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Genera l  work f low o f  ME pro jec t

computational
and

experimental 
tools

and Properties

� E x p e r i m e n t a l  ( g e n e t i c )  t o o l s  f o r  M E

� M e t a b o l i c  l o a d  ( y i e l d  v s . v i a b i l i t y  o f  h o s t )

� M E  o f  b i o s yn t h e t i c  ( a n a b o l i c )  p a t h w a ys  - e x a m p l e s

� M E  o f  b i o d e g r a d a t i o n  ( c a t a b o l i c )  p a t h w a ys  - e x a m p l e s

� L i m i t a t i o n s  a n d  p e r s p e c t i v e s  o f  M E

� D i s c u s s i o n

Out l ine
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EXPERIM ENTAL TOOLS ARE APPL IED HAND IN HAND WITH TH EORETICAL 

TOOLS

� expe r imen ta l s  too l s  =  gene t i c  too l s  ( recomb inan t  DN A techno logy)

� produc t i on  o f  t ransgen ic  o rgan i sms  

eng inee r ing  i npu t  on  l eve l  o f :

� gene  exp ress ion  (DNA/RNA) :  gene  k noc k out ,  gene  dow n /up - regu la t ion,  

he te ro l ogous exp ress ion ,  c odon  op t im i za t ion ,  c h rom osom a l  i n teg ra t i on  o f  

gene (s)

� pro te in :  p ro te i n  eng inee r i ng ,  p roxim i t y  o f  enzym es (subst ra te  c hanne l ing)

� sma l l  mo lecu les : c o f ac tor  ba lanc ing

Exper imenta l  too ls  fo r  ME

Boyle, P.M. (2012) Metabolic Engineering, 14:223

“Par ts  and p ipes” in  ME

optimization of gene(s) expressionoptimization of gene(s) expression
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Bacter ia l  operone

+1
P  TRBS RBSRBS A B C

mRNA

ATG                     stop         ATG                      stop         ATG                      stop
-35    -10

Gene knock-out

� gene (s)  o f  i n te res t  i s  de le ted  f rom  the  c h rom osom e  – pe rmanen t  s ta te

� w ide l y  used  tec hn ique  based  on  phage  λ Red  recomb inase  (E.  c o l i )

� ana logous m e thod  used  i n  yeast

www.genebridges.com

Gene down/up regu la t ion

TRANSCRIPTIONAL AND POST-TRANSCRIPTIONAL LEVEL

� p rom o te r  eng inee r ing ( l ac ,  t r c ,  T5 ,  T7 ; i nduc ib le  v s . c onst i t u t i ve )

� eng inee r ing  o f  i n te rgen i c  reg ions (m RNA s tab i l i t y,  r i bosom e  b ind ing )

Santos, C.N.S. (2008) Curr.Opin.Chem.Biol., 12:168
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LEVEL o f  TRANSLATION

� RNA in te r fe rence  - hom o logous RNA sequenc es (gene  k noc k -down)

exp ress ion  o f  one  o r  m o re  genes i s  reduc ed  – t rans ien t  s ta te

� eng inee r ing  o f  r i bosome  b ind ing  s i tes  (RBS c a l c u la tor 1)

Sh ine -Da lga rno  sequenc e  (c onsensus sequenc e  AGGAGG)

1Salis, H.M. (2009) Nature Biotechnology, 27: 946 

Gene down/up regu la t ion

Codon opt imiza t ion

SYNTHESIS  OF  GENES FOR HETEROLOGOUS EXPRESSION

� c om m erc ia l  gene  syn thes i s  ( I nv i t rogen ,  GeneSc r i p t ,  DNA 2 .0 )

� 7 .9  Kč / bp ,  up  to  3 .5  k bp

� c odon  op t im i za t i on ,  GC c on ten t  op t im i za t i on

� subc lon ing i n  vec to r  o f  c ho i c e

before   after

Express ion  f rom p lasmids

HETEROLOGOUS GENE EXPRESSION FROM  PLASM IDs

� impo r tan t  cha rac te r i s t i c s  o f  each  p lasm id :  copy number ,  o r i g i n  o f  

rep l i c a t ion  (ORI ) ,  promote r ,  se l ec t i on  m ark e r,  m u l t i - c l on ing  s i t es  

(M CS) ,  t ags o r  l ead ing  sequenc es 

� commerc ia l  vec to rs  (pBAD Inv i t rogen ,  pET M erc k )

� DUET vec to rs  (de r i va t i ves  o f  pET)  – su i t ab le  f o r  he te ro l ogous 

exp ress ion  o f  w ho le  m e tabo l i c  pa thw ays.
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DUET vec to r  sys tem (T7  p romote r, va r i ab i l i t y  i n  copy  number )

www.merckmillipore.cz

Express ion  f rom p lasmids

gene 3

gene 2

gene 1

1:2(3):2(3)

Gene  o rde r  and  con f i gu ra t i on  o f  genes  i n  ope rone  i n f l uence  the i r  

exp ress ion . 1

pseudo-ope ron monoc i s t ron i c

Xu, P. (2012) ACS Synthetic Biology, DOI: 10.1021/sb300016b

ope ron

promoter

RBS

terminator

Express ion  f rom p lasmids

1Lim, H.N. (2011) PNAS, 108:10626 
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HETEROLOGOUS GENE EXPRESSION FROM  CHROM OSOM E

� exp ress ion  f rom  c h rom osom e  i s  advan tageous (h i ghe r  s tab i l i t y,  no  

an t i b i o t ic  m a rk e rs)   

� methods  fo r  i n teg ra t i on :  hom o logous rec om b ina t ion ( rec A ,  λ  Red ) ,  

t ranspos i t i on  (Tn5  and  Tn7 -based  vec to rs)  

� i n teg ra t i on o f  s ing le  genes o r  w ho le  syn the t i c  ope rones

� subsequen t  dup l i c at i on  o r  mul t i p l i ca t i on  o f  i nse r t i ons

Express ion  f rom chromosome

SYNTHETIC OPERON DESIGN ( so f tw a re  GeneDesigne r  2 .0 )

+1
P  TRBS RBSRBS dhaA hheC echA

mRNA

ATG                     stop         ATG                      stop         ATG                      stop

Express ion  f rom chromosome

INSERTION OF DESIRED GENE(S)  BY TN-5  BASED TRANSPOS ITION 

(non-spec i f i c ) .

de Lorenzo, V. (1990) Journal of Bacteriology, 172: 6568

selection of positive clones on LB agar plates with respective antibiotic

Express ion  f rom chromosome
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Balanc ing gene express ion  VI

HETEROLOGOUS GENE EXPRESSION FROM  CHROM OSOM E

� m ul t i p l ic at i on  o f  i nse r t i ons:  Chemica l l y  I nduc ib le  Ch romosoma l  

Evo lu t i on  (C IChE) 1

1Tyo, K.E.J. (2009) Nature Biotechnology, 27:760

protein levelprotein level

Subst ra te  channe l l ing

Syn the t i c  p ro te in  sca f fo ld ing  made  o f  bac te r i a l  doc ke r ins  and  

cohes ins  f rom ce l l u l osome  ( Clos t r id ium ,  Bacte ro ides ) .  

� p ro te i n  sc a f f o ld ing used  f o r  i nc reas ing p roxim i t y  o f  3  g l yc o l y t i c  

enzym es p roduc ing  f ruc tose -6 -phospha te1

1You, C. (2012) Angewandte Chemie, 51:1

cohesins

dockerins

pathway
enzymes

substrate product
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small molecules levelsmall molecules level

Cofac tor  ba lanc ing

� c o f ac tors  p l ay  a  c r i t i c a l  ro l e  espec ia l l y  i n  redox  

reac t i ons  (NAD(H) ,  NADP(H) )  

� na tu ra l  pa thw ays (e .g .  g l yc o l ys i s )  o f t en  em p loy 

ox ido reduc tases

� c o f ac tor  rec yc l i ng  and  ba lanc ing  i s  essen t i a l  

� so lu t i on :  enzym e  m ed ia ted  co fac to r  recyc l i ng  

t h rough  ove rexp ress ion  o f  NAD + k inase ,  

t ranshyd rogenases o r  dehyd rogenases 

s im u l taneous l y  w i th  k noc k -ou ts  o f  genes enc od ing  

enzym es f rom  c om pe t i ng  pa thw ays

NADP+

NADPH

t ime fo r  b reak



9

metabolic load1metabolic load1

1Glick, B.R. (1995) Biotechnology Advances, 13:247

YIELD VS.  V IABIL ITY OF CELL

1 ) STATIC CONTROL: sta t i c  ba lanc ing  o f  p roduc t i on o f  pa thw ay 

enzym es - l eve l s  o f  enzym es rem a in  unc hanged  th roughou t  t he  

w ho le  c u l t i va t i on (m ost  o f  t he  s tanda rd  tec hn iques m en t i oned above )   

2 ) DYNAM IC CONTROL: eng inee r i ng  o f  a  dynam ic  response  o f  host  

o rgan i sm  on  metabo l i c  l oad  and  tox i c i t y  o f  pa thw ay c om ponen ts  –

l eve l s  o f  enzym es f l uc tuate  du r i ng  c u l t i va t i on  (c ha l l enge f o r  f u tu re  

app l i c a t ions o f  M E)

Metabo l ic  load

Metabo l ic  load

� ove rexp ress ion  o f  fo re ign  p ro te ins  resu l t s  i n  dec re ase  o f  v i ab i l i t y  

o f  hos t  ce l l

rich LB medium                                                 minimal medium 
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Metabo l ic  load

induction

� ove rexp ress ion  o f  fo re ign  p ro te ins  resu l t s  i n  dec re ase  o f  v i ab i l i t y  

o f  hos t  ce l l

45 %

Dynamic  cont ro l  eng ineer ing

� Dynamic  Senso r -Regu la to r  Sys tem (DSRS) 1

� Produc t i on  o f  b i od iese l  f rom  f a t t y  ac i d  e thy l  es te r  i n  E.  c o l i .

1Zhang, F. (2012) Nature Biotechnology, 30:354

ME of  b iosynthe t ic  pa thways

M E APPL IED IN  ORDER TO IM PROVE (ESTABL ISH)  PRODUCTI ON OF:

� b io f ue ls  (e thano l ,  bu tano l ,  H 2,  f a t t y  ac i ds  de r i ved  es te rs)

� na tu ra l  and  non -na tu ra l  a l c oho ls

� na tu ra l  and  non -na tu ra l  am ino  ac i ds

� f a t t y  ac i ds

� pep t i des and  p ro te i ns

� sec onda ry  m e tabo l i t es :  an t i b i o t ics ,  i sop reno ids  (a r tem is i n i n ,  t axo l )

� o l i go  and  po l ysac ha r i des (b i odeg radab le  po l ym ers)

� c om m od i t y  c hem ic a ls  (1 ,3 -p ropaned io l )

� and  m any o the rs . . .
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ME of  b iosynthe t ic  pa thways

Cur ren t  l im i ta t i ons  o f  b iosyn thes i s  us ing  eng inee re d  o rgan i sms :

� m iss ing  s tanda rds

� l ow  p roduc t i v i t y  ( l ow  ac t i v i t y  o f  enzym es,  s i de  reac t i ons,  l im i t s  o f  

host  o rgan i sm s)

� non -c om pe t i t ive  ec onom y o f  t he  b i osyn the t i c  p roc eses

� app l i c a t ion o f  GM O (e th i c s)  

ME of  b iosynthe t ic  pa thways

EXAM PLE No .1 :  Eng inee r ing  o f  E.  co l i  K12 tow ards  p roduc t i on  o f  

1 ,3 -p ropaned io l 1

� c om m od i t y  c hem ic a l  ( so l ven ts ,  adhes i ves,  res i ns ,  de te rgen t ,  t ext i l e )

� syn the t i c  pa thw ay

� 15  yea rs ,  575  sc ien t i s t s  (DuPon t+Genenc or )

� 1 ,3 -PD p roduc ed  a t  ra te  3 .5  g /L -h ,  t i t e r  o f  135  g /L

1 ) i n t roduc t ion  o f  genes f rom  3  o rgan i sm s:  E.c o l i (y ghD ) ,  S.c e rev i s iae

(da r1 ,  gpp2 ) ,  K.  pneum on iae  (dhaB1 -B3 )

2 ) de le t i on  o f  g l yc e ro l  k i nase  (g lpK ) ,  g l yc e ro l  dehyd rogenase  (g ldA )

3 ) c hange  o f  up tak e  sys tem  (de le t i on  o f  PEP-dependen t  sys tem  and  

i n t roduc t ion  o f  ATP-c oup led  up tak e )  

1Nakamura, C.E. (2003) Current Opinion in Biotechnology, 14:454

glycolysis
glpk + gldA

S. cerevisiae

K. pneumoniae

ME of  b iosynthe t ic  pa thways

EXAM PLE No .2 :  Eng inee r ing  o f  E.  co l i  t ow a rds  p roduc t i on  o f  taxo l  

p recu rso r  ( i sop reno id )

� t axo l  – an t i c anc er  d rug  (Tax us  b rev i f o l i a ) ,  p rec u rso r  t axad iene

� c om p l i c ated c hem ic a l  syn thes i s  (35  – 50  s teps) ,  l ow  y i e l d

� syn the t i c  pa thw ay c ons i s t s  o f  na t i ve  ups t ream modu le  (8  genes)  and  

he te ro l ogous dow ns t ream modu le  (2  genes f rom  Tax us )

� comb ina to r i a l  app roach :  mu l t i va r i e te -modu la r  eng ine e r ing  – sea rc h  

f o r  op t im a l l y  ba lanc ed  pa thw ay i n  c om b ina tor i a l  spac e

� c om b ina t ion o f  5  p l asm ids,  3  p rom o te rs  and  2  pa thw ay m odu les

� m in im iza t ion  o f  c um u la t ion  o f  t oxi c  i n te rm ed ia te i ndo l

� 15 ,000 - fo ld  improvemen t  o f  t axad iene  p roduc t i on,  t i t e r  o f  1  g /L

1Ajikumar, P.K. (2010) Science, 330:70



12

ME of  b iodegradat ion  pa thways

� M E o f  b i odeg rada t ion pa thw ays f o r  b iodeg rada t i on o f  t oxi c  

c om pounds i n  i ndust ry,  b iosens ing and  i n  s i t u  b io remed ia t i on .

� host  o rgan i sm s:  bac te r i a (m ost l y  im p rovem en t  o f  na tu ra l  s t ra i ns  

i so l a ted  f rom  c on tam ina ted  s i t es)  and  p lan ts (phytob io rem ed ia t i on )

� phenom ena o f  t oxi c i t y  and  adap ta t i on  o f  bac te r i a  (enzym es)  t ow a rds 

an th ropogeni c  subst ra tes

� pa raoxone ,  t o l uene ,  DCE,  TCP,  l i ndane

ME of  b iodegradat ion  pa thways

Cur ren t  l im i ta t i ons  o f  b iodeg rada t i on  us ing  eng inee red  o rgan i sms :

� l ow  compe t i t i vness  o f  eng inee red  s t ra i ns  (d i f f eren t  c ond i t i ons i n  l ab  

and  i n  t he  env i ronm en t)

� dec reased  v iab i l i t y  o f  host  o rgan i sm s due  to  m e tabo l i c  l oad  and  

h i gh  toxi c i t y  o f  subst ra tes  and  pa thw ay i n te rm ed ia tes

� app l i c a t ion o f  GM O (e th i c s)  

� l im i ted  num ber  o f  “ suc c essf u l  s to r i es”

� →  M E o f  b i odeg rada t ion pa thw ays i s  c ha l l enging

ME of  b iodegradat ion  pa thways

EXAM PLE: Syn the t i c  pa thw ay fo r  b iodeg rada t i on  o f  1 ,2 ,3 -

t r i ch lo rop ropane  (TCP)

� TCP – an th ropogeni c  c om pound ,  i ndust r i a l  use ,  em erg ing  po l l u tant

� no  na tu ra l  s t ra i n  c apab le o f  TCP u t i l i za t i on  ( l ac k  o f  deha logena t ing 

enzym e)
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TCP pa thway

Pro jec t  w o rk f l ow :

� 1989  – desc r i p t i on o f  pa thw ay f o r  u t i l i za t i on  o f  ha logena ted  a l c oho ls  

f rom  Agrobac te r i um  rad iobacte r  AD1  (HheC ,  EchA )

� 1997  – desc r i p t i on o f  ha loa l kane  deha logenase  DhaA (Rhodoc oc cus s p . )

� 1999  – he te ro l ogous exp ress ion  o f  dhaAw t  i n  A. rad iobacte r  AD11

� 2002  – he te ro l ogous exp ress ion  o f  dhaAM 2 i n  A. rad iobacte r AD1 2

� u l t ima te  goa l :  bac te r i um u t i l i z i ng  TCP as  a  s ing le  ca rbon  sou rce

PROBLEM S:

� l ow  v i ab i l i t y  o f  c onst ruc t s  (TCP toxi c i t y,  l ow  exp ress ion  o f  enzym es)

� c um u la t i on  o f  t oxi c  pa thw ay i n te rm ed ia tes

� l ow  c onve rs i on  o f  TCP to  g l yc e ro l  (3 .6  m M /10  days)

1,2Bosma ,T. (1999 and 2002) Applied Environmental Microbiology, 65:4575 and 68:3582

TCP pa thway

2009  - cons t ruc t i on  o f  DhaA31 1 (32 - t imes  improved  ac t i v i t y  w i th  TCP)

� ra t i ona l  des ign  - c om pu te r  m ode l l i ng  f o r  se l ec t i on  o f  ho t  spo ts

� d i rec ted  evo lu t i on  - sa tu ra t i on  m u tagenes i s  i n  p re -de f ined  pos i t i ons

1Pavlová, M. (2009) Nature Chemical Biology, 5:727 

2009  – now :  app l i ed  p r i nc ip les  o f  me tabo l i c  eng inee r ing :

� gene  syn thes i s  and  codon  op t im iz a t i on  f o r  E.  c o l i

� c lon ing  i n  pET and  DUET vec to rs ,  ove rexp ress ion

� de ta i l ed  c ha rac te r iza t i on  o f  pa thw ay enzym es (k ine t i c  p rope r t i es )

� c ha rac te r i za t ion and  quan t i f i ca t ion o f  m e tabo l i t es  (GC ana lys i s )

� PROOF OF CONCEPT:  rec onst ruc t i on  o f  pa thw ay in  v i t ro  

TCP pa thway
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In  v i t ro  recons t ruc t i on  o f  TCP pa thw ay (so lub le  enz ymes )

TCP pa thway

DhaAwt , HheC, EchA
mixed in ratio 1:1:1

DhaA31 , HheC, EchA
mixed in ratio 1:1:1

2009  – now :  app l i ed  p r i nc ip les  o f  me tabo l i c  eng inee r ing :

� k ine t i c  mode l  o f  t he  pa thw ay

� rec onst ruc t i on o f  pa thw ay in  v ivo  (E.  c o l i )

� de f i ned t ox i c i t y o f  TCP and  pa thw ay i n te rm ed iates  f o r  c e l l

� modu la r  eng inee r ing  f o r  ba lanc ing  o f  gene  exp ress ion  (DUET vec to rs)

� comb ina to r i a l  app roach : c onst ruc t i on o f  seve ra l  va r i an ts  o f  t he  

pa thw ay and  se lec t i on  o f  one  w i th  t he  m ost  e f f i c ient  c onve rs i on  o f  TCP 

to  g l yc e ro l

TCP pa thway

In  v ivo  recons t ruc t i on  o f  TCP pa thw ay ( E.  co l i ,  DUET vec to rs )

TCP pa thway

reaction course simulation
DhaAwt, HheC, EchA
in ratio 2.5 : 0.5 : 1

conversion of TCP by E. coli resting cells
DhaA31, HheC, EchA
in ratio 2.5 : 0.5 : 1
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Current  l imi ta t ions  o f  ME

� l ong  w ay f rom  l ab  sc a le  (m l  - L )  t o  i ndust ry  sc a le  (10 3 - 10 5 L )

� c ost l y  p roc esses (esp .  p roduc t  rec ove ry  and  pu r i f i ca t ion)

� l ow  p roduc t i v i t y  o f  eng ineered  pa thw ays – requ i rem en t  a t  l east  100  

g /L  f o r  c om m od i ty  c hem ic al s  (1 ,3 -p ropanedio l  135  g /L )  o r  1 g /L f o r  

pha rm ac eu t i ca ls  ( t axad iene  1g /L )

� c om p lexi t y  o f  l i f e

Perspec t ives  o f  ME

� c a t a l o g  o f  p o t e n t i a l l y  u s e f u l  p r o m i s c u o u s  a c t i v i t i e s  o f  k n o w n  

e n z y m e s  

� s c r e e n i n g o f  n e w  h o s t  o r g a n i s m s ,  p a t h w a y s ,  e n z y m e s  

( m e t a g e n o m e  a p p r o a c h  v s .  s e q u e n c i n g  a n d  b i o i n f o r m a t i c s )

� c o n s t r u c t i o n  o f  b a c t e r i a l  c h a s s e s w i t h  m i n i m a l  g e n o m e s

� i n  s i l i c o  s c r e e n i n g  

� d e  n o v o  d e s i g n  o f  n e w  e n z y m e s  ( i n  s i l i c o )  a n d  g e n e  s y n t h e s i s

� e n g i n e e r i n g  o f  i n  v i t r o  s y s t e m s  ( r e d u c t i o n  o f  c o m p l e x i t y )

� f r o m  t h e  l a b  t o  t h e  r e a l  a p p l i c a t i o n s :  d e c r e a s i n g  t h e  c o s t s  o f  

t h e  p r o c e s s e s  ( f r o m  g e n e  s y n t h e s i s  t o  p r o d u c t  p u r i f i c a t i o n )


