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B Asp. Aspartic acid

Charged amino acids

. Glu, Glutamic acid

. Arg, Arginine
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Protein structure
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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
Isomerase 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.






Transcription
A

~

——Nuclear membrane

Transfer RNA
with amino acid
anticodon

Chromosome

Messenger
RNA leaves
nucleus

Polypeptide chain

Ribosome

.

>-TransIation

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.

Evolution © 2007 Cold Spring Harbor Laboratory Press
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Scale is important !
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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

an Impostant marker in awtoimmune pancreatitis?

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 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 |l
Requires: Knowledge of the Catalytic Mechanism !l

-> engineer Kcat and Km



Protein Engineering

Factors which contribute to stability:

—

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

-> Hydrogen Bonds
-> Dipole Interactions

—

Disulfide Bridges

—

Metal Binding (Metal chelating site)

—

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)

—

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 Silent mutations:
Wild-type sequences
Aming . .
agid’  Ehe Mg “Tip Re Ala Asnl -> change in nucleotide sequence
R e B T S with no consequences for protein
a cHRA Ll A i LI ]
5T CGA TGG ATA GCC AAT3 sequence
Missense
3-AMl GCT ACC TAT CG G TTAS
5-TTH CGA TGG ATA GCC AAT3 -> Change of amino acid

MNonsense
3'-AAA GCT ARC TAT CGG TTA-S : :
5'TTT CGA TBG ATA GCC AAT-3 -> truncation of protein
N-Phe Arg Stop

Frameshift by addition

5CT ACC JTA TCG GTT A

3-aan GCT ACC ATA TOG . .
: CGA TGG TAT AGC caaTs  -> change of c-terminal part of protein
N-Phe Arg Trp Tyr Ser Gin

Frameshift by deletion

GCTA
CGAT
N o -> change of c-terminal part of protein

M-Phe Gly Stop
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Mutagenesis
Comparison of cellular and invitro mutagenesis

A Mutagen (UV, chemicals, Screening Characteristics
X-Rays)
—p  Phenotype Not specific
g . . : Uncontrolled
multiple changes
Non random distribution
; (hot spots)
' ' ‘ Phenotypical change
required
B

—p  Phenotype Total controlon
DNA alteration:
Genotype
1- choice of specific
‘ or random changes

DNA purification 2- amenable to study
and gene cloning of neutral mutations

Cell 3- directed multiple
transformation changes
4-amino acid =
replacement, insertion,

In vitro deletion, hybrid proteins



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”

/AN

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 above refer to the time of the award,
Photos: Copyright © The Mabel Foundation



Amp®

— Plasmid DNA

DNA of interest ~

! I i mukagenesi
Q000
Q000

Mutation
J Transform E. coli

Select AmpR colonies

Grow colony
Isolate plasmid DNA

Culture all
colonies fogether

A mutant
plasmid

e |

plasmid DNA Test for function

©

Library
of mutant
plasmids

0Q
QO
O

! Transform E. coli

O00

Test for funcfion using
genefic screen or selection

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

\J \/

protein engineering

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
Sequence 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)

-> Identification of cofactors........



Site-directed mutagenesis methods

Restriction
site

} B | s

S2 Expression

l Cut with vector

restriction enzyme containing
Mutated region wild-type
sequence

Synthetic S1 /32 '
e

Exonuclease oligonucleotide

l Restriction S1+52

digestion
Mutagenic cassette DNA:
may contain multiple changes
may be a collection of doped oligos Ligation with
Ligation mutagenic cassette
L ks S1
Ligation Assess the consequences
of mutation
Select for desired mutants

Inserted

I fragment \

Small
deletion



Site-directed mutagenesis methods -
Oligonucleotide - directed method

A _
* Filamentous phage
. Plh ~du P ‘ ' Regc;ion
agemi
* dsDNA nicked and - / \
/‘ treated with exonuclease Il
| L Denatured dsDNA il —_—

plasmid plasmid

Selection and screening

Misn;atch \ for mutants
3 'GACGTGACGT) AAGGS
--AGTAGAACTGCACTGC mc CT‘T‘CCGCTGPC-——
Mutagenic oligo
_ Annealing ‘ Transformatlon into
Mismatch : ) E. coli
primer

Single-stranded
template (e.g. M13
phage DNA)

mismatch
s ¥
N\ s
closed
sdDNA

5
Ligation

Extens:o

(%]



Site-directed mutagenesis methods - PCR based

Primer B Primer D
Primer A Primer C
lpcm lm
5 e Mix, denature and anneal 2
- 2 ~ e =
5I 3I

5 3'

Extend with
DNA polymerase

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 !l

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
selection/screening.

Rational protein design !

\

/

In search of novel proteins

;

Random mutagenesis on region of interest

v

..... i HNO; HyN-NH; 45,

mutS “mutT™ et ol b - J——re
= mutd” olss " torc-aGte — —
E.coli mutator Chemical Error-prone DNA Random oligo

strain mutagenesis PCR Shuffling mutagenesis

Library of mutants
Visual Genetic Further selection
screening selection > (different from first)

Chemistry & Biology




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 forlll

-> 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 ->alonga
evolutionary path

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

huge libraries

— Point Mutations Il



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 mutantsl!l



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

Targeted region

Protein
sequence = amidites
3% Yyr Asp Ser [Thr val lle Trp| Ser Asn Gin Asp Ser Phe —- Input phosphoramidites 94% G
2% A
2% C
3 2%T 100% T

100% A 100% C

Oligonucleotide sequence
ACT GTT ATT TGG entered in DNA synthesizer

Synthesis using mixture of 92.5% of wild type
base and 2.5% of each of the other bases

ACT GTT ©FT TGG

Collection of degenerated
ACT G@r ATT TGG
Direction i

oligonucleotides

ACT GTT ATT ©GG i
of flow

in vitro site-directed mutagenesis

)
protein expression Synthesis
column
e e e N\
-— Tyr Asp Ser Thr Val Trp Ser Asn GIn Asp Ser Phe —
G A G C C T G A A Synthesized
Library of Tyr Asp Ser Thr lle Trp Ser Asn Gin Asp Ser Phe — 26A  2%A 2% A allfgomicicatide
mutants | ~— YT ASP AL S P 2% C 2% C 2% C
2% T 2%T 2% T
-— Tyr Asp Ser Thr Val lle Ser Asn GIn Asp Ser Phe —
N\ -~~~ T T T T T T T T T T T T T T T T T T T T T, /

Screening and sequencing



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

Targeted region

Protein
g i Tyr Asp Ser lThr val lle Trpl Ser Asn GIn Asp Ser Phe —.
Restriction site A Restriction site B
Oligonucleotide sequence — | —NNANL |
ACT GTT ATT TGG 004 in DNA synthesizer ‘ l Target DNA ‘
Synthesis using mixture of 92.5% of wild type ; s BN — o
base and 2.5% of each of the other bases Synthesis of
left fragment Synthesis of
/ \ l right fragment
—___T”-”_ZC AA_A_ '
A NN q
ACT GTT ©FT TGG T ¥
Collection of degenerated N
oligonucleotides ACT G@r ATT TGG Purify
ler {l’ r| B,
ACT GTT ATT ©GG l renatire
N /
in vitro site-directed mutagenesis e

protein expression l DNA polymerase

-— Tyr Asp Ser Thr Val Trp Ser Asn GIn Asp Ser Phe — _,-_ ____________ A__A_A

Library of

PCR witl
mutants | -— TYr Asp Ser Thr @ lle Trp Ser Asn Gin Asp Ser Phe — luuler‘TJlri:mfrh

-— Tyr Asp Ser Thr Vval lle Ser Asn GIn Asp Ser Phe —
______________________________ A AN

enzymes A and B

e / l Digest with restriction

A_NA_N
A_N_N

Screening and sequencing



Random Mutagenesis (PCR based)
Error -prone PCR

e -> PCR with low fidelity !l

lPCR Achieved by:

e - Increased Mg2+ concentration

o - Addition of Mn2+

- Not equal concentration of the
four dNTPs

- Use of AITP

- Increasing amount of Taq
polymerase (Polymerase with NO
proof reading function)
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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)

4
[
1'

l fragmentation

e e - =
—_ e —p -
—  — —— — e
— —— e —e— o
—— ——— = — -
O —r= P~

reassembly

—er  — i —
— amm e - ——— =

————  — — —
[ .L &>

selection
or
screening

— e ———— @@~

DNA Shuffling

gene pool with
related DNA
sequences

DNase I treatment (Fragmentation,
10-50 bp, Mn?*)

random DNA fragments

Reassembly (PCR without primers,
Extension and Recombination)

library of
recombinants

'PCR amplification

mutant gena encoding -
protein with improved
properties



Random Mutagenesis (PCR based)
Family Shuffling

Native genes

Genes coming from the same
gene family -> highly
homologous

DNA fragmentation -> Family shuffling
and PCR

Hybrid genes




Random Mutagenesis (PCR based)
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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



/.v Analysis
Display variants

on surface
Ampli
of phagew% i{ﬁ" / Stock and
Titrate

Elute




Screening in E.coli
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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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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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In Vivo Studies

Dr. Leissring's lab uses rcbotics for high-

The laboratory of Malcolm A. P ) _
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B Leissring, Ph.D., uses these well-

Sl e e characterized animal models to test novel therapeutic approaches to treating and
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= STANFORD| High-Throughput Bioscience ~ searcn this sie _sEARCH:,

SCHOOL or MEDICINE | Center (HTB C) ¢ This Site Only  Stanford Medil Sites

Stanford Medicine = School of Medicine = Research » Core Facilities = HTBC = Equipment

HTBC EQUIPMENT

HOME
ABOUT
PERSONNEL
SERVICES
» EQUIPMENT
Liquid Handling
Detection Systems

Imaging Systems

Instrumentation available at the HTBC (CCSR 0133)

The HTBC has instrumentation for high-throughput (96 and 384 well microplate) liquid handling. high-
throughput detection and high-content screening. COur small molecule HTS liguid handling system
includes an integrated robotic arm for fully automated enzyme/protein and cell-based screening, while
our siRMNA liquid handling system allows for fully automated siRMA transfections, cell fixing and
staining, and high content imaging. For more information select one of the tabs on the left. The Caliper
LS Staccato small molecule liquid handling system and the Analyst GT were purchased with NCRR
MIH Instrumentation grant number S10RR019513. The upgraded Agilent (formerly Velocity11) siRNA
Screening system and advanced automated options for the ImageXpress Micro were purchased with
MCRR NIH Instrumentation grant number S10RR026338.

See video of our integrated system running a real small molecule screen.

PART 1 : Cell plate comes from automated Incubator, lid is removed, Twister picks up plate and takes
to bar code reader.




Microfluidics for HTS

Microfluidics & Nanofluidics
Research Laboratory

I I] MITHMECHE

Welcome to the MIT
Microfluidics & Nanofluidics

Research Laboratory

The Microfluidics and Nanofluidics
Research Laboratory led by Prof. Rohit
Kamik focuses on the study of microfluidic
and nanofluidic transport phenomena and
the design of fluidic devices with

applications in healthcare, energy systems,

and biochemical analysis. CELL SORTING
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screening chip. Monodispersed water Figure 2. Silicone microfluidic array chip for high-throughput

droplets maintain uniform spacing and single cell assays. Chip contains 1000 independent compartments

periodicity as they flow towards the device and 3574 elastomeric valves.
outlet.



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

Native protein

Engineered protein

-> S-S bonds introduction

Enzyme Amino acid at position:

3 9 21 54 97 142 164
wit Ille Ile Thr Cys Cys Thr Leu
pwt Ille Tle Thr Thr Ala Thr Leu
A Cys Ile Thr Thr Cys Thr Leu
B lle Cys Thr Thr Ala Thr Cys
C lle Ile Cys Thr Ala Cys Leu
D Cys Cys Thr Thr Cys Thr Cys
H Ille Cys Cys Thr Ala Cys Cys
F Cys Cys Cys Thr Cys Cys Cys

Table 8.2 Properties of T4 lysozyme and six engineered variants

No.
of -S-S-

W NN RPR =2, P~Pk OO

%
Activity

100
100
96
106
0
99
0

0

)

41.9
41.9
46.7
48.3
52.9
57.6
58.9
65.5

Adapted from Matsumura et al., Nature 342:291-293, 1989.

wt, wild-type T4 lysozyme; pwt, pseudo-wild-type enzyme; A through F, six engineered cysteine vari-

ants; -5-S-, disulfide bonds; T, “melting” temperature (a measure of thermostability).



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 15
Variant A Asn Thr 17
Variant B Asn Ile 16
Variant C Thr Ile .05
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 A.
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

_(_H\) No
P activity
\ .
N Deleted region MUTG“T .

/ I \ 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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