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� 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 y n t h e t i c  ( a n a b o l i c )  p a t h wa y s  - 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 wa y s  - 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 i ne
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EXPERIMENTAL TOOLS ARE APPLIED HAND IN HAND WIT H T H EORET ICAL 

TOOLS

� exper imen ta ls  too ls  =  genet i c  too ls  ( recomb inan t  DN A techno logy)

� product ion  o f  t ransgen ic  o rgan isms 

eng ineer ing  inpu t  on  leve l  o f :

� gene express ion  (DNA/RNA) :  gene knockout ,  gene down/ up- r egul at i on ,  

hetero logous ex pression,  codon opt im i zat i on,  chrom osom al  i n tegrat i on of  

gene(s)

� pro te in :  prote in  engineer i ng ,  prox im i t y  o f  enzym es (subst r at e channel i ng )

� smal l  mo lecu les: cof ac tor  ba lanc ing

Exper imenta l  too ls  fo r  ME

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

“Pa r ts  and  p ipes ” in  ME

optimization of gene(s) expressionoptimization of gene(s) expression
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Bac te r ia l  ope rone

+1
P  TRBS RBSRBS A B C

mRNA

ATG                     stop         ATG                      stop         ATG                      stop
-35    -10

Gene  knock -ou t

� gene(s)  o f  i n terest  i s de le ted f rom  the chrom osom e – permanen t  s ta te

� widel y  used technique based on phage λ Red recomb inase (E.  co l i )

� analogous m ethod used i n  yeast

www.genebridges.com

Gene  dow n/up  regu la t i on

T RANSCRIPT IO NAL AND POST-T RANSCRIPT IO NAL LEVEL

� prom oter  engineer i ng ( l ac ,  t rc ,  T5,  T7; i nduc ib l e  vs . const i tu t i v e)

� engineer i ng of  i n tergeni c  reg ions (m RNA stab 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  T RANSLAT IO N

� RNA in ter feren ce - hom ologous RNA sequenc es (gene knock-down)

ex pression of  one or  m ore genes i s reduced – t rans ien t  s ta te

� eng ineer ing  o f  r i bosome b ind ing  s i tes (RBS cal cu la tor 1 )

Shine-Dalga r no sequenc e (consensus sequenc e AGGAGG)

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

Gene  dow n/up  regu la t i on

Codon op t im iza t ion

SYNT HESIS OF GENES FOR HET EROLOGOUS EXPRESSION

� com m erc ia l  gene synthesi s ( Inv i t rogen,  GeneScr i p t ,  DNA 2.0)

� 7.9 Kč / bp,  up to  3 .5 kbp

� codon opt im i zat i on,  GC content  opt im i zat i on

� subc lon ing i n  v ec tor  o f  choi ce

before   after

Express ion  f rom p lasmids

HET EROLOGOUS GENE EXPRESSION FROM PLASMIDs

� impor tan t  charact e r i s t i c s  o f  each  p lasmid :  copy number ,  or i g i n  o f  

rep l i cat i on (ORI ) ,  promoter ,  se lec t i on m arker,  m ul t i -c l on ing si tes 

(MCS) ,  tags or  l eading sequenc es 

� commerc i a l  vecto rs  (pBAD Inv i t rogen,  pET Merck)

� DUET  vecto rs  (der i v at i v es of  pET)  – sui tab le  f or  hetero logous 

ex pression of  whole m etabol i c  pathway s.
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DUET  vecto r  system (T 7 p romoter, va r iab 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 rder  and  con f igu rat ion  o f  genes in  operone in f luence the i r  

exp ress ion . 1

pseudo-operon monocis t ron ic

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

operon

promoter

RBS

terminator

Express ion  f rom p lasmids

1Lim, H.N. (2011) PNAS, 108:10626 
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HET EROLOGOUS GENE EXPRESSION FROM CHROMOSO ME

� ex pression f rom  chrom osom e i s advan tageo us (h i gher  stab i l i t y,  no 

ant i b i o t i c  m arkers)   

� methods fo r  i n teg rat ion :  hom ologous recom binat i on ( recA,  λ  Red ) ,  

t ransposi t i on (Tn5 and Tn7-based v ec tors)  

� i n tegrat i on of  s ing le genes or  whole synthet i c  operones

� subsequent  dupl i cat i on or  mul t ip l i cat i on  o f  i nser t i ons

Express ion  f rom chromosome

SYNT HET IC OPERON DESIGN (sof twa r e GeneDesigne r  2 .0)

+1
P  TRBS RBSRBS dhaA hheC echA

mRNA

ATG                     stop         ATG                      stop         ATG                      stop

Express ion  f rom chromosome

INSERT ION OF DESIRED GENE(S)  BY T N-5 BASED T RANSPOS IT IO N 

(non-speci 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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Ba lanc ing  gene  express ion  V I

HET EROLOGOUS GENE EXPRESSION FROM CHROMOSO ME

� m ul t i p l i cat i on of  i nser t i ons:  Chemica l l y  Induc ib le  Chromoso mal  

Evo lu t ion  (CIChE) 1

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

protein levelprotein level

Subs t ra te  channe l l ing

Synthet i c  p ro te in  scaf fo ld ing  made o f  bacter ia l  doc ker ins and  

cohesins f rom cel lu losome ( Clostr id iu m ,  Bactero id es ) .  

� prote in  scaf f o l d i ng used f or  i nc reasing prox im i t y  of  3  g l yco l y t i c  

enzym es produc ing f ruc tose- 6 - phos pha t e1

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

cohesins

dockerins

pathway
enzymes

substrate product
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small molecules levelsmall molecules level

Cofac to r  ba lanc ing

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

react ions (NAD(H) ,  NADP(H))  

� natura l  pathway s (e.g.  g l yco l ysi s)  o f ten em ploy  

oxido reduct ases

� cof ac tor  recyc l i ng and balanc ing i s essent i a l  

� solut i on:  enzym e m ediated co facto r  recyc l ing  

t hrough ov erex press ion of  NAD+ k inase,  

t ranshy d r ogenases or  dehydrogenases 

sim ul taneousl y  wi th  knock-out s  of  genes encoding 

enzym es f rom  com pet i ng pathway s

NADP+

NADPH

metabolic load1metabolic load1

1Glick, B.R. (1995) Biotechnology Advances, 13:247
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Metabo l i c  l oad

� overexp ress io n  o f  fo re ign  p ro te ins resu l ts  i n  decre ase o f  v iab i l i t y  

o f  host  ce l l

rich LB medium                                                 minimal medium 

Metabo l i c  l oad

induction

� overexp ress io n  o f  fo re ign  p ro te ins resu l ts  i n  decre ase o f  v iab i l i t y  

o f  host  ce l l

45 %

YIELD VS.  VIABIL IT Y OF CELL

1) STAT IC CONT ROL: stat i c  ba lanc ing of  product i on of  pathway 

enzym es - l ev e l s o f  enzym es rem ain unchanged throughout  the 

whole cu l t i v at i on (m ost  o f  the standa rd techniques m ent i oned abov e)   

2) DYNAMI C CONT ROL: engineer i ng of  a  dynam ic  respons e of  host  

organi sm  on metabo l i c  l oad  and  tox ic i ty  of  pathway com ponent s  –

l ev e l s o f  enzym es f l uc tuate dur i ng cu l t i v at i on (chal l enge f or  f u ture 

appl i cat i ons of  ME)

Metabo l i c  l oad
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Dynamic  con t ro l  eng inee r ing

� Dynamic Sensor-Regu l a to r  System (DSRS) 1

� Product i on of  b i od iesel  f rom  f at t y  ac id  ethy l  ester  i n  E.  co l i .

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

ME o f  b iosyn the t i c  pa thw ays

ME APPLIED IN ORDER TO IMPROVE (ESTABLISH)  PRODUCT I ON OF:

� biof ue l s (e thanol ,  butanol ,  H2 ,  f a t t y  ac ids der i v ed ester s)

� natura l  and non-nat ur a l  a l cohol s

� natura l  and non-nat ur a l  am ino ac ids

� f a t t y  ac ids

� pept i des and prote ins

� seconda ry  m etabol i tes:  ant i b i o t i cs,  i soprenoi ds (ar tem isi n i n ,  tax o l )

� ol i go and pol ysacha r i des  (b i odegr adabl e po l ym ers)

� com m odi ty  chem ical s (1 ,3-propanedi o l )

� and m any others. . .

ME o f  b iosyn the t i c  pa thw ays

Curren t l imi ta t ions o f b iosyn thes i s us ing eng ineered orga n isms:

� m issing standa r ds

� l ow product i v i t y ( l ow act i v i t y of enzym es,  si de reac t i ons,  l im i t s of

host  organi sm s)

� non-com pet i t i v e econom y of the biosynt he t i c proceses

� appl i cat i on of GMO (eth i cs)  

� l ow stabi l i t y  o f GM const ruc t s (ev olut i on)
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ME o f  b iosyn the t i c  pa thw ays

EXAMPLE No.1:  Eng ineer ing  o f  E.  co l i  K12 towards p roduct ion  o f  

1 ,3-p ropan ed io l 1

� com m odi ty  chem ical  (so l v ents,  adhesi v es ,  resins,  detergen t ,  tex t i l e)

� syn thet i c  pathway

� 15 years,  575 sc ien t i s t s  (DuPont+G enenc or )

� 1,3-PD produced at  ra te  3.5 g/L-h,  t i ter  o f  135 g /L

1) i n t roduc t i on of  genes f rom  3 organi sm s:  E.col i (yghD ) ,  S.cerev i s i ae

(dar1 ,  gpp2 ) ,  K.  pneumon iae (dhaB1-B 3 )

2) delet i on of  g l ycero l  k i nase (glpK ) ,  g l ycero l  dehydr ogenase (gldA )

3) change of  uptake system  (delet i on of  PEP-dependent  system  and 

i n t roduc t i on of  ATP-coupled uptake)  

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

glycolysis
glpk + gldA

S. cerevisiae

K. pneumoniae

ME o f  b iosyn the t i c  pa thw ays

EXAMPLE No.2:  Eng ineer ing  o f  E.  co l i  towards p roduct ion  o f  taxo l  

p recurso r  ( i sopreno id )

� t ax o l  – ant i canc er  drug (Taxus brev i fo l i a ) ,  precur sor  tax adiene

� com pl i cated chem ical  synthesi s (35 – 50 steps) ,  l ow y i e l d

� syn thet i c  pathway consi st s o f  nat i v e upst ream modu le (8  genes)  and 

hetero logous downst ream modu le (2  genes f rom  Taxus )

� comb inato r i a l  approach :  mu l t i var i e t e - modu la r  eng ine er ing  – search 

f or  opt im al l y  ba lanced pathway i n  com binator i a l  space

� com binat i on of  5  p l asm ids,  3  prom oter s and 2 pathway m odules

� m inim izat i on of  cum ulat i on of  tox i c  i n term ediate i ndol

� 15,000- fo ld  improvement  of  tax adiene product i on,  t i t er  o f  1 g /L

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

ME o f  b iodegrada t ion  pa thw ays

� ME of  b i odegradat i on pathway s f or  b iodegradat ion of  tox i c  

com pounds i n  i ndust ry,  b iosensing and in  s i tu  b io remed i at ion .

� host  organi sm s:  bacter ia (m ost l y  im prov em ent  o f  natura l  st ra i ns 

i so la ted f rom  contam inat ed si tes)  and p lan ts (phy tob io r em edi at i on )

� phenom ena of  tox i c i t y  and adaptat i on of  bac ter i a  (enzym es)  towards 

anthropogeni c  subst r at es

� paraox one,  to l uene,  DCE,  TCP,  l i ndane
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ME o f  b iodegrada t ion  pa thw ays

Curren t l imi ta t ions o f b iodegradat i on us ing eng ineered or gan isms:

� l ow compet i t i vn ess of engineer ed st ra i ns (d i f f erent condi t i ons in  l ab

and i n  the env i ronm ent )

� decreased viab i l i t y of host  organi sm s due to m etabol i c l oad and 

h igh tox i c i t y  o f subst ra t es and pathway interm ediates

� appl i cat i on of GMO (e th i cs)  

� l im i ted num ber of “success f u l stor i es”

� →  ME of b iodegradat i on pathway s i s chal l enging

� l ow stabi l i t y  o f GM const ruc t s

ME o f  b iodegrada t ion  pa thw ays

EXAMPLE: Syn thet i c  pathway fo r  b iodegradat ion  o f  1 ,2 ,3-

t r i ch lo ropro pane (T CP)

� TCP – anthropogeni c  com pound,  i ndust r i a l  use,  em erg ing po l l u tant

� no natura l  st ra i n  capable of  TCP ut i l i zat i on ( l ack  of  dehalogenat i ng 

enzym e)

T CP pa thw ay

Pro ject  workf low:

� 1989 – descr i p t i on of  pathway f or  u t i l i zat i on of  ha logenat ed a l cohol s 

f rom  Agrobact er i um rad iobact er  AD1 (HheC ,  EchA )

� 1997 – descr i p t i on of  ha loa l kane dehalogenase DhaA (Rhodococc us sp . )

� 1999 – hetero logous ex pressi on of  dhaAwt  i n  A. radiobact e r  AD11

� 2002 – hetero logous ex pressi on of  dhaAM2 i n  A. radiobact er AD12

� u l t imate goal :  bacter iu m u t i l i z ing  T CP as a s ing le  carbon  source

PROBLEMS:

� l ow v i ab i l i t y  o f  const r uc t s (TCP tox i c i t y,  l ow ex pression of  enzym es)

� cum ulat i on of  tox i c  pathway i n term ediates

� l ow conv ersi on of  TCP to g l ycero l  (3 .6  m M/10 days)

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

2009 - const ruc t ion  o f  DhaA31 1 (32- t imes improved  act i v i t y  w i th  T CP)

� ra t i onal  design - com puter  m odel l i ng f or  se lec t i on of  hot  spots

� di rec ted ev olut i on - saturat i on m utagenesi s i n  pre-def i ned posi t i ons

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

2009 – now:  app l ied  p r inc ip les o f  metabo l i c  eng ineer ing :

� gene synthesi s and codon  op t imizat ion  f or  E.  co l i

� c lon ing i n  pET and DUET v ec tors,  overexp ress i on

� deta i l ed charac te r i z at i on of  pathway enzym es (k inet i c  p roper t ies )

� charac te r i z at i on and quant i f i cat i on of  m etabol i tes (GC analys is )

� PROOF OF CONCEPT:  reconst ruc t i on of  pathway in  v i t ro  

T CP pa thw ay

In  v i t ro  reconst ru ct ion  o f  T CP pathway (so lub le enzymes )

T CP pa thw ay

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

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



15

2009 – now:  app l ied  p r inc ip les o f  metabo l i c  eng ineer ing :

� k inet i c  model  of  the pathway

� reconst r uc t i on of  pathway in  v ivo  (E.  co l i )

� def i ned tox i c i ty of  TCP and pathway i n term ediat es f or  ce l l

� modu lar  eng ineer ing  f or  ba lanc ing of  gene ex pressi on (DUET v ec tors)

� comb inato r i a l  approach : const ruc t i on of  sev era l  v ar i ants o f  the 

pathway and se lec t i on of  one wi th  the m ost  e f f i c i ent  conv ersi on of  TCP 

to g l ycero l

T CP pa thw ay

In  v ivo  reconst ru c t ion  o f  T CP pathway ( E.  co l i ,  DUET  vecto rs)

T CP pa thw ay

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

Kurumbang ,N.P. et al.(2013) submitted to ACS Synthetic Biology

Cur ren t  l im i ta t i ons  o f  ME

� l ong way f rom lab scale (m l  - L)  to  i ndust ry scale (103 - 105 L)

� cost l y processes (esp.  product recov ery and pur i f i cat i on)

� l ow product i v i t y of enginee red pathway s – requi rem ent at l east  100 

g /L  f or com m odi ty chem ical s (1,3-propanedi o l  135 g/L)  or 1 g /L f or

pharm aceut i c a l s ( tax adiene 1g/L)

� com plex i t y of l i f e - ev olut i on



16

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 )

Discuss ion

Yadav, V.G. (2012) Metabolic Engineering, 14:233
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Subs t ra te  channe l l ing

Synthet i c  p ro te in  scaf fo ld ing  made o f  eukaryo t i c  b i nd ing  domains.

� prote in  scaf f o l d i ng used f or  tun ing of  sto i ch iom et ry  o f  enzym es i n  

m etabol i c  pathway (AtoB,  HMGS,  HMGR) f or  product i on of  m ev alonate1

1Dueber, J.E. (2009) Nature Biotechnology, 27:753

Genome-sca le  ME

� Mul t ip lex Au tomat ed  Genome Eng ineer ing  (MAGE) 1

� Sim ul taneous m utagenesi s o f  m ul t i p l e  genes in  v ivo using the pool  

o f  synthet i c  o l i gonuc leot i des.

1Wang, H.H. (2009) Nature, 460:894

A                          B                           C                            D                       E

F                         G

1                          2                           3                            4

5                        6
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Gene  knock -ou t

� gene(s)  o f  i n terest  i s de le ted f rom  the chrom osom e – permanen t  s ta te

� widel y  used technique based on phage λ Red recomb inase (E.  co l i )

� analogous m ethod used i n  yeast

www.genebridges.com Datsenko, K.A. (2000) PNAS, 97:6640

ME o f  b iosyn the t i c  pa thw ays

EXAMPLE No.3:  Eng ineer ing  o f  E.  co l i  towards p roduct ion  o f  

l evop i ramad iene ( secondar y  m etabol i te ,  d i terpenoid ) 1

� l ev oporam id iene – pharm aceut i c a l l y  im por tant  com pound

� plant -der i v ed pathway:  Gingko b i loba ( lps) ,  Taxus ch inens is (ggpps)  

+ nat i v e terpenoid pathway f rom  E.  co l i  (4  genes)  

� comb inat ion  o f  p ro te in  and  metabo l i c  eng ineer ing

� ov erex pressi on of  pathway enzym es,  codon  op t imizat ion ,  prote i n  

engineer i ng of  l ev opi ram adiene synthase (LPS )  and gerany lger any l  

d i phosphat e synthas e (GGPPS )  towards i ncreased spec i f i c i t y  and 

ac t i v i t y  (5x )  – E.  co l i  di rec t l y  used as a in  v ivo  screen ing  system

� 2,600- fo ld  improvemen t  of  product i on,  t i t er  o f  0.7 g /L ( i n  168 h rs)

1Leonard E. (2010) PNAS, 107:13654

glycerol


