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Abstract

Bacterial cells are of industrial significance for producing speciality biochemicals, amino acids,
enzymes, biofuels and biopharmaceuticals. Biopharmaceuticals is currently gaining attention in
the pharma market. Biopharmaceuticals producing from living cells require high quality and there
are strict requirements for safety and efficacy. Therefore, process of producing recombinant
proteins is subject of rigorous process optimisation to meets the regulatory requirements. Industrial
bioprocesses are controlled by complex parameters. Henceforth, a successful design of industrial
strain and process optimisation demands a thorough understanding of the cellular metabolism
under production conditions. E. coli was the main host for recombinant production owing to fast
growth rate, ability to grow on inexpensive media and easy to achieve high cell densities for
attaining maximum productivity. The popularity of E. coli as an expression host has led to the
development of genetic tools and strategies for high-level expression of recombinant protein.
Numerous studies has been done to optimize the bacteria as an expression host has generated many
engineered recombinant strains of E. coli. Despite all these advancements in E. coli, research
community is continually striving to gain a fundamental understanding of cellular metabolism and
impact of process to produce high titre of recombinant proteins with consistent product quality. E.
coli BL21 (DE3), a popular industrial B strain for expression of recombinant protein, they are
repressed until IPTG or lactose is added. It is generally desirable that the over expression of
recombinant protein trigger the cascade of cellular stress response results in low titre of
recombinant protein. This can only be solved when the influence of the changes on the process is
sufficiently well understood. Hence, central to the thesis is the application of knowledge based
approach to understand the performance of strain and process dynamics during recombinant
protein expression. First phase of study involve a novel process development by growing E. coli
cells to high cell density and gradually shifting the cells to microaerobic process for production of
recombinant proteins such as lethal toxin neutralizing factor (rLTNF) and pramlintide (rSymlin)
oligomers. Due to the shift in the process, recombinant proteins titre was improved 2 folds. To
gain understanding of process dynamics, comprehensive transcriptomic profiling has been done
with the E. coli BL21 (DE3) strain. Overall, microaerobic process led to improve the lactose

utilisation, cellular productivity and product titre. Adaptive laboratory evolution (ALE) has been
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commonly used with great success to develop robust industrial strain. Industrial strain will be
subjected to a severe environment in the bioreactor, where the concentration of carbon or nitrogen
source can be much higher, are often less defined, and contain undefined impurities. In order to
achieve and maintain the product yield, the industrial strain must be tolerated with a high
concentration of sugar and by product accumulation. Therefore, it is important to engineer strains
that can consume efficiently to high substrate and/or by-product concentration. E. coli BL21 (DE3)
strain is galactose knock out strain, which fails to utilise lactose completely. Second phase of study
applies dynamic laboratory evolution to improve metabolism of lactose, galactose and acetate. As
a result, laboratory adapted strain showed both an enhanced galactose utilization rate with less
acetate accumulation and improved metabolic capacity to produce recombinant protein. A 2.31
fold increase in growth rate and 2.40 fold increase in product titre of rSymlin peptide was observed
in adapted E. coli strain cultured under galactose. Gene expression profiling showed that pentose
phosphate pathway enzymes were significantly upregulated in adapted strain. The novel adapted
strain demonstrated highest biomass yield per galactose that has been ever reported in novel E.
coli BL21 (DE3) strain. The adapted strains should be further investigated by using gene reporter
systems and also, knock in/out of particular gene in the pathway in order to gain mechanistic
understanding of the actual mutations. When we consider process, phosphate is one of the major
constituents in growth media for Escherichia coli. Phosphate closely regulates central carbon and
energy metabolism. Biochemical reactions in central carbon metabolism are known to be regulated
by phosphorylation and dephosphorylation of enzymes. Phosphate scarcity can limit microbial
productivity. However, microorganisms are evolved to grow in phosphate starvation
environments. Final phase of thesis investigates the effect of phosphate starved response stimuli
(PSR) in wild type and recombinant Escherichia coli cells cultivated in two different substrates,
lactose and glycerol. Phosphate starved E. coli culture sustained bacterial growth despite the
metabolic burden that emanated from recombinant protein expression albeit with altered dynamics
of substrate utilisation. This study shown that metabolic flow of central carbon metabolism is
modulated by phosphate starvation. In particular, glycerol as main carbon source along with
lactose helps in production of sufficient metabolic precursors for recombinant protein production.
The cumulative effects of phosphate starved metabolism results in a 2 fold increase in cellular
productivity of the rSymlin peptide. Recent times, combinatorial approach consists of strain

improvement along with process development has become a routine for biotechnological
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applications which helps to design optimal strain and improve product titre. The work here
establishes microaerobic process as a novel approach for achieving high titre of recombinant
proteins using lactose. In another study, dynamic adaptive laboratory evolution strategy was
successfully employed to develop a potential industrial Escherichia coli BL21 (DE3) strain for
successfully utilising galactose and improving titre of recombinant proteins. Final part of the study
focus on establishing novel mechanism between lactose metabolism and phosphate starvation. E.
coli employs a decoupling strategy by limiting growth and redirecting metabolic resources to
improve recombinant protein under phosphate starvation conditions. Findings in the studies led to
significant improvement in the strain and process to produce high titre recombinant proteins with

low cost, which eventually benefits the biopharma industry.

vi



SIS

fI=IY SIg X9, S TRTS, TSTEH, ofd 244 3R SRR cadd & SdTad o ford Siary]
DHIRBIY HT NS Aed 8| TABHRGCHT gadH H B! SR H & HTHd HR
g1 g1 Shifad SIRm@sll ¥ Idfed sRpHRiichea & 3 uadl S S1aadhdl gidl &
3R GR&M TR THTEHTRAT & oL % HTTRIB AT GBIl § | S, Ybirai-ic UIEH & IdTa
DI UfehaT Ho R Uik o ad & favg g, S e smaxgsmdral & Q1 &= & fad fean
ST 8 | ST Staufehanstl &1 Sified ATuc S| gRI FAfEd fdhar ST 81 39 ale, Sefi®
¥ 3R Ufshdl SEe BT U Ithel [Sulg IR ISP Jaied & Ul & dgd Jger
IUTTT H1 T THS DI oevd 8idl 81 E. coli doil T fawM o3, gt Hifsar R sg &
&A1 3R IHIH IUGH U B & AU I I T U &’ H 3 8 &
HRUL, B C ST b [0 T GIRE AT Th THIURH GRE b & T H E. coli PI A0
AIBIEHC T &1 S-TR I TRIIRH & forg 3afRies IuamRull iR vt &1 fawr
fohaT &1 SR B SrIepierd B & o1y B 3 fobT U ¢ Hiifeh Uob Taiiw gRe =
E. coli & P8 SullaR YBIEIHc B & 349 fHa1 81 E. coli H 37 Guft T=Me & Sravg,
ST TG TAR SdTE Bt U & 91 3 A H XD 1ai-e Ui &l SdTg &
& foTT IqeR TaTI SR UfhaT & UG &1 U A JHg SR B & (o T R
TETZ! E. coli BL21 (DE3), YdhIHie U &t ez & e Ueh defig Siefie B w,
JEHENSH TT AFEIS SIS S dch 37T Tohid! fhaT SraT g1 I8 3 dR R Jie-19 g fb
IHIEC U B 3% TR Iqer d-1d UfAfhal & s ®I [&TR Rl & oI
ORUTHRGR=T Y IFae U BT Mg TR eI i g 39 a+ 8 b S Jopar & oia ufshar
R UG & THE & Jaia 0 9 3! dvg qHy forar ome) gafee, it & &g |
YPIEHe U TaRURE & SR a9 3R Ufshar &t Tiaxiierd & UeRE & JrgH & oy
T 3R EDDHI BT SIUANT 8 | 3T & Ugd IR H E. coli HIRTHTSH B I HIRAHT
g9 o ol w3k dR-fR YpiEiHe W S urde cifeqd geangfoiT Hhaer
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(LTNF) 3R UIfRie3s (rSymlin) Siferad & Idied & fiu Aaseiwifas uftkar o
DHIRABI3M BT VMR B U Aa-1dT Uil [dbTd AW Bial ¢ | Wishar ¥ dgad &
HRUT, YIBIEC T erge T & AT GUR g3 UT| UfchaT Tiiep! & Jag gTRId - & Qg
E. coli BL21 (DE3) ¥ & I AUS Crfhuciiie MR &t T3 81 $d My,
AEH WSS iehdT - ddeiol SUTNT, YR IATGH T R MG rse B YUR fovdT| srdmal
TANTRITCT [dT™T (VUAS) BT SUANT STHAR TR AoIgd SN ¥ fadbRid dHR- & o §al
el & A1y forar 7w g1 3 W sriuae § uep 7R arararur & i g, Siet
PHIa g7 A3 ol A B sl 9gd HUH BT Tdhel! §, SRR HH TR gl 8, 3R TqH
ARG RISAT B &1 SdTE P IUST Ul - 3R §AL 7@ & fog, i+t &1 3=
TigdT 3R IdTE Tad & AT MRS W S 9g- fohal ST d1fet | 39, SSi-aR
¥ fore Agayul § S I Tstce R/AT SU-3UTE THIIT & ot HRIAAgdd STHNT HR
g&d €1 E. coli BL21 (DE3) WA Taiae ol Al 33T WA 7, S didersl &1 I3l ave I Suan
B fIe XgdT § | 30 HI gERT TRUT Ao, Tideist 3R THiee & 9amgad § R
& forg fa=ia TaT=eT HH-[AwT &1 N &Rl g1 Adtoiad, YRR & ierd B =
S THiee o0 S Y TH 91 g3 Naaelsl IUGNT a1 3R YbTwe N &1 Iarad b
¥ foTT SgaR Aoy &Mt aFl &I fammn| daes & dgd Yardd E. coli A § gfg & &
2.31 T g 3R rSymlin UPIES & IdIE eBe A 2.40 T Iig <l TR | SfiF TRIDRH
NHIENT ¥ UdT al g fob U hiethe AT UogHl &1 3 erd W H HIHh! 8§ ddb IS
foram T o1 AdFeE R WA A ufd Tddes # Swdd SN IS &1 YeRH fasar Sl
f% TdH IURIN E. coli BL21 (DE3) ¥ & odmT T g1 oA KUl Ried &1 IughT s
3H eI IUNGT P 3R T ! S AT 3R 1Y &Y, TR IR b IAad THSH
BRI = o o AW | IR SfF & 3ieR/aTER e o1 difed| e g4 Uihdl R fdaR
A §, < Escherichia coli & gfg Hfear # hidhe U@ ged! # I Th §| WIEhe Had
PIaH 3R Sl I &) TRIGt ¥ a3 a1 1 g He- ga9=g § S9 Imfe
gfaforarstt @ TSgH & BRBRIZARE R SHRBRIZARM gRT Fafd faar S g
BIEhe & HH AZHINTd IAGHA B! g B Tbdl ¢l gIdifd, HIebe U &
grarervr § fasRid 811 & fore gerolia fawRa gid €1 iR &1 sifad wRuT a8 e iR

viil




YBIEIHE E. coli HIRTmT3N H hitbe Tty ufafesar ITemsit (PSR) & UHTd & Wi Hal
€ Ol &I 3{THT-3eT Yeee, ddeisl 3R fTeRRId # 3G &1 ol g1 HIhe 9T E. coli
HeeR T IUE! g & STaelg daRA $I gig o I8! §, S st IuanT &1 uRkafdd
TR & STav[G IBIRIHC TEH TRNRH 9 309 811 8| 39 3 ¥ Ual 9al §
HEIT BT FAIIT BT III<Y TaTg BIRbe g ¥ Fa3d giar g | faRiy ¥u 9, daes
& IdTeH H Heg Hdl g1 BIhe I Iaruag & Il UHd & URUMATRT rSymlin
UPIES &1 UgeR Sdredhdl # &f AT g 8kl 18T & &1 o, ufshan fawra & qry-wmy
TS D0 H WA § GUR 811 8, Sa-U=RIah! SuanT & it U Faftd s marg o
SVAH T DI fSS8 B SR IdTE UG § YUR IR T Aag oxdl 51 Jgi $M
AFIST BT YA FRp DIEHE UIEH & I ATHAMUS DI U B4 & AT T 4
DI & Y T ASHIRISS Ufhdl &1 R Bl ¢ Th 3 399+ H, aders &
JHAAYdS YT HA 3R IBIHe UET & e d YUR & ot Jifad sienfie
Escherichia coli BL21 (DE3) @f{ famfa s & forg wifosita &Iﬂw PEIUNIGIRECAR]
T P Thadde AT foear T ATl sremae & Sifal W deeie 9aTdEg 3R
3Tt Bithe & ad Ad9 a3 RIMUT B W Bfad 81 Escherichia coli A wIehe
o1 U & dgd YdiaiHe WicH # UR & e faery &1 Wi e iR Taroag dareHi
DI TAHGRIT BRP U [SHIUT IV B AT BT & | 37eagql & Fhu! 7 & ANTd
& Y I TGS YPBIWIHE U P IdTE A & U T SR Uferar H Aeagul YuR
fora, St Sfdd: SEEMT ITNT B AT BT 5|
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