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[NpeabicTopUA

CtaHnun KoaH u lepbepT borep (1973) Bnepsble NpoaeMOHCTPUPOBAIN
BO3MOXXHOCTb BBeAeHMNA B baKTepUaNbHYIO KNETKY MCKYCCTBEHHO

CKOHCTpYUpoOBaHHOM YyxKepoaHon [IHK

Cohen SN, Chang ACY, Boyer HW, Helling RB. 1973. Construction of biologically
functional bacterial plasmids in vitro. Proc. Natl. Acad. Sci. USA 70(11):3240-44

80-e roabl: bypHoe pa3suTune
Zeuontech TEXHONOrnmn
NHCYNUH K |
COMAaTOTPOMNUH A Ny

Robert A. Swanson
Herbert Boyer

1976 (0) — 1B (> 1000), c 2009 r KakK YacTb

(>46 mnpa S) Hoffmann-La Roche WHcynnH

yesnoBekKa

CBepXxnpoayKumsa HASKOMOEKYIAPHOro meTabonnTa TpebyeT KOOPANHMPOBAHHOTO M3MEHEHUSA YPOBHSA
CUHTe3a B KNeTKe L,enoro paaa 6enKkos.



CucTtemaTnyecKoe HaKoM/IeEHME 3HAaHUW O KJIETOYHOM MmeTabonmame Kak
COBOKYMHOCTU BUOXMMUNYECKNX PeaKLUN (TEPMOANHAMUYECKUX,
KUHETUYECKNX XapaKTEPUCTUKAX, PEFYNATOPHbIX 3NEMEHTAX U T.A4,.)
OTKPbIBA/I0 BO3MOXKHOCTU AN MUKPOHHOro CMHTE3a CaMbiX

o
Pa3HO00bpa3HbIX BELLecTs. :l: Cybcrpar

MpoaykKTr 3



HekoTopbie obweynoTpebutenbHble 6a3bl AaHHbIX, rae cobupaeTca u
XPaHUTCA MHPOPMaLMA O MeTaboNNYECKNX NYTAX KNETOK pa3HbIX
OPraHMU3MOB N COCTABAAOLWMX 3TU NYTU BUOXMMUYECKUX PEaKLMAX,

dbepmeHTax U Ux CBONCTBAx:

The BioCyc database (biocyc.org) collection is an assortment of organism
specific Pathway/Genome Databases (PGDBs) that provide reference to genome and
metabolic pathway information for thousands of organisms. As of June 2021, there
were over 17,800 databases within BioCyc. SRI International, based in Menlo Park,
California, maintains the BioCyc database family.

BRENDA (The Comprehensive Enzyme Information System) is an information

system representing one of the most comprehensive enzyme repositories. It is an electronic
resource that comprises molecular and biochemical information information on enzymes.
BRENDA contains enzyme-specific data manually extracted from primary scientific

literature and additional data derived from automatic information retrieval methods such

as text mining. 8300 EC numbers, 260,000 enzyme ligands, four text-mining repositories
FRENDA (Full Reference ENzyme DAta), AMENDA (Automatic Mining of ENzyme DAta),
DRENDA (Disease-Related ENzyme information DAtabase) and KENDA (Kinetic ENzyme DAta)

were introduced.http://www.brenda-enzymes.org/

CuUCTeMHbIN B3rsia Ha meTaboanyeckme Nyt U Noaxoapl K
X ONTUMaNbHOMY PYHKLMOHUPOBAHMUIO C LLe/IblO0 CO34aHUA
NPOM3BOACTBEHHbIX MPOLLECCOB A8 MUKPOOHOro cMHTE3a
LLeneBblX BELLLECTB.



https://en.wikipedia.org/wiki/Information_system
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https://en.wikipedia.org/wiki/Information_system
https://en.wikipedia.org/wiki/Information_system
https://en.wikipedia.org/wiki/Information_system
https://en.wikipedia.org/wiki/Information_system
https://en.wikipedia.org/wiki/Enzyme_Commission_number

Y10 }Ke Takoe meTabonnyeckas UHKeHepuna?

Greg Stephanopoulos (MIT):

Metabolic engineering is the directed improvement of product
formation or cellular properties through the modification of specific
biochemical reactions or introduction of new ones with the use of

recombinant DNA technology.

Stephanopoulos G., Vallino J. Network rigidity and metabolic engineering in metabolite
overproduction. Science, 1991, 252 (5013):1668-75

Stephanopoulos G., Aristodou A., Nielsen J. 1998. Metabolic engineering: Principles and
Methodologies.

Jay Bailey (CalTech):

Metabolic engineering is the improvement of cellular activities by
manipulation of enzymatic, transport, and regulatory functions of
the cell with the use of recombinant DNA technology.

J. Bailey. Toward a science of metabolic engineering. Science. 1991 Jun
21;252(5013):1668-75.



«Memabonu4yecKasa uH3ceHepus — 3amo HanpassaeHHoe
yny4qyweHue npoyecca buocuHmesa npaKkmuyecku
8AXM(HO20 Yeneeso20 NpoldyKma u ceolicme memaboausma
Op2aHU3MA KAK UyesoCmHol cucmemol nymem
mMmoouguKayuu cneyuguyeckux buoxumuyeckux peakyuu
U ux pe2ynayuu uau co30aHUA HO8bIX MemabonuyecKux
nymeu ¢ Ucnosa6308aHUEM MeXHOA02uu
pekombuHaHmHbeix AHK u dpyaux moneKkynapHo-

buosozuyeckux u buoxumuyeckux Memoooe».
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C1l-CO,, Methane, Syngas,
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MeTabonunyeckaa MHXEHEepUa — YTo OHa MOMKET?

Biomass
Feedstocks

StarCh Syn Gas
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Glucose
Fructose
Xylose
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Intermediates

Products/Uses

Industrial

Corresicn inhibitors, dust control,
boiler water freatment, gas
purification, emizsion abatement,
specially lubrncants, hoses, seals

Transportation

Fuels, oxygenates, anti-freeze, wiper
fluids molded plasfics, car seats, belts
hoses, bumpers, cormsion inhibitors

Textiles

Carpets, Fibers, fabrics, fabric
coatings, foam cushions, upholstery,
drapes, |ycra, spandex

Safe Food Supply

Food packaging, preservatives,
fertilizers, pesticides, beverage
bottles, appliances, beverage can
coatings, vitamins

Environment
Water chemicals, flocculants,
chelators, cleaners and detergents

Communication

Meolded plastics, computer casings,
opfical fiber coatings, liquid crystal
displays, pens, pencils, inks, dyes,
paper products

Housing

Paints, resins, siding, insulation,
cements, coatings, vamishes, flams
retardents, adhesives, carpeting

Recreation

Foofgear, protective eguipment,
camera and film, bicycle parts & tires,
wet suits, tapes-CD's-DVD's, golf
equipment, camping gear, boats

Health and Hygiene

Plastic eyeglazses, cosmefics,
detergents, pharmaceuticals, suntan
letion, medical-dental products,
disinfectants, aspirin




Hanbonee 3Haummble npumepbl BUONPOAYKTOB,
BHEAPEHHbIX B NPOMbILLIIEHHOE NMPOM3BOACTBO B

Mupe 0 o

Succinic acid
Resveratrol

HO/\‘*/\OH "o
1,3-Propanediol D\/
OH \0 =
oo TN Vanill
B - - anillin
1,4-Butanediol Commercialized
M bioproducts
S
HO H ~ HO\/J\
NH,
L-Methionine Isobutanol
NH
H e
HZNTN\WOH o o
NH 0
L-Arginine Farnesene

Trends in Biotechnology

Trends in Biotechnology, August 2019, Vol. 37, No. 8



«MemabonuyecKkasn uH3ceHepus — 3mo HanpassaeHHoe
yny4qyweHue npoyecca buocuHmesa npaKkmuyecku
B8AMCHO20 Ueseso20 NnpoldykKma u ceolicme memaboausma
Op2aHU3MA KAK UyesoCmHol cucmemol nymem
mMmoouguKayuu cneyuguyeckux buoxumuyeckux peakyuu
U ux pe2ynayuu uau co30aHUA HO8bIX MemabonuyecKux
nymedu ¢ Ucnosa6308aHUEM MexXHO102uu
pekombuHaHmHbix AHK u opy2ux mosaeKkynapHo-

buosozuyeckux u buoxumuyeckux Memoooe».
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4. Substrate:

transport, etc

out

Some aspects of amino acid-producing
strains breeding

His

T 1. Host
Glycolysig 1 1
2. é " hway | .
] lc'bfvnthetié: : Phe selection
pathways Trp
~metabolism | | “ED
» Sk <———:". . Pathway Tyr
Ser . modification
Gly i\ QS o
/\ - Tricarboxylic acid cycle gll: &A
Cys Ala Lys and glyoxylate shunt Pro
Met | Val Asp Arn expo
Leu Asn
e Thr
lle
5. Adaptation to
Efflux of target

CP scale _ :
amino acid
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YTo Ham byaeT HeobxoaMMo Ana peanunsaumm
npouecca MUKPOBHOro cuHTe3a?

N\ BioCAD tools
! d
\
! Fomm T
Selected component parts

Automated
Deposit in assembly
repository
i5

New pert

2. UWnpoKoe ncnonbsoBaHme matemaTU4yeCcKkux
noaxoaoB AnA BblpaGOTKM CTpaTermnu
noayyeHnAa WTamMmma-npoayueHTa,
MOAETNPOBAHUA SKCTTEPUMEHTOB N dHAJIU3 Q. {8ies s ivnsenty deien aomaton s partofan ntegated

The Uit Biack Bosk of Sibanake Secrets

Robots And Microbes: Zymergen Raises $44
Million From Big VCs

3. BbicoKonpoun3ssoauTeIbHble METOAbl aHA/IN3a
N CKPUHUHIa. MUKpoPpntonaHbie TEXHONOTUN.
KNneTouyHbi COPTUHT. BUoceHcopol.




MukKpoopraHusmbl — nnatgopmbl (chassis), ncnonbayemoie
B meTabonnyeckom MHxeHepum:

Corynebacterium glutamicum
Escherichia coli

Bacillus amyloliquefaciens
Pantoea ananatis
Saccharomyces cerevisiae

IKcTpemodunbl: Halomonas spp, Deinococcus spp

Poctnpu pH 12 1 BbICOKMX KOHUEeHTpauuax conen, 0o 20% NaCl, Ha ~“65% cHurKaeT 3aTpaThl

Ha Ky/IbTUBMPOBAHME MO CPABHEHMUIO C TPAAMUMOHHbIM UCMONb30BaHUeM E. coli

YeJ et al (2018) BiOteChnOI JI 13(5):e1800074' C. acetobutylicum (Cac) .-~~~ C. ljungdahlii (Clj)
/ HII, i H, _

NCcKycCcTBEHHbIE CUHTPOJHbIE M ==

dCCounauni MI/IKpOOpI'aHVBM()?

Charubin and Papoutsakis, Metab. Eng., )
https://doi.org/10.1016/j.ymben.2018.10.006 i

.....................




HeKoTopble meToabl reHOMHOIO peakTUPOBaHUA

Cloning genes in multi-copy plasmids;
Mu-driven random integration/amplification

Gene 1981, 13:37-46; Gene 1991,97:259-266

Red/RecET-driven Recombineering;
Targeted site-specific integration/amplification

somsn )y
A N B NP
~ | -

PCR: vl — T ol —

T~
I

PNAS 2000, 97:6640-6645; BMC Biotechnol 2008, 8:63

Automation design from BioBricks;
Targeted genes/genomes synthesis and cloning
Nat Biotechnol 2008, 26:787-793; BMC J Biol Eng 2008, 2:5

ePathBrick: a synthetic biology platform for engineering
metabolic pathways in E. coli

ACS Synth Biol 2012 Jul 20;1(7):256-66

Synthetic biology platform of CoryneBrick vectors for
gene expression in Corynebacterium glutamicum and its
application to xylose utilization

Appl Microbiol Biotechnol. 2014 Jul;98(13):5991-6002

13



[eHHO-MH)XeHepHble NoaxoAabl ANA HaNPaBJAEHHOro NU3MEHEHUA
meTabonnueckux nyteu

TpeboBaHusa K WITAaMMaM, UCMOJIb3yeMbIM B KpynHOMacwtTabHoOM
Ky/1bTUBMPOBaAHMU: OTCYTCTBME Na3sMui, reHOB YCTOMUYMNBOCTMU K
aHTM6MoTnKaM, npepocrassieHne NosIHOM nHpopmaumm o060 Bcex
reHOMHbIX MOAU(UKaLIUAX.

FeHHO-MH)XEeHEePHbIN UHCTPYMEHTapUMN A0JHKEH OTBeYaTb 3TUM
TpeboBaHuaM (E. coli, M. methylotrophus, C. glutamicum, B. subtilis, B.
amyloliquefaciens, P. ananatis, etc), a Takxke Tpeb6oBaHuam FTO (free-to-operate).

3KCrPecCcnOHHbIE

i & INAD KaccerTbi
ot . 3apaum: KOHTpO/ZIMpyeMoe ycujieHue

3KCNpeccumn reHoB, KOAUPYIOLNX
- cwnaerts — v, PEPMEHTDbI LleNIeBoro 6uocuHTesa

'.ll.-

i‘ . WIN LeHTpasibHOro Mmetabonunsma,
ocnabneHune HeXxxenartenbHbIX NyTENn,
n o f= NAD(P)» MoandUKaLmMA TPAHCNOPTA LeneBbiX ‘ \-
Dt coeAVNHEeHUM.
Merabosimnyecknii XpoMocomMma witaMmmMma-

nyTb npoagyueHTa 14



Mini-Mu-based random integration for construction of plasmid-less
and marker-less AA-producing strains with completely known

chromosomal structure .. )
_ _ Mini-Mu expression
On the basis of phage-transposon Mu, an effective casseltes

dual-component integration system for editing of Gram-
negative bacteria genomes was developed.

Transposition and integrative modules are
separated that allows effective random insertions of
desired DNA fragments into a chromosome and
their further amplification.

29 cassette

S ah "] 7 6z i -
Pivs o 0L /
Restriction and self- N
cyclization U

The procedure is followed b Ml =2
by CGS or inversed-PCR U sequencing

. . (4273387
anaIySIS (ZlmenkOV et al’ ~ Mini-muintegration - p— Genome of the final stable

2004) tO find OUt the points analysis EEZ'?“’ pIasmid-IeSS multi-integrant
Iz FELe el I may contain transposition-

| &

| g

| g 3 |

| H i ‘
:gga_ugﬁziﬁ;3.%%ﬂ%(l;};g@g%.igﬁaagg.ﬂ}q;;:uué\imagégi

Reviewedin Akhverdyan et al, (2011) Appl Microbiol Biotechnol DOI 10.1007/s00253-011-3416y 1 5

Chromosome of a
producer strain




Example: Mini-Mu-based integration for E. coli +— Gluc

chromosome editing to produce L-valine o
E. coli K12 Pyrivate
l AHAS For Mini-Mu integration (AHAS For)
APr Ter ©1 lIvE
V-01 ilvG ilvM ilvE ilvD
> > > & wo
Mu attL Mu attR L-Val

V-2 (4 copies mini-Mu::Pr-ilvGMED)

l Mini-Mu amplification
Step-by-step increasing of Val

. .. . accumulation level
V-3 (7 copies mini-Mu::Pr-ilvGMED)

Dual-component integration system allow.
amplify pre-existed mini-
100:

Genome of the final stable plasmid-less multi- L=
integrant may contain transpositi ME BV e W
chromosomal rear

997 1-val, %

300

200

Strains

16



Optimization of genes expression in chromosome

PCR-amplification

Bgl Il Byl

Priir) ring”-based
&Qzaﬂ + P@%?O roaches (dsDNA, ssDNA) for
R cat T Ptacki * pra Randomization of -35 of H diti .
. ... the hybrid promoter Ptac chromosome editing:
Restriction, ligation,
Z PCR-amplification Ptac TTGACA .
o PtacN TNNNNA 1ons, precise

PtacN

iiqttR] cat gty [J. ,

ifications of regulatory and/or
structural parts of genes)

A

\\\ | [‘I/ ’

\ Plac I‘/ H ’
\ /! chromosome Based on pioneer works of D. Court’s Lab,

B. Wanner’s Lab, etc.

lac| lacZ lacY lacA
@ Lambda-Red integration mbineering
i eromesime s— MAGE, TRMR, CRMAGE
atiR attL lacZ lacY lacA (CRISPR/Cas9-optimized MAGE) .
chromosome

LacZ activity in integrants

6000

5000

4000

<::| Ptac - 10000 en.Munnepa
Miller units

3000

2000

1000 4

0
12 3 4 5 6 7 8 9 10 11 12 13 14 15

~ Katashkina J.l., PhD theses, 2006
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Site-specific chromosomal integration mediated by
bacteriophages recombination systems:

@80-attl.  kan @80-attR

Wi W Dual-In/Out

oriR gene X
. — method
L a3 ARed recombination
- A o80-attP A Library of ¢80-attB
’\ 980l __kan _ 980-atR ) “integration platforms”
tetR  AattR g >
@80-Int/Xis-dependent excision TOI‘ IOC_US SpeCIfIC
/2 insertion of target

genes was constructed

@80-attB
80-Int/Xis-i i f CRIM pl id (more than 20
-Int/Xis-Integration o asmi
? : g platforms).
{h m
AattR tetR tetA oriR AattL rgnB gene X tL3
¢ o L—, ,’ I / —— _"_
@80-attL @80-attR ]
' | E. coli,
A-Int/Xis-dependent excision @ IV C. g|utamicum’
AattB rgnB gene X tL3 P. anan at|S
©80-attL @80-attR

Minaeva et al, BMC Biotechnol, 2008 18



PCR-free cloning and targeted integration of any

long DNA fragment

(O mme] =D (O wonswsan]

dalation of tha nalive $8-54Bfrom chromosome

plfari.  Marker gBlaRR

< = 0D OO
v, j Kadintegration ol gdependent excizable marker inin

..... el diffenant chromosome point of MG1655 Alpa0-siE)
qRfatil.  Markar  @idatis

yaHnt' A5 desendent excision of rmarker

4
i T el cassabla Aatil M!rﬁ' R
i Imegrative b '*-_ .-’_-_
REK plasmid g
| OO0
Marker 8 e -~ hatiR
(BN legralion of casselle inlo librany of slraing wilh diffenen
locations of pBO-aits
5
s pilattl  cassette AGME  QAC-ANR
— ——_——— ——
A-Int'¥is depandant excision of wachor part of integrative A

plasmid with marker and origin

Minaeva et al, BMC Biotechnol, 2008

ADP » ATP

ATP

atpIBEFHAGDC

fully active

Ublinskayaetal, (2012) Journal of Microbiological
Methods, 89, 167-173

In vitro cloning,

. I-Scel-based
urther

developedin

Hooket al, (2016) Journal of Microbiological
Methods, 130, 83-91.

In vivo cloning

19



PCR-free cloning and i o e
targeted integration of pKDAH
any long DNA fragment '

680 int

chromosomc

_/

.Ab

L-Arabinose induction

}uRed-ﬂrecombinatior

chromosome

[ - T.ﬁ?%ﬂ"-iﬂ-'?ss] :> [ O MaTess msuﬂm] g

dalation of the nalive ¢80 aHEfrom chromosame

2 Ft'_\\
qatatn. Marker gllanR
attphb-piasnis | > : E : 1: :
e, 4/ BadHnlegraticn of gdependent excisable marker o
Minrher sk gifferant chromosome paint of MG1655 Alpal-arE)
3

R e

EHnt! s dependent excision of rmarker

et

{53
pElin legration of Gasselle into likrary ol slraing with diffeen
locations of pil-aits

5
|—> phbattl  cassette SN  GADANR
: —_——— —,—

Mnt!¥is dependant excision of veclor part of integrative A
plasmid with marker and origin

Minaeva et al, BMC Biotechnol, 2008 Igonina et al, 2017, 2023 (in press)




MynbTUNAeKcHOe reHoOMHOe peaKTUpoBaHUe

Diverse

)QEF‘IGFT‘IES
@
Multiplex automated genome engineering (MAGE); Continually %@
Trackable multiplex recombineering (TRMP) popuiations @@,
Nature 2009, 460:894—898; NatBiotechnol 2010, 28:856-862 ©
"(.SWW‘OWO‘a _’Z EEEEE \ /M?\ S-t-ht-'DNﬂu.
OTO 6)(@) ynthetic
.+ fapes s w *ﬁ: mﬁw M&; ;E}S?mmmﬁ . . .ACNNNTCNNCTCHNNNA. . .

d
Sndil BN ')
=

CRISPR optimized MAGE recombineering (CRMAGE); Genetic circuit
design automation

Sci Rep 2016, 6:19452; Science 2016, 352:aac7341
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lMpumep: Mukpobuosio2uyeckoe nPou3zeoodcmeo aMUuHOKuUcsiom u
HykJieo3udoe, Ajinomoto group

Amiens Plant of AJINOMOTO EUROLYSINE S.A.S.

AJINOMOTO group

; ;
s S .
Dhlnu ""] - L~ ey -
T i i 15
- ¥ o

~ Chuanhua Ajinomato Co. ,,l._u e v
,,«—*-" T — il
o oy
_,_,_f"l I;-* Ajinomato dnd, Inc.

L
" Ajinomoto Cao., Inc.

aanuomé‘ro

v
Amino acids production by the Ajinomot: using Mi
Strains based on the ZAO AGRI's results (in 2008)

Amino acids '(r:;alunm m::; i \
Feed-Use Amino Acids X ‘ ‘\
Lys, Thr, Trp 1,500,000 400,000
Pharmaceutical-use, food-use
Amino Acids
Arg, Leu, Val, lle, His, 41,000 18,000
Kamphaeng Phet T Factory of Ajinomoto Co., (Thailand) Ser, Phe_etc.)

Ajinomoto Biolatina Indistria e Comércio Ltda.



2012 roa: MpaButenoctBom PO bbina yTBepKAeHa «KomnnekcHas Nnporpamma pa3BuTuUS
buoTexHonorni B Poccmnnckon ®epepaumm Ha nepuoa ao 2020 r (BM0O2020)».

2013 roa: «[JopoXKHas KapTa pa3BUTUA BUOTEXHO/IOTUN U TEHETUYECKOM UHXEHEPUUY:
YBENMNYNTb NPOU3BOACTBO BMOTEXHONOrMYEecKon npoayKumm B 80 pa3, pbiHKa — B 30 pas,

nmnopTtosameweHne — a0 80%, poct akcnopTta — B 20 pas.

2016 roa: 66111 noaBeAeHbl NPOMEKYTOYHbIE UTOMM BbINOJIHEHUA NPOTrPamMMbl.

CTtpaTermnyeckaa nporpamma nccaenosaHum (biotech2030.ru)

E

3aBog npemunkcoB Ne 1 (Benropoackana o6-Tb)
2020 roa;: 80 TbiC TOHH L-An3KHa

-
L {42

vﬂ'-

-

MwupoBoi pbIHOK BUOTEXHONOIMYECKOM NpoAYyKUMM K 2025 . gocTurHeT 2 TpAH. gonn.; Kk 2030 roay
buoTexHonorMmM ByayT NCNONb30BaTLCA NPU NOoAYyYeHMN 35% NPOoAYKLMN XMMUYECKON NPOMbILL/IEHHOCTH,
50% cenbCKOX03AMCTBEHHOrO Npon3BoacTBa, 80% neKkapcTBEHHbIX NpenapaTtos. B uenom, npoayKkuma
buoTtexHonornm byaet coctaBnATb 40 2.7% ot BBl pa3BuTbIX CTpaH, a ANA PAa3BMBAOLMXCA IKOHOMMUK, K
KOTOPbIM OTHOCUTCA 1 Poccus, 3TOT NnpoueHT byaeT ewle Boblwe (AaHHble OpraHmM3aumMm 3SKOHOMUYECKOro
COTPYAHMYECTBA M Pa3BUTUA).
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CucteMHasa meTabonnyecKas nHxeHepus

Systems metabolic engineering for chemicals and materials.
Lee JW, Kim TY, Jang YS, Choi S, Lee SY.
Trends Biotechnol. 2011 Aug;29(8):370-8.

4 Systems metabolic engineering
Systems biology -Eﬂl- il
ﬁ—'"n B ) ) (=2
Evolutionary eng- ‘§
ineering 8

Metabolic
‘engineering




YTO Hac oXKmMAaaeT Ha 3TOM NyTn?

— Computational analysis|—

* Growth requirements
= Availability of genetic tools
» Physiological suitability for Wild type
production of the target drug strain
« Availability of genomic and
metabolic information
*

| Host selection |

Lleneson npoayKT

« Genome-wide analysis of the cell
« Prediction of engineering targets
+ Rational design of experiments

» Information extracted from
omics analyses

» Systematic analyses with

high-throughput omics data

= Amplification of rate-controlling reactions
* Removal of unnecessary pathways and regulators
* Heterologous expression of biosynthetic pathway
*» Optimization of codon-usage

* Optimization of promotor system
= Coordination of gene expressions
» Combinatorial biosynthesis

Industrial-scale
production

* Medium design

* Removal of byproducts
* Fermentation condition
+ Feeding strategy

» Recovery/purification

‘Fermentation and

downstream processes

o

Drug Discovery Today

11



C yero HayaTtb? CyGerpa

OCHOBHbIE XapaKTepPUCTUKHU
npouecca:

Bbixoa npoAayKTa
KO/INYecTBO
NpoAyKTa/Konn4ecTso
cybctpaTta, mol/mol

YpoBeHb HakonneHuA

CKopoCTb HaKonneHusA

P MpoAaykT

1. Bbibop ontumanbHoro metabonunyeckoro nytu. FBA
(flux balance analysis). PetpobuocuHres.
2. Bblbop MmmnKpoopraHmama.

13



JOURNAL OF BACTERIOLOGY, May 2003, p. 2692-2699

0021-9193/03/508.00+0

DOI: 10.1128/1B.185.9.2692-2699.2003

Thirteen Years of Building Constraint-Based In Silico Co3daHue
Models of Escherichia coli

Jennifer L. Reed and Begrnhard @, Palssopn™

“Omics” Data |
I\ |Transcription & Translation
: b . G, + ‘R.\'J\F G
I 2aGDP + 2aPi \\-Mi_;“//
Genomics g ff P i 7N
| ——s aaTp \ Lf‘f L P
1 —— aAA o /nﬂN/M*N‘,;J;N_\[P .
Transcriptomics ——| | - ww /’ < " ‘>;;:;:r:.:7
aAA-IRNA -
(* B fib, Fi
| e-ql

Proteomics

memabonuyeckol

E. coli 2K | mooenu in silico

Regulatory Actions \

Metabolomics ———» T;
7

Interactomics ——-
Environment —

Input

—» Proteins

Monomers &

Energy
¥
Membohsm
{-—4—. Y S0
._’h"" 3‘ i» [

E. coli Metabolic Network iJE660a
739 reactions

Regulation

IFOvygen =0, wesay [0 =0 1, =1, =0

(http://gcrg.ucsd.edu/organisms/ecoli.html)

K Hacmoawemy epemeHu:
6osee 100 moldeneli 008
npokapuom, 6osaee 50 0nsn
3yKapuom, OKos0

Input Signals

decamkKa 014 apxel.
OTHER ORGANISMS | Systems Biology Research

Group (ucsd.edu)
Output

TABLE 2. Flux balance models
Model Year(s No. of metabolic No. of Ip edCcKa3aHuA 661x00a
ode ear(s) reactions metabolites yesneeo20 coeOUHeHUs 01
Majewski and Domach 1990 14 17 Oukozo muna u npu
Varma and Palsson” 1993-1995 146 118 dobasseHUU CUHMemu4yecKux
Pramanik and Keasling” 1997-1998 300 (317) 289 (305) nvmeiiu esedeHuu
Edwards and Palsson 2000 720 436 y o
Covert and Palsson® 2002 113 77 HOoKaymupyrwux mymayuu
Reed and Palsson 2003 929 626 14



https://sbrg.ucsd.edu/InSilicoOrganisms/OtherOrganisms
https://sbrg.ucsd.edu/InSilicoOrganisms/OtherOrganisms

MeTtoabl cenekuumn: TpaguumoHHble Noaxoabl
HOBbIE NepPCNeKTUBbLI

1. Mony4yeHne myTauuin B reHax, Koaupyrouwmx 6enkm, Hanbonee

CYLLEeCTBEHHbIe ANA CBEPXNPOAYKLIMM LLeNeBOoro BellecTsa (ex.
YCTOMYUBOCTb K PETPOUHTMONPOBAHUIO, aKTUBALLMA ceumndPmnyeckoro
TPaHCNoOpPTa, USMEHEHME PETYAALNUN U T.M.): C NMOMOLLbIO
TPaAULMOHHOW CeNEeKUMM N BENKOBOW UHKEHEPUN

(SerA, AroG, LeuA, IIvA, HisG, lIvG, llvH, lIlvN, ThrA, TrpE, etc).

2. AnantneHasa nabopaTtopHaa ssoatoumnsa (ALE) B coueTaHnm C
NGS.

3. BbicokonpowussoauTenbHbie metoabl cenekumnun (HTP, uHTP,
MUKPOPtONaHbIE TEXHONOTMN). BnoceHcopsl.

15



BbicoKonpoun3BoauTebHble METOAbI
cenekuuu (HTP, uHTP,
MUKpODAOUAHbIE TEXHONOTUMN).

buoceHcopbl.
1. Cenekuymna non-GMO wiTammos.
2. Cenekuma GMO wWTammoB — aHaNM3 BUBANOTEK C LeNbio NOUCKA CYLWECTBEHHbIX ANS

CBEPXMPOAYKLUNN FeHETUYECKNX PaKTOPOB.
Droplet-based microfluidics screening platform.

1 2
— ~_f’/ G [ —
) Yeast i L —3 L J)rop[tt\ Starting
—/ \——u l:> library 7 S
é == =T Y A Single cell v zgt Fl -
1< 7 5 6 = encapsulation Incubation QY -~ “MORCOCEMED
AN 10 10°~ 10 Fluorogenic ps &« Activated
\\\\ Cells Colonies substrate ¢« Droplet
\: \ . Sorting
)
4 () 3 o
sl N -
R .
' —_ N \ \\ .
\ [—— [—
NN S
\ / a2 N
é — C:—]\\ N <_l <:] <: (- Sortcd,” - Waste
o p—— 2 / ) cells  cells
s .. d ’ v
- 103~ 104 105~ 10°
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A ecnm MUKPOOpPraHmnam “He ymeeTt’ CMHTE3NPOBATH
MHTEepecytoLLLee Bac BewecTso X?

1. MyTb n3BecTeH A
ANA APYrux l ad Xumu4yeckuii cuumes
opraHu3moB 2€eHOos,

l b 20PMOHU3UPOBAHHbLIX 011
l C  2Kcnpeccuu e KnemKax

XO3AUHQ.
id ?
E. coli Metabolic X
Network iJE660a 739 B
reactions PempocuHmes l e
2. MyTb HensBecTeH \l: lNpedckasanue Hoeozo, l f
AN ABNAETCA He Pempo6uocunmes 3 paHee He l g
ONTUMA/IbHbIM A4 (BNICE, RetroPath, etc) cywjecmeosaswezo,
BbIOpaHHOrO memabonuyecko2o nymu. X

X03ANHa

17



Metabolic regulation: artificial positive feedback loop in
branched chain amino acids biosynthesis

Pyr
AHAS

(IIVBN) <
Acetolactate (AL)
[ T pp—

!
l

Val

wild-type: negative regulation by

final product

Pyr

AHAS for @D

(IlVBN*)
Acetolactate (AL)

"

l livC

%

Pivc-ilvBN*

1
!

Val

vy

L

- IPYR
L) \
| 45 ‘\\‘4- »-"'/
\ + Il‘%l. AL

!

Y 1
A

Lovy-AL )

Sycheva et al (2015) AUTO-INDUCIBLE
EXPRESSION SYSTEM, AND THE USE
THEREOF FOR PRODUCING USEFUL
METABOLITES USING A BACTERIUM
OF THE FAMILY ENTEROBACTERIACEAE
RU2549708, W02013151174 (A1), etc

Artificial positive feedback module:
metabolicintermediate (AL) triggers its own synthesis
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METABOLIC ENGINEERING L, =11 (1999)
ARTICLE NO. MT980101

Metabolic Fluxes and Metabolic Engineering

Gregory Stephanopoulos
Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Received January 12, 1998: accepted March 5. 1998
) p

“The combination of analytical methods to quantify
fluxes and their control with molecular biological
techniques [...] is the essence of metabolic engineering.”
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Biosynthetically Directed Fractional '3C-labeling of Proteinogenic Amino Acids

An Efficient Analytical Tool to Investigate Intermediary Metabolism

Eur. J. Biochem. 2-32,433-448 (1995)
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Review > Adv Biochem Eng Biotechnol. 2004;91:1-49. doi: 10.1007/b94204.

Metabolic flux analysis based on 13C-labeling
experiments and integration of the information with

gene and protein expression patterns

Kazuyuki Shimizu '

NMR =)  GC-MS

, 13C-MFA:
2 mg HE OrpaHNYeHUA 1
protocols LSS e pCreKTUBbI

High-resolution >C metabolic flux analysis

Christopher P. Long'? and Maciek R. Antoniewicz®'*

“The presented protocol can be completed in 4 days
and quantifies metabolic fluxes with a standard
deviation of less than 2%” 32



Metabolic Engineering:
Past and Future

Benjamin M. Woolston,* Steven Edgar,*
and Gregory Stephanopoulos
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B3anmocBA3aHHble 3Tamnbl Npouecca MUKPODOHOIo cMHTe3a

Strain development Fermentation Separation & punfication
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Mpumep peannsaynm BbiIbpaHHOM CTpaTErnMmM NOYYEHUA

MUKpPOBHOro npoayLueHTa LLleq1eBoro BellecTsa
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