti-TAG-72 Mab

no Met at N terminus
99mTe-labeled

Arg495—His, glycosylation
Dimeric TNFR fused to IgG1 Fe
N terminus only

Humanized Mab

Reversal ot Lys and Pro at
C terminus ot B chain

Consensus sequence of four
o subtypes, tour additional amino
acid changes

Asp21—Gly and addition of two
Arg to C terminus of B chain

Pro23—Leu, glycosylation

50% identical to human

Humanized, tused calicheamicin

Lacks N-terminal Pro

Additional N-terminal Met,

nonglycosylated
M n-labeled

Detection of colorectal cancer
Type | Gaucher's disease
Rheumatoid arthritis
Idiopathic pediatric growth
harmone deficiency
Metastatic breast cancer

Diabetas

Hepatitis C

Diabetes

Bone marrow transplantation

Postmenopausal osteoporosis

Acute myeloid leukemia

Thrombocytopenia
([chemao-induced)

Meutropenia (chemo-induced)

Detection of metastases of

Imaging

Change introduced during
cloning. cell targeting

Enhanced attinity and
halt-lite

Minimal biologically active
core

Reduced immunogenicity,
enhanced aftinity

Faster anset of action

Increased activity, facilitated
molecular construction

Increased duration of action
Expression/production
50 Times more potent than

human version
Reduced immunogenicity,

target toxin
Expression

Expression

Imaging



| a-Amylase | | Pectinase |

Peroxidase (removal
of excess dye)

Acid cellulase
(biopolishing)

Bleaching

Raw fabric

| Catalase (bleach clean-up) |

Stone-wash
Y

Meutral cellulase

Bleaching

| Laccase/mediator |

Cumrant Opinion in Biotachnology

Finished fabric

Finishing

Finished blue jeans

Enzymeas used in various unit cperations in
textile wet processing and the manufacturing
of Denim.






