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Abstract

Escherichia coli (E. coli) is the industrial workhorse for recombinant protein production (RPP).
However, E. coli based RPP has its own share of challenges, fuelling continued research into
topics such as foreign protein expression as insoluble aggregates, protein toxicity to host, stress
induced by amino acid starvation, stress induced by strong overexpression of heterologous
gene, and accumulation of toxic by-product mainly acetate. In this thesis work, some of the
major limitations of E. coli bioprocess have been addressed to improve recombinant protein

production.

The work’s first objective (Chapter 3) presents a novel amino acids (AAs) supplementation
strategy for improving recombinant protein production in E. coli using a chemically defined
medium. During recombinant protein production, AAs starvation result in a global stress
response known as stringent-like response. This stress response results in sudden cell growth
arrest and halt of protein synthesis, which compromises process productivity. Initially, in this
study effect of all 20 AAs supplementation on cellular growth and RPP was investigated. Based
on the consumption profile of amino acids, few AAs were categorized as growth-promoting
(GP1) and few as recombinant protein promoting (GP2). Different feeding strategies of GP1
and GP2 AAs were tested in shake flask, followed by scale up of best strategy in the bioreactor.
Optimized AAs supplementation strategy resulted in a 40% increment of recombinant
pramlintide multimer (rPramlintide) titer. These results signify that the external supply of

critical AAs decreases the cellular stress during RPP and improves process productivity.

Through the second objective (Chapter 4) of the thesis, a lactose-based induction strategy in
fed-batch cultivation of recombinant E. coli was developed to overcome the limitation of
isopropyl-D-1-thiogalactopyranoside (IPTG) as an inducer. In this study, we have initially
demonstrated that supplementation of critical amino acids (AAs) improves glycerol and lactose
uptake in E. coli BL21(DE3) in defined medium. A feeding strategy of mixed glycerol-lactose
feed along with supplement of critical AAs was developed enhancing rPramilintide titer. High
cell density cultivation of E. coli using mixed glycerol-lactose feed and critical AAs supplement
resulted in a final cell density of 52.2+0.90 g/L and rPramlintide titer of 7.8 g/L. We
hypothesize that supplementation of critical AAs serves a dual purpose: i) faster assimilation

of carbon sources ii) combating metabolic stress arises due to AAs starvation.

The Process Analytical Technology (PAT) framework outlined by US FDA has highlighted the

need for real-time monitoring and control of critical process parameters in biopharmaceutical



manufacturing. Feed and acetate control are two critical parameters in E. coli based upstream
process that decide the process productivity. Through this objective (Chapter 5), we have
demonstrated the application of Near Infrared Spectroscopy (NIRS) as a PAT tool for real-time
control of feed and acetate in fed-batch cultivation of recombinant E. coli. NIRS models were
developed using a calibration library of bioreactor samples spectra to quantify the three key
analytes changing over the course of fed-batch production phase, namely lactose, acetate, and
galactose. A novel feeding strategy was implemented using real-time analysis of the NIRS
spectra to control the glycerol and lactose feed pumps. Acetate concentration was controlled in
real-time by automatically reducing the glycerol feed rate in a stage-wise manner whenever
acetate concentrations were observed to exceed certain fixed thresholds. Production of
rPramlintide was enhanced by 58% in the PAT controlled process compared to the conventional

process.

Specific growth rate (u) is a key process parameter that affects cell growth and recombinant
protein expression in E. coli. Process productivity depends upon the careful selection of pre-
and post-induction p during fed-batch cultivation. However, post-induction p has a direct effect
on heterologous protein expression. Through the last objective (Chapter 6) of the thesis work,
we investigated the effect of different (low to high) post-induction p on the production of
pramlintide multimer (rPramlintide) and ranibizumab. An exponential feeding strategy was
used to control pre- and post-induction p. Results demonstrated that low post-induction p
improves the expression of heterologous protein. The study highlighted a correlation between
W and protein production, thereby elucidates the importance of controlling post-induction

specific growth rate.

Overall, this thesis work aims to address some of the key challenges accompanying E. coli
based recombinant bioprocess. The proposed bioprocess strategies and NIRS based PAT

application showed enhanced recombinant protein yield when applied on E. coli based process.



R

TERRAT FIE (5. HeS) WiFaeic DT 3caed (3IRAT) & fow e
IHEI & | gTelifeh, $. IS ITUTRT IhiFeic YT ScUleal T el Follfadr &
, fo e woreawy falay sy fawadl 7 rgaerer @t derar e @ 8, S i oRA
IEIT T HYeleTeliel 3TIEICH T TRE UFURIe, §IFC TR WIET TITFaiael &l T,
AT TR JEAY @ IRA T, g S T 3cafd vaamRe & aRd
deld 3R [a9ehReh §g-3cUle & §Ig HALT &7 § wdiee | 36 Nfdw s 4, S.
IS TTAYAE S $HS TG eAlicrdl HT AT & GaRT JhlFdleic Gl Scdrest
# g Fe & gare fRaT AT §

AR I Ugel 36T (I 3) H THTAS §9 & IRANT ATCTA &7 3931
Fh §. Plg H JhiFdlelc Wl 3cUlest # GUN & fov v vilga dfccaseers
dr IOENTT T R I g1 YiEdeic WéE 3cdieel & aRie, e tiise
HEAN & IRuTAEaET ARgew doa gfafear g § oW Rdsic-ass Reaa &
T H ST STl g1 36 delid 9fafshar & IRUMAETRT 3l Sl defdr 3R
QT 3Gl Toh oIl g, il WA dl 3cAGhdl & THSINAT Xl gl IR H, 30
A A FefoR faehd 3R IRAN ¥ Tl 0 U= vigy giverders & vs1ra
I St T S| AT TRASH HT @ud WIS & UR W), T IHE TRy
T SHIRAT faehre I Ferar ¢ arel (ST ¢) & &7 # IR F© AT WdiEdcic T
@I FGTaT ¢l aTel (ST Q) & &9 # Fafiche foham aram | Sd ¢ 3 Sidr R 3
tiaga & [affiear Rifser wEifaat &1 9% Feres d qdietor fhar a3, S8 a6
IRINUFX H o945 WEITd & fear fear = 3edAsss e ufasa
GITerH e W & TRUMAFTET ehiFdleic Wl FFecss HedlAT & 3cdies
A Yo% &I geftr g5 | ¥ gRomA A § fh FAgcaqol el vidsa i Sl
GiTerdcee & JhiFeleic WET cdieal & R ook oolld I HA Hcl ¢ 3N
WAE I ScrEehdl H FUR ol & |

AMUPT & gAY 36627 (LA ¥) & HAEIA H (hiFdleic 3. Hlolg I hs-ad
Focldelel H olerelol-3TUTRd SSFeMA 0Tl [ARfad fhar 1ar S msamid-
S1-1- e aRRIATSS (3MSUIE) @1 faffces & gy i §1 A Famia-
deetsl s AR Agcaqul 3l UfdsH Aittodiels &1 39T e §. Flollg
g5 Tol STACT Feclduel o IRUMHEIERT Tol 3T YR.*0.R0 IH Ffd oiex  3iR
IMECICISS 3FTATH b.¢ F1H 9fd ol ared g8 | §H IRFeds X & &

\Y




HAgcaquT 31T Ufs wittaaiesre a1 3eged $r qfd X §: i) HIesT |l 1 dait
O 3MMcHAATT T i) AT URAgE @AY & FROT RS delld HT HHieol
ST |

g TH THIC canl 3fedf@d Wad uafaftswd adren (Aed) sRar #
SRATRATATCHR 3cdlee & GaRTA SIAH &I aedids THd H eREr AR fGhfewd
AT RrefexT T FETHdT I TR STell & S, Plells MR LA Nag
15 3R THiee AT & AgcaquT Ry § S g $T Icuedhdr 99 aXd ol
AR & T 3662T (AT 9) & ATETH U, §Hel IhiFaloic 3. Plolls ol hs-d9d
Foecdesd H HIE IR THce & adide AT @907 & for GaX gowRs
TIFEIEHIAT (TANTSHRTEH) ol GITET 3TN & & H AT T el fohar gl
-3 3cUIG TWUT & @RI il YHE ACEIfaeH il foecl sgad § 3rdTd
dFere, wHRee, 3R Ao, 391 AT wa & for sRteeRr dFued &
TS & Hicleieled oSl GaRT UANSIRTH HAisdl [ahfad fhar ar  Feraric
3R oererer B8 gui & AP e & T Ta3siRey TEer & aRdide JHY
A fA0IVT ek T S RIS AT oy i 7S | o9 o wdiee hace o
fAfga Jugies & 3f0® ¢&r 15, o ¥ aa e § FTeRia $s &3 i
Toarfald 9 & &H ol dEdide T § tdee »acee o @afd fFar )
ARUR AH H Jolell H N FART 98T & WIfFcierss &1 3cdresT 3¢ % Far
qrIT AT

TafRIse faehrar &3 (1) Toh Y@ TaH RIHAET § ST S, Hlells A RIS g & 3R Tnledisie
NN 3caTee Y FHTfad FdT &1 WA T 3cUIGhdl he-8d ol & R Ui-
AR uiEe-gsar & fafse s a¥ (1) & dEuEgas 9de W AR & Bl
gTelifeh, QIEC-SSFAT P &7 IhiFdleic R 3culesT 9T LT Y19 gsar & | Afaw
AR & A 3T AT &) F AIH H, §H UIFaiciss Aeclk 3R
TATIGAT & 3cdiead R Affea (e @ 3Ta) dRe-gsRIAd 1 & Jo1d i1 S
Frl - AR IRe-gERA pu FIRT R & 6T TFEuART BIfST I0ETT Hr
3Ater R arar| aRomHEr o yefRia [T R Aed dive-ssaRe p diEdie W
3cdleel # UR Fl g1 e o faRrse fao ex 3R WiéeT 3curest & o v
HEY X YHIA 3T, T8 IRe-83AA &y Hl AT e & #Aged &l TISC
e |

Vi



Tl TAeTenT, 38 NTHF ATLh FT 36T §. HITS IR VhlFdleic STHH & QY
3 ATl $S YHG AT T FHTUTT HAT AT | FEATTAT SRAHEH 0T fTar 3R
TASMSIHRTH TR NTET ITANT o §. HlellS IEMRT THE & ThiFaoic HélsT
39 7 gefd fewrs|

vii



Contents

ACKNOWIEAGEMENTS.......oeoiiiieiess et e e et e e teenaesneesteeneennes ii
ADSTFACT ...ttt bbbt ii
(001 ] (=] 01 K SO T TP TP PSPV OPPPRPPPROPROS viii
I TS o) T U 1SS xiii
LISE OF TADIES......ceieee s Xvi
LISt OF ADDIEVIATIONS. .......eiiiiiiiiiieeeee et Xvii
SYMDIOIS <.ttt bbbt XVilil
GIEEK SYMDIOIS ...t re e ae e XVili
PUDICALIONS ... Xix
1. INTRODUCTION ...ttt bbbt bbb 1
1.1. BACKGIOUNG ...ttt 1
1.2.  Problem definition, scope and objective of reSearch .............ccocveriiiiiiiinin 4
1.2.1. Supplementation of amino acids for enhancing recombinant protein production in E. coli.....4

1.2.2. Supplementation of critical amino acids improves glycerol and lactose uptake and enhances

recombinant protein production in ESCherichia COli............ccoiiiiiiiiic e 4

1.2.3. Arreal time feeding control strategy for enhanced recombinant protein production and acetate

control in E. coli using near infrared spectroscopy (NIRS) as a PAT t00l..........ccccoecvnininciniiinenn, 5

1.2.4. Slow post-induction specific growth rate enhances recombinant protein expression in E. coli

6

2. REVIEW OF LITERATURE ..o e 7
2.1. Recombinant protein ProdUCTION.........c.cocee e iee i snee s 8
2.2. Recombinant protein production in E. COli......ccvviiiiiiiiiii e 9
2.2.1. B COHISErAINS .ttt ettt bttt b ettt bt ne st e e nea 11
2.2.2.  E. COli @XPreSSION SYSTEIM ......ciiiiiiieieiieieste ettt ettt sn e 12

2.3. Important parameters affecting recombinant E. coli cultivations .............ccccceeeiiiieiennne 13
2.3. 1. GrOWEN MEOIUM ....eeiiiiiiiee ettt bbbt sb e b b et b neenea 13

P T 1410 (0 Tot T TR (- (-0 YU 15



P T T o - Yo T [ T TS LT ) SR 16

2.3.4.  SPECITIC GrOWLN TALE......ciiiiiiicicicce ettt be e e e 18
2.4. Bioprocess monitoring and CONLIOl.............ccviiiiieie e 20
2.4.1.  Near infrared spectroscopy as @ PAT t00] ........cccccvivrieiiieiice e 21
2.5.  Challenges associated with recombinant protein production............cccccceevvviriinenenenenenenns 22
2.5.1.  AMIN0 ACIU STANVALION SIIESS......cviitirtierierie st ettt sttt sttt sttt st sre et b sbesre e e e 23
2.5.2.  Stress due to strong overexpression of heterologous protein ..........ccoccevevevienieeve s sesceenennn, 25
2.5.3.  Accumulation of toXiC by-product: aCeIAte..........cccoverieiere e 26

3. AMINO ACID SUPPLEMENTATION FOR ENHANCING RECOMBINANT

PROTEIN PRODUCTION IN E. COLI....ociiiiiieiic e 31
3.1. INTRODUCGTION ..ottt et sttt saesaesteasaesteeseentesreeneenee e 32
3.2. MATERIALS AND METHODS...... oottt sttt nne s 34

3.2.1.  Strain and target PrOUUCT .......ccviiveeiiciie e 34
3.2.2.  Media composition and inoCulum Preparation .............ccecevereevieresiesieese e 34
3.2.3. Shake flask EXPErIMENTS ......cceiiiieie ittt sttt sbesbe st e s 35
3.2.4.  Bi0Oreactor CONGITIONS. .......cuiuiiiieirteiteieiee ettt b bbb 35
3.2.5.  Cell density SHIMALION ........ccecieieieciecee et s b et e et e sresre e nre s 36
3.2.6.  SUDSErate MEASUIEMENTS .....ccueiiiieiiiteie ettt et sb e bbb 36
3.2.7. AMINO CIA ANAIYSIS ....veevieiiiieciieie ettt be ettt e e b re e nre s 36
3.2.8.  Cell disruption, inclusion body generation and solubilization ............ccccccocevivrieieiinneiennn, 37
3.2.9.  Target protein eStIMAtiON.........ccoiiiiiiececce e 37
3.2.10. S L o= LI g Y L 37
3.2.11. Sample preparation for transcriptome analysiS........cccocvvevverereresieere e 38
3.2.12. Sample preparation for proteomics analysis .........cocooveviiriiiicine e 38
3.2.13. Mass spectrometry and proteome data analysiS.........ccocvvvevieiereiieiene e 38
3.3. RESULTS AND DISCUSSION .....ooiiiiieii ettt sttt ns 39
3.3.1. Initial optimization of amino acid CONCENIALION ..........ccceierieiere e 39
3.3.2.  Amino acid supplementation deSIgN..........cccviverieiiii i e 44
TR G TS o= | Lol U] Rl =] o] =Y. o (o] g U o S 48



3.3.4.  TranSCriptOMIC ANAIYSIS.......iiuiiieierieseeieie sttt sra et sreene e e seesreenee e s 49
3.3.5.  Proteome @nalYSiS.......cociiiiiiiiiicice e 53

3.4. CONCLUSIONS ...ttt en e nrenns 54

4. SUPPLEMENTATION OF CRTICAL AMINO ACIDS IMPROVES GLYCEROL
AND LACTOSE UPTAKE AND ENHANCES RECOMBINANT PROTEIN

PRODUCTION IN ESCHERICHIA COLI ....ooiiiiicee e 56
4.1, INTRODUCTION ..ottt 57
42. MATERIALS AND METHODS. .......ccooiiiiiiiie s 60

4.2.1. Bacterial strains and target Protein .........ccoovieiieieie e 60
4.2.2.  Medium COMPOSITION ......cciiiiiiieeicie sttt e ettt e e se et e s be s be e b e besbeeseeaesbesreeneesrens 60
4.2.3.  Shake FIask CUITUIE .........ccooviiiiiii e 61
424, Bioreactor CURIVATION ..........coovieiiieiicieeie e 62
4.2.5.  High cell density CUIIVALION........cc.oiiiiiiieereseeie e 63
4.2.6.  Cell density MEASUIEIMENL. ......c.ciiiiieiiieiesie ettt sttt bbb e eenas 64
4.2.7.  Metabolite MEASUIEIMENTS .......cveiiiriet ettt 64
4.2.8. Cell lysis, inclusion body isolation and solubilization ..............cccccevvviiieviiiie e 64
4.2.9.  Target protein eStMALION.........cociiiiiiiieiee ettt b e seesbe e enee e 64
4.2.10. AMINO ACTA ANAIYSIS ...vvivveiiiie ettt sr e e e e 65
4.2.11. RNA is01ation and RT-gPCR.........cccoiiiiiiiieiieee st 65
4.2.12. SEAtIStICAI ANAIYSIS....cvviveiiecieiece et 66
4.3. RESULTS AND DISCUSSION ....ccuiiiiiiiieiiesiee s sie e sie sttt sae et sseestessseesssnansnsseeenes 66

4.3.1. Amino acids or yeast extract supplement enhances carbon source uptake in wildtype E. coli..66

4.3.2. Enhanced glycerol and lactose uptake by supplementation of AAs and yeast extract enhances

recombinant Protein ProAUCTION ..........ccvir e s e e re e reenree s 70
4.3.3. SCAlE UP IN DIOMBACION ... ..uecieieie sttt st e et te e e e b e steeneebesaesreeneeneens 73
4.3.4. High cell density CUITIVATION .........ccooiiiiiiiiicece e s 76
4.3.5. RT-0PCR @NAIYSIS....c.oiiiiiiiiieiiiie sttt sttt sttt st se et e s tesba e b et e s beesaesaestesreeneeneens 77

4.4, CONCLUSION ..ottt ettt bbbt 80



5. AREAL TIME FEEDING CONTROL STRATEGY FOR ENHANCED
RECOMBINANT PROTEIN PRODUCTION AND ACETATE CONTROL IN E. COLI

USING NIR SPECTROSCOPY AS A PAT TOOL ..ottt 83
5.1, INTRODUCTION ..ottt 84
5.2. MATERIALS AND METHODS .......cootitiiiiiitiiseee e 87

5.2.1. HOSt @nd target PrOtEIN ......cveieieeieiere ettt ste s e estesreenee e e 87
5.2.2. Medium COMPOSITIONS ......ccveiiitiiieieite sttt be et e st e sreese et e sbesra e e e stesreenee e es 87
5.2.3. INOCUIUM PreParatiON .......ecieiiiieiieie ettt st steene e enaesreenee e e 88
5.2.4. BIOreaCtOr OPEIALIONS ........cveveiieiieiesie st eie e ste e ettt ettt e s beese et e tesaeesb et e sbeare e e e seesreeneeseenes 88
5.2.5. Fed-batCh CUITIVALIONS .........coviviiriiiirciie e 88
5.2.6. NIRS instrumentation and bioreactor CONtrol SELUP ........ooveireiiriiririse e 90
5.2.7. Cell densSity MEASUIEIMENT ........eiiveiiieiie sttt e e s e e srbesnbesnbesneeeneeenes 91
5.2.8. Substrate and by-product @nalySiS..........cccveieiiiieerieieie e 92
5.2.9. Cell lysis, inclusion body isolation and solubilization ..............ccccevevieiiiic i 92
5.2.10. Target protein StIMALION ..........ccveiiiiieciee ettt sre e nee s 93
5.3. RESULTS AND DISCUSSION .....uiiiiiiiiiiieiee e sttt s ssaesaeeste e stessneessaesnaesnnes 93

5.3.1. Understanding the interplay of acetate and lactose concentrations, cell growth and protein

S1 0o [T 1o oSSR 93
5.3.2. Implementing an NIRS-based real time control strategy for enhanced protein production........ 96
54. CONCLUSION ...ttt ettt ettt e e ste st e besre e e e sbeaneeseeereeneennean 104

6. SLOW POST-INDUCTION SPECIFIC GROWTH RATE ENHANCES

RECOMBINANT PROTEIN EXPRESSION IN E. COLI....ccciiiiiiiiiiieiee e 105
6.1. INTRODUCTION ...utiiiiiiiieitie sttt e st sarae e ste e sbeesbeessaessbeasbeenbe e beesbeeaseeanseenseenes 106
6.2. MATERIALS AND METHODS ...ttt sttt nee e e 108

6.2.1. Strains and target PrOTEINS ......ccviiiie ettt sttt saesbesreenee st 108
6.2.2.  Medium COMPOSITION.......cciiieieieite et te et e stesreeneesaesaesraeneeneens 108
B.2.3. PrE-CUIUIE ... s 109
I Y10 = Ut (o] o] o LT =L o] < J SO SPRPSN 109
6.2.5. Fed-DatCh CUILIVALIONS ........coviviireeice s 109



6.2.6. SPeCific growth rate CONIOL...........coiviieece e 110

6.2.7. Cell density MEBASUMEIMENT .......ciciiieiie ettt ettt e e sr e st e s be e s e saesbesaaenresrens 110
6.2.8. MEtabhOlite @NAIYSIS.......ecveiiiiiieeiee et nre e re 111
6.2.10. Target product QUANTITICALION .........ciiiieieieceee e 112

8.3, RESULTS ..ottt bbbttt bbb 112
Case study 1: Pramlintide multimer as target peptide..........cccvevieie e 112
6.3.1. Bioreactor run 1: Pre- and post-induction fed-batch specific growth rate of 0.3 h™*................ 112
6.3.2. Bioreactor runs 2&3: Post-induction specific growth rate of 0.1 and 0.08 h™...................... 114
Case study 2: Ranibizumab as a target Protein..........cccevviiiieeeie e 116
6.3.3. Bioreactor runs 4&5: Post-induction specific growth rate control of 0.08 and 0.04 h™* ....... 116
6.4. 010 ] N[0 I 1 [ ]\ TSP 118

7. CONCLUSIONS AND SCOPE OF FUTURE WORK .......ccooiiiiiiirieeceee 120
7.1, CONCLUSION. ..ottt ettt ettt 121
7.2. SCOPE OF TULUIE WOTK.......oiiiitiietee e 123

8. REFERENCQCES ... ettt nne e 124
9. APPENDIX ...t nas 150
Bl O D A T A e 159

xii



List of Figures

Figure 1. Key process variables in DIOPrOCESS ........ccveiverieiieiiesie s 20
Figure 2. Process monitoring tools in UPStream PrOCESS..........cuivreeieieiienieniesiesie e 21
Figure 3. Amino acid starvation effect on cell metabolism ..........ccccooviiiininiine, 24
Figure 4. Acetate biosynthesis pathway in E. COli .........cccccviviiiiiiiiii e 27

Figure 5. Effect of amino acid supplementation on cell density, substrate uptake, target protein

and product YIeld Profile ... 39
Figure 6. Tricing SDS-PAGE IMAJE ........cocuiiiiiiieieiese ettt 41

Figure 7. Amino acids consumption profile and specific amino acids consumption rate of test
Culture With CDIMA5MIM AAS ...ttt be b 42

Figure 8. For initial amino acids optimization study: Amino acid consumption profiles for (a):
CDM + 2.5 mM AAs (b): CDM + 7.5 mM AAs; Specific amino acid consumption rate for (c):
CDM + 2.5 MM AAS (d): CDM + 7.5 MM AAS ..ot 43

Figure 9. LC chromatogram of amino acid analysis of CDM + 5mM AAS ........ccccceeevvenene. 43

Figure 10. Effect of amino acid supplementation design strategies on cell density, substrate
uptake, target protein and product yield profile. ..o 45

Figure 11. Amino acids consumption profiles for amino acid supplementation design.......... 46

Figure 12. Validation of best amino acid supplementation design strategy on recombinant E.

COli strain eXPreSSiNg GCSF. ......ov i re e e e sree s 47
Figure 13. Fed-batch bioreactor runs using GP1 and GP2 AAs supplementation................... 48
Figure 14. Heatmap of log2FC values of differentially expressed genes ...........c.ccooevvvvenennns 50
Figure 15. Effect of amino acid supplementation on host cell protein expression. ................. 54

Figure 16. Hlustration of how the (p)ppGpp of stringent control network regulates the overall

SEress reSPONSE 1N E. COMI ..o.viiiiiiiicee e 55

Figure 17. Effect of amino acids and yeast extract supplement on carbon source uptake by wild

107 0L =T 0T | OSSR SSPSSRSRN 67

Figure 18. Consumption profile of amino acids by wildtype E. cOli. ........cccooovvviniiinnnnnne. 69

Xiii


https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373762
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373764
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373764
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373765
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373769
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373769
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373770
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373771
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373771
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373772

Figure 19. Effect of amino acid and yeast extract supplement on recombinant E. coli BL21
[(9]=5) TS 71

Figure 20. Consumption profile of amino acids by recombinant E. coli. ..........ccoccooviiiinnnnne. 73

Figure 21. Comparison of substrate, cell density and target protein profile of bioreactor runs.

Figure 22. Tricine PAGE analysis of control and test bioreactor run sample.............cccceveee. 75
Figure 23. Overview of high cell density cultivation with GP1 and GP2 AAs supplement....76
Figure 24. Relative transcription levels of group of genes determined by RT-qPCR ............. 78

Figure 25. Proposed mechanism of effect of amino acid supplement on uptake of glycerol and

12CLOSE 1N FECOMBDINANT E. COIE ..ttt eennnnnn 82

Figure 26. Schematic of the experimental setup for taking NIRS spectra of the bioreactor

supernatant in real time and executing feed control deciSIONS...........cccccvviveveivieviece e, 91

Figure 27. (a-c) Profiles of cell density, substrate concentrations, by-product concentrations

and substrate feeding rates for bioreactor runs 1-3 .........ccoooeiiiieiieie e 94

Figure 28. Concentrations of lactose, acetate and galactose in (a) samples collected directly
from bioreactor runs 2 and 3, and (b) augmented samples for coverage of the 3D space used to

calibrate the PLS regression models for NIRS-based quantification..............c.cccceevevveiieennnnnn 97

Figure 29. (a) Pure component spectra of model components in water background at 5 g/L
concentration; Model calibration results for (b) lactose, (c) acetate and (d) galactose............ 98

Figure 30. Flow chart for real time monitoring and control of the bioreactor. Green cells were

executed in Runs 2 and 3, while the complete control logic was used in Run 4 ................... 100
Figure 31. NIRS based controlled PrOCESS........cuiiiieiiiiiie e 101

Figure 32. (a) Protein production at 2, 4 and 6 hours into the production phase (t = 10, 12 and
14 h) for Runs 1-4; (b) Acetate concentration profiles for Runs 1-4 ...........cccccoovvvviiinnennn. 102

Figure 33. Evolution of NIRS spectra over the bioreactor runs...........c.ccccevevevivevieieieennnn, 103

Figure 34. Overview of rPramlintide bioreactor run with pre- and post-induction p of 0.3 h


https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373782
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373790
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373793
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373793
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373794
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373794

Figure 36. Comparison of ranibizumab bioreactor runs with post-induction p of 0.08 h** and

XV


https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373795
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373795
https://csciitd-my.sharepoint.com/personal/chz148281_iitd_ac_in/Documents/THESIS_FINAL/Thesis%20Revision/Jashwant%20Kumar_Final%20Thesis_v1.docx#_Toc76373796

List of Tables

Table 1. Expression hosts with pros and cons for recombinant protein production .................. 9

Table 2. FDA and EMA approved biopharmaceuticals produced using E. coli host in last 5

years (2016-2020) (Information adapted from www.biopharma.com/approvals.html)........... 10
Table 3. E. coli strains for recombinant protein production and their key features................. 11
Table 4. E. coli commercial vector families and their key features...........cccccvveiiieviieiieeninns 13
Table 5. Batch medium composition of chemically defined medium...........cccccovoveiviiniiennnnn. 15

Table 6. Optimized specific growth rate used for recombinant protein production by bacterial

L0 (PSSO P PSPPI PRPRPROPIR 19
Table 7. Monitoring tools for available for upstream technology..........ccccocveviiiiiciiiiiicnns 21
Table 8. Factors affecting cell physiology during recombinant protein production................. 22

Table 9. Different approaches to reduce acetate accumulation in E. coli leading to improved

recombinant Protein tILEN .........coveie e 29-30
Table 10. Chemically defined medium (CDM) used in the Study .........cccccoevevieiiienieciiecnnns 34

Table 11. Comparison of specific growth rate, specific glucose consumption rate, and product
yield coefficient between control and test culture of initial amino acids optimization study..40

Table 12. Experimental design of amino acids supplementation..............ccccccoeevvevveiieieenenn, 44

Table 13. Maximum specific growth rate, product yield coefficient on glucose and product

yield coefficient biomass of GP1 and GP2 AAs supplementation study.............ccccceevverinennn. 46

Table 14. Different carbon sources and amino acids/yeast extract supplement used in wildtype
E. coli shake flask eXPeriMments..........cooiiiiiiiiiieeee s 61

Table 15. Maximum specific growth rate of wildtype E. coli BL21 DE3 on glycerol and lactose

with and without amino acid/ yeast extract supplementation .............ccccoevveveiieevie e, 68
Table 16. Product yield coefficient and specific product formation rate of bioreactor runs....75
Table 17. Media components of DIOr€aCtOr FUNS..........cvcveiiereiie e 87
Table 18. Batch and fed-batch medium composItion............cccoeceeieiieie e 108

Table 19. Process parameters of bioreactor run with post-induction p of 0.1 h't and 0.08 h'



AAs
ACN
ANOVA
CCR
CDM
DCU
DCW
DNA
DO
DTT
EDTA
FDA
GCSF
GUI
HPLC
HSP
IB
IPTG
NIRS
oD
PAGE
PAT
PEP
PLS
pET
pPGpp

PPPGPp
PTMs

PTS
RNA
rRNA
RNAP
RPP
RT-gPCR
rDNA
TCA
tRNA
UPLC

List of Abbreviations

Amino acids

Acetonitrile

Analysis of variance

Carbohydrate catabolic repression
Chemically defined medium

Digital control unit

Dry cell weight

Deoxyribonucleic acid

Dissolved oxygen

Dithiothreitol

Ethylenediaminetetraacetic acid

Food and Drug Administration
Granulocyte-colony stimulating factor
Graphical user interface

High performance liquid chromatography
Heat shock protein

Inclusion body
Isopropyl-D-1-thiogalactopyranoside
Near infrared spectrosocopy

Optical Density

Polyacrylamide gel electrophoresis
Process analytical technology
Phosphoenolpyruvate

Partial least square

Plasmid for expression by T7 RNA polymerase
Guanosine 3’, 5’ biphosphate

Guanosine 5’-triphosphate 3” diphosphate
Post translational modifications
Phosphotransferase system

Ribonucleic acid

Ribosomal RNA

RNA plymerase

Recombinant protein production

Reverse transcriptase quantitative polymerase chain reaction
Recombinant deoxyribonucleic acid
Tricarboxylic acid

Transfer RNA

Ultra-performance liquid chromatography

xvii



Cs
CxL
Fo

Fr
Gal
Glu
Gly
kx/op
Lac

ODs0onm
pO2

gs

CIS/ Xm
Vi
xCO2
Yris

Y xis

Hmax

Mset

Symbols

Substrate concentration in feed reservoir
Cell density

initial start rate of peristaltic pump
Exponential feeding rate

Galactose

Glucose

Glycerol

Strain specific constant factor

Lactose

Dilution factor

Dptical density at 600 nm

Relative oxygen partial pressure in the liquid phase
Specific substate consumption rate
Specific maintenance rate

VVolume of the reactor

Mole fraction of carbon dioxide

Product yield coefficient on substarte
Yield coefficient of biomass on substrate

Greek symbols

Specific growth rate
Maximum specific growth rate
Set point for specific growth rate

Xviii

[gL]
[gL]
[Lh?]
[Lh7]
[gL]
[gL]
[gL]

[oLt AU
[gL]

[-]

[AU]

[%]
[C-mmol gDCW! h]
[h™]

[L]

[-]

[-]

[-]

[h]
[h™]
[h]



Publications

This thesis is based on following publications:

Kumar J., Chauhan, A. S., Shah, R. L., Gupta, J. A., & Rathore A. S. (2020). Amino acid
supplementation for enhancing recombinant protein production in E. coli. Biotechnology and
Bioengineering. 117(8), 2420-2433. https://doi.org/10.1002/bit.27371

Kumar, J., Chauhan, A. S., Gupta, J. A., & Rathore, A. S. (2021). Supplementation of critical
amino acids improves glycerol and lactose uptake and enhances recombinant protein
production in Escherichia coli. Biotechnology Journal, €2100143.
https://doi.org/10.1002/bi0t.202100143

Kumar, J., Thakur, G., & Rathore, A. S. A real time feeding control strategy for enhanced
recombinant protein production and acetate control in E. coli using near infrared spectroscopy
(NIRS) as a PAT tool. (submitted for publication)

Kumar, J., Bhat, S., & Rathore, A. S. Slow post-induction specific growth rate enhances

recombinant protein expression in E. coli: pramlintide multimer and ranibizumab production

as case studies. (submitted for publication)

XiX



	Thesis final_Jashwant Kumar.pdf



