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Bi7430 Molecular Biotechnology

4.  Protein Engineering

Outline

 L i mi tat i ons of prote i ns i n  b i otechnol og y  processes

 Def i n i t i on and a i m of prote i n  eng i neer i ng

 Targ eted propert i es of prote i ns

 Bas i c  approaches i n  prote i n  eng i neer i ng

 DIRECTED EVOLUTION

 RATIONAL DES IGN

 SEMI-RATIONAL DES IGN

 Exampl es

Proteins in biotechnology

Available protein

Available protein
Suitable/adopted protein

 ava i l ab i l i ty of opt i mal  prote i n  for  speci f i c  process

 t ra d it ion a l b iotech n ology  - adapt  process

 mod ern b iotech n ology  - adapt  prote i n

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

Proteins in biotechnology

 c la ss ica l screen in g

 s creen in g  cu l t u re co l lec t io n s

 p o l lu t ed a n d  ex t rem e env i ro n m en t

 env iron men ta l gen e l ib ra r ies

 m et a gen o m ic D NA

 d a ta -b a se  min in g

 gen e  d a t a b a s es

 gen o m e s eq u en c in g p ro j ect s

 n u m ero u s u n ch a ra ct er i s ed en z y m es / p ro t e in s

 PROTEIN ENGINEERING

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

 the process of con stru ct in g n ovel  p rote in  mol ecul es

by  des i g n  f i rst pr i nc i p l es or a l ter i ng ex i st i ng structure

 use  of  g enet i c  mani pul at i ons  to  a l ter  the  codi ng  sequence  of  a  

g ene  and thus  mod if y  th e  p rop ert ies  o f  th e  p rotein

 A I MS A N D A PPLI C ATI ON S

 tech n olog ica l - opt i mi sat i on of the prote i n  to  be sui tabl e i n  

part i cu l ar technol og y  purpose

 sc ien t i f ic - des i re to  understand what e l ements of prote i ns

contr i bute to fo l d i ng ,  stabi l i ty  and funct i on

Targeted properties of proteins

 stru ctu ra l propert i es of prote i ns

 s t a b i l i t y  ( t em p era t u re ,  s o lv en t s )

 t o lera n ce  t o  p H ,  s a l t

 res i s t a n ce  t o  ox id a t iv e  s t res s

 f u n ct ion a l propert i es of prote i ns

 rea ct io n  t y p e

 s u b s t ra t e  s p ec i f i c i t y  a n d  s e lect iv i t y

 k in et ic  p ro p ert ies  (e .g . ,  K m ,  k cat,  K i)

 co fa ct o r  s e lec t iv i t y

 p ro t e in - p ro t e in  o r p ro t e in - D NA  

in t era ct io n s

Strategies in protein engineering

Improved 
protein

Directed evolution

 di rected evol ut i on techni ques  emerg ed dur i ng  mi d -1990s

 in sp ired  b y  n a tu ra l  evo lu t ion

 th i s  form of  "evol ut i on" does  not  match what  Darwi n  had env i s i oned

 req u i res  o u t s i d e  i n t e l l i ge n c e ,  n o t  b l in d  ch a n ce

 d o es  n o t  c rea t e  b ra n d  n ew s p ec ies ,  m a cro ev o lu t io n ,

b u t  o n ly  im p ro v em en t s o f m o lecu les ,  mo l e c u l a r  e vo l u t i o n

 d o es  n o t  t a ke  m i l l io n s  o f  y ea 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

 evolu t ion  in  test  tu b e compr i ses  two steps

 ra n d o m mu t a ge n e s i s

m u t a n t  l ib ra ry  b u i ld in g

 sc r e e n i n g  a n d  se l e c t i o n  

id en t i f i ca t io n  o f  d es i red  b io ca t a ly s t

 p rereq u is i tes for  d i rected evol ut i on

 gen e  en co d in g  p ro t e in  o f  in t eres t

 m et h o d  t o  c rea t e  m u t a n t  l ib ra ry

 s u i t a b le  ex p res s io n sy s t em

 s creen in g  o r s e lect io n  sy s t em

Methods to create mutant libraries

 technol og y  to  gen era te la rge  d ivers i ty

 NON-RECOMBINING

one parent g ene  ->  var i ants  wi th  poi nt  mutat i ons

 RECOMBINING

severa l parenta l homol og ous g enes -> chi meras

Non-recombining mutagenesis

 UV irra d ia t ion or ch emica l mu ta gen s ( tradi t i ona l )

 mu ta tor stra in s - l acks DN A  repa i r mechani sm

mutat i ons dur i ng repl i cat i on (e . g . ,  Ep i cu r i a n co l i  XL1-Red)

 error-p ron e p olymera se ch a in rea ct ion (ep-PC R)

 gen e  a m p l i f ied in  im p er fect co p y in g p ro ces s

(e .g . ,  u n b a la n ced d eox y r ib o n u c leo t id es co n cen t ra t io n s ,  

h igh M g 2 + co n cen t ra t io n ,  M n 2 +,  lo w a n n ea l in g t em p era t u res )

 1  t o  2 0  m u t a t io n p er  1 0 0 0  b a s e  p a i rs

 sa tu ra t ion mu ta gen esis

 ra n d o m iza t io n o f s in g le  o r m u l t ip le co d o n s

 oth er meth od s

 gen e  s i t e s a t u ra t io n m u t a gen es i s

 ca s s ett e m u t a gen es i s ( reg io n  m u t a gen es i s )

Recombining mutagenesis

 a l so  re fered to as  „sexu a l  mu ta gen esis“

 DNA sh u f f l in g

 f ra gm en t a t io n  s t ep  

 ra n d o m  rea s s em b ly  o f  s egm en t s

 StEP - stag g ered extens i on process

 s im p ler  t h en  s h u f f l in g

 ra n d o m  rea n n ea l in g  co m b in ed  wi t h  

l im i t ed  p r im er  ex t en s io n

 oth er meth od s

shuf f l i ng  of  g enes  wi th  l ower  homol og y  down to  70% 

(e . g . ,  RA C H I T T,  I TC H Y,  SC RATC H Y )
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Screening and selection

 most  cr i t ica l  step  of  d i rect  evol ut i on

 i so l at i on of  pos i t i ve  mutants  h i d i ng  i n  l i brary

 HIGH THROUGHPUT SCREENING 

i nd i v i dua l  assays  of  var i ants  one  by  one

 DIRECT  SELECTION 

di sp l ay techni ques ( l i nk  between g enotype  and phenotype )

(Utra)High throughput screening 

 common methods not  appl i cabl e

 a ga r  p la te  ( p re)screen in g

 microt iter  p la tes  screen in g

 9 6 - ,  3 8 4 - o r  1 5 3 6 - wel l fo rm a t e

 ro b o t  a s s i s t a n ce

(co lo ny  p icker,  l iq u id  h a n d ler )

 1 0
4

l ib ra r ies

 v o lu m e 1 0  – 1 0 0  u L

 microf lu id ic systems

 wa t er in  o i l em u ls io n s ( u p  t o  1 0  k H z )

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

 1 0
9

l ib ra r ies

 v o lu m e 1  – 1 0  p L

Direct selection

 not  g enera l l y  appl i cabl e  (mutant   l i brar i es  >10
6

var i ants )

 l i nk  between g enotype  and phenotype

 d isp lay  tech n olog ies

 r ib o s o m e d is p lay

 p h a ge d is p lay

 l i fe -o r-d ea th a ssay

 a u xo t ro p h ic s t ra in

 t ox ic i t y  b a s ed s e lect io n

Example of Directed evolution

 di rected evol ut i on of  en a n t ioselect iv i ty

 l i pase  f rom P. a eru g i n o sa  (E-va l ue i mproved from 1. 1 i nto 51)

 sp ectrop h otometr ic  screen in g  of  ( R ) - and ( S ) -n i tropheny l esters

 40 000 va r ia n ts  screened 

 the  best  mutant  conta i ns  s i x  ami no ac i d  subst i tut i ons
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Strategies in protein engineering

Improved 
protein

Rational design

 emerg ed around 1980 s as  the or i g i na l prote i n  eng i neer i ng  approach

 kn owled ge b a sed - combi ni ng  theory and exper i ment

 prote i n  eng i neer i ng  cyc l e :

„structure - theo ry -des i g n-mu tat i o n -p ur i f i cat i on -ana lys i s“

 d if f icu lty  in  p red ict ion  of  mutat i on e f fect s on prote i n  property

 d e n ovo  d esign

Principal of rational design

Improved
protein

 rat i ona l des i g n compr i ses :

 d e s i gn - u n d ers t a n d in g  o f  p ro t e in  

f u n ct io n a l i t y

 ex p e r i me n t - co n s t ru ct io n  a n d  t es t in g  

o f  m u t a n t s

 p rereq u is i tes for rat i ona l des i g n :

 gen e en co d in g p ro t e in o f in t eres t

 3 D s t ru ct u re (e . g . , X - ray, NM R )

 s t ru ct u re - f u n ct io n re la t io n s h ip

 co m p u t a t io n al m et h o d s a n d ca p a c i t y

 (m u l t i ) s id e d i re ct ed m u t a gen es i s

t ech n iq u e s

 ef f i c ien t ex p res s io n sy s t em

 b io ch em ica l t es t s

Design

 HOMOLOGY  APPROACH

 h o m o lo go u s  wi ld - t y p e  s eq u en ces a re  co l lec t ed  a n d  co m p a red

 id en t i f y in g  a m in o  a c id  res id u es  res p o n s ib le  fo r  d i f feren ce s

 r e c o n st r u c t i o n - t ra n s fer  d i f feren ces f ro m o n e en z y m e t o  a n o t h er

 n e w  d e s i gn  - co m b in a t io n  o f  p o s s i t i v e m u t a t io n  f ro m  a l l  p a ren t a l  

p ro t e in s in  o n e  co n s t ru ct ,  n ew p ro t e in  b ett er  t h a n  a l l  p a ren t a l
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Design

 STRUCTURE-BASED APPROACH

 p red ict ion of  enzyme funct i on f rom structure  a l one  i s  cha l l eng i ng

 p rotein  st ru ctu re (X - ray crysta l l og raphy,  N MR ,  homol og y  model s )

 molecu la r  mod el l in g

o m o lecu la r d o ck in g

o m o lecu la r d y n a m ics

o q u a n t u m m ech a n ics / m o lecu la r m ech a n ics (Q M / M M ) 

Construction

 s i te-d irected mu ta gen esis

 in t ro d u c in g  p o in t  m u t a t io n s

 mu lt i s i te -d irected mu ta gen esis

 gen e syn th esis

 co m m erc ia l s erv ice

 co d o n e o p t im is a t io n

Example of rational design 

 rat i ona l des i g n  of  prote i n  sta b i l i ty

 stabi l i ty  to  h i g h  temperature ,  extreme pH ,  proteases  etc .

 sta b i l i z in g  mu ta t ion s i ncrease  strength  of  weak  i nteract i ons

o sa l t  b r i d ge s  a n d  H - b o n d s  
E i j s in k e t  a l . ,  B io 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 mu r a  e t  a l . ,  Na 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 r o l i n e s  
Wa ta n a b e  e t  a l . ,  E u r.  J .  B io c h e m .  2 2 6 :  2 7 7 - 2 8 3 ,  1 9 9 4

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

o o l i go me r i sa t i o n
D a lh u s e t  a l . ,  J .  M o l .  B io l .  3 1 8 :  7 0 7 - 7 2 1 ,  2 0 0 2

Example of rational design 

 en g in eer in g  p rotein  to  res ist  b o i l in g

 r e d u c e d  r o t a t i o n a l  f r e e d o m
T h r5 6 A la ,  G ly 5 8 A la ,  S er6 5 P ro  a n d  A la 9 6 P ro  

 i n t r o d u c t i o n  o f  d i su l f i d e  b r i d ge
G ly 8 C y s  +  A s n 6 0 C y s

 i mp r o ve d  i n t e r n a l  hyd r o ge n  b o n d
A la 4 T h r  

 f i l l i n g  c av i t y
Ty r6 3 P h e

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

Half-lifes
(min.)

80°C 100°C

wild type 17.5 >0.5

8-fold 
mutant

stable 170
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Strategies in protein engineering Strategies in protein engineering

Strategies in protein engineering

S E M I R AT I O N A L  
D E S I G N

Example of 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, T., et a l.  2002:  AEM 68:  3582-87 Gray, K.A., et a l.  2003:  Adv. Appl. Microbiol.  52:  1-27
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Example of rational design 

Pavlova, M., Klvana, M., Prokop, Z ., et a l.  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

Example of rational design 

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


