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Metabolic Engineering IMetabolic Engineering I

Bi7430 Molecular Biotechnology

� R e c o m m e n d e d  s o u r c e s  f o r  s t u d y

� I n t r o d u c t i o n  t o  t h e  m e t a b o l i c  e n g i n e e r i n g  ( M E )  

� S u i t a b l e  h o s t  o r g a n i s m s  f o r  M E

� G e n e r a l  wo r k f l o w  o f  M E  p r o j e c t

� M a t h e m a t i c a l  m o d e l l i n g  o f  m e t a b o l i c  p a t h wa y s  

� D i s c u s s i o n

Out l i ne

Sources  fo r  s tudy:  books
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Sources  fo r  s tudy:  jou rna ls

Sources  fo r  s tudy:  jou rna ls

Greg Stephanopoulos (MIT) Jay D. Keasling (Berkeley)

James C. Liao (UCLA) Huimin Zhao (University of Illinois)

Sources  fo r  s tudy:  w eb



3

IUBMB-Nicholson Metabolic Pathways Chart (Sigma-Aldrich): ATP metabolism in mitochondria and chloroplast.

catabolic
pathways:

biodegradation
anabolic
pathways:

biosynthesis

Bailey , J.E. (1991) Science, 252:1668

I n t roduc t ion :  a  b i t  o f  h i s to ry

“...the improvement of cellular activities by manipulations of enzymatic, transport, and regulatory
functions of the cell with the use of recombinant DNA technology.”

I n t roduc t ion :  de f in i t i on  o f  ME

� ME i s t he p rac t i ce o f o p t i m iz i ng g en e t i c and regu la to ry p ro c esses

w i th in ce l l s to increase the cel l s ’ p roduct ion o f a cer ta in s ubstance. 1

(o r degradat ion o f cer ta in substance)

� These p r oc esse s ar e se r i es of b i ochemi cal react ion s t hat a l l ow c el l s t o

conv er t raw m ater i a l s i n to m olecules necessar y f or the cel l ’s surv i v a l .

� ME s math emat i ca l l y mod el t hese r eac t i ons, ca l cu l a t e a y ie l d of usef u l

pr oduc t s, and de te rm ine t he con st ra in t s f or t he pr oduc t i on of t hese

product s.

� ME s use co mpu t at io n al and exp e r i men t a l to o l s t o ov er com e t hese

const ra i n t s and est abl i sh co s t e f f ect i ve p rocess. M axi mu m yi e l d of

desi r ed subst ance m ust be balanc ed wi t h t he nat u ra l su rv iv al needs o f

the cel l .

1Yang, Y.T. (1998) Electronic Journal of Biotechnology, ISSN 07117-3458
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definition of the problem

solution of the problem

pathway

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

MULT IDISCIPL INARIT Y:  

� bio in f orm at i cs,  m i c rob io l ogy,  m olecular  b i o l ogy, b iochem ist ry,  genet i c s,  

m athem at i cs. . .  + common sense ( team work! ! ! )

COMPLEXIT Y:

� knowledge of  behav ior  o f  the ent i re  m etabol i c  pathway( s)  i n  the con text

o f  l i v ing   o rgan ism (system s b io l ogy,  a l l  “om ics” techniques)  

SUSTAINABIL IT Y:  

� rep lacem ent  o f  f osi l  f ue l s by  ut i l i zat i on of  renewab le resources i n  

env i ronm enta l l y  f r i endl y  processes

� b iosyn thes i s of  v a lue-added chem ical s (drugs)  and b io f ue l s

� b iodegradat io n of  tox i c  chem ical s and b iorem ediat i on of  po l l u ted si tes

I n t roduc t ion :  cha rac te r is t ics

ME in  con tex t  o f  recen t  w or ld  

� g lobal  chemist ry  market  est im ated at  2,292 b i l l i on  US$ 1

� i ndust r ia l  b io techno logy m arket  est im ated onl y  50 b i l l i on  

US$ (does not  i nc l ude pharm aceut i c a l  b i o technol ogy  and 

b io f ue l s)

� great  po ten t ia l  fo r  g rowth  i n  f o l l owing decades (up to  20% 

of  g l obal  chem ist ry  m arket  could by  cov ered by  

b io technol og i c a l  product s by  2020)

1Ghisalba, O. (2010) Industrial Biotransformation. Encyclopedia of Industrial Biotechnology.
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Sui tab le  hos t  o rgan isms  fo r  ME

DILEMMA TO BE SOLVED

� m icroorgani sm s vs .  m ul t i ce l l u l ar  organi sm s

� prokary ot es vs .  eukaryot es

� heterot r ophi c  vs .  autot rophi c  organi sm s

� plants vs .  an im al s

� in  v ivo vs .  in  v i t ro

What a hell...

PROS AND CONS
?

Algae

Beer , L.L. (2009) Curr.Opin.Biotech., 20:264

� v ery  prom issing f or  f u ture

� product i on of  H2 ,  b i o f ue l s ( l i p i ds)  and 

b iodegradable p l ast i cs (starc h)

� m icroalgae (Chlamydom onas re inhar d t i i ,  

Volvox  car ter i )

� (+ ) high ef f i c i ency  i n  conv ersi on of  sun 

energy,  thr i v e i n  sa l t  water

� ( - ) l ack  of  genet i c  too l s ( random  

m utagenes i s,  m iRNA) ,  l ow product i v i t y

Mammal ian ce l l s

http://www.cancer.cam.ac.uk/

� 60 – 70% of  recom binant  prote i n  

b i opharm aceut i ca l s  (MAbs - Hercept i n )  

� approv ed ce l l  l i nes:  CHO,  BHK,  HEK-293,  NS0,  

PERC6 ( f ed-batch )

� ME f ocused on im prov em ent  o f  product  t i t ers 

(ce l l  densi t y )  and qual i t y

� (+ ) post t ransla t i onal  m odi f i cat i ons,  hum an- l i ke 

system ,  m etabol i c  d i v ersi t y  

� ( - ) high com plex i t y  and sensi t i v i t y  (apoptos i s) ,  

s l ow growth,  cum ulat i on of   by-product s  

(am m onia,  l ac tate) ,  nut r i t i on requi rem en t s
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Yeas t

� baker ’s yeast  Sacchar om yc es cerev is i ae,  t he 

o ldest  and best  known host  f or  b i o technology  

(bread,  wine,  beer,  e thanol )  

� f ood i ndust ry,  b i o f ue l  product i on ( f erm entat i on 

product s e thanol  and g l ycero l )  

� starch and ce l l u l ose ut i l i zat i on,  product i on of  

l ac t i c  ac ids,  terpenoi ds etc .  

� (+ ) known genom e (13 Mb) ,  eukaryot i c  m ic robe 

(post t r ansl a t i onal  m odi f . ,  cheap cu l t i v at i on) ,  

secret i on,  num ber  of  genet i c  too l s av ai l ab le   

� ( - ) recom binan t  st ra i ns not  accepted by  publ i c  

(GMO in f ood) ,  cum ulat i on of  by-product s

http://en.wikipedia.org/

Fung i

http://deferre.blogspot.cz/

� used f or  thousands of  years i n  t rad i t i onal  

b i o technol og ies  (ko j i  f ungi  i n  Japan)

� Asperg i l l us  n iger  (c i t r i c  ac id) ,  A.  oryzae (α -

Am ylase) ,  A.  ter reus  (sta t i ns)

� peni c i l l i n ,  hetero logous enzym es,  conv ersi on 

of  b i om ass to  com m odi ty  chem ical s (out l ook)

� (+ )  l ow pH to l erance (potent i a l  f or  product i on 

of  organi c  ac ids) ,  m etabol i c  d i v ersi t y

� ( - )  l ack  of  genet i c  too l s,  f orm at i on of  by-

product s,  com plex  prote i n  process ing

Streptomyces

� G+ bacter i a  wi th  m ycel i a l  habi t  

� produce r s of  ant i b i o t i cs (50 %) ,  ant i cancer ous  

agents (b l eom yc in) ,  enzym es (degradat i on of  

ce l l u l ose)

� (+ ) non-pathogeni c ,  r i ch i n  seconda ry  

m etabol i tes,  prote i n  ex cret i on,  ex pression of  

genes wi th  h i gh GC content ,  cheap cu l t i v at i on,  

degrador s ,  decom pose r s

� ( - ) m ycel i a l  growt h l im i t s m ass t ransf er,  l ack  of  

genet i c  too l s ( random  m utagenesi s  and 

screeni ng = not  GMO),  l arge genom es wi th  m any 

regulator y  prote i ns

http://streptomyces.nih.go.jp/
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Bac i l lus  subt i l is

� G+ bacter i a l  m odel ,  sporu la t i on

� product i on of  ant i b i o t i cs,  v i tam ins (H,B1,  B2,  

B5,  B6) ,  f ood enzym es (50% of  wor l d  m arket ,  

ser i ne proteases)

� (+ )  non-pathogeni c ,  known genom e (4.2 Mb) ,  

estab l i shed genet i c  too l s,  secret i on of  

enzym es,  ex per i enc e wi th  l arge-sc ale 

f erm entat i ons

� ( - )  high com plex i t y  o f  the secret i on processes ,  

no endogenous p lasm ids and i nstab i l i t y  o f  

recom binant  ones – chrom osom al  ex pressi on 

pref f ered 

http://www.astrobio.net/

Pseudomonas  put ida

� G-,  P.  put ida KT2440,  saprophyt i c  so i l  

bac ter i um

� best  charac te r i zed Pseudom onas ,  m odel  

organi sm  f or  b i orem ediat i on appl i cat i ons  and 

const ruc t i on of  bac ter i a l  chassi s

� TOL p lasm id - natura l  ab i l i t y  to  degrade 

so l v ents ( to l uene,  x y l ene) ,  design of  pathway s 

f or  b i odegradat i on of  organi c  po l l u tant s 

� (+ )  non-pathogeni c ,  known genom e (6.18 Mb) ,  

m etabol i c  v ersat i l i t y

� ( - )  so f ar  l ess popular  bac ter i a l  m odel  than E.    

co l i

http://www. bacmap.wishartlab.com

Escher ich ia  co l i

� G-,  (E.  co l i  K-12)  m ost  im por tant  bac ter i a l  

m odel  organi sm  ( “work hor s e” )  

� (+ )  rap id growt h on sim ple synthet i c  m edia,  

f ast  doubl i ng t im e (20-30 m in) ,  h i gh ce l l  

densi t i es,  h i gh product  content  (up to  30% of  

dry  ce l l  m ass)  wel l  known genom e (4.6 Mb) ,  

d i v erse genet i c  too l s,  dev eloped cu l t i v at i on 

st ra teg i es,  i ndust r i a l  (and publ i c )  acceptanc e

� ( - )  no g l ycosi l a t i on (and som e other  p t .  

m odi f i cat i ons) ,  acetate product i on at  h i gh 

g lucose f l ux es,  l im i ted prote i n  secret i on,  

thorough aerat i on needed

http://www.telegraph.co.uk/
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E.  co l i . . a  b i t  o f  h i s to ry

Smolke, C.D. (2009) The Metabolic Engineering Handbook: Fundamentals

discovery of plasmids

discovery of restriction enzymes and ligases

first recombinant DNA

commercial production of insulin (Genentech)
commercial production of AA (Thr, Phe, Trp), by ME

commercial production of 1,3-propanediol (Genencor, 
Du Pont), by ME

Smolke, C.D. (2009) The Metabolic Engineering Handbook: Fundamentals

E.  co l i :  b iosyn the t i c  po ten t ia l

+ heterologous 
expression

In  v i t ro  ME

� cel l - f ree system s,  prom issing area i n  

ME and synthet i c  b i o l ogy

� work  wi th  CFE or  pur i f i ed com ponent s

� in  v ivo  systems are too  comp lex (1 ,3-

propanedio l  product i on i n  E.  co l i , 15 

years,  575 sc ient i st s )

� (+ )  l ower  com plex i t y,  bet ter  def i ned 

system s,  no m em branes ( f aster  

t ranspor t ) ,  h i gher  f l ex i b i l i t y,  no tox i c i t y  

prob lem s,  no GMO 

� ( - )  cel l s needed anyway, l ower  enzym es ’

concent r at i ons than i n  ce l l ,  recyc l i ng?

Hodgman, C.E. (2011) Metabolic Engineering, 14:261

crude extracts
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Dhamankar , H. (2011) Curr.Opin.Struct.Biol., 21:1

Genera l  w ork f l ow  o f  ME pro jec t

and Properties

Pathw ay des ign  and  se lec t ion

What  i s  the main  goal  o f  the p ro ject?

ME can  be app l ied  to :

� improve the y ie ld  and product i v i t y  o f  nat i v e product s synthes i z ed by  

organi sm s

� extend  the range of  subst ra t es or  im prov e the uptake of  subst r a t e 

( i nc l ud ing b iodegr ada t i on)  

� estab l i sh  p roduct ion  of  product s that  are new to  the host  ce l l  

Pathw ay des ign  and  se lec t ion

I den t i f i cat ion  o f  pathway o f  i n terest

Databases o f  anabo l i c  and  catabo l i c  pathways

� biosynthes i s:  MetaCyc,  KEGG

� biodegradat i on :  UM-BBD Pathway Predi c t i on System  (183 pathway s)

L i teratu re search

� NCBI  Pubm ed database ,  W eb of  Sc ience (W OS)

Visual i zat i on  o f  metabo l i c  networks

� Cytoscape,  GraphViz ,  Syst r i p

Visual i zat i on  o f  react ion  networks 

� Cel lDesigner,  GLAMM
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http://metacyc.org/ http://umbbd.ethz.ch/predict/

Our  mode l  pa thw ay

Synthetic pathway for biodegradation of 1,2,3-trichloropropane (TCP)

Dhamankar , H. (2011) Curr.Opin.Struct.Biol., 21:1

Genera l  w ork f l ow  o f  ME pro jec t

and Properties
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Pathw ay enzyme prope r t i es

Enzyme databases :  

� BRENDA,  B ioCyc,  KEGG 

Enzyme p roper t ies:

� BRENDA,  Ex PASy serv er

Search ing  fo r  sequence homo logy:

� BLAST (NCBI )  – basi c  l oca l  a l i gnm ent

Enzyme st ructu re and  i ts  v i sual i zat io n

� Prote in  Data Bank (PDB) ,  PyMOL

+ physica l /chemica l  proper t ies

of  metabol i tes

kcat/Km kcat/Km

kcat/Km

kcat/Kmkcat/Km

Dhamankar , H. (2011) Curr.Opin.Struct.Biol., 21:1

Genera l  w ork f l ow  o f  ME pro jec t

computational
and

experimental 
tools

and Properties
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Pathw ay op t im iza t ion

Orig ina l  “h i s to r i c ” approach :

� com binat i on of  random mutagenesi s  wi th ex haust i v e screen ing of  

candidates  wi th  im prov ed product i on of  desi red com pound

� chem ical  (e .g .  e th i d i um  brom ide)  and physi ca l  (UV i r rad ia t i on)  

m utagens,  “m utator  st ra i ns”  (Epicur i an co l i  XL1-Red)  

� (+ ) success  achiev ed i n  product i on of  AA,  ant i b i o t i cs,  v i tam ins.

� ( - ) t ox i c  agents,  resu l t i ng v ar i ants wi th  m ore undef i ned m utat i ons,  

dem anding screening 

Pathw ay op t im iza t ion

Recen t  s t ra teg i es t ry  to  be more ra t ional  and  focus ed .

Unders t andi ng of  ce l l u l ar  m etabol i sm  requi res the knowledge of :

1)  The topo logy of  the m etabol i c  network  (where - compar t men t s )

2)  The concen t ra t ion s of  m etabol i tes (what and  how much  - species )

3)  The f l ow of  m etabol i tes through pathway s (how fast  – f l uxes o r   

k inet i cs  o f  enzymes )  

4)  Ov era l l  con text of  the l i v i ng ce l l  ( “ -omics ” techn iques )

S tudy  of  1 ,  2 ,  3  and 4 requi res d i f f erent  theoret i ca l  and ex per im enta l

m ethods and too l s.

compartment

reaction species

fluxes or kinetics

whole-cell environment (studied by “-omics” techniques)
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� FLUX is the react ion  ra te connect ing  two  metabo l i t es   (A→B) or

rate at  wh ich  mater i a l  i s  p rocessed  th rough  the who le pathway,  

wi th un i t  [m ol .dm -3 . s -1 ] . 1

� F lux es are ca l cu la ted i n  steady-s t at e ,  DO NOT  descr ibe dynamics 

of  enzym at i c  reac t i ons (k inet i c  paramet e rs  of  enzym es needed)

� Along wi th  i n t race l l u l ar  metabo l i t e  concen t rat i on s ,  f l ux es def i ne the 

m in im al  i n f orm at i on needed f or  descr i b i ng m etabol i sm  and ce l l  

physio l ogy.

Pathw ay f l ux

1Stephanopoulos , G. (1999) Metabolic Engineering, 1:1

PIPELINE

S                            A                                 B              C                                 P

Metabo lomics

� Metabolom ic s com pletes the i n f orm at i on f rom  f l ux  anal ysi s wi th  

i n f orm at i on about  concen t rat ion s o f  metabo l i t es .

� METABOLOME i s a  quant i ta t i v e set  o f  a l l  m olecules presen t  i n  the ce l l  

a t  cer ta i n  t im e.   

� Ex per im enta l  anal y t i ca l  techniques:  GC-MS,  LC-MS,  CE-MS,  NMR .

Meyer, A. (2007) Current Opinion in Microbiology  10:246

Mathemat i ca l  mode ls  o f  MPs

� Mathem at i ca l  m odel s o f  m etabol i c  pathway s p lay  a cen t ra l  ro le  in  

metabo l i c  eng ineer ing .  

� Models he lp to  i den t i f y  react ion s wh ich  need  to  be mod i f i ed  t o  

im prov e the per f orm anc e of  the pathway.

� Once such reac t i on( s )  i s (are)  i dent i f i ed,  exper imen t a l  techn iques 

are appl i ed i n  order  to  target  co rrespond ing  gene(s)  o r  regu lato ry  

mechan isms .  

� T here are th ree types o f  model l i ng  o f  metabo l i sm

1)  F lux  Balance Anal ysi s (chem ost at )

2)  Metabol i c  F lux  Anal ysi s (chem ost a t )

3)  K inet i c  model l i ng  ( rea l  cond i t i ons)
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Kine t i c  mode l l i ng

� Kinet i c  m odel s em ploy  k i net i c  param ete r s of  pathway enzym es to  

descr ibe dynamic behavio r  of  m etabol i c  pathway.

� Parame te rs :  concent r at i ons  of  enzym es,  K m ,  k c a t or  V m ax,  K i ,  K d ,  

(BRENDA database ) .

� Kinet i c  equat ions:  e.g.  Michael i s- M en t en m echani sm

� App l i cat ion  fo r  s imu lat ion of  the pathway reac t i on courses and  

p red ic t ion  of  pathway behav iour  

� Com put i ng too l s:  E-Cel l ,  COPASI ,  Cel lDesigne r,  Sc ient i st ,  Mat l ab

� (+ )  t he m ost  rea l i st i c ,  dynam ic  descr i p t i on of  the system .

� ( - ) m issing k i net i c  data f or  m ajor i t y  o f  enzym es,  k i net i c  param eter s  

of ten m easur ed in  v i t ro  i n  opt im al  (not  physio l og i c a l )  condi t i ons

Kine t i c  mode l l i ng :  example

K ine t i c  mode l l i ng :  example

Modelling of TCP pathway.
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Summary

KEY POINTs of ME pro ject

� select ion of sui table host  organism

� thorough select ion/des ign of the pathway

� maximal know ledge of bas ic  bui ld ing blocks

(enzymes and metabol i tes)  of target MP

� mathemat ica l model l ing and metabolomics play a key rol e  in 

ME for def ini t ion of problemat ic react ions

� genet ic tools are used for solut ion of the problem (Lecture 2)

Discuss ion

AppendicesAppendices
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� under  cont i nuous f eed of  A ,  the 

f l ux es becom e stat i onar y  af ter  

som e t im e

� MEs are i n terested i n  steady-

state f l uxes (d i sadv antage)

� i n  steady- s t at e d[A] /d t  = 0

A B
vin voutv1

v2CA

flux

C A

transient state

http://www.boomer.org/  (modified)

Pathw ay f l ux

SBML (Systems Bio logy Markup  Language)

� Standar d (com m on)  l anguage used f or  shar i ng m athem at i ca l  m odel s 

descr i b i ng m etabol i c  network s  (+ other  b i o l og i ca l  networ k s ,  system s 

and processes) .

� Structu re o f  SMBL model

� l i st  o f  compar tmen t s ( in  v ivo v s.  in  v i t ro )

� l i st  o f  species i nv o l v ed i n  reac t i on

� l i st  o f  react ions :  f or  each reac t i on

- l i st  o f  reactan t s

- l i st  o f  products

- k inet i c  l aw ( l i st  o f  param eter s )

Mathemat i ca l  mode ls :  SBML

Mathemat i ca l  mode ls :  SBML



17

� Used f or  ca l cu la t i on of  i n t race l l u l ar  f l uxes .  Em ploy  i n f orm at i on about  

i n t race lu l l ar  concen t ra t ion s o f  metabo l i t es ( 1 3C l abe l l i ng) .

� Resul t s i n  proposal s f or  delet ion (knock- out s )  or  overexpress ion of  

cer ta i n  gene(s)  coding f or  pathway enzym es.

� (+ )  can deal  wi th  genome-scal e metabo l i c  networks ,  does not  requi re  

the knowledge of  enzym e k inet i cs

� ( - ) f l ux es represent  on l y  stat i c  approx imat i on  of  dynam ic  and com plex  

rea l i t y  i n  l i v i ng ce l l  a t  cer ta i n  condi t i ons set  up by  ex per im enter.  

Rel i ab le  in  v ivo m etabol i c  m odel s are st i l l  rare.

FBA and MFA

Flux  Ba lance  Ana lys i s

� FBA i s com plete l y  theoret i ca l  concep t . 1

� I t  i s a  d i rec t  appl i cat i on of  l i near  program m ing to b i o l og i ca l  system s that  

uses the sto ich iome t r i c  coef f i c ien t s  f or  each reac t i on i n  the system  as 

the set  o f  const ra in t s f or  the opt im i zat i on.  I t  s im pl y  requi res that  the 

to ta l  f l ux  of  any  com pound i n  the system  i s 0 .  

� computat ion al  too ls :  Cel lDesigner,  MetNetMak er,  COBRA too lbox  

( requi res MATLAB) ,  m odel s i n  SBML f orm at  

1 see Wikipedia for detailed description
Becker, S.A. (2007) Nature protocols  doi:10.1038/nprot.2007.99

An example of stoichiometric matrix for a network representing the top of 
glycolysis prepared for FBA.

Becker, S.A. (2007) Nature protocols  doi:10.1038/nprot.2007.99

Flux  Ba lance  Ana lys i s
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The results of FBA can be represented identically as a vector of fluxes, or by weighting the 
lines representing the reactions according to the flux they carry.

http://en.wikipedia.org/

Flux  Ba lance  Ana lys i s

Wiechert, W. (2001) Metabolic Engineering 3:195

Tang, Y.J. (2009) Mass Spectrometry Reviews 28:362

Metabo l i c  F lux  Ana lys i s

13C MFA workflow


