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Outline

❑ L im itat ion s of p rote in s in  b iote ch n o log y  p roce s s e s

❑ Def in i t ion an d  a im of p rote in  e n g in e e r in g

❑ Targete d p rop e rt ie s of p rote in s

❑ B as ic  ap p roach e s in  p rote in  e n g in e e r in g

▪ D IREC TED EVOLUTION

▪ RATIONAL D ES IG N

▪ SEMI - RATIONAL D ES IG N

❑ Exam p le s
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Proteins in biotechnology

Available protein

Available protein
Suitable/adopted protein

❑ key p ro b lem - ava i lab i l i ty of opt ima l  p rote in  for  s p e c i f i c  p roce s s

❑ t rad i t iona l b io technology  - ad apt  p roce s s

❑ mo d ern b iotechnology  - adapt  prote in

H O W  T O  O B TA I N  O P T I M A L  P R O T E I N ?
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Proteins in biotechnology

❑ c lass ica l s c re ening

▪ s c re e n i n g  c u l t u re c o l l e c t i o n s

▪ p o l l u t e d a n d  ex t re m e e nv i ro n m e n t

❑ e nv ironmental ge n e l ib rar ies

▪ m e t a g e n o m i c D N A

❑ d ata -base  min ing

▪ g e n e  d a t a b a s e s

▪ ( m e t a ) g e n o m e  s e q u e n c i n g p ro j e c t s

▪ n u m e ro u s u n c h a ra c t e r i s e d p ro t e i n s

❑ P ROTEIN  ENG INEERING

I F  S U I TA B L E  P R O T E I N  D O E S  N O T  E X I S T  I N  N AT U R E ?
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Proteins in biotechnology

❑ th e p roce s s of co n struc t ing n o vel  p ro te in  mole cu les

by  d e s ig n  f i rst p r in c ip le s or a l te r in g ex ist in g st ru ctu re

„ d e  n ovo  d e s ig n“

❑ us e  of  ge net ic  man ipu lat ions  to  a l te r  the  cod ing  s e que nce  of  a  

ge n e  an d  th u s  mo d i f y  th e  p ro pert ies  o f  th e  p ro te in

❑ AI MS AND APPL I CATIONS

▪ te c hnolog ica l - opt imis at ion of th e p rote in  to  b e s u i tab le in  

p art i cu lar te ch n o log y  p u rp os e

▪ sc ient i f i c - de s i re to  unde rstand what e le me nts of prote ins

contr ib u te to  fo ld in g ,  s ta b i l i ty  a n d  f u n ct ion
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Targeted properties of proteins

❑ st ru c tura l p rop e rt ie s of p rote in s

▪ s t a b i l i t y  ( t e m p e ra t u re ,  s o l v e n t s )

▪ t o l e ra n c e  t o  p H ,  s a l t

▪ re s i s t a n c e  t o  ox i d a t i ve  s t re s s

❑ fu n c t iona l p rop e rt ie s of p rote in s

▪ re a c t i o n  t y p e

▪ s u b s t ra t e  s p e c i f i c i t y  a n d  s e l e c t i v i t y

▪ k i n e t i c  p ro p e r t i e s  ( e . g . ,  K m ,  k c a t ,  K i)

▪ c o fa c t o r  s e l e c t i v i t y

▪ p ro t e i n - p ro t e i n  o r p ro t e i n - D N A  

i n t e ra c t i o n s
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Strategies in protein engineering

Improved 
protein
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Directed evolution

❑ d i re cte d  evo lu t ion  te ch n iq u e s  e me rge d  d u r in g  mid - 1990s

❑ in sp ired  by  n atu ra l  evo lut ion

❑ th i s  form of  "evo lu t ion "  d oe s  n ot  match  wh at  Dar win  h ad  e nv is ion e d

▪ re q u i re s  o u t s i d e  i n te l l i g e n c e ,  n o t  b l i n d  c h a n c e

▪ d o e s  n o t  c re a t e  b ra n d  n e w  s p e c i e s ,  m a c ro e v o l u t i o n ,

b u t  o n l y  i m p ro v e m e n t s o f m o l e c u l e s ,  m o l e c u l a r  e v o l u t i o n

▪ d o e s  n o t  t a ke  m i l l i o n s  o f  ye a rs ,  b u t  h a p p e n s  ra p i d l y
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Improved
protein

Directed evolution

❑ evo lut ion  in  te st  tu b e  comp r is e s  two ste ps

▪ ra n d o m  m u t a g e n e s i s

b u i l d i n g m u t a n t  l i b ra r y ( d i v e rs i t y )

▪ s c r e e n i n g  a n d  s e l e c t i o n  

i d e n t i f i c a t i o n  o f  d e s i re d  b i o c a t a l y s t

❑ p re requis i tes for  d i re cte d  evo lu t ion

▪ g e n e  e n c o d i n g  p ro t e i n  o f  i n t e re s t

▪ m e t h o d  t o  c re a t e  m u t a n t  l i b ra r y

▪ s u i t a b l e  ex p re s s i o n sy s t e m

▪ s c re e n i n g  o r s e l e c t i o n  sy s t e m
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Methods to create mutant libraries

❑ te ch n o log y  to  ge n erate l arge  d i vers i ty

▪ NON - RECOMBINING

on e p are nt ge n e  - >  var iants  wi th  p o int  mu tat ion s

▪ RECOMBINING

s eve ra l pare nta l homologous ge ne s - > ch ime ras
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Non-recombining mutagenesis

❑ UV  i r rad iat ion or c h e mica l mu tagens ( t ra d i t ion a l )

❑ mu tator st ra ins - lacks DNA  re pa i r me chan is m

mu tat ion s d u r in g re p l i cat ion (e . g . ,  Ep icur ian co l i  XL1 - Re d )

❑ e rro r -prone p o lymerase c h a in re ac t ion (e p - PCR)

▪ g e n e  a m p l i f i e d i n  i m p e r fe c t c o p y i n g p ro c e s s

( e . g . ,  u n b a l a n c e d d e ox y r i b o n u c l e o t i d e s c o n c e n t ra t i o n s ,  

h i g h M g 2 + c o n c e n t ra t i o n ,  M n 2 + ,  l o w a n n e a l i n g t e m p e ra t u re s )

▪ 1  t o  2 0  m u t a t i o n p e r  1 0 0 0  b a s e  p a i rs

❑ satu rat ion mu tagenes is

▪ ra n d o m i z a t i o n o f s i n g l e  o r m u l t i p l e c o d o n s

▪ g e n e  s i t e  s a t u ra t i o n  m u t a g e n e s i s

❑ o th er  m eth ods

▪ i n s e r t i o n / d e l e t i o n s  ( I n D e l )

▪ c a s s e t t e  m u t a g e n e s i s ( re g i o n  m u t a g e n e s i s )
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Recombining mutagenesis

❑ a ls o  re fe re d to  as  „sexual  mu tagenes is“

❑ D NA s h u f f l ing

▪ f ra g m e n t a t i o n  s t e p  

▪ ra n d o m  re a s s e m b l y  o f  s e g m e n t s

❑ StEP - stag ge re d  exte n s ion  p roce s s

▪ s i m p l e r  t h e n  s h u f f l i n g

▪ ra n d o m  re a n n e a l i n g  c o m b i n e d  w i t h  

l i m i t e d  p r i m e r  ex t e n s i o n

❑ o th er meth ods

s h u f f l in g  o f  ge n e s  wi th  lowe r  h omolog y  d own  to  70% 

(e . g . ,  RACHI T T,  I TCHY,  SCRATCHY)
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Screening and selection

❑ most  c r i t i ca l  ste p  of  d i re ct  evo lu t ion

❑ i s o lat ion  o f  p os i t ive  mu tants  h id in g  in  l ib rar y

▪ H IG H TH ROUG H P UT SCREEN IN G 

in d iv id u a l  as s ays  o f  var iants  on e  by  on e

▪ D IREC T  SELEC TION 

d is p lay te ch n iq u e s ( l in k  b etwe e n ge n otyp e  an d  p h e n otyp e )

1 3 / 3 5



(Utra)High throughput screening 

❑ common meth od s n ot  ap p l i cab le

❑ agar  p late  ( p re )screening

❑ mic ro t i ter  p lat es  sc re ening

▪ 9 6 - ,  3 8 4 - o r  1 5 3 6 - w e l l fo r m a t e

▪ ro b o t  a s s i s t a n c e

( c o l o ny  p i c ke r,  l i q u i d  h a n d l e r )

▪ 1 0
4

l i b ra r i e s

▪ v o l u m e 1 0  – 1 0 0  u L

❑ mic ro f lu id ic systems ( Le sson  5 )

▪ w a t e r i n  o i l e m u l s i o n s ( u p  t o  1 0  k H z )

▪ FA C S  s o r t i n g ( 1 0 8 e v e n t s / h o u r )

▪ 1 0
9

l i b ra r i e s

▪ v o l u m e 1  – 1 0  p L
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Direct selection

❑ n ot  ge n e ra l ly  a p p l i ca b le  (mu tant   l ib rar ie s  > 10
6

va r ia nts )

❑ l in k  b etwe e n  ge n oty p e  a n d  p h e n oty p e

❑ d i s p lay  te c h nologies

▪ r i b o s o m e d i s p l ay

▪ p h a g e d i s p l ay

❑ l i fe - or -death assay

▪ a u xo t ro p h i c s t ra i n

▪ t ox i c i t y  b a s e d s e l e c t i o n
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Example of Directed evolution

❑ d i re cte d evo lu t ion  o f  e n ant iose lec t i v i ty

▪ l ip as e  f rom P. ae rug inosa  (E - va lu e imp rove d f rom 1. 1  into 51)

▪ sp e ctrophotometr ic  sc re ening  of  ( R ) - and  ( S ) - n i t rophe ny l e ste rs

▪ 40  000  var iants  s cre e n e d  

▪ th e  b e st  mu tant  conta in s  s i x  amin o  ac id  s u bst i tu t ion s

Reetz, M., et al. 2001. Angew. Chem. Int. Ed. 40: 3589-91 1 6 / 3 5



Strategies in protein engineering

Improved 
protein
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Rational design

❑ e me rge d  arou n d  1980s  as  th e  or ig in a l  p rote in  e n g in e e r in g  ap p roach

❑ kn owledge  b ased - combin ing  the or y  and  expe r ime nt

❑ p rote in  e n g in e e r in g  cyc le :  

„ st ru ctu re - th e or y - d es ig n -m utat ion -p u r i f i cat ion -an alys i s“

❑ d i f f i c u l ty  in  p re dic t ion  of  mu tat ion  ef fe cts  on  p rote in  p rop e rty

❑ d e  n o vo d e s ign  most  ch a l le n g in g
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Principal of rational design

Improved
protein

❑ rat ion a l d e s ig n com p r is e s :

▪ d e s i g n - u n d e rs t a n d i n g  o f  p ro t e i n  

f u n c t i o n a l i t y

▪ ex p e r i m e n t - c o n s t r u c t i o n  a n d  

t e s t i n g  o f  m u t a n t s

❑ p re requis i tes for rat ion a l d e s ig n :

▪ g e n e e n c o d i n g p ro t e i n o f i n t e re s t

▪ 3 D s t r u c t u r e ( e . g . , X - ray, N M R )

o r s e q u e n c e a l i g n m e n t

▪ s t r u c t u re - f u n c t i o n re l a t i o n s h i p

▪ c o m p u t a t i o n a l m e t h o d s a n d c a p a c i t y

▪ s i d e d i re c t e d m u t a g e n e s i s t e c h n i q u e s

▪ e f f i c i e n t ex p re s s i o n sy s t e m

▪ b i o c h e m i c a l t e s t s
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Design

❑ SEQUENCE H OMOLOGY AP P ROACH

▪ h o m o l o g o u s w i l d - t y p e s e q u e n c e s a l i g n m e n t

▪ i d e n t i f y i n g a m i n o  a c i d  re s i d u e s  re s p o n s i b l e  fo r  d i f fe re n c e s

▪ d e s i g n  - c o m b i n a t i o n  o f  p o s s i t i v e m u t a t i o n  f ro m  a l l  p a re n t a l  p ro t e i n s

❑ ANCESTRAL  RECONSTRUC TION

▪ c o n s t r u c t i o n o f p hy l o g e n e t i c t r e e

▪ d e s i g n  - n o d s p re d i c t i o n b y  c o n s e n s u s a p p ro a c h
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Design

❑ STRUC TURE -BASED  AP P ROACH

▪ p re d ict ion of  e n zyme  f u n ct ion  f rom st ru ctu re  a lon e  i s  ch a l le n g in g

▪ p ro te in  st ru c ture (X - ray cr ysta l log rap hy,  NMR ,  hom ology  m ode ls ! )

▪ mo lecular  mo d el l ing

o m o l e c u l a r d o c k i n g

o m o l e c u l a r d y n a m i c s

o q u a n t u m m e c h a n i c s / m o l e c u l a r m e c h a n i c s ( Q M / M M )  
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Construction

❑ s i te -d i rected mu tagenes is

▪ i n t ro d u c i n g  p o i n t  m u t a t i o n s

❑ mu lt i s i te - d i rected mu tagenes is

❑ ge n e synthes is

▪ c o m m e rc i a l s e r v i c e

▪ c o d o n e o p t i m i s a t i o n
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Example of rational design 

❑ rat iona l de s ig n  of  prote in  stab i l i ty

▪ stab i l i ty  to  h ig h  te mp e ratu re ,  ex t re me  p H,  p rote as e s  etc .

▪ stab i l i z ing  mu tat ions  in cre a s e  st re n gth  o f  we a k  inte ra ct ion s

o s a l t  b r i d g e s  a n d  H - b o n d s  
E i j s i n k e t  a l . ,  B i o c h e m .  J .  2 8 5 :  6 2 5 - 6 2 8 ,  1 9 9 2

o S - S  b o n d s  
M a t s u m u r a  e t  a l . ,  N a t u r e  3 4 2 :  2 9 1 - 2 9 3 ,  1 9 8 9

o a d d i t i o n  o f  p ro l i n e s  
Wa t a n a b e  e t  a l . ,  E u r.  J .  B i o c h e m .  2 2 6 :  2 7 7 - 2 8 3 ,  1 9 9 4

o l e s s  g l yc i n e s
M a r g a r i t e t  a l . ,  P r o t e i n  E n g .  5 :  5 4 3 - 5 5 0 ,  1 9 9 2

o o l i g o m e r i s at i o n
D a l h u s e t  a l . ,  J .  M o l .  B i o l .  3 1 8 :  7 0 7 - 7 2 1 ,  2 0 0 2
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Example of rational design 

❑ e n g ineer ing  p ro te in  to  re s i st  b o i l ing

▪ r e d u c e d  ro t a t i o n a l  f r e e d o m
S e r 6 5 P ro , A l a 9 6 P ro  

▪ i n t ro d u c t i o n  o f  d i s u l f i d e  b r i d g e
G l y 8 C y s  +  A s n 6 0 C y s

▪ i m p ro v e d  i n te r n a l  hy d ro g e n  b o n d
A l a 4 T h r  

▪ f i l l i n g  c a v i t y
Ty r 6 3 P h e

Burg, B., et al., 1998. PNAS 95: 2056-2060 

Half-lifes
(min.)

80°C 100°C

wild type 17.5 >0.5

mutant stable 170
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Strategies in protein engineering
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Strategies in protein engineering
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Strategies in protein engineering

S E M I R AT I O N A L  
D E S I G N
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Example of semi-rational design 

❑ c o n v e r s i o n o f 1 , 2 , 3 - t r i c h l o r o p r o p a n e  

b y  D h a A  f r o m R h o d o c o c c u s e r y t h r o p o l i s Y 2
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Example of semi-rational design 

❑ c o n v e r s i o n o f 1 , 2 , 3 - t r i c h l o r o p r o p a n e

b y  D h a A  f r o m R h o d o c o c c u s e r y t h r o p o l i s Y 2

❑ D I R E C T E D  E V O L U T I O N  - i m p o r t a n c e o f a c c e s s p a t h w a y s

C176
Y176
F176

Bosma, et al. 2002: AEM 68: 3582-87 Gray, et al. 2003: Adv. Appl. Microbiol. 52: 1-27 2 9 / 3 5



Example of semi-rational design 

Pavlova, M., Klvana, M., Prokop, Z., et al. 2009: Nature Chem. Biol. 5: 727-733

❑ c o n v e r s i o n o f 1 , 2 , 3 - t r i c h l o r o p r o p a n e

b y  D h a A  f r o m R h o d o c o c c u s e r y t h r o p o l i s Y 2

❑ D I R E C T E D  E V O L U T I O N  - i m p o r t a n c e o f a c c e s s p a t h w a y s

❑ S E M I - R AT I O N A L  D E S I G N  - h o t  s p o t s i n  a c c e s s t u n e l s

❑ l i b r a r y o f 5 , 3 0 0  c l o n e s s c r e e n e d
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Example of semi-rational design 

Pavlova, M., Klvana, M., Prokop, Z., et al. 2009: Nature Chem. Biol. 5: 727-733 3 1 / 3 5



Engineering activity of DhaA

Nature Chem. Biol. 5: 727 (2009)

D h a A w t D h a A 3 1

DhaA wt DhaA 31

K m (mM) 0.98 ± 0.17 1.19 ± 0.15

k cat (s
-1) 0.035 ± 0.002 1.26 ± 0.05

k cat/K m (mM-1.s-1) 0.04 1.06

C
L
O

S
E

O
P

E
N

O
P

E
N

C
L
O

S
E

DYNAMICS

3 2 / 3 5



Example of semi-rational design 

S T A N D A R D  D E S I G N

▪ r a n d o m m u t a g e n e s i s ( 2 - 3  p o s i t i o n s )

▪ l i b r a r y o f 1 0 4 c l o n e s

A D V A N C E D  D E S I G N

▪ r a n d o m m u t a g e n e s i s ( 5 - 7  p o s i t i o n s )

▪ l i b r a r y o f > 1 0 6 c l o n e s

v o l u m e :  1 0 ´ p L

a s s a y s / d a y :  1 0 7

v o l u m e :  1 0 0 ´ m L

a s s a y s / d a y :  1 0 3
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❑ C a v e r  3 . 0  a n d  C a v e r  A n a l y s t  1 . 0

l o s c h m i d t . c h e m i . m u n i . c z / c a v e r

❑ C a v e r D o c k

( c o m i n g  s o o n )

❑ H o t s p o t  W i z a r d  2 . 0

l o s c h m i d t . c h e m i . m u n i . c z / h o t s p o t w i z a r d

❑ F i r e P r o t 1 . 0

l o s c h m i d t . c h e m i . m u n i . c z / f i r e p r o t

❑ C a v e t t a

( c o m i n g  s o o n )

Software tools

https://loschmidt.chemi.muni.cz/peg/software/



Reading

❑ L u t z ,  S .  2 0 1 0 :  B e y o n d  d i r e c t e d  e v o l u t i o n  - s e m i - r a t i o n a l  

p r o t e i n  e n g i n e e r i n g  a n d  d e s i g n .  C u r r  O p i n  B i o t e c h n o l .  2 1 ( 6 ) :  

7 3 4 – 7 4 3

❑ C o m p u t a t i o n a l e n z y m e  r e d e s i g n a n d  C o m p u t a t i o n a l  d e  n o v o  

e n z y m e  d e s i g n ( p a g e 5 - 7 )
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