Y CEITEC

Central European Institute of Technolcgy
BRNO | CZECH REPUBLIC

Protein Engineering

Paye| MEE;UIE ..... ......... ......... ......... ......... ......... ......... ......... ......... .........
CEITEC MENDELU : 5 : : : : : :
Depaltment of mgjg\ggjgi blology @ng |adloblology

mggum@ag mum_gg

. . .
- EURCHEAN REGIOMAL DEVELOPMENT FUND - OF Research and
INVESTING B4 YOUR FUTURE | . Development for | ation



Dr. Tomas Filipi S Dr. Pavel Mazura

. mazura@sci.muni.cz

A
o

PraconiiTe

MovikuLarni Biovoce




Research & Development of molecular systems for control of plant growth and morphogenesis

Screening and characterization of novel B-glucosidases
for target probing of plant hormone system

Bioinformatics, E.coli transformation and screening,
DNA isolation + (basic molecular biology techniques)

mazura@sci.muni.cz



ERILETYCH

Protein Engineering
Handbook




Highly complex substance that is present in all living organisms.

are of great nutritional value and are directly involved in the chemical
processes essential for life.

Proteins are species-specific; They are also organ-specific; for instance, within a
single organism, muscle proteins differ from those of the brain and liver.
(Encyklopedia Britanica)
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Charged amino acids

. Glu, Glutamic acid
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Domains are build from structural motifs

To a first approximation a
polypeptide chain can be
considered as a sequential
arrangement of simple motifs that
are formed from consecutive
regions of the primary structure.
For example, triosephosphate
iIsomerase is built up from four
p—o—P—a motifs that are
consecutive both in the amino acid
sequence (a) and in the three-
dimensional structure (b).

The number of such combinations
found in proteins is limited, and
some combinations seem to be
structurally favored.

Thus similar domain structures frequently occur in different proteins with
different functions and with completely different amino acid sequences.
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FIGURE 2.27. General mechanism of eukaryotic protein synthesis, The major steps include tran-
scription of the DNA gene sequence into the messenger RNA template in the nucleus of the cell,
translation of the DNA codons of that gene into amino acids, and their assembly into polypeptides
in the cytoplasm. Important mediators of this process include transfer RMAs, splicing elements, and

ribosomes,

Evolution © 2007 Cold Spring Harbor Laboratory Press



Protein Engineering

the Blg picture



Redblood (39

(&— Oxygen
cell v XYE
v from lungs
Oxygen released

to tissue cells _,a 2

o3

Hemoglobin
molecules I

Oxygen bonded
with hemoglobin molecules

Oxygen molecule
Red blood cell

Hemoglobin carries
oxygen thoughout

the body
FADAM.









Quinone

Chlorophyll A

Beta Carotene

Manganese Stabilizing
Protein

\ D2
Mn Center
(under helix)

Water
Oxidation
Site




c
0
S
=
£ 2
> o
g -
F ©
=
-
o

chloroplast stroma
ferredoxin-MADF reductase .

oxygen-evolving complex







Scale is important !
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Macromolecular crowding
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How can biochemical reactions within cells differ from
those in test tubes?
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Macromolecular crowding

How can biochemical reactions within cells differ from
those in test tubes?

Allen P. Minton
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FIGURE 2.27. General mechanism of eukaryotic protein synthesis. The major steps include tran-
scription of the DNA gene sequence into the messenger RNA template in the nucleus of the cell,
translation of the DNA codons of that gene into amino acids, and their assembly into polypeptides

in the cytoplasm. Important mediators of this process include transfer RNAs, splicing elements, and
ribosomes,
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Nobuhiko Tokuriki and Dan S. Tawfik (2009) Science 324,203-7




Fig. 2. Examples of conformational diversity. (A) Local conformational changes
mediate an enzyme’s broad substrate specificity. The open conformation of P450-
CYPZB4 (orange) occurs with a large substrate (bifonazole, illustrated in red), and the
closed one {light blue) occurrs with the smaller 4-{4-chlorophenyl) imidazole {darker
blue) (10). (B) Metamarphic proteins, Lymphotactin exists in equilibrium between a
beta-alpha mononer {top) and an all-beta dimer {bottom} (200, {C) Transition folds.
Two different topologies (mediated by three different disulfide bridges) are found in
twio naturally occurring cysteine=rich domains (NW1 and Mool1C) that show almost no
sequence identity beyond the conserved cysteines. Conversion between these topologies
was demonstrated via one mutation Lys™® — Pro®* (K21P) that afforded an intermediate
that equilibrates between the two topologies, and a second mutation Gl','” Mal't (G11v)
completed the transition (26).

Lys21Pro Gly11Val

G |
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disordered proteins

Tumour-supressor protein p53 contains an ordered, globular domain (brown);
its disordered segments (colours) help itinteract with hundreds of partners.

152 | NATURE | VOL 471 | 10 MARCH 2011

FEATURE Ii|m
ORDERS OF DISORDER

A central tenet in molecular blology states that the function of a protein
depands on Its fully folded th mensional structure. In the new view,
proteln segments can function when transtently or durably disordered.

LOCK AND KEY

In the corentional view, an enzyme folds up immediately inbo a unique and
stable 30 shape, the key (left) s shape perfectly matches and allows it to bind
e subsbrabe, the lock {raghtl

A

A disordered part of the pene-regulatory probein CREB (eft) uses the lock to
mould ikself into the shape of the key whan the two meet (nght), rathes than

The signalleng probein Sl rermams disordered in its bound stale, and each of

SHAPE SHIFTING
s phosphate groups ocoupses the binding sibe in lurn. The protein i3 a mix of
differant conlormations shifting around in constant dynama: squilibrium.

© 201 Macmillan Publishers Limited. All rights resarved
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Rational Design
(Directed Mutagenesis)
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TQSPSSLSASLGDTLLLT HASQHLNVHLSWIQQK
| IQMHQSPSSLSASLGDTITIT HASQNINVWLSWYQQK
\TVIMTQSHKFMS TS IGDRVSIT KASQDVTTAVAWYQQK
\TKMTQSPSSMYASLGERVIIT KASQDINSYLSWEQQK

TQSPATMSASLGERVTHT TASSSv sSYLHWYQOK

TQSPASLAVSLGQRATIS KASQSVDLyMHWYQHK

TQSPASLAVSLGQRATIS RASQSVStyMHWYQQK)
| TVMS(QSPSSLAVSVGEKVTMS KSSQS1ngyLAWYQQK

TQSPATMSASPGQKVTIT SASSSUS—YMHWYQOK)

TQSPALMAASPGEKVTIT SVSSSIDSs1HWYQOKS
\IRMTQSPSSMYVSLGEAVTIT KASQDIYSFLEWEQKK

TQSPATMSASPGEKVTMT SASSGVS YMHWYQQKS
\ILMTQTPLSLPVSLGDQASIS RSSQSiNTYLEWYLQK

SQSPAILSGFPGEKVIMT RASSSUN-YMHWYQQK
WVLTQSPALMARFPGEKVTIT SVSSS1sSHLHWYQQKS
WVMTQTPLSLPVSLGDOASTS RSS5QSInTYLHWYL 0K
ILVHMTQSPLSLSVSLGDOASIS RSSQSINTYLHWYLQK!
\TVIMTQARP SVPVTPGESVSIS RSSKSLNTYLYWFLQR
WVMTQIPLTLSVTIGQPASIS KSSQSLKTYLHWLLQR
WVMTQIPLTLSVTIGQPASIS KSSQSLKTYLDWLLQR
\IRMTQSPASLSASLGETVHIE LASEDIYSDLAWYQQK

DNA and AA sequence information:
composition, similarity,
physicochemical properties,

motifs, experimental design for directed
or directed evolution procedure

Bioinformatics

_Pubhnad

dom il gl eI m e g SReTY SR

Lliterature search: current knowledge in this area,
data mining, identification of possible problems,
look for collaborations material etc.

3D structure derived information:
structure motifs, similarity,
surfaces, canals and cavities,
check and evaluation of aminoacids
possible involved in misfolding
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Protein Sectors: Evolutionary Units
of Three-Dimensional Structure

Najeoh Halabi,"* Oliier Rivoire,** Stanislas Leibber,®* and Rama Ranganat han'-*

T Green Conter for Systerms Biology, and Department of Plamacology, Uniaersity of Texes Southwesten Medical Centoer, Dallas,

TX 75380-0060, USA

T Conter for Budies in Physics and Biology and Laboratory of Living Matter, Bockefeller University, Mew York, WY 10085, USA

IMhe Simons Canter for Sysems Balogy and the School of Natural Sciences, Tha Institute for Advancsd Study, Princeton, ) DES40, LESA
T gt hors cortribut ed equally 1o this work

“Comisponcencs; mma ranganathan Subsouthes o, edu

DO 10, 104 B/ opll 2002 07 (08



(1) protein

domains have a heterogeneous
internal organization of amino

acid interactions that can comprise
multiple functionally distinct
subdivisions (the sectors), and

(2) these sectors define a decomposition
of proteins that is distinct from the
hierarchy of primary, secondary,

tertiary, and quaternary structure. We
propose that the sectors are features

of protein structures than reflect the
evolutionary histories of their conserved
biological properties
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Protein Engineering

What can be engineered in Proteins ?

-> Folding (+Structure):

1. Thermodynamic Stability
(Equilibrium between: Native < Unfolded state)

2. Thermal and Environmental Stability (Temperature, pH, Solvent,
Detergents, Salt .....)



Protein Engineering

What can be engineered in Proteins ?

-> Function:

1. Binding (Interaction of a protein with its surroundings)

How many points are required to bind a molecule with high affinity?

1. Catalysis (a different form of binding - binding the transition state
of a chemical reaction)

Increased binding to the transition state = increased catalytic rates !!!
Requires: Knowledge of the Catalytic Mechanism !!!

-> engineer Kcat and Km



Protein Engineering

Factors which contribute to stability:

1. Hydrophobicity (hydrophobic core)
1. Electrostatic Interactions:
-> Salt Bridges

-> Hydrogen Bonds
-> Dipole Interactions

!A

Disulfide Bridges
1. Metal Binding (Metal chelating site)

1. Reduction of the unfolded state entropy with
X — Pro mutations



Protein Engineering

Design of Thermal and Environmental stability:

1. Stabilization of a-Helix Macrodipoles
1. Engineer Structural Motifes (like Helix N-Caps)
1. Introduction of salt bridges

1. Introduction of residues with higher intrinsic properties for their
conformational state (e.g. Ala replacement within a a-Helix)

1. Introduction of disulfide bridges

1. Reduction of the unfolded state entropy with
X — Pro mutations
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Mutagenesis

Mutagenesis -> change in DNA sequence
-> Point mutations or large modifications
Point mutations (directed mutagenesis):
- Substitution: change of one nucleotide (i.e. A->C)

- Insertion: gaining one additional nucleotide
- Deletion: loss of one nucleotide



Consequences of point mutations within a coding

sequence (gene) for the protein

{a) Point mutations and small deletions

Wild-type sequences
Aming

agil N-Phe Arg Trp
mBMNA &-UULU CGA
DA 3 C

[ Cal e B 1
= L

lle

anss GOT ALCC TAT

Missense

1"_Anem LT ACC

Monsense
3'-Aan GC
' TTT CGA
N-Phe Arg

Frameshift by addition

3-AAA GUT ACC ETA
3 CGA TGG [BAT
N-Phe aArg Trp  Tyr

Frameshift by deletion

GCTA

CGAT
3'-AAA L CCT ATC
5'-TT1
M-Phe

TA ™ "
g Ll

Gly Stop

g
LalaMs

.......

Ala Asn-C

UGG AUA GCC AAU-3
{ LGG TTAL

GCC AAT 3

MCE GTT AL

=

P "y
L L T |

Eher Gln

a— mo—— ,
GGET - 1)
I

AT-3

Silent mutations:

-> change in nucleotide sequence
with no consequences for protein

sequence

-> Change of amino acid

-> truncation of protein

-> change of c-terminal part of protein

-> change of c-terminal part of protein
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Mutagenesis
Comparison of cellular and invitro mutagenesis

A Mutagen (UV, chemicals, Screening Characteristics

—_—— Phenotype Not specific

Uncontrolled
multiple changes

Non random distribution
4 (hot spots)

Phenotypical change
required

@ —————eepp  Phenotype  Total control on
DNA alteration:

Genotype

1- choice of specific
or random changes

DNA purification

) 2- amenable to study
and gene cloning

of neutral mutations

3- directed multiple
changes

4-amino acid
replacement, insertion,

deletion, hybrid proteins

Call
transformation

In vitro



The Nobel Prize in Chemistry 1993

"for contributions to the developments of methods within
DNA-based chemistry”

“for his invention of  "for his fundamental

the polymerase contributions to the
chain reaction establishment of
(PCR) method" oligonucleotide-

hased, site-directed
mutagenesis and its
development for
protein studies”

Kary B. Mullis Michael Smith
D 1/2 of the prize D 1/2 of the prize
usa Canada

University of British
La Jolla, Ca, USA Columbia
Vancouver, Canada

b. 1944 b. 1932
{in Blackpool, United
Kingdom)
d. 2000

Titles, data and places given sbove refer to the time of the award,
Photos: Copyright © The Mobel Foundation
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I:-“ Vi A mutant
KI_B '] plasmid

I
." phasmid DNA Test for function

General strategy for
directed mutagenesis

Requirements:

- DNA of interest (gene or promoter) must be
cloned

- Expression system must be available -> for
testing phenotypic change



Applications of directed mutagenesis

non coding sequence - !
coding sequence

Site-directed mutagenesis

\

protein engineering

\J

probing promoter and

regulatory regions tolerance to amino
acid substitution
increased expression exploration of protein
of heterologous genes sequence space

engineering of

restriction sites addition of motifs to

facilitate purification

construction of hydrid
proteins




Approaches for directed mutagenesis

-> site-directed mutagenesis
-> point mutations in particular known area

result -> library of wild-type and mutated
DNA (site-specific)
not really a library -> just 2 species



Protein Engineering

-> Mutagenesis used for modifying proteins
Replacements on protein level -> mutations on DNA level

Assumption : Natural sequence can be modified to
improve a certain function of protein

This implies:
Protein is NOT at an optimum for that function
Seguence changes without disruption of the structure
(otherwise it would not fold)

New sequence is not TOO different from the native sequence
(otherwise loss in function of protein)

consequence -> introduce point mutations



Rational Protein Design

— Site -directed mutagenesis

Requirements:

-> Knowledge of sequence and preferable Structure
(active site,....)

-> Understanding of mechanism
(knowledge about structure - function relationship)

-> ldentification of cofactors........



Site-directed mutagenesis methods

Restriction
site

; : | .

S2 Expression

Cut with vector
restriction enzyme containing
Mutated region wild-type
sequence
Synthatic S1 / - V
Exonuclease ———— oligonucleotide Tmr— Restriction $1+52
digestion
9 Mutagenic cassette DNA:
may contain multiple changes
may be a collection of doped oligos Ligation with
Ligaticn mutagenic cassette
........ S1
Ligation Assess the consequences
of mutation
Select for desired mutants
Inserted
t fragment \

Small
deletion



Site-directed mutagenesis methods -
Oligonucleotide - directed method

A ' Fil t h
* Filamentous phage
phage , 5
* Phagemid Replication
* dsDNA nicked and - \
/‘ treated with exonuclease il
| L+ Denatured dsDNA

Mutated Wild-type

plasmid

plasmid

O)

— Selection and screening

E == r*."l::-'.n:a'.l::h_ ““-a__\ \ for mutants /
___,.F/// Mutagenic oligo /
S Annealing . Transformation into
| Mismatch : 5 E. coli
primer )

mismatch :
. '/- ]
Single-stranded \_\5'

template (e.g. M13 closed
phage DNA) sdDNA

Extension 3

Ligation



Site-directed mutagenesis methods - PCR based

Primer B Primer D
Primer A Primer C
l PCR 1 l PCR 2
5 L Mix, denature and anneal o
3 A S 5
5I 3!
5I 3I
Extend with
DNA polymerase
g —_— e -
—————— 5!

PCR with
primers A and D
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The concept of laboratory-directed protein evolution is not new.

Systematic approaches to directed evolution of proteins
have been documented since the 1970s

One early example is the evolution of the EbgA protein from Escherichia
coli, an enzyme having almost no -galactosidase activity.

Through intensive selection of a LacZ deletion strain of

E. coli for growth on lactose as a sole carbon source, the

wild-type EbgA was “evolved” as a -galactosidase sufficient to

replace the lacZ gene function (Campbell, J.1973).



Directed Evolution - Random mutagenesis

-> based on the process of natural evolution
— NO structural information required

— NO understanding of the mechanism required

General Procedure:

1. Generation of genetic diversity
— Random mutagenesis

2. ldentification of successful variants
— Screening and seletion



Protein Engineering
Directed Evolution

Successful directed evolution has four requirements:

(i) the desired function should be physically feasible,

(i) the function should be biologically or evolutionary feasible, i.e., a
mutational pathway must exist to get from an original protein to

tailored protein through ever-improving variants,

(iii) it should be possible to make libraries of mutants complex enough
to contain rare beneficial mutations and

(iv) a rapid screen or selection reflecting the desired function should
be available (Arnold,1998)



Approaches for directed random mutagenesis

-> random mutagenesis
-> point mutations in all areas within DNA of interest

result -> library of wild-type and mutated DNA (random)
a real library -> many variants -> screening !!!

If methods efficient -> mostly mutated DNA



The creation of random libraries by applied
molecular evolution. A gene target can be
randomized by one of several methods,
followed by ligation of the library into a vector
backbone and transformation into an
appropriate strain of Escherichia coli for

Rational protein design |

ol

In search of novel proteins

.

Random mutagenesis on region of interest
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General Directed Evolution Procedure

Random mutagenesis methods

1. Select gene(s). /

Mutation/ 2. Create library of variants.
recombination
3. Insert gene library into

* * expression vector.

\ 4. Insert gene library/vector
jp—, into bacteria, which produce
enzyme variants (one cell,
pKWC one sequence).

5. Screen colonies for the
property of interest.

6. Isolate improved gene(s)
and repeat the process.




Limitation of Directed Evolution

1. Evolutionary path must exist - > to be successful

1. Screening method must be available
-> You get (exactly) what you ask for!!!

-> need to be done in -> High throughput !!!



Typical Directed Evolution Experiment

Successful experiments involve generally
less than 6 steps (cycles)!!!

Why?

1. Sequences with improved properties are rather
close to the parental sequence ->along a
evolutionary path

2. Capacity of our present methods to generate novel
functional sequences is rather limited -> requires

huge libraries

—  Point Mutations !l



Evolutionary Methods

Non-recombinative methods:

-> Oligonucleotide Directed Mutagenesis (saturation mutagenesis)

-> Chemical Mutagenesis, Bacterial Mutator Strains
-> Error-prone PCR

Recombinative methods -> Mimic nature’'s recombination strategy

Used for: Elimination of neutral and deleterious mutations

-> DNA shuffling

-> Invivo Recombination (Yeast)

-> Random priming recombination, Staggered extention precess (StEP)
-> ITCHY



Evolutionary Methods
Type of mutation - Fitness of mutants

Type of mutations:

— Beneficial mutations (good)
= Neutral mutations
= Deleterious mutations (bad)

= Beneficial mutations are diluted with neutral and
deleterious ones

Il Keep the number of mutations low per cycle

—-> improve fitness of mutants!!



Random Mutagenesis (PCR based)
with degenerated primers (saturation mutagenesis)

Protein Targeted region
Sequence Tyr Asp Ser 'Thl‘ val lle Trpl Ser Asn GIn Asp Ser Phe_/v Input phosphoramidites cii
2% A
Oligonucleotide sequence LODAE o e ——
ACT GTT ATT TGG 1 eqin DNA synthesizer uati-li et i N ok &l
Synthesis using mixture of 92.5% of wild type L _ __J - _J I__ e
base and 2.5% of each of the other bases e ~1 rl—c——:' iT— ':-Tij
\ ¢ I.' |II | () I \ |
S S N = J 5= =
ACT GTT @FT TGG ' "H '\\_ // _______,..»--*'
Collection of degenerated N S
oligonucleotides ACT G@F ATT TGG ) Controller valve
1 |\-\_ -/ LHE .
ACT GTT ATT ©GG ”r'ﬁ“m” ‘ [
— — — — (i oW
U / ’

Y
in vitro site-directed mutagenesis
)
protein expression Synthesis
column
e e N\

-— Tyr Asp Ser Thr Val Trp Ser Asn GIn Asp Ser Phe — »
[

G A G T G A A Synthesized
Library of 1ar Yo olige leatide
mutanryts -— Tyr Asp Ser Thr @ lle Trp Ser Asn GIn Asp Ser Phe — N l1. 2% lx i {x liponucleatice
2% 1 2% T I T
-— Tyr Asp Ser Thr Val lle Ser Asn GIn Asp Ser Phe —

Screening and sequencing



Random Mutagenesis (PCR based)
with degenerated primers (saturation mutagenesis)

Protein Targeted region
Raaiied Tyr Asp Ser lThr val lle Trpl Ser Asn GIn Asp Ser Phe —-
Restibotbon site A Restriction site B
Oligonucleotide sequence ——i- AN AP
ARG LA Sl entered in DNA synthesizer | Targel DNA |
Synthesis using mixture of 92.5% of wild type o a PSR UOY , W - (T
base and 2.5% of each of the other bases Sinihosks of '
i frapmen Swnthetis ol
/ \ — B : ' righl r'r.li:_|1'.|-||l
o o' !
ACT GTT ©FT TGG e Y
Collection of degenerated A A —
oligonucleotides ACT G®r ATT TGG | Purify
ACT GTT ATT ©GG ¥ renars
N /
in vitro site-directed mutagenesis i_jii—
) = -
prOtein exprGSSion LA, polymerase
U, N\ '
-— Tyr Asp Ser Thr Val Trp Ser Asn GIn Asp Ser Phe —-| = — L,-».n S e e e
i
Library of PCR with
mutants | ~— TYYr Asp Ser Thr @ lle Trp Ser Asn GIn Asp Ser Phe — olter primers
-— Tyr Asp Ser Thr Val lle Ser Asn GIn Asp Ser Phe —
—————————————————————————————— AN
\ ______________________________ / Driggest weith restriction
eneymes A and B
P L N R
VL W

Screening and sequencing



Site directed random mutagenesis of (3-glucosidase Zm-p60.1
procedure evaluation

How much do theoretical genotype and phenotype frequencies
of mutants done by our random mutagenesis procedure differ from real frequencies?
(randomization accuracy or quality of mutant library)

Second letter

U c A G

uuu UCU | UAU uGU U

u ouc 1P uce b= uact Uac }O% o

UUA }Leu UCA UAA Stop UGA Stop A

uuG UCG | UAG Stop UGG Trp G

Cuu CCU ) CAU } e CGU ) U

5 o CUCl ., cccl, ~ CAC cec |, I€
£ = CUA CCA GAA}Gm CGA (A9 A
21 cua CCG | CAG CGG G 5
i:_t” AUU ACU ] ﬁ.ﬂU} nen AGUL. 5
A AUC tlle ACC|_ ~ AAC = AGe J°Y &
AUA ACA AAA AGA ] A~

AUG Met ACG | HAG}L'-"’S AGG J9 IS

GUU GCU GAU } o |GCU U

Guc|,  Gcc|, |GACI™FlGac| - C

G Gua Y aGca (™| Gaa o eea [ZY A

GUG GCG ) GAG}GU GGG G




First letter

Site directed random mutagenesis of 3-glucosidase Zm-p60.1

procedure evaluation
Second letter

u o A @
UuU UCU ) UAU} UGU } U
ch}Phe UcC | g, UACT™" uec S B
UUA1 . UCA UAA Stop UGA Stop A
UUG . UCG ) UAG Stop UGG Trp G
CUU ) ccu CAU] .~ CGU’ U
cuc| . cccl, CACI™ cac | C
CUA [*®Y cca [T caa lgn CGA Arg a -
cUG ) CCG | eac ™ cGE ) G 5
AUU ACU AAU }A AGU }s i -
AUC tlle  ACC |~ AAC SN age [°°" Bl =
AUA | ACA [ ' AAA AGA } ae B =
AUG Met ACG | AAG}LYS AGG ]9 15
GUU GCU ) GAU} GGU U
guc |, acc|, |GAC]MP Gac|. —C
aUA (Y2 | leer [ GAA} G, GGA Y A
GUG | GCG | GAGIE™Y |GGG, G
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Reversion Screening

GAU o o
GACI 100% [ o e
GAA o o
GAG:

Randomization | Sequencing Screening

GAUD 1. 25%:
GACI[ASP 1. 25%: 1 S0% ® O
x —>
1 1. 25%: ©
o -Glu 4 250;0 1 50% e O
G G' . o
Reversion

5’-gat tcc gtt Ctc cgt gat g -3 E401D — WT
5’-c ccc gat tcc gtt Cte cgt gat gta gat agg tgg gtt tcc g -3’ E401D — WT

Randomization

5’-gat tcc gtt Ntc cgt gat g -3’ E401D — VARIANTS
5’-c ccc gat tce gtt Ntc cgt gat gta gat agg tgg gtt tcc g -3' E401D — VARIANTS

Additional primer complementary to the long E401D — VARIANTS.

5’-c gga aac cca cct atc tac atc acg gaN aac gga atc ggg g-3’' E401D — VARIANTS



55%

50% -

45%

40%

35%

30% - -

25% -

20% -

Nucleotide frequency
I

15% 1

10% - t

Q+—

0%

Observed frequencies of nucleotides at the mutated third position in codon 401.

Blue color depicts functional protein variants carrying these nucleotides while white color
corresponds to catalytically inactive mutants.



* We expected a substantial bias of template sequences
(cytosine) and the observed frequency was ~ 44%,
which to a substantial extent explains the prevalence of
white transformants.

« The frequencies of thymine and adenine were in the
expected range (~ 25%).

« A surprising result was the frequency of guanine ~ 10%.
This decrease could not be explained by the different
properties of mutagenic primers. The calculated
parameters like Tm, dimer and duplex forming energies
do not show significant differences.



Theoretical implications for mutant library
construction (size of the library)

= 2% number of transformants (20)
Prx=< _L
x! ]/ | number of variants (4)
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Theoretical implications for mutant library

construction (size of t

size of a library containing for example 95% % |

of all possible variants

L=-V1In0.05= 3V

L=-VIn0.05K

ne library)
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35% +

E
g 30%

[}

T 25% - (
o

[
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z

10% - t
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0%

%

Q+——

size of a library with defined chance of being

complete

L=-Vn —,—C[

L=-VIn| =Kl 5 _

Cc

K

=44

probability that every variant is represented

L = | number of transformants

%

number of variants




Theoretical implications for mutant library
construction (size of the library)

Mutant library parameters calculated for our sample via standard equations
and maodified by introducing empirical coefficient.

Number of transformants (L)=20 and

number of possible sequence variants (V)=4.

Standard Modified

Library size containing 95% of variants 12 53

Library size with 95% chance of being complete 17.4 77
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Random Mutagenesis (PCR based)
Error —prone PCR

i
g -> PCR with low fidelity !!!
PCR i
l Achieved by:
& D @ - Increased Mg2+ concentration
® ® ® - Addition of Mn2+
- Not equal concentration of the
: : : four dNTPs
- Use of dITP
@ - Increasing amount of Taq
& polymerase (Polymerase with NO
proof reading function)
—& &
—8— 0
5 & e—@
@ ®—e &
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Rubin-Pitel et al.

Random mutagenesis Recombination
| | | |
| v | |
| L) I +
@) 0 I I
i — —  — E—
Ol 1 N | I
: ! C —— | |
* Chemical mutagenesis Homologous Non-homologous
* Combinatorial cassette * DNA shuftling * Exon shuffling
mutagenesis * DOGS * DHR
* Error-prone PCR * Family shuftling * ITCHY
* Mutator strains * Family shuffling with  « THIO-ITCHY
* RID restriction enzymes * RM-PCR
* SeSAM * RACHITT * SCRATCHY
* Saturation mutagenesis * RPR * SHIPREC
* UV 1rradiation * StEP  SISDC
* Genome shuffling * YLBS

Fig. 1. Comparison of (a) random mutagenesis and (b) recombination strategies.



Random Mutagenesis (PCR based)
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Random Mutagenesis (PCR based)

Family Shuffling
Native genes
_ Genes coming from the same
| | gene family -> highly
homologous
S T e e
DNA fragmentation -> Family shuffling
and PCR

Hybrid genes




Random Mutagenesis (

PCR based)

Brief PCR
extension

Brief PCR
extension with
random priming

Repeat with
varying extension

Library of hybrid genes

l Incremental

truncation
=
Ligation
SO e e e ks |
RN RN TR s - ]

Library of hybrid genes

(c)
R AT T LT RO R AR +

‘ Fusion

Fragmentation
by DNasel

Blunt-end
ligation
Linearization
digestion

-

Library of hybrid genes

Figure 11 Procedures for the (a) StEP, (b) the ITCHY, and (c) the SHIPREC methods.
Staggered Extension Process (StEP)

Truncation for the Creation of Hybrid EnzYmes (ITCHY)
Seqguence Homology-Independent Protein Recombination (SHIPREC)




Directed Evolution
Difference between non-recombinative and recombinative methods

Wild type
Random . .
mutagenesis Non-recombinative methods
or error-prone PCR
DNA shuffling recombinative methods ->

hybrids (chimeric proteins)



...engineering proteins by
circular permutation

Protein engineering must not necessarily involve the
substitution of amino acids. The reorganization of a
proteins’ primary sequence can also change the catalytic
properties. We are using a technique called circular
permutation to explore the effects of termini relocation on
catalysis, as well as protein stability & dynamics.



. . .engineering proteins by circular permutation

Protein structure

Protein sequence

>4 !\
\JJ/

v

Random circular
permutation

lipase B from Candida antarctica, an
important biocatalyst in asymmetric
synthesis. Upon relocating the protein

- termini by circular permutation, we
observe up to 175-fold enhanced

- é# catalytic performance while preserving
> the enzyme’s enantio-selectivity.

.
Stefan Lutz group



Screening methods
» Genetic selection
» Growth
e Survival
» Display technology
 In-vitro display (cell-free translation)
* Phage display
» Cell surface display (Bacteria & Yeast)
» Solid or liquid-phase assay

Screening systems
 FACS ( Fluorescence-activated cell sorter)
» Digital image spectroscopy
» Fluorescence detection technique
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Screening methods
» Genetic selection
» Growth
e Survival
» Display technology
 In-vitro display (cell-free translation)
* Phage display
» Cell surface display (Bacteria & Yeast)
» Solid or liquid-phase assay

Screening systems
 FACS ( Fluorescence-activated cell sorter)
» Digital image spectroscopy
» Fluorescence detection technique



High Content Analysis and High Content Screening

High Content Analysis (HCA) and High Content Screening (HCS) are imaging based multi-parametric
approaches of cell analysis at the single-cell level. Originally developed as a complementary technology to
traditional biochemical high-throughput screening (HTS) in drug discovery, today High Content Screening is
established in a far broader area of the life science space as an unbiased method of imaging multiple cellular

samples.

The core technology in the HCS uses the Cellomics VTI ArrayScan with a

Thermo Fisher robot to feed the scanner.
This system can scan about thirty 96 well plates over night, acquiring 9 fields per well,
with 3-4 colors. This is a lot of data.
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Protein Engineering - Applications

Engineering Stability of Enzymes - T4 lysozyme
-> S-S bonds introduction

Table 8.2 Properties of T4 lysozyme and six engineered variants

Enzyme Amino acid at position: No. Yo [
O 5 0 D e A Adiiy(0)
wit lle Tle Thr Cys Cys Thr Leu 0 100 41.9
pwi [le Ile Thr Thr Ala Thr Leu 0 100 41.9
Nat; : A Cys Ille Thr Thr Cys Thr Leu 1 96 46.7
ative protein
B [le Cys Thr Thr Ala Thr Cys 1 106 48.3
C lle Tle Cys Thr Ala Cys Leu 1 0 52.9
D Cys Cys Thr Thr Cys Thr Cys 2 95 57.6
E le Cys Cys Thr Ala Cys Cys 2 0 58.9
F Cys Cys Cys Thr Cys Cys Cys 3 0 65.5

Adapted from Matsumura et al., Nafure 342:291-293, 1959.

wt, wild-type T4 lysozyme; pwt, pseudo-wild-type enzyme; A through F, six engineered cysteine vari-
ants; -5-5-, disulfide bonds; T, “melting” temperature {a measure of thermostability).

Engineered protein



Protein Engineering - Applications

Engineering Stability of Enzymes - triosephosphate isomerase from yeast

-> replace Asn (deaminated at high temperature)

Table 8.3 Stability at 100°C of the yeast enzyme triosephosphate
isomerase and its engineered derivatives

Enzyme Amino acid Half-life (min)
at position:
14 78
Wild type Asn Asn 13
Variant A Asn Thr 17
Variant B Asn Ile 16
Variant C Thr Ile 25
Variant D Asp Asn 11

Adapted from Ahern et al., Proc. Natl. Acad. Sci. USA 84:675-679, 1987.

Enzyme stability is expressed as the half-life, or rate of enzyme inactivation, at
100°C. A longer half-life indicates a more stable enzyme.



Protein Engineering - Applications

Engineering Activity of Enzymes - tyrosyl-tRNA synthetase from 5.
stearothermophilus

-> replace Thr 51 (improve affinity for ATP) -> Design

Table 8.4 Aminoacylation activity of native (Thr-51) and
modified (Ala-51 and Pro-51) tyrosyl-tRNA synthetases

Enzyme k. (s K., (mM) k. /K, (s M)
Thr-51 4.7 2.5 1,860
Ala-51 4.0 1.2 3,200
Pro-51 1.8 0.019 95,800

Adapted from Wilkinson et al., Nature 307:187-188, 1984.

The units for K, the binding constant of the enzyme for ATP, are millimolar
units (mM); the units for k_,, the catalytic rate constant, are reciprocal seconds (s™);
and the units for k_ /K, the catalytic efficiency, are s' M™.



Protein Engineering - Applications

Engineering Ca-independency of subtilisin

Saturation mutagenesis -> 7 out of
10 regions were found to give
increase of stability

Mutant:

~ | ~_ ._ 10x more stable than native
enzyme in absence of Ca

Low 50% more stable than native in
presence of Ca




Protein Engineering - Applications

Site-directed mutagenesis -> used to alter a single property

Problem : changing one property -> disrupts another
characteristics

Directed Evolution (Molecular breeding) -> alteration of
multiple properties



Protein Engineering — Applications
Directed Evolution

Site-directed mutagenesis
and error-prone PCR
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Protein Engineering — Applications

Directed Evolution

Table 1. Examples of the diversity of properties that have been improved by evolutionary engineering

Protein Altered function Reference
Barley a-amylase Thermostability: ten-fold increase JOYET et al. 1992
of half-life at 90°C
Subtilisin Alkaline stability: doubling the CUNNINGHAM and
autolytic half-time at pH 12 WELLS (1987)
Subtilisin Tolerates loss of stabilizing divalent cations STRAUSBERG et al. (1995)
Subtilisin E Active in 60% DMF You and ArNoLD (1996)
Streptomyces griseus Broadened substrate specificity SipHU and BORGFORD
protease B (1996)

Green fluorescent protein 40-fold brighter fluorescing bacterial colonies

Immunoglobulin constant Preferential formation of heterodimers
domain

Immunoglobulin variable Tolerates loss of structural disulfide bridge
domain

CRrRAMERI et al. (1996)
ATWELL et al. (1997)

MARTINEAU et al. (1998)




Protein Engineering — Applications
Directed Evolution

Table 2. Representative experiments using successive cycles of variation and selection

Protein Property Number Number of Number of  Reference
of cycles nucleotide amino acid
for success changes changes
required required
B-Lactamase Increased activity 3 : 4 4 STEMMER
(1994b)
GFP Improved folding 3 : 3 3 CRAMERI
and expression et al. (1996)
Subtilisin E Stability in 2 3 3 You and
aqueous DMF ArNOLD (1996)
Arsenite Increased activity 3 3 3 CRAMERI
membrane pump et al. (1997)
FLP- Thermostability 8 3-4 34 BucHHOLZ
recombinase et al. (1998)

In almost all cases a single nucleotide change leading to a single amino acid change was sufficient per
cycle, the number of silent mutations was approximately the same. No amino acid change was reported
that would have required more than one nucleotide change. Thus current protocols appear to sample
sequence space in a biased fashion, in single mutation steps.
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