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IEVADS

Témas aktualitate

Pécgenoma &ra zinatnieki arvien vairak izmanto daba sastopamo reakciju
izmanto$anu tam neraksturigos organismos biotehnologisku mérku sasniegSanai.
Pieméram, 1928. gada 4. Fleming atklaja penicilinu — pirmo antibiotiku, un 1941.
gada tika izstradata tehnologija, lai razotu antibiotiku ar fermentacijas procesu
palidzibu. 1978. gada insulina kod&joSo génu izdevas ievietot E.coli baktérija un
laut dzivai sistémai risinat insulina sintézes uzdevumu ("Herbert W. Boyer"). Sads
biokimijas pielietojums tiek saukts par biotehnologiju, un, iespgjams, ta ir viena no
visstraujak augosajam zinatnes nozarém.

Biotehnologija ir industrija, kura darbojas ar produktu iegisanu cilvéka
vajadzibam, izmantojot mikroorganismus. Biotehnologiska procesa produkti tiek
plasi izmantoti vairakas industrijas, piem&ram, partikas, medicinas, Kkimijas,
biodegvielu razosana, lauksaimnieciba (Adrio, Demain, 2010; Atsumi et al., 2008;
Carothers et al., 2009; Serrano, 2007; Trinh, Srienc, 2009; Yang et al., 2013; Yu et
al., 2010; "Contained use of genetically ...").

Mazak neka 200 gados zinatnieki pargaja no vienas reakcijas starp mineraliem uz
tokstoSiem savstarpgji savienotam un vaditam reakcijam, kuras lauj bakterijai
dzivot un razot cilvékiem nepieciesamas vielas. Sadu tikstodiem reakciju veidotu
sistému matematiskais apraksts un informacijas tehnologijas to analizei ir kluvu$as
par priekSnosacljumu pieejamas informacijas daudzveidibas sistematiz€$anai un
izmanto$anai (Kuprijanov et al., 2013; Lehrach et al., 2011; Zazzu et al., 2013).
Misdienas biotehnologija ir multidisciplinara nozare - ta ietver vairakas zinatnes,
tadas ka biologija, kimija, metaboliskd inZenierija, informacijas tehnologijas,
procesu vadiba un optimizacija.

Par metabolismu jeb vielmainas procesu pienemts saukt dazadu savstarpgji saistitu
biokimisko reakciju kopumu §indas vai organisma, kas nepiecieSams, lai
nodrosinatu to dzivotspgju (Vigants, 2008).

Viens no galvenajiem metaboliskas inzenierijas merkiem ir palielinat organismu
produktivitati kimisko vielu raZoSana, izmantojot gen&tiskas modifikacijas.
InZenierijas termina piesaukSana norada, ka arvien vairak darbibas ar biologiskajam
sisttmam tiek pielietota inzenierijai raksturiga pieeja: sist€ma tiek blivEéta vai
modificeta tikai péc pietiekosi detalizEtas sist€mas izpratnes un tas datormodelu
analizes (Tomlin and Axelrod, 2005; Tyo et al., 2007; Vital-Lopez et al., 2006;
Mendes and Kell, 1998).

Metaboliskais cel$ attélo funkcionalo vienibu tikla. Biokimija definé metabolisko
celu ka ktmisko reakciju secibu, ar ko sakotngjais metabolits tiek pakapeniski
parveidots par kadu citu molekulu vai molekulam (Berg et al., 2002). Ir iesp&jams
veikt genétiskas manipulacijas organisma, lai mainitu vielmainas tiklu un panaktu
nepiecieSamas vielas razoSanu.
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Viens no svarigiem organismu izmainu soliem ir mérka organisma projektésana ar
datormodelésanas palidzibu. To var realiz€t ar modelé€Sanu un simulacijam:
projektét modificto organismu atbilsto§i mérka funkcijai un parbaudit ta
sagaidamo potencialu (Macdonald et al., 2011). Biologisko sisttmu modelu un
datoreksperimentu izmanto$ana biologisko eksperimentu vieta ir 1etaka un neprasa
iekartu un kimikaliju resursus (Gendrault et al., 2011, Wiechert, 2002). Sanu
sisttmu modelésana nozim& molekularo komponensu apvienoSanu matematiski un
biologiski pareiza veida, lai vesela sistéma pastavétu in silico ka viens
matematiskais objekts. Sadu rekonstrukciju veik3anai ir nepiecieSams izmantot
specifisku biologisko informaciju.

Metabolisko celu datormodel€Sanai var izmantot bioktmisko tiklu stehiometriskas
matricas analizi. Sadas analizes galvena probléma ir skaitlosanas apjoms, ko izraisa
iespgjamo celu skaita kombinatorisks spradziens genoma limena metaboliskajos
tiklos (Blum, 2009). Parasti jauno ievieSamo metabolisko celu ievietosana Sasijas
organisma modeli un analize notiek manuali, atbilsto$i biotehnologijas specialista
idejai. Lielas iesp&jamas modifikacijas risindgjuma telpas parmekléSanai ir
nepiecieSsams daudz manuala darba. Lidz ar to, izvirzas arT prasiba péc liela apjoma
analizes automatizacijas, kas ir vél viens informacijas thenologiju potencialais
pielietojums.

Esoso riku klasts lauj risinat dazadas problémas, bet jauno, daba neeksistgjoso
metabolisko celu mekl€Sanas problémas paslaik nav risinamas ar specializetas
programmatiiras palidzibu. Sobrid neeksisté datorizéti riki, kuri lauj parbaudit plasu
iespgjamo risinagjumu telpu un sniegt ieteikumus par iesp&jamas modifikacijas
rezultatu. Lai arT §adas problémas risinasanai ir biju$i méginajumi izstradat visu
iespgjamo transformacijas celu mekl&$anas algoritmus (Blum, Kohlbacher, 2008;
Ranganathan, Maranas, 2010; Rodrigo et al. 2008; Wang, Hatzimanikatis, 20006;
Arita, 2000; Croes et al., 2006), probléma vél pastav, jo pieejamie algoritmi nav
realizeti datoriz&tos rikos un netiek plasi izmantoti, jo daudzi ming&tie algoritmi nav
realiz&ti datoriz€tos rikos, vai realiz€tu riku pieejamas versijas netiek uzturétas
funkcionala stavokli, 11dz ar to tas nav darboties sp&jigas. Ka arT, to izmantoti dati ir
novecojusie, jo netiek izmantota tieSsaistes datu ieguve.

Daudzi programmatiras produkti ir izstradati vienas noteiktas problémas
risinaSanai. Turklat tajos nav izmantotas vairakas analizes metodes, kuras Jauj
atbildét uz jautajumiem, vai izvélétais cel§ sp& nodrosinat gan nepiecie$amas
vielas razoSanu, gan organisma augSanu, netiek pielietoti vairaki ierobezojumi,
pieméram, reakciju termodinamikas dati, ka arT netiek pemtas vera Sasijas
organisma metabolisma Tpasibas.

Minéta situacija norada uz datortehnologiju pielietojuma aktualitati metaboliskaja
inzenierija un nosaka promocijas darba mérki un uzdevumus.



Promocijas darba mérkis un uzdevumi

Promocijas darba mérkis ir automatizét biokimisko celu konstrué$anu un analizi
Sasijas organismos metaboliskas inZenierijas uzdevumu risinasanai.

P&tfjuma meérka sasniegsanai tika izvirziti $adi uzdevumi:

1.

pastavoso metaboliskas inZenierijas un datorizétas biokimisko celu

konstruéSanas metozu analize;

biokimisko tiklu automatiskas konstrué$anas un analizes procesa icklaujamo

kriteriju un parametru analize;

bioktmisko tiklu automatiz&tas konstruéSanas procediiras izstrade ar iesp&ju

iek]aut esoSo Sasijas organisma metaboliska tikla modeli;

automatiska biokimisko celu konstruésanas un analizes rika izstrade;

iesp€jamas  risinagjumu  telpas analize atkariba no izvirzitajiem

ierobezojumiem;

metaboliskas inzenierijas uzdevumu risinasanas procediiras demonstrésana.
Pétijumu metodes

Automatizétas bioktmisko celu konstruéSanas un analizes riks, izstradats
Matlab vide.

Metabolitu transformacijas biokimiska tikla konstrugSanai ir izmantoti dati no
tieSsaistes brivpieejas datu bazes KEGG.

Biokimisko celu mekl€Sanai konstruéta metabolitu transformacijas
biokimiskaja tikla ir izmantots modificéts visu celu mekleéSanas dziluma
algoritms (DFS). Tika izstradata metode biokimisko celu automatiskai
vizualizacijai, kura izmanto Matlab 1ika ieblivétas iespgjas grafu
vizualizacijai.

Biokimisko modelu analizg izmantots plismas bilances analizes riks COBRA,
kas balstits uz linearas algebras metodem.

Biokimisko procesu modeléSana izmantotas stehiometriskas modeleéSanas
metodes, pielietots SBML standarts modela definéSanai.

Konstruéto biokimisko celu analizei tiek izmantots izstradats daudzkriterialas
analizes algoritms. Celu ranz&Sanai ir izmantoti metaboliskos celus
raksturojosi parametri ar mainamiem svara koeficientiem.

Zinatniskais jauninajums un praktiska vertiba

Izstradata biokimisko tiklu automatiskas konstruésanas procedura.

Izstradats automatiski realiz€jams biokimisko celu analizes algoritms, kas
nem vera termodinamiku, $asijas organisma metabolitus un plismu bilances
analizes rezultatus.

Izstradata konstruéto biokimisko celu daudzparametru svertds ranz&Sanas
metode.



4. lzstradats riks, kas automatiski parlasa iesp&amo genétiskas modifikacijas
risingjumu telpu un konstrué biokimiskos tiklus atbilstoSi metaboliskas
inzenierijas uzdevumam.

5. Konstatéts Ricarda Iiknes tipa telpas pieaugums atkariba no risinajuma telpa
pielaujamo reakciju skaita.

Pétijuma tezes

1. Palielinot pielaujamo reakciju skaitu cela, iespgjamo modifikaciju risinajumu
telpa sakotn&ji strauji picaug, bet turpindgjuma sasniedz ierobeZota reagentu
skaita noteiktu piesatinajumu.

2. Ir iesp&jams automatiski konstruet un ranzet biokimiskos celus, nemot veéra to
termodinamiskos ierobezojumus, $asijas organisma datormodelus un plismu
bilances analizes rezultatus.

3. Risinajumu telpas pilna automatiska sken€Sana piedava literatiira
publicétajiem risinajumiem konkur€tspgjigu risinajumu kopu.

Promocijas darba struktiira un apjoms

Promocijas darbs ir uzrakstits latvieSu valoda, satur anotaciju, ievadu, 5 nodalas,
secinajumus, literatliras sarakstu un 6 pielikumus, taja skaita 5 tabulas, 58 att€lus,
kopa 128 lappuses. Darba izmantoti 133 literatiiras avoti.

1. METABOLISKA INZENIERIJA

Stinu metabolisms sastav no sarezgita kimisko reakciju tikla, kur§ transformé
molekulas un kur§ darbojas, lai parveidotu barojosas vielas energija un biomasa.
Sada tikla metaboliskie celi attélo funkcionalas vienibas, kuras ir atbildigas par
specifiskiem metaboliskiem procesiem, pieméram, oglekla avotu degradaciju vai
aminoskabju sintézi. Tas ir, biokimija defin€ metabolisko celu ka kimisko reakciju
sekvenci, ar ko sakotngjais metabolits ir pakapeniski parveidots par kadu citu
molekulu vai molekulam (Berg et al., 2002). Pieméram, glikolizes metaboliskais
cels parveido glikozi par piruvatu. Termodinamikas informacija var tikt izmantota,
lai aprékinatu kimisko reakciju lidzsvaru un prognozétu, vai konkréta reakcija var
noritét pie dotajos apstaklos.

Sobrid zinamie metaboliskie celi tika atklati, pateicoties citigam darbam ar
specifiskiem organismu modeliem. Tomér realitaté metaboliskie tikli ir vairak
mainigi un vairak savstarpgji saistiti neka (parsvara linearie) modelu metaboliskie
celi (Cordwell, 1999; Vigants, 2008). Izmantojot génu-enzimu (g€nu-proteinu),
enzimu-reakciju, ka arT reakciju-metabolitu attiecibas, var tikt rekonstru@ti
organismu specifiskie $inu metaboliskie tikli, balstiti uz datiem no biologisko
objektu datu bazem, un var tikt veikta $adu tiklu in silico analize.

Analizgjot Sadus vielmainas tiklus, var noteikt, kadi produkti tiek razoti
mikroorganismu augSanas procesa, ka arT ir iespgjams modelét vielmainas celu
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izmainas, lai panaktu biotehnologiskaja procesa nepiecieSamo vielu razo$anas
palielinasanu, vai sakt razot jaunu vielu, kura nav sastopama savvalas
mikroorganismu suga.

Alternativo metabolisko celu eksistence ir organismu adaptacijas rezultats
apkartgjai videi, tapec, zinasanas par visiem iesp&jamajiem celiem, kuri transforme
avota metabolitu par mérka metabolitu var palidzet labak saprast metabolismu.
Tomér, metabolisko celu eksperimentala noteikSana ir laika un resursu ietilpigs
process (Blum, 2009).

Metaboliska inZenierija ir genétisko un regulacijas procesu optimizacija $tnas, lai
uzlabotu noteikta produkta razoSanu. Dabiski metabolisko reakciju tikli var tikt
uzlaboti ar modeléSanas un optimizacijas metodém. Mikroorganismu uzlabosana,
izmantojot metaboliskas inZenierijas metodes, paaugstina organisma produktivitati,
samazina izmaksas un apkart§jo piesarpojumu, un vispargji uzlabo rezultatus
vairakas industrijas un nozarés. Organismu metabolisms var transformét izejvielas
par plasu produktu klastu, vairaki no Siem materialiem var tikt izmantoti
industrialiem un komercialiem mérkiem. Visplasak sintétisko biologiju un
sistémbiotehnologiju izmanto medicina un apkartéja vidé, t.i., medikamentu
sinteézg, terapija, biosensoros, biodegvielas razosana, farmacija, biomaterialu un
kimikaliju razo$ana, dzivibas izpratnes uzlabosana (Gendrault et al., 2011; Khalil,
Collins, 2010; Tepper, Shlomi, 2010).

Biotehnologija ir zinatne, kura Jauj izmantot eso$o reakciju kopumu
mikroorganismos, lai razotu cilvékiem nepiecieSamas vielas, izmantojot
metabolisko inZenieriju, un ar sistémbiologijas un sintetiskas biologijas palidzibu
modific&tus mikroorganismus. Sistémbiologija ka zinatne nav jauna, bet ta ir strauji
attistijusies, pateicoties jaunu tehnologiju attistibai. Sistémbiologija tiek definéta ka
globala méroga biologisku procesu pétiSana §iina, organisma vai ari pat kopienas
Itment, to molekularo komponentu un funkciju mijiedarbibu (“What is systems
biology?”). Termins ,,sintétiska biologija” paradijas nesen un ir saistits ar pilnigi
atSkirigiem pétfjumu virzieniem. Vairaki no tiem ir fokus@ti uz inZenieriju, kura
dabiskas molekulas tiek apvienotas defin€tos kompleksos un ievietotas S$tnas,
pieskirot $adi uzbuvétam $Gnam jaunas IpaSibas un funkcionalitati, gen&tiski tos
modificgjot (Khalil, Collins, 2010; Mannelli et al., 2003). Sintétiska biologija ir
defingta ka inZenierijas principu pielietojums biologisko sistému izstradé ("What’s
in a name?").

Metaboliskaja inzenierija ir nepiecieSamas vairakas iteracijas, lai parliecinatos par
atsevisku solu veiksmigu integraciju. Viens no svarigiem organismu izmainu
procediiras soliem ir procesa projekt€Sana. Viena no metodém, kas lauj to izpildit,
ir datormodel&Sana un simulacijas (in silico metodes) — metodes, ar kuru palidzibu
ir iesp&jams projektet modificéto organismu atbilstosi mérka funkcijai un parbaudit
tas potencidlu (Macdonald et al., 2011). Sobrid ir vairaki programmatiiras riki, ar
kuru palidzibu ir iesp&jams atvieglot un paatrinat projektdsanu. Sadus rikus var
sadaltt vairakas kategorijas péc to pielietojuma.
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2. METABOLISKO TIKLU DATORANALIZE

Siinas satur daudzus metaboliskos celus, lai nodro§inatu to dabiskos izdzivosanas
procesus. Lai saprastu, ka Stna tiek sadalitas tas funkcijas, var tikt izmantota
metabolisko tiklu analize. Iesp&jamo metabolisko celu liela skaita un sarezgitibas
del nav vienm@r intuitivi saprotams, kuri celi tiek izmantoti, lai sasniegtu $tnas
mérka funkcijas. Metaboliskos tiklus var attelot grafa veida un pielietot grafa
teorijas metodes un celu mekléSanas konceptus, lai saskaititu linearas
biotransformacijas celus starp doto avota metabolitu un mérka metabolitu grafa,
kur§ attelo metabolisko tiklu. Celu mekléSanas algoritmi var tikt izmantoti, lai
aprékinatu vienu vai vairakus celus, kuri savieno divas atSkirigas virsotnes grafa.
Sie algoritmi atkiras p&c to potenciala pielietojuma un to sarezgitibas.

Metabolisko tiklu analizi var veikt, izmantojot organismu stehiometrisko
modelésanu. Ta ir metode, kura ir balstita uz ierobezojumiem. Metabolisko tiklu
stehiometrija apraksta vielmainas procesa notiekoSo kimisko reakciju reagentu un
produktu attiecibas. [zmantojot $adu model&sanas pieeju, var noskaidrot metabolitu
plismas organisma modell un secinat par organisma notickoSajiem vielmainas
procesiem. Viens no plasak izmantojamajiem rikiem, ar kuru palidzibu var analizet
visus iesp&jamos metaboliskos celus stehiometriskos modelos, ir plismu bilances
analize (angl., FBA, Flux Balance Analysis). Tiklu vizuala att€losana ir svariga to
sapraSanai. Lai gan vairak informacijas var iegiit no matematiskas att€loSanas, ir
iespgjams att€lot metabolisko tiklu matematiski, izveidojot stehiometrisko
(savienojumu) matricu, kura attélo tiklu. Reakciju un metabolitu identifikatori tiek
izmantoti, ka kolonnu un rindu nosaukumi. Biotehnologiskaja raZo$ana, meklgjot
risindjumu, ka var sarazot noteikto vielu, izmantojot mikroorganismus, rodas
probléma - kadas biokimiskas reakcijas izmantotas, vienu vielu transformg&jot cita.
Papildus ir nepiecieSams noskaidrot, kada veida ir iesp&jams razot noteiktu vielu,
ievieSot pec iesp&jas mazak modifikaciju.

Automatiski izveidoti metaboliskie celi var tikt izmantoti, lai parbauditu noteiktas
teorijas par metabolitu konvertaciju, iespgjamo produktu biosint€zi vai substratu
biodegradaciju. Parsvara pieejamas metodes lauj izveidot metaboliskus celus, bet
lietotajam manuali ir japarbauda izveidota cela precizitate, un ari, ja ir
nepieciesams, jaimplement? to esosaja modeli, lai to testétu. Sads risindjums der
neliela izméra modeliem, bet lielakos metaboliskos tiklos to manuali izdarit ir
darbietilpigi. Cita biotehnologiskas raZoSanas probléma varétu but, kad ir zinams
substrats un produkts, bet nav zinams Sasijas organisms — organisms, kur$ tiks
izmantots gengtisko modifikaciju veikSanai, lai parveidotu substratu par produktu.

Saja gadifjuma nav neviena rika, kur§ palidzétu izvéléties piemérotus risinajumus.
Pasreiz organisma izvele un metabolisko celu mekléSana parsvara notiek
eksperimentali vai/un balstoties uz zinatnieku zinaSanam un pieredzi. Bet biezi vien
tas nesniedz optimalo rezultatu, nav parbauditi visi iesp&jamie varianti. Lidz ar to
var tikai cerét, ka $ada izveleta modifikacija izdosies un biis konkurétspgjiga ar
citiem biotehnologiskajiem risinajumiem.
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Saja darba tiek piedavata metodologija, to realiz&joss riks un praktiski pieméri, kas
parada automatize€tu metabolisko celu izveides algoritmu un to implementaciju.
Piedavatais risinagjums apvieno eso$as metodes un uzlabo tas izmantoSanu
industrialajos pielietojumos, nodrosina uzlaboto metabolisko celu validacijas
shému.

3. AUTOMATIZETA BIOKIMISKO TIKLU
KONSTRUESANAS PROCEDURA

Sisteémbiologija un sintétiskaja biologija biezi naas noteikta seciba cikliski pielietot
dazadus datoranalizes algoritmus. So algoritmu pielietosanas secibu biezi sauc par
procediiru (Balsa-Canto et al., 2010; Mozga, 2012; Rubina, 2013; Vital-Lopez et
al., 2006). Lai novérstu iepriek§ mingtos trikumus metabolisko tiklu mekléSana,
darba ietvaros tika izstradata automatizéta datormodel&sana un optimizacija balstita
biokimisko tiklu konstrué$anas un analizes procedira. Ta ir sadalita Cetros
galvenajos solos (sk. 1. att.). Katra sola rezultats tiek izmantots nakamaja solt.

( Silul.lms )

[ 1. Mérka un parametru izvéle ]

( I ’ ] )
1.1, Mrka metabolits izvele 1.2. Mérka organisma made[a 13. Nelzmar}to{amo elementu
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T.2.1. Mode[a datu apstrade un
papildindsana
¥

] [ 1.4, Procesa parametru izvéle ]

2, Reakciju tikla izveide ]

¢ i 3
[ 2.1, Elementu meklésana J—»[ZZ E\ementuatbl\sllbasparbaude 23, Reakcuut\k\a izveide ]—»{ 2.4, Reakciju tikla attélosana ]

parbaude izveide
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2.1.1. Metaballtu mekléiana ] [ 221 Neuzmantojamc elementu } [ 231 Sawenqumu matricas ]
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2.1.3. Reakciju paru meklésana
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1
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1
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i
[ 4. Rezultatu analize l
; T
[ 4.1. Atrasto ce|u analize ] »[ 4.2. Rezultatu ranzesana ]
1
[ 4.1.1. Plusmu bilances analize ]
3
[ 4.1.2. Statistikas savaksana ] {
¢ Beigas )

1. att. Biokimisko tiklu automatizétas konstrueSanas procediiras soli
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Pirmais solis tiek sadalits Cetros apakssolos, kas ir savstarpgji saistiti. Pirmais solis
sakas ar krit€riju un modela izveli, kas ir paredzets procesa vispargjai izzinasanai —
kads ir biotehnologiskas razoSanas uzdevums, kads ir biokimiskais process, kadi
kritériji ir izvirziti. Tiek definéts mérka metabolits un mérka Sasijas organisms, kurs
tiks izmantots biotehnologiskaja procesd. Sim $asijas organismam tiek izvéléts
metaboliskais modelis, atbilstos$i kuram tiek izveidots saraksts ar reakcijam un
metabolitiem, kuri tiek izslégti no talakas analizes, ka arT definéti papildu
parametri.

Meérka metabolits, elementi, kuri nepiedalas celu konstrué$ana, un papildu
parametri tiek izmantoti otraja solf reakciju tikla izveid€. Papildu parametri tiek
izmantoti arT mérka organisma modela izvéles procesa, kas savukart tiek izmantots
treSaja soli — metabolisko celu meklesana.

Nakamaja soli notiek biokimisko reakciju meklé$ana un savienoSana reakciju tikla.
Saja solf tiek parbauditi iespéjamie metabolitu transformacijas celi. Darba autors
piedava izmantot visu iesp&jamo metabolitu savienojumu parlasi, t.i., parbaudot
visas iesp&jamas kimiskas reakcijas, kuras var parveidot mérka metabolitu. Katram
metabolitam KEGG datu baze tiek atrastas visas reakcijas, kuras tas piedalas.
Katrai reakcijai tiek samekl€ti reakciju pari. Katram reakciju parim tiek samekleti
metaboliti, kuri piedalas noteikta reakcija. No atrastajiem metabolitiem un
reakcijam tiek izveidota savienojumu matrica, kura att€lo elementu saistibas. Tiek
izveidots nakama mekléSanas limepa metabolitu saraksts. Savukart, katram
metabolitu ITmenim netiek ietverti tie metaboliti, kuri tika defingti ka apkartgjie
metaboliti un nepiedalas atomu parveides keédé starp substratu un produktu. Beigas
tiek atgriezta tikla savienojumu matrica, kura att€lo izveidotu reakcijas tiklu.

Tresaja soli notiek metabolisko celu meklésana izveidota reakciju tikla risinajuma
telpa. Saja soli ir nepiecielams sameklét visus iespgjamos metabolitu
transformacijas celus, sakot ar mérka metabolitu Iidz kadam metabolitam merka
organisma modeli, tas ir, jaatrod visi celi, ar kuriem meérka metabolits var tikt
savienots ar modeli.

Tadel tiek piedavats izmantot automatiztu pieeju visu iesp&jamo metabolitu
transformacijas celu meklésanai. Ta ka iepriek$gja soli tika izveidots metabolitus
savienojoss reakciju tikls, kur§ tiek att€lots grafa veida, tiek piedavats izmantot
algoritmu visu celu meklésanai grafa. Eksisteé vairaki algoritmi, kuri piedava $adu
funkcionalitati, Iidz ar to ir nepiecieSams izvéléties piemérotako un realizét to. Sim
algoritmam jaatgriez saraksts ar visiem metaboliskie celiem, kuri savieno divus
metabolitus.

P&dgjais solis paredz ieprieks€ja soli iegiito metabolisko celu analizi un ranz&sanu.
Sis solis ir sadalits etros posmos, pirmais no kuriem ir ieprieksgja solf atrasto celu
analize. Analizei ir nepiecieSams atrast visus papildus metabolitus, kuri piedalas
katra no cela reakcijam, balstoties uz pirmaja soll izv€letajiem parametriem. Ir
nepiecieSams pievienot So celu ar visiem metabolitiem modell un parbaudit, vai Sis
cel§ sp& nodrodinat atomu plismu caur to. Sim mérkim var izmantot plismu
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bilances analizes (FBA) algoritmu, kur§ nosaka, cik liela atomu plisma ir
iesp&jama caur noteiktu metabolisko celu. Ja FBA analizes rezultata ir redzams, ka
Sis cel$ nespgj nodrosinat pietiekamu plismu, ka ari, ja biomasas augSanas plisma
ir zema, $o celu izslédz no turpmakas analizes.

Darba autors piedava izmantot sekojosu metabolisko celu novertésanas formu:

e pemot vera cela kopgjo metabolitu skaitu;

e pemot véra modela un cela kop€jo eksistéjoso metabolitu skaitu;
e pemot vera modell pievienoto metabolitu skaitu, kuri eksiste cela;
e pemot vera cela reakciju skaitu;

e reakciju skaitu ar zinamo termodinamiku, ja analize tiek izmantoti
termodinamikas dati;

e modeli un cela kopgjo reakciju skaitu;

e nelidzsvaroto reakciju skaitu;

e metaboliska cela pliismas bilances analizes rezultati,

e modela biomasas pliismas bilances analizes rezultatus ar pievienotu celu.
Tika izstradata konstrueto biokimisko tiklu daudzparametru svertas ranzeSanas
metode, kura nem véra 20 atseviSskos parametrus un svariguma koeficientus. Sadu
metodi ir iesp&ams pielagot, izveloties tikai tos parametrus, kuriem ir lielaka
prieksrociba biotehnologiska uzdevuma risinasana.

4. PROGRAMMATURAS RIKS SANALYZER

Balstoties uz ieprieks aprakstitas procediiras soliem, tika izstradats riks sAnalyzer,
kur§ secigi implementé visus procediiras solus un pierada, ka ar $adas procediiras
palidzibu ir iesp€jams veikt jauno, daba neeksistgjoso metabolisko celu izstradi.
sAnalyzer riks lauj parbaudit visas iesp&jamas kimisko reakciju kombinacijas, kuras
savieno nepiecieSamo metabolitu ar Sasijas modeli.

Sis riks ir izstradats Matlab vidé. Programmésana Matlab vidé notiek skriptu
izpildamos failos, kur katrs fails var saturét vienu vai vairakas funkcijas. Matlab
vide tika izv€l&ta, jo ta lauj izmantot Matlab iebtivéto funkcionalitati, ka arT tam ir
pieejami vairaki paplasinajumi.

Viens no tiem, ,,COBRA toolbox” (Becker et al., 2007), tika izmantots, lai veiktu
metabolisko celu analizi ar plismu bilances analizes algoritma palidzibu. sdnalyzer
ietver Cetrus galvenos funkcionalos modulus, kuri lauj manipulét ar modeli un
iegltajiem datiem (sk. 2. att.).
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2. att. sdnalyzer programmas vienkarSots darbibas algoritms

Sim rikam piemit vairakas inovativas Tpasibas, kuras to atikir no jau eso$ajiem
rikiem. Ka svarigakas Tpasibas var piemingt:

1. sAnalyzer lauj savienot mérka metabolitu ar doto $asijas modeli;

2. netiek defingta ieejas/izejas vieta, programma mekI€ tas automatiski;

3. sAnalyzer meklg reakcijas no dazadiem organismiem tiessaistes datu bazg;

4. tiek parbaudita plasa modifikaciju risindgjuma telpa, nemot vera Sasijas

organisma Tpasibas.

Péc ieejas datu ievades tiek izsauktas divas apakSprogrammas — izejvielas
transformacijas celu savienojuma matricas izveides apakSprogramma un S$asijas
organisma modela apstrades apakS§programma. Modela apstrades apak$programma
parbauda vai ieejas modeli eksisté metabolitu KEGG datu bazes identifikatori. Ja
$adas informacijas modeli nav, ta tick automatiski samekléta KEGG datu bazé un
pievienota modelim. Dati tiek nolasiti no KEGG datu bazes, izmantojot API
pieprastjumus. ST informacija tiek izmantota, lai atrastu metabolitu transformacijas
celus starp ieejas metabolitu un modeli, izmantojot izveidotu otra apakSprogramma
savienojumu matricu.

Savienojumu matricas veidoSanas apakSprogramma izveido sakotng&ja metabolita
transformacijas tiklu, kur$ var tikt att€lots ka grafs, sakot ar ieejas metabolitu un ar
noteikto reakciju skaitu katrd cela. ST apak$programma atgrieZ ieejas metabolita
transformacijas stehiometrisko matricu, kura apraksta elementu savienojumu
attiecibas.
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ST matrica tiek izmantota visu metabolisko celu meklesanai starp diviem
metabolitiem, izmantojot modific€to mekleSanas dziluma algoritmu (ang]., Depth-
first search, DFS) ("Graph Traversal"). Modificéts DFS algoritms ir implement&ts
celu mekleSanas apakSprogramma. legitie rezultati tiek nodoti celu analizes
apaks$programmai, kura veic katra metaboliska cela analizi.

Katrs analiz&tais metaboliskais cel§ tick pievienots modelim, izmantojot COBRA
rika funkcionalitati, veicot ta FBA analizi, parbaudot iespgjamo plismu caur
pievienoto celu, un FBA analizi caur pievienoto celu un biomasas augSanas
reakciju. Katram analizes parametram tiek pieskirts noteikts svara koeficients, pec
kura notiek celu atme$ana un ranzésana.

Papildu vienkar$am biotehnologiskam uzdevumam - substrata utilizacija vai

produkta razo$anai, sAnalyzer piedava risinat $adu apvienotu uzdevumu — substrata
utilizacija un produkta razosana, izmantojot $asijas organisma modeli.

5. AUTOMATIZETA METABOLISKAS INZENIERIJAS
RISINAJUMU TELPAS DATORANALIZE

Nodala veltita izstradatas metaboliskas inzenierijas risingjumu telpas datoranalizes
pieejas un rika darbibas analizei.

5.1. Risinajuma telpas analize atkariba no ierobeZojumiem

Tika veikti 12 eksperimenti ar 3 metabolitiem, lai noteiktu citu metabolitu
sasniedzamibu ar KEGG datu bazé pieejamo reakciju palidzibu. Tika izveidoti
katra metabolita transformacijas tikli. Eksperimentam tika izv€leti metaboliti ar
atSkirigu reakciju skaitu, kuras tie ir tiesi iesaistti.

Sadu reakciju skaits norada uz metabolitu sakotngjo savienojamibu tikla. Izvéletas
tris biotehnologija plasi pielietotas izejvielas, ka sakotn&jie metaboliti: glikoze
(tiesi iesaistita 111 reakcijas), ksiloze (tiesi iesaistita 8 reakcijas) un glicerins (tiesi
iesaistits 25 reakcijas) (sk. 3. att.).
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3. att. Metabolitu transformacijas tikla izmantoto metabolitu (pa Kkreisi) un reakciju
(pa labi) skaits atkariba no reakciju skaita cela

Eksperimenti notika ar reakciju termodinamikas robezvértibu (TDR) 5kJ/mol un
neizmantojot TDR, ka arT izmantojot divus sarakstus ar elementiem, kuri
nepiedalas celu konstruésana, t.i., defineti ka apkartgjie metaboliti. Garais saraksts
tika nemts no publicétajiem datiem un satur 159 metabolitu nosaukumus
(Ranganathan, Maranas, 2010), kuri nevar piedalities celu konstrug$ana. Isais
saraks ir autora veidots ar 18 plasi izplatitiem apkartjiem metabolitiem.

Liknu raksturs atbilst Ric¢arda liknei (angl., Richards' curve) (Richards, 1959) — ar
zemam argumenta vertibam pieaugums ir ar kav&jumu, bet ar lielam argumenta
vertibam tas klGist asimptotiski piesatinats.

Neieviesot termodinamikas parametrus, sasniedzamo metabolitu skaits atkariba no
reakciju skaita cela norada, ka ar 15 reakciju garu celu no katra pétita metabolita ir
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iespgjams sasniegt ap 90% citu KEGG datu bazé minéto reakcijas iesaistito
metabolitu.

Glicerina un glikozes iesaistito elementu skaits ir lidzigs visa reakciju skaita
diapazona. Atskiribas ir nebutiskas un ir skaidrojamas ar sakotngjo reakciju skaitu,
kuras §1s vielas ir tieSi iesaistitas. Taja pasa laika ir arT noveérojams sakotngjas
savienojamibas efekts: ksilozei ir vérojama savienojamibas [Tmena atpalikSana no
glicerina un glikozes par aptuveni divam reakcijam cela. ST relativi stipraka
izolacija no citiem metabolitiem netiesi norada uz iemesliem, kas rada ksilozes ka
substrata izmantoS$anas problémas koksnes biomasas parstrades procesa (Jeffries,
2006). Bet garaka reakciju tikla kopgjais iesaistito elementu skaits sasniedz tadu
pasu limeni ka glicerinam un glikozei. Tas ir, ar visiem 3 metabolitiem ir
sasniedzama ta pati metabolitu kopa.

Glicerinam un glikozei termodinamikas robezvertibai (TDR) SkJ/mol ir lidziga
ietekme — iesaistito metabolitu skaits ir mazaks par aptuveni 1400, un reakciju
skaits par 700 reakcijam ar maksimalo reakciju skaitu tikla 15 reakcijas. Biitiska
TDR ietekme ir redzama, sakot ar 5 reakcijam cela. Izmantojot TDR ksilozei, jauno
iesaistito elementu skaita augSana apstajas pie reakciju skaita 2 reakcijas, iesaistot 8
reakcijas pirmaja Itment un 14 reakcijas otraja limeni. Tas nozimég, ka neviena no
14 reakcijam termodinamiski nevar notikt ksilozes parstrades virziena.

5.2. Bakterijas Z. mobilis metaboliskas inZenierijas analize glicerina
utilizacijai
Saja darba tika izmantots Z mobilis centrala metabolisma modelis (Pentjuss et al.,

2013), kur$ satur 96 reakcijas un 81 metabolitus, modela pamata ir Entner-
Dudoroff cels etanola razosanai.

Tika veikti 12 datoreksperimenti, lai novertetu glicerina ka izejvielas izmantoSanas
iespgjas ar atSkirigu reakciju Gibsa energijas robezvertibam un maksimalo reakciju
skaitu cela 1, 3, 5 un 7 reakcijas. Tika izmantots Tsais saraksts ar celu konstruésana
neizmantotajiem metabolitiem. Tika izveidotas 12 savienojumu matricas, kuras
att€lo glicerina transformacijas celus.

Nakamaja soli tika mekléti visi celi izveidota savienojumu matrica, kuri lauj
savienot glicerinu un Z.mobilis datormodeli, izmantojot KEGGID modela laukus
(sk. 4. att.) (Y ass — logaritmiska m&roga).
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4. att. Iespéjamo biokimisko celu skaits starp glicerinu un Z.mobilis modeli

Pedgja solt tiek veikta samekl&to celu analize. Analizes laika tiek noraiditi celi, kas
neizpilda minimalas iestatitas prasibas, piem€ram — nespéj saraZzot biomasu vai
nenodro§ina pietiekami lielu mérka plismu biotehnologiski nepiecieSamaja cela
stacionaraja stavokli. Celi, kas izpilda minimalas prasibas, tiek saranz&ti péc
izveletas kriteriju secibas vai péc kopgja svérta kriterija (KSK) izmantojot
daudzparametru svertas ranzésanas metodi, atkariba no uzdevuma iestatijumiem.
P&c analizes tika noraidita puse no celiem pie cela garuma 5 reakcijas, un ar
maksimalo celu garuma 7 reakcijas analiz€to celu skaits parsniedz robezu 5000
celi.

Minimalais reakciju skaits, kura var savienot glicerinu ar Zmobilis modeli, ir 5
reakcijas. Var secinat, ka Zymomonas mobilis piedavatas modifikacijas glicerina
parstradei (Pentjuss et al., 2013) var&tu nebut darboties sp&jigas termodinamisko
parametru dg] (tiek piedavatas 2 reakcijas).

5.3. Bakterijas E.coli metaboliskas inZenierijas analize a-Pinene razoSanai

a-Pinene ir svarigs dabisks produkts, kur§ plasi tiek izmantots at$kirigas nozares.
Sobrid a-Pinene, kur§ tiek izmantots razo§ana, parsvara ir iegiits no kokiem vai
koksnes parstrades procesa. Yang petijjuma (Yang et al., 2013) ir paradits, ka E.coli
mikroorganisma tika ievietots metaboliskais cel§, kur§ sastav no 9 g€niem,
ekspres€tiem no citiem mikroorganismiem.

Sie dati tika parbauditi ar sAnalyzer palidzibu - tika konstruéta a-Pinene vielas
transformacijas celu savienojuma matrica. Tika parlasitas 7046 reakcijas un 3168
metaboliti no KEGG datu bazes. [zveidotaja metaboliskaja tikla ir 6176 virsotnes,
kur katra virsotne ir metabolits vai reakcija, un 9808 Skautnes, kuras ir savienojumi
starp metabolitu-reakciju-metabolitu.

Izmantojot daudzparametru svertas ranzéSanas metodi, sdnalyzer atgrieza 252
iesp&jamos metaboliskos celus, kuri var savienot sakotngjo metabolitu ar kadu no
modelt esoSajiem metabolitiem (sk. 5. att.). Ar sarkano $aja attéla ir paradits cels,
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par kuru ir rakstits izveletaja pieméra (Yang et al., 2013). legitie celi ir atSkirigi ar
reakciju skaitu. Tika atrasti 8 celi ar 7 reakcijam un 16 ar 8 reakcijam. Parg&jos celus
veido 9 reakcijas. Pirmajiem 12 labakajiem atrastajiem celiem konstruéta cela FBA
vertiba ir 4.05 mmol/(gDW -h). Yang p&tijuma minétais cel§ atrodas 45. vieta
saskana ar ranzéSanas datiem ar cela FBA veértibu 4.05 mmol/(gDWh). Pretstata
publikacija (Yang et al., 2013) piedavatajam 9 reakciju metaboliskas inzenierijas
risindjumam sA4nalyzer piedavaja virkni celu ar lielaku a-Pinene razoSanas plismu
ar TDR 45kJ/mol.
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5. att. a-Pinene iespéjamo 252 razoSanas celu vizualizacija ar TDR 45 kJ/mol

5.4. Bakterijas E.coli metaboliskas inZenierijas analize I-butanol raZoS$anai

1-butanol ir garo kézu alkohols, kur§ var tikt izmantots vairakos veidos. Viens no
tiem ir biodegvielas razoSana. Salidzinot ar etanolu, /-butanol vielai ir vairakas
prieksrocibas ta izmantoSanai ka degvielai augstakas energijas satura un augstakas
hidrofobitates d€l. I-butanol var tikt raZots gan kimiski, gan mikroorganismu
fermentacijas procesa.

Ir vairaki petfjumi par E.coli organisma izmantoSanu /-butanol razoSana (Atsumi et
al., 2008; Lee et al., 2008; Ranganathan, Maranas, 2010). Viens no iesp&jamajiem
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E.coli modifikacijas veidiem ir C.acetobutylicum stradajosa I-butanol razo$anas
cela ievietoSana E. coli (Atsumi et al., 2008).

Cita petjjuma papildu $adam dabiskam celam tika mekleti daba neeksistgjusie I-
butanol razosanas celi (Ranganathan et al., 2010). Tika izmantota uz grafiem
bazéta jauno celu mekléSanas procediira, kas izmanto datus no KEGG un
BRENDA datu bazes, jo KEGG datu bazg nav pilno datu par garo k&Zzu alkohola
razosSanas celiem, tap&c Sie dati tika iegiti no BRENDA datu bazes (Ranganathan
etal., 2010).

Sie dati tika parbauditi, izmantojot sAnalyzer riku. Ka modela savienojuma
metabolits tika izvelets pyruvate (C00022), maksimalais cela garums 7 reakcijas,
minimalais biomasas augSanas atrums 0.01% no nemodificéta modela biomasas
reakcijas plismas un reakciju termodinamikas robezvértiba 35kJ/mol. Tika
izmantots garais saraksts ar celu konstrué$ana neizmantotajiem metabolitiem.

sAnalyzer analizg tika atrasti 23 iesp€jamie celi (sk. 6. att.), kuri savieno E.coli
mikroorganisma modeli ar /-butanol vielu. Visi publikacijas minétie celi tika
noraiditi. les€jams noraidiSanas iemesls - augstak mingtie celi nenodroSina
organisma iepriek§ minimala limeni (0.01 mmol/(gDW-h)) vai kada no cela
reakcijam, saskana ar termodinamikas datiem, var notikt tikai pret€ja virziena.
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6. att. sAnalyzer piedavatie I-butanol razosanas celi ar TDR 35 kJ/mol
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Minétie praktiska pielietojuma piemeri ir parbauditi tikai modeléSanas ITment.
Pirms to ievie$anas ir nepiecieS$ama biologiska analize. Tom@r piedavatais plasais
risindjumu klasts ir konkur€tspg€jigs ar analizEtajas publikacijas izmantotajiem
risinajumiem.

SECINAJUMI

Galvenie darba rezultati

Tika automatizéta biokimisko celu konstruéSana un analize Sasijas organismos
metaboliskas inzenierijas uzdevumu risinasanai.

1. Ir analizétas pastavosSas metaboliskds inZenierijas un datorizétds biokimisko
celu konstruésanas metodes.

Eksisté vairaku tipu riki metaboliskas inZenierijas uzdevumu risinasanai un datu
analizei. Ir publicéti riki, kuri lauj mekl&t un konstru€t biokimiskos celus, tomér
lietosanai pieejami un darbojas tikai dazi no tiem. Sadu riku trikums ir tas, ka
esosie riki nelauj analiz€t visu risinajumu telpu, bet gan aprobezojas ar zinamo
organismu metaboliskiem celiem. Lidz ar to — netiek analizeti iesp&jamie jaunie
metabolitu transformacijas celi. Turklat pieejamie riki nelauj analizét konstrugtos
celus ar $asijas mikroorganisma modela palidzibu.

2. Ir analizéti biokimisko celu automatiskas konstruésanas un analizes procesa
ieklaujamie kritériji un parametri.

Par svarigakajiem parametriem celu analizei tika izveleti analiz&ta cela un Sasijas
organisma biomasas reakcijas plismu bilances analizes rezultats, minimalas
plismas lielums caur biomasas augSanas reakciju, reakciju skaits cela, no analizes
izslégtas reakcijas un metaboliti, reakciju termodinamikas dati reakciju virziena
noteikSanai, nelidzsvarotu reakciju skaits cela, cela ietverto un organisma eso$o
metabolitu daudzums.

3. Ir izstradata biokimisko tiklu automatiskdas konstruéSanas procediira ar
iespéju iekjaut esoso Sasijas organisma metaboliska tikla modeli.

Izstradata procediira sastav no 4 soliem: mérka un parametru izvéles, reakciju tikla
izveides, metabolisko celu meklé$anas un rezultatu analizes. Izstradata procediira
lauj parmeklét visu modifikaciju risindgjuma telpu un analiz8t atbilstoSus
metaboliskos celus ar Sasijas organisma modela palidzibu.

Biokimisko cel]u konstruésana (reakciju tikla izveide) tiek veikta, balstoties uz
defindto meérki un sakotngjiem parametriem, izmantojot datus no tieSsaistes
biologisko objektu datu bazes. Tiek iegati visi celi, kuri var savienot mérka
metabolitu ar doto Sasijas organisma metaboliska tikla modeli. Celu analize tiek
veikta, balstoties uz ieklautajiem krit€rijiem un parametriem. Ir iesp&jami vairaki
analizes veidi.
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4. Ir izstradats automatizetas biokimisko celu konstruésanas un analizes riks.

Uz izstradatas procediiras pamata tika izstradats brivpieejas riks sAnalyzer, ar kura
palidzibu ir iesp&jams veikt metabolisko celu risinajuma telpas parmekléSanu un
celu analizi. Sis riks implementé visus piedavatas procediiras solus. DaZus solus ir
iespgjams atkartot, t.i., ir iesp&jams veikt celu analizi ar atSkirigiem analizes
parametriem, neatkartojot vélreiz iepriek$€jos procediiras solus. sdnalyzer atgriez
sarakstu ar celiem un to ranz&Sanas kriteriju vertibam, ka arT Sasijas organisma
modeli ar pievienoSanai ieteicamajiem metaboliskajiem celiem.

5. Ir analizéta iespéjama risindjumu telpa atkaribd no izvirzitajiem
ierobezojumiem.

Tika parbaudita iesp&jama risindgjuma telpa, veidojot lielus metabolitu
transformaciju biokimiskos tiklus. Tika konstatéts Ricarda liknes tipa analizg
ieklauto reakciju un metabolitu skaita pieaugums, un kopgjais risinajuma telpas
pieaugums atkariba no pielaujamo reakciju skaita. Izmantojot maksimalo reakciju
skaitu cela un termodinamikas ierobezojumus, ir iesp&jams samazinat kopgjo
risinajuma telpu, ieklaujot tikai reakcijas, kuras var notikt tikai viena virziena ar
konkrétiem procesa parametriem.

6. Demonstréta metaboliskds inzenierijas uzdevumu risinasanas procediira.

Tika veikti eksperimenti, lai demonstrétu procediras darbibu metaboliskas
inzenierijas uzdevumu risinasana, izmantojot sdnalyzer riku.

Parbauditas Z.mobilis baktérijas iesp&jas nodroSinat glicerina patérinu un
organisma augSanu pie atSkirigiem termodinamikas parametriem. Z.mobilis
eksperimenta tika paradits, ka glicerina parveidei par etanolu nepiecieSams ievietot
5-9 reakcijas. Tika veikta E.coli bakt€rijas izmanto$anas analize jauno produktu
razoSanai, salidzinot rezultatus ar iepriek§ publicétajiem datiem. a-Pinene
eksperimenta atrasti celi, kuru a-Pinene razoSanas pliismas atrums ir 40 reizes
lielaks par publikacija piedavata risindjuma pliismas atrumu. [-butanol
eksperimenta, pretstata publikacija min€tajiem celiem, kuru izmantoSana saskana ar
sAnalyzer datiem nelauj razot biomasu, tika atrasti celi, kas lauj razot gan /-butanol
vielu pieckartiga apjoma, salidzinot ar publikacija mingtajiem, gan arT biomasu.

sAnalyzer sp€ja atrast gan publikacijas nosauktos celus, gan ari piedavaja celus,
kuriem iesp€jamais vielas razoSanas potencials ir lielaks par piedavato celu. Tika
konstatéta triikstosas vai nepilnigds informacijas ietekme uz celu analizes
rezultatiem.

Secinajumi un attistibas perspektivas
Darba gaita tika guti vairaki secinajumi, butiskakie no tiem ir minéti Saja
apaksnodala.

1. Ir iesp&ams automatiski atlasit Sasijas organisma ievietojamos celus, kuri
nodro§ina produkta razoSanu un/vai substrata pat€rinu, ka arT organisma
augSanu.
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Modelu un darba autora izstradatas procediiras pielietosana modifikaciju
projekteSanas stadija lauj samazinat manualo darbu, nepiecieS$amo resursu
daudzumu un laiku, pateicoties automatiskajai risinajumu analizei un
ranzeéSanai.

Biologisko risku formalizacija un to ietver§ana datoriz&ta risindgjumu telpas
parmeklesanas procesa novers riskantu risinajumu parbaudi daudz dargakajos
biologiskajos eksperimentos.

Konstatets Ricarda Iiknes tipa risinagjuma telpa iesaistito metabolitu un
reakciju skaita pieaugums atkariba no pielaujamo reakciju skaita cela.

Reakciju termodinamikas robezvertibu izmantoSana ievérojami samazina
risinajuma telpu un analizei pateréto laiku.

Metaboliskas inZenierijas risingjumu mekléSanu ir lietderigi veikt, sakot ar
mazu reakciju skaitu cela, reakciju skaitu palielinot, ja piemérots risinajums
nav atrasts.

Ka darba attistibas perspektivas var iezimé&t vairakus virzienus.

1.

sAnalyzer darbibai ir nepiecieSams Matlab riks, kas ir maksas produkts, ar
COBRA paplasinajumu. Ir iesp&jams implementeét COBRA atbalstu atverta
koda rikos un aizvietot maksas Matlab riku ar atvérta koda risinajumiem,
pieméram, Octave, Scilab.

Izstradat sAnalyzer rika versiju ar Python programmésSanas valodu, jo COBRA
riks ir pielietojams, ar1 izmantojot Python programméesanas valodu. Sada
gadijuma Matlab riks nav nepiecieSams, kas lauj sAnalyzer riku brivi izmanot.

Pievienot papildus reakciju un metabolitu datu avotus (datu bazes) sAnalyzer
rika.

Izstradat iesp&jamo ge€nu izveles un analizes algoritmu, kur§ piedavas
iespg€jamo génu kombinacijas, balstoties uz reakciju enzimu datiem. Papildus,

var tikt izmantoti enzimu kinétiskie dati, lai prognoz&tu reakciju iesp&jamibu
Sasijas organisma.
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INTRODUCTION

Theme topicality

In post-genome era, scientists are increasingly using naturally occurring reactions
in not typical organisms for achieving biotechnological objectives. For example, in
1928, A. Fleming discovered the penicillin — the first antibiotic, and in 1941 the
technology was developed for production of antibiotics using fermentation process.
In 1978, the insulin coding gene was successfully implemented in the FE.coli
bacteria to solve the task of insulin synthesis ("Herbert W. Boyer"). Such
biochemical applications are called biotechnology, and perhaps it is one of the
fastest growing scientific disciplines.

Biotechnology is the industry dealing with the product development for human
needs using microorganisms. Biotechnological products are widely used in many
industries, e.g. food, medicine, chemistry, biofuel, agriculture, etc. (Adrio, Demain,
2010; Atsumi et al., 2008; Carothers et al., 2009; Serrano, 2007; Trinh, Srienc,
2009; Yang et al., 2013; Yu et al., 2010; "Contained use of genetically ...").

In less than 200 years scientists have moved from one reaction between minerals to
thousands of interconnected and controlled reactions which allow the bacteria to
live and produce important compounds. Mathematical description and information
technologies for analysis of such systems built from thousands reactions has
become a prerequisite for available information systematization and exploitation
(Kuprijanov et al., 2013; Lehrach et al., 2011; Zazzu et al., 2013). Nowadays,
biotechnology is a multidisciplinary field — it includes a number of different
sciences, e.g. biology, chemistry, metabolic engineering, information technologies,
process control, and optimisation.

Metabolism, or metabolic process, is defined as a set of various interrelated
biochemical reactions in cells or in an organism, which is necessary to ensure the
ability to live (Vigants, 2008).

One of the most important objectives of metabolic engineering is increasing
production of biochemical compounds using genetic modifications. In increasing
number of activities with biological systems engineering approach is used: the
system is built or modified only after a sufficient detailed understanding of the
system and its computer model analysis (Tomlin and Axelrod, 2005; Tyo et al.,
2007; Vital-Lopez et al., 2006; Mendes and Kell, 1998).

Metabolic pathway is a functional unit of the biochemical network. In
biochemistry, metabolic pathway is defined as a sequence of reactions, which
transform the initial metabolite into another molecule or molecules (Berg et al.,
2002). It is possible to make genetic manipulations in the organism to change
metabolic network and reach a production of the necessary substance.

One of the most important steps of the metabolic engineering is the organism
design. It can be done using modeling techniques and simulation: to make the
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design of the modified organism according to the objective function and to verify
it’s expected potential (Macdonald et al., 2011).

The use of computer experiments and models of biological systems instead of
biological experiments is cheaper and does not require equipment and chemical
resources (Gendrault et al., 2011, Wiechert, 2002). Modeling of cell systems means
merging of molecular components in mathematically and biologically accurate way
to create in silico mathematical objects. For such reconstructions it is required to
use specific biological information.

For computational modeling the biochemical network’s stoichiometric matrix
analysis can be used. The main problem for such analysis is the computational
amount caused by combinatorial explosion of possible number of pathways in
genome-level metabolic networks (Blum, 2009). Usually, the insertion of the new
metabolic pathways into chassis organism model and its analysis is performed
manually, based on the idea of biologist. The scanning of the wide solution space
of possible modifications needs a lot of manual work. Hence, requirements for
large-scale analysis automation rise, which is another information technologies
potential application.

The range of existing software tools allow solving a variety of problems, but the
problem of new non-naturally occurring metabolic pathway searching cannot be
currently solved with the help of specialised software. At present, there are no
computerised tools which allow testing a wide range of possible solution space and
making recommendations on possible modification results. Although for such
problem solving there have been attempts to develop algorithms for searching all
possible transformation pathways (Blum, Kohlbacher, 2008; Ranganathan,
Maranas, 2010; Rodrigo et al. 2008; Wang, Hatzimanikatis, 2006; Arita, 2000;
Croes et al., 2006), the problem still exists, as the available algorithms are not
implemented in computational tools, or available versions of existing tools are not
maintained in functional state, so they are not fully operational. It used data is
obsolete because of online data capture is not used. Many of software products are
designed for one specific problem solving. In addition, they are not using a number
of analysis methods which allow to answer the question — is the chosen pathway
able to provide both needed substance production and the organism growth? Many
constraints, e.g. reaction’s thermodynamic data and metabolic characteristics of
chassis organism model, are not use used either.

The situation indicates topicality of the use of computer technology in metabolic
engineering and determines the aim and tasks of the PhD thesis.

The aim and the tasks of the PhD thesis

The aim of the PhD thesis is to automate the design and analysis of biochemical
networks in chassis organisms for solving metabolic engineering tasks. In order to
achieve the aim of the PhD thesis several tasks were solved:
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. to analyse existing metabolic engineering end computational methods for
biochemical networks design;

. to analyse criteria and parameters for automatic design and analysis of
biochemical networks;

. to develop a procedure for automatic biochemical networks design with an
option to include metabolic model of chassis organism;

. to develop a tool for automated metabolic networks design and analysis;

5. to analyse possible solution space of metabolic engineering task depending on

given restrictions;

. to demonstrate operation of metabolic engineering tasks solving procedure.
Research methods

. Matlab-based automated tool for biochemical pathways design and analysis.

. Data from online KEGG database is used for constructing metabolites
transformation network.

. For biochemical pathways search in constructed metabolites transformation
network the modified Depth-First search algorithm is used. A method for
automatic visualisation of biochemical pathways was developed, which uses
Matlab built-in functions for graph visualisation.

. For analysis of biochemical models the flux balance analysis tool COBRA is
used, which is based on linear algebra methods.

. For modeling biochemical processes stoichiometric modeling methods are
used, SBML standard is used for model definition.

. For analysis of constructed biochemical pathways the developed multi-criteria
analysis algorithm is used. Metabolic pathways characterising parameters
with changeable weighting coefficients are used for ranking pathways.

Scientific novelty

. Automatic biochemical networks design and construction procedure is
developed.

. Automatic biochemical pathways analysis algorithm is developed, which
takes into account thermodynamics, chassis organism’s metabolites and flux
balance analysis results.

. Multiparameter weighted ranking method of constructed biochemical
pathways was developed.

. The tool was developed for automatic scanning of possible genetic
modifications solution space and constructing of biochemical networks
according to the metabolic engineering task.

. Richard curve type of the growth of solution space was found depending on
the allowable number of reactions in the pathway.
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Theses

1. Increasing the allowable number of reactions in the pathway, the possible
modification solution space is growing rapidly, but then reaches a saturation
limited by number of certain metabolites.

2. Itis possible to automatically construct and rank biochemical pathways taking
into account thermodynamic constraints, chassis organism models and flux
balance analysis data.

3. The automatic scanning of the solution space offers a set of solutions
competitive to the published data.

PhD thesis structure and volume

The PhD thesis is written in Latvian containing abstract, introduction, 5 chapters,
conclusions, bibliography, and 6 annexes, including 5 tables, 58 figures, 128 pages
in total. 133 literature sources were used.

1. METABOLIC ENGINEERING

Cell metabolism consists of a complex chemical reactions network, which
transforms molecules and acts to transform nutrients into energy and biomass.
Metabolic pathways represent functional units of such network; they are
responsible for specific metabolic processes, e.g. carbon source degradation or
amino acids synthesis. Biochemistry defines metabolic pathway as a sequence of
chemical reactions, where the initial metabolite is gradually transformed into
another molecule or molecules (Berg et al., 2002).

For example, glycolysis metabolic pathway converts glucose to pyruvate.
Thermodynamic data can be used to calculate reactions balance and to predict
whether a particular reaction can take place at the given conditions.

The presently known metabolic pathways were discovered thanks to meticulous
work with specific organism models. However, in reality, metabolic networks are
more variable and more interrelated than the mostly linear model metabolic
pathways (Cordwell, 1999; Vigants, 2008).

Using gene-enzyme (protein), enzyme-reaction and reaction-metabolite relations,
organism specific cellular metabolic networks can be reconstructed based on data
from biological object databases. For such networks in silico analysis can be
performed.

By analysing these metabolic networks, it can be determined which products are
produced during the growth of microorganisms. It is possible to simulate changes
in metabolic pathways in order to increase a yield of biotechnological process or to
start new substance production, which is not present in wild type microorganism
species.
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The existence of alternative metabolic pathways is the result of organism
adaptation to environmental conditions. Therefore, the knowledge about all
possible pathways that can transform source metabolite into target metabolite may
help to understand metabolism. However, the determination of metabolic pathways
in experimental way is time and resources consuming process (Blum, 2009).

Metabolic engineering is optimisation of genetic and regulatory processes in cells
to increase production of certain product metabolites. Natural metabolic networks
can be improved both with modeling and optimisation methods, and systems and
synthetic biology methods.

Metabolism of organisms can transform source substances to variety of products,
many of them can be used for industrial and commercial purposes. Most widely
systems and synthetic biology methods are used in medicine and environment, e.g.
drugs synthesis, therapy, biosensors, biofuels, pharmacy, biomaterials and
biochemical production, etc. (Gendrault et al., 2011; Khalil, Collins, 2010; Tepper,
Shlomi, 2010).

Biotechnology is the science that allows the use of existing set of reactions in
microorganisms to produce substances needed to humans using organisms modified
with systems and synthetic biology methods. Systems biology as a science is not
new but it is growing rapidly due to development of new technologies. Systems
biology is defined as a global research of biological processes in the cell, organism,
or even community level, its molecular interactions of components and functions
(“What is systems biology?”). The term synthetic biology appeared recently, and it
is related to completely different research directions. Several of them are focused
on engineering, where natural molecules are combined into specific complexes and
inserted into cells, giving them new features and functionality genetically
modifying them (Khalil, Collins, 2010; Mannelli et al., 2003). Synthetic biology is
defined as use of engineering principles in development of biological systems
("What’s in a name?").

In metabolic engineering, several iterations are needed to ensure the successful
integration of the individual steps. One of the most important steps of organism
modification procedure is process design. One of the methods that allow
performing it is computational modeling and simulation. Those are methods to
design modified organisms based on the objective function and test its potential
(Macdonald et al., 2011). Currently, there are several software tools that allow
facilitating and accelerating the design step. Such tools can be divided into several
categories according to their application.

2. METABOLIC NETWORKS ANALYSIS

Cells contain many metabolic pathways to ensure the natural survival processes. To
understand how functions are divided in a cell the metabolic networks analysis can
be applied. Due to a large number of possible metabolic pathways and their
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complexity, it is not always intuitively understandable which pathways are used to
reach the target cell functions.

Metabolic pathways can be represented as graphs, and graph theory methods can be
applied to calculate biotransformation pathways between source and target
metabolites. The pathway searching algorithms can be used to find one or many
pathways that connect two graph nodes. These algorithms vary both in their
potential application and their complexity.

Metabolic networks analysis can be done using organism stoichiometric modeling.
It is a constraint-based modeling method. Metabolic network stoichiometry
describes relations of substrates and products in chemical reactions of the cell
metabolism. By using such modeling technique the metabolic fluxes in organism
model can be determined and conclusions about metabolic processes in the
organism can be made. One of the frequently used tools for metabolic pathways
stoichiometric analysis is flux balance analysis (FBA). Visual representation of the
network is important for its understanding; however, more can be obtained from its
mathematical representation. It is possible to represent metabolic network using
stoichiometric matrix where reactions and metabolites are used as columns and
TOWS.

In the biotechnological production, one of the questions is as follows: by using
which biochemical reactions one substance can be transformed into another one?
Additionally, it is necessary to find the minimum set of reactions that allow
producing the necessary metabolite.

Automatically created metabolic pathways can be used to test certain theories about
conversion of metabolites, possible product biosynthesis or substrates
biodegradation. Generally available methods allow creating metabolic pathways,
but in order to test them the user should manually check the accuracy of the
pathway and implement it to the chassis model. This solution is suitable for small
models but for larger metabolic networks it requires a lot of manual work. Another
problem of biotechnological production is when necessary substrate and product
are known but the chassis organism which can be used for genetic modifications is
not known.

In such case, there is no tool which can help to choose appropriate solution.
Currently, the selection of organism and search of metabolic pathways happens
based on experiments and/or based on scientific knowledge and experience. But
often it does not provide the optimal result, because not all possible solutions are
tested. Therefore, biologist can only hope that such selected modification will
succeed and will be competitive with other biotechnological solutions.

This work offers a methodology, a software tool implementing it and practical
examples that show an automated metabolic pathways construction algorithm and
its implementation. The proposed solution combines existing methods and
improves their use in industrial application, as well as provides enhanced metabolic
pathways validation scheme.
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3. AUTOMATED PROCEDURE FOR BIOCHEMICAL
NETWORKS CONSTRUCTION

To avoid the above mentioned disadvantages in metabolic network modeling,
automated procedure for biochemical networks construction and analysis was
developed. It is divided into four main steps (Figure 1). The result of each step is
used in the next procedure steps.
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Figure 1. Steps of automated procedure for biochemical networks construction

The first step is divided into four interlinked sub-steps. The first step starts with
criteria and model selection to define the biotechnological process. During this step
the source metabolite and chassis organism model are selected, the list of
metabolites and reactions that cannot be used in network constructions is defined
and additional parameters are chosen, e.g. minimum biomass reaction flux,
connection metabolites, thermodynamic data, maximum number of reactions in
pathway. Such process parameters are used in the next procedure steps.
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At the next step biochemical reactions and metabolites are searched and connected
in the transformation network of the source metabolite. The author offers to use all
possible connections of metabolites, e.g. examine all possible reactions that can
transform the source metabolite. For each metabolite all reactions where the
particular metabolite is participating are selected from the KEGG database.

For each reaction metabolites reactions-pairs are found. The found metabolites and
reactions are connected into connection matrix which represents biochemical
network. For each metabolite all reactions are found. It continues until the
maximum number of reactions in pathway is reached. As the result a connection
matrix is returned.

At the third step all metabolic pathways should be found in the constructed
biochemical network that can connect the source metabolite with any other
metabolite in the chassis organism model. Therefore, it is proposed to use an
automated approach for searching every possible metabolite transformation
pathway.

Since the matrix created in the previous step can be represented as a graph, it is
proposed to use the algorithm for searching all paths in the graph. Many algorithms
are offering the following functionality, thus it is necessary to choose the most
appropriate and implement it. This algorithm should return a list of all paths that
connect two nodes of the graph, i.e., metabolic pathways in biochemical network.

The last step provides analysis and ranking of the metabolic pathways found in the
previous step. First of all, pathways should be analysed one by one. In this step, all
metabolites from all reactions in the pathway should be found, based on parameters
defined in the first step. Next, the analysed pathway should be added to the model
and tested if it is capable of providing atom flow. Flux balance analysis algorithm
can be used to determine the flux in the constructed pathway. If the fluxes of the
analysed pathway and biomass reaction are very low or zero, this pathway can be
excluded from the future analysis. Other pathways can be ranked based on
calculated pathway parameters.

The author proposes to use the following metabolic pathways evaluation form:
e taking into account total number of metabolites;

e taking into account the number of common metabolites of model and
pathway;

e taking into account the number of metabolites added to the model;

e taking into account the number of reactions in the pathway;

o taking into account the number of reactions with known thermodynamics;

e taking into account the number of common reactions of model and pathway;
o taking into account the number of unbalanced reactions in the pathway;

e flux balance analysis results of constructed pathway;
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e flux balance analysis results of biomass reaction in model with added
constructed pathway.

Multiparameter weighted ranking method of constructed biochemical pathways
was developed, which takes into account 20 separate parameters and coefficients.
This method can be adapted, choosing only those parameters that have higher
priority in biotechnological task solving.

4. SOFTWARE TOOL SANALYZER

Based on the above described steps of the procedure a software tool sAnalyzer was
developed. sAnalyzer implements all steps of the procedure and proves that by
using such procedure it is possible to create new, non-naturally occurring metabolic
pathways. sAnalyzer allows to test all possible combinations of biochemical
reactions that connect the source metabolite with the model.

The tool is developed in Matlab environment. Programming in Matlab is made in
executable script files where each file may contain one or more functions. Matlab
environment was chosen, because it allows using both Matlab built-in functionality
and many add-in toolboxes. One of them COBRA toolbox (Becker et al., 2007)
was used for metabolic pathways flux balance analysis.

sAnalyzer includes four main modules that allow to manipulate with the model and
obtained data (Figure 2).
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Figure 2. sAnalyzer program simplified operation algorithm
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This tool has a number of innovative features that differentiate it from the existing
tools. As the most important characteristics may be mentioned:

1. sAnalyzer allows to automatically connect a given metabolite to a chassis
model;

2. input/output metabolites are not defined, sAdnalyzer can find them
automatically;

3. sAnalyzer searches for reactions from various organisms in the online
database;

4. a wide solution space is tested taking into account the characteristics of the
chassis organism

After the data input two subprograms are called — chassis organism model
processing program and pathways connectivity matrix construction program.

Model processing program checks for KEGG identifiers existence in the model. If
the model does not contain KEGG data, they are automatically searched in the
online KEGG database and added to the model. Data are read from the KEGG
database using API requests. Such information is used to find all transformation
pathways between the source metabolite and any metabolite in the model using
connectivity matrix created by the other subprogram.

Connectivity matrix construction program creates a source metabolite
transformation network that can be represented as a graph tree starting with the
source metabolite and defined number of reactions in each pathway. In the end,
stoichiometric matrix of constructed network is returned.

This matrix is used to find all possible pathways between two metabolites using
modified Depth-first algorithm ("Graph Traversal"). The found pathways are
passed to the pathways analysis and ranking subprogram.

Each metabolic pathway is connected to the model using COBRA tool functionality
and is tested for flux balance in this pathway and the biomass reaction. For
pathways ranking a multiparameter weighted ranking method is used.

Additionally to the simple biotechnological task of substrate degradation or product
synthesis, s4nalyzer allows solving a combined task of utilising the substrate and
producing the product while using chassis organism model.

5. AUTOMATED METABOLIC ENGINEERING
SOLUTION SPACE ANALYSIS

This Chapter is devoted to the developed metabolic engineering solution space
analysis approach and operations analysis of the developed tool.
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5.1. Constraint depending analysis of solution space

Twelve experiments were performed with three different metabolites to identify
reachability of other metabolites using reactions from KEGG database. The
transformation network of each metabolite was done. For experimenting three
metabolites were chosen with different number of reactions where that metabolite
is participating. Such number of reactions indicates the initial connectivity of the
metabolite. The following source metabolites widely used in biotechnology were
chosen: glucose (participating in 111 initial reactions), xylose (participating in 8
initial reactions), and glycerol (participating in 25 initial reactions) (Figure 3).
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Figure 3. Number of used metabolites (left) and reactions (right) in transformation
network construction

Experiments were done using Gibbs energy value thermodynamic threshold (TDT)
5 kJ/mol and without TDT. Also, two different lists of metabolites which are
excluded from metabolic pathways construction were used. The long list with 159
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metabolites was taken from the published data (Ranganathan, Maranas, 2010). The
short list was developed by the author consisting of 18 widely known pool
metabolites.

The character of curves corresponds to Richard’s curve type (Richards, 1959):at
low argument values the increase of growth starts with delay, but at high values of
the argument it becomes asymptotically saturated.

Without introducing thermodynamic threshold, the achievable number of
metabolites depending on the number of reactions in the pathway shows that with
15 reactions from each metabolite about 90% of other metabolites, involved in
reactions, can be reached in the KEGG database.

The total number of included elements in glycerol and glucose transformation
network construction is similar at the whole range of number of reactions in the
pathway. The differences are insignificant and can be explained by the initial
number of reactions in which this metabolite is directly involved. At the same time,
the initial connectivity effect is observed — in the xylose case the connectivity level
lagging from glycerol and glucose by about two reactions can be seen. This
relatively stronger isolation from other metabolites indicates the reasons which lead
to problems of xylose as a substrate use in wood biomass recycling process
(Jeffries, 2006). But with longer reaction networks the number of total involved
elements reaches the same level as glycerol and glucose. That is, all three
metabolites can reach the same set of metabolites.

In glycerol and glucose cases thermodynamic threshold (TDT) value 5kJ/mol have
similar effect — the number of involved metabolites is smaller by about 1,400
metabolites, and the number of reactions by about 700 reactions with the maximum
15 reactions in the pathway. A significant TDT influence is visible starting from 5
reactions in the pathway. By using TDT in the xylose case, the growth of the
number of involved elements stops at two reactions in the pathway. It involves
only 8 new reactions at the first reaction in the pathway and 14 reactions at the
second reaction in the pathway. That happens because there are no reactions which
can thermodynamically happen in xylose degradation direction.

5.2. Z.mobilis bacteria metabolic engineering analysis for glycerol utilisation

In this example, Z.mobilis central metabolism model (Pentjuss et al., 2013) is used,
which consists of 96 reactions and 81 metabolites, the base of this model is Entner-
Dudoroff pathway for ethanol production.

Twelve experiments were performed to evaluate the use of glycerol as a possible
substrate at different Gibbs energy value thermodynamic thresholds (TDT)
30kJ/mol, 5kJ/mol, without TDT, and at different maximum number of reactions in
the pathway — 1, 3, 5 or 7 reactions. The long list of excluded metabolites was used.
In this example, a total of 12 connection matrixes were created, which represent
glycerol transformation networks using different parameters.
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In the next step, all pathways were searched in created connection matrixes, which
allow connecting glycerol and Z.mobilis model (Figure 4.) Y axe is given in a
logarithmical scale.
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Figure 4. Number of possible biochemical pathways between glycerol and Z.mobilis
model

In the last step, the found pathways are analysed, where pathways not fulfilling the
minimum flux requirements are discarded. Other pathways were ranked based on
selected parameters sequence or multiparameter weighted ranking method. During
analysis, a half of the found pathways were discarded with 5 reactions in the
pathway, but with 7 reactions in the pathway the number of analysed pathways
reached the limit of 5,000 pathways.

The minimum number of reactions to connect glycerol to the Z.mobilis model is 5
reactions. It can be concluded that the proposed two reactions of Zmobilis
modification (Pentjuss et al., 2013) for glycerol recycling might not be operational
due to the thermodynamic parameters.

5.3. E.coli bacteria metabolic engineering analysis for a-Pinene production

a-Pinene is important natural product which is widely used in different fields. At
present a-Pinene, which is used in manufacturing, mostly is derived from trees or
in wood recycling process (Yang et al., 2013). Yang research shows an example of
implementation of 9 genes into the E.coli bacteria for a-Pinene production.

This data was tested using sdnalyzer tool. o-Pinene transformation network was
constructed with maximum 9 reactions in the pathway. In total 7,046 reactions and
3,136 metabolites were used.

By using the multiparameter weighted ranking method, in total 252 were found and
analysed. All found pathways are represented in Figure 5.

With red in this figure is marked the pathway, which is described in the Yang’s
publication (Yang et al., 2013). The found pathways differ by the number of
reactions in the pathway. 8 pathways with 7 reactions and 16 pathways with 8
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reactions in the pathway were found. Other pathways have 9 reactions. The
pathway mentioned in Yang publication was at the 45th place after ranking with
flux on it 4.05 mmol/(gDW"h). In contrast to the 9 reaction pathway proposed in
the publication (Yang et al., 2013) , sdnalyzer offered a range of pathways with
larger a-Pinene producing flux using TDT 45kJ/mol.
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Figure 5. a-Pinene producing metabolic pathways visualisation
5.4. E.coli bacteria metabolic engineering analysis for 7-butanol production

I-butanol is long chain alcohol, which can be used in several ways. One of them is
biofuel production. In comparison with an ethanol, /-butanol has many advantages
of its use as a fuel, due to higher energy amount and higher hydrophobicity. /-
butanol can be produced both in chemical way and in fermentation process of
microorganisms.

There are several studies on E.coli use for [-butanol production (Atsumi et al.,
2008; Lee et al., 2008; Ranganathan, Maranas, 2010). One of possible FE.coli
modifications is implementing of C.acetobutylicum genes of I-butanol production
(Atsumi et al., 2008). In another research, additionally to existing pathway, non-
existing pathways were searched (Ranganathan et al., 2010). A graph-based new
pathways search algorithm was used, which uses data from KEGG and BRENDA
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databases. BRENDA database was used, because KEGG does not contain data for
long chain alcohols transformation.

The found pathways were tested using sAnalyzer tool. As a model connection
metabolite pyruvate (C00022) was chosen — the same as in the publication
(Ranganathan et al., 2010). Other parameters of sdnalyzer were selected based on
the tasks setting the limit of maximum 7 reactions in the pathways, minimum
biomass growth reaction flux 0.1% from the wild-type model biomass growth, TDT
35kJ/mol and the long list of excluded elements.

In the result of sAnalyzer analysis 23 possible pathways were found that can
connect pyruvate in the E.coli metabolism with the /-butanol (Figure 6). All
pathways mentioned in the publication were discarded. Possible reasons could be
that pathways do not provide the minimum requirements of atom flux in the
pathway and biomass reaction or some of reactions cannot happen in /-butonol
producing direction using the chosen TDT.
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Figure 6. sAnalyzer proposed I-butanol producing pathways using TDT 35 kJ/mol

The mentioned practical application examples are tested only in modeling level.
Before their implementation, biological analysis is needed. However, a wide set of
proposed solutions is competitive with the solutions used in publications.
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CONCLUSIONS

The main PhD thesis results

Biochemical pathways construction and analysis in chassis organisms was
automated for solving metabolic engineering tasks.

1. The existing metabolic engineering and computational tools for biochemical
pathways construction were analysed.

There are several types of tools for solving metabolic engineering tasks and data
analysis: gene system modeling tools, gap filling tools in metabolic networks, flux
balance analysis tools, metabolic pathways optimisation tools, dynamic analysis
tools, and biological object databases.

Many tools are published that allows searching and constructing biochemical
pathways; however, only some of them are available for use. The lack of such tools
is the use of out-dated data, because they do not use online biological object
databases and the returned result cannot be automatically used in other analysis
tools. Existing tools do not allow analysing the whole solution space, but are
limited to known metabolic pathways. Not all new possible metabolites
transformation pathways are analysed. In addition, the available tools do not allow
analysing constructed pathways using chassis organism model.

2. Criteria and parameters used in automatic construction and analysis of
biochemical pathways were analysed.

Possible criteria and parameters were evaluated, which can be used in automatic
biochemical pathways construction and analysis. As most important parameters in
pathway analysis were selected: flux balance analysis results of constructed
pathway and biomass reaction, biomass growth minimal level, the number of
reactions in the pathway, a set of reactions and metabolites excluded from pathway
construction, thermodynamic data of reactions, the number of unbalanced reactions
in the pathway, a ratio of metabolites in constructed pathway and existing
metabolites in chassis model. It is important to have the possibility to exclude any
of these criteria during analysis depending on specific analysis task, or to arrange
these parameters according to their importance in analysis process.

3. Automatic biochemical networks construction procedure with the possibility
of including existing chassis organism metabolic network model was
developed.

The developed procedure consists of 4 steps: selection of target metabolite and
parameters, reaction network construction, search of metabolic pathways, and
results analysis and ranking. The procedure allows to scan the whole possible
modifications solution space and to analyse relevant metabolic pathways with
chassis organism model. Construction of biochemical network is based on the
defined target metabolite and initial parameters, using data from online biological
object database. For search of metabolic pathways in the constructed network the
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graph-based modified Depth-first search algorithm is used. The pathways analysis
is performed based on included criteria and parameters. There are different types of
analysis available.

4. Automated biochemical pathways construction and analysis tool was
developed.

On the basis of the developed procedure, open access tool sAnalyzer was
developed, which can be used to scan the whole possible modifications solution
space and to analyse possible metabolic pathways. sdnalyzer implements all the
steps of the proposed procedure. Some of the steps can be repeated, e.g. pathways
analysis can be done with different analysis parameters without repeating previous
steps. sAnalyzer returns the list of pathways, its criteria ranking scores and chassis
organism model with added pathways.

5. Possible solution space was analysed depending on specified constraints.

Possible solution space was tested, creating large metabolites transformation
biochemical networks.

A Richard curve type increase in the number of metabolites and reactions, used in
biochemical network construction, was found depending on the allowable number
of reactions in the pathway. Using constraints of maximum number of reactions in
the pathway and thermodynamics, it is possible to reduce the overall solution space
including only reactions that can occur in one direction at the given process
parameters. Using minimum biomass reaction flow constraint, it is possible to
control the growth of the organism and discard pathways which do not allow for
the growth of organism biomass.

6. Metabolic engineering task solving procedure is demonstrated.

Experiments were done to demonstrate the procedure for solving tasks of metabolic
engineering using sAnalyzer tool.

The ability of Z.mobilis bacteria to provide both consumption of glycerol and the
growth of the organism at different thermodynamic parameters was tested.
Z.mobilis case showed that for glycerol conversion to ethanol it is needed to insert
5-9 additional reactions into organism (higher productivity is achieved with 9
reactions) contrary to the published two reactions long pathway which remains
experimentally untested. The analysis of E.coli bacteria usage options for new
substances production was performed, comparing results with the previously
published data. In a-Pinene case, the pathways were found which can produce a-
Pinene 40 times greather than solution flow proposed in publication using the same
number of inserted reactions. In /-butanol case, contrary to the published pathways
which cannot produce biomass based on sAnalyzer data, some pathways were
found which allow producing both biomass and five times bigger amount of /-
butanol.
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sAnalyzer was able to find the published pathways, and it offered pathways which
might have greater production potential than proposed pathways. The impact of
missing or incomplete information on the results of pathway analysis was found.

Conclusions and development prospects

A number of conclusions were obtained, the most important of them are listed in
this section.

1.

It is possible to automatically select in the chassis organism insertable
pathways, which provide both production and/or consumption of substances
and the organism growth.

The use of chassis organism models and proposed procedure during
modification design allows reducing the required amount of manual work,
resources and time due to automatic solution space scanning and pathway
analysis and ranking.

Biological risk formalisation and inclusion into computational solution space
scanning process eliminates risky solutions from more expensive biological
experiments.

. A Richard curve type increase in the number of metabolites and reactions

used in analysis and depending on the allowable number of reactions in the
pathway was found.

The use of reaction thermodynamic threshold significantly reduces the
solution space and amount of timespent for analysis.

The search of metabolic engineering solutions is appropriate to start from a
small number of reactions in the pathway, raising it if a suitable solution was
not found.

Several directions can be highlighted as future development prospects.

1.

For sAnalyzer both Matlab tool, which is a product to be paid for, and COBRA
toolbox is required. It is possible to implement COBRA functionality in open
source solutions and replace Matlab tool with open source tools, e.g. Octave
or Scilab.

To develop sdnalyzer tool version using Python language, since COBRA tool
can be used in Python application. In this case, Matlab tool is not needed and
it makes sdnalyzer fully available free of charge.

To improve sAnlyzer tool with additional reactions and metabolites data
sources (online databases support).

To develop possible gene searching and analysis algorithm which can provide
possible gene combinations of the selected pathway based on gene-protein-
reaction relations. Additionally, enzyme kinetic data can be used to predict
reaction likelihood in the chassis organism.

-46-



10.

11.

12.

13.

LITERATURA

BIBLIOGRAPHY

Adrio, J. L., Demain, A. L. (2010) Recombinant organisms for production of
industrial products. Bioengineered Bugs, 1(2), pp. 116—131.
Akutsu, T. (2004) Efficient extraction of mapping rules of atoms from

enzymatic reaction data. Journal of Computational Biology : A Journal of
Computational Molecular Cell Biology, 11(2-3), pp. 449-462.

Arita, M. (2000) Metabolic reconstruction using shortest paths. Simulation
Practice and Theory, 8(1-2), pp. 109—125.

Arita, M. (2003) In silico atomic tracing by substrate-product relationships in
Escherichia coli intermediary metabolism. Genome Research, 13(11), pp.
2455-2466.

Atsumi, S., Cann, A. F., Connor, M. R., Shen, C. R., Smith, K. M. et al.
(2008) Metabolic engineering of Escherichia coli for 1-butanol production.
Metabolic Engineering, 10(6), pp. 305-311.

Bajpai, P. K., Margaritis, A. (1986) Effect of temperature and pH on
immobilized Zymomonas mobilis for continuous production of ethanol.
Biotechnology and Bioengineering, 28(6), pp. 824—828.

Balsa-Canto, E., Banga, J. R. (2011) AMIGO, a toolbox for advanced model
identification in systems biology using global optimization. Bioinformatics
(Oxford, England), 27(16), pp. 2311-2313.

Balsa-Canto, E., Alonso, A.A., Banga, J.R. (2010). An iterative identification
procedure for dynamic modeling of biochemical networks. BMC Systems
Biology, 4(11), p. 18.

Barrett, C. L., Kim, T. Y., Kim, H. U., Palsson, B. 9., Lee, S. Y. (2006)
Systems biology as a foundation for genome-scale synthetic biology. Current
Opinion in Biotechnology, pp. 488—492.

Becker, S., Feist, A. M., Mo, M. L., Hannum, G., Palsson, B. @. et al. (2007)
Quantitative prediction of cellular metabolism with constraint-based models:
the COBRA Toolbox. Nature Protocols, 2(3), pp. 727-738.

Berg, J., M., Tymoczko, J., L., Stryer, L. (2002) Biochemistry, Sth edition.
New York: W.H.Freeman. p.1050.

Blum, T. (2009) Computational Approaches for Analyzing Metabolic
Pathways. PhD thesis. Eberhard-Karls-Universitat Tubingen, p. 148.

Blum, T., Kohlbacher, O. (2008) MetaRoute: fast search for relevant
metabolic routes for interactive network navigation and visualization.
Bioinformatics (Oxford, England), 24(18), pp. 2108-2109.

47-



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Boele, J., Olivier, B. G., Teusink, B. (2012) FAME, the Flux Analysis and
Modeling Environment. BMC Systems Biology, 6(1), p. 8.

Brohée, S., Faust, K., Lima-Mendez, G., Sand, O., Janky, R. et al. (2008)
NeAT: a toolbox for the analysis of biological networks, clusters, classes and
pathways. Nucleic Acids Research, 36(Web Server issue), pp. 444-451.
Burgard, A. P., Pharkya, P., Maranas, C. D. (2003) Optknock: a bilevel
programming framework for identifying gene knockout strategies for
microbial strain optimization. Biotechnology and Bioengineering, 84(6), pp.
647-657.

Carothers, J. M., Goler, J., Keasling, J. D. (2009) Chemical synthesis using
synthetic biology. Current Opinion in Biotechnology, 20(4), pp. 498—503.
Caspi, R., Foerster, H., Fulcher, C., Kaipa, P., Krummenacker, M. et al.
(2008) The MetaCyc Database of metabolic pathways and enzymes and the
BioCyc collection of Pathway/Genome Databases. Nucleic Acids Research,
36(Database issue), pp. 623—631.

Chandran, D., Bergmann, F. T., Sauro, H. M. (2009) TinkerCell: modular
CAD tool for synthetic biology. Journal of Biological Engineering, 3, p. 19.
Clancy, K., Voigt, C. (2010) Programming cells: towards an automated
“Genetic Compiler”. Current Opinion in Biotechnology, 21(4), pp. 572-581.
Contained use of genetically modified micro-organisms (GMMs) [tieSsaiste]
[skatits 2014. g. 13. dec.]. Pieejams: http://europa.eu/legislation summaries
/agriculture/food/sa0015_en.htm.

Corby-Harris, V., Drexler, A., Watkins de Jong, L., Antonova, Y., Pakpour,
N. et al. (2010) Activation of Akt signaling reduces the prevalence and
intensity of malaria parasite infection and lifespan in Anopheles stephensi
mosquitoes. PLoS Pathogens, 6(7), p. 10.

Cordwell, S. J. (1999) Microbial genomes and “missing” enzymes: redefining
biochemical pathways. Archives of Microbiology, 172(5), pp. 269-279.

Croes, D., Couche, F., Wodak, S. J., van Helden, J. (2006) Inferring
meaningful pathways in weighted metabolic networks. Journal of Molecular
Biology, 356(1), pp. 222-36.

Czar, M. J., Cai, Y., Peccoud, J. (2009) Writing DNA with GenoCAD.
Nucleic Acids Research, 37(Web Server issue), pp. 40—47.

Densmore, D., Devender, A. Van. (2009) A platform-based design
environment for synthetic biological systems. The Fifth Richard Tapia, pp.
24-29.

Endy, D. (2005) Foundations for engineering biology. Nature, 438(7067), pp.
449-453.

Feist, A.M., Henry, C.S., Reed, J.L., Krummenacker, M., Joyce, A.R., et al.
(2007) A genome-scale metabolic reconstruction for Escherichia coli K-12

-48-



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

MG1655 that accounts for 1260 ORFs and thermodynamic information.
Molecular Systems Biology, 3(121), p. 18.

eQuilibrator - biochemical thermodinamics calculator [tieSsaiste] [skatits
2014. g. 14. aug.]. Pieejams: http://equilibrator.weizmann.ac.il/
Fernandez-Suarez, X. M., Galperin, M. Y. (2013) The 2013 Nucleic Acids
Research Database Issue and the online molecular biology database
collection. Nucleic Acids Research, 41(Database issue), pp. 1-7.

Flamholz, A., Noor, E., Bar-Even, A., Milo, R. (2012) eQuilibrator - The
biochemical thermodynamics calculator. Nucleic Acids Research, 40, pp.
770-775.

Fleming, R.M.T., Thiele, 1., Provan, G., Nasheuer, H.P. (2010). Integrated
stoichiometric, thermodynamic and kinetic modelling of steady state
metabolism. Journal of Theoretical Biology, 264(3), pp. 683—-692.

Forth, T. (2012) Metabolic Systems Biology of the Malaria Parasite. PhD
thesis, University of Leeds. p. 240.

Fotadar, U., Zaveloff, P., Terracio, L. (2005) Growth of Escherichia coli at
elevated temperatures. Journal of Basic Microbiology, 45(5), pp. 403—404.
Freilich, S., Zarecki, R., Eilam, O., Segal, E.S., Henry, C.S., et al. (2011).
Competitive and cooperative metabolic interactions in bacterial communities.
Nature Communications, 2(589).

Fu, P., Panke, S. (2009) Systems biology and synthetic biology. Hoboken, NJ,
USA: John Wiley & Sons. p. 657.

Funahashi, A., Morohashi, M., Kitano, H., Tanimura, N. (2003)
CellDesigner : a process diagram editor for gene-regulatory and. Biosilico,
1(5), pp. 159-162.

Gendrault, Y., Madec, M., Lallement, C., Pecheux, F., Haiech, J. (2011)
Synthetic biology methodology and model refinement based on
microelectronic modeling tools and languages. Biotechnology Journal, 6(7),
pp- 796-806.

Gevorgyan, A., Poolman, M.G., Fell, D.A. (2008). Detection of stoichiometric
inconsistencies in biomolecular models. Bioinformatics, 24(19), pp. 2245-
2251.

Genetically modified animals. [tieSsaiste] [skatits 2014. g. 10. dec.]. Pieejams:
http://www.efsa.europa.eu/en/topics/topic/gmanimals.htm.

GMO Biography. [tieSsaiste] [skatits 2014. g. 20. nov.]. Pieejams: Retrieved
from http://www.artistopia.com/gmo/biography.

Graph Traversal. [tieSsaiste] [skatits 2014. g. 10. dec.]. Pieejams:
http://web.cse.ohio-state.edu/~gurari/course/cis680/cis680Ch14.html.
Hallinan, J. S., Misirli, G., Wipat, A. (2010) Evolutionary computation for the
design of a stochastic switch for synthetic genetic circuits. In: Proceedings of

-49.



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

the Annual International Conference of the IEEE Engineering in Medicine
and Biology Society, pp. 768—774.

Hastings, J., de Matos, P., Dekker, A., Ennis, M., Harsha, B. et al. (2013) The
ChEBI reference database and ontology for biologically relevant chemistry:
enhancements for 2013. Nucleic Acids Research, 41(Database issue), pp. 456—
463.

Hatzimanikatis, V., Li, C., lonita, J., Henry, C. S., Jankowski, M. D. et al.
(2005) Exploring the diversity of complex metabolic networks.
Bioinformatics (Oxford, England), 21(8), pp. 1603—1609.

Henry, C. S., DeJongh, M., Best, A., Frybarger, P. M., Linsay, B. et al. (2010)
High-throughput generation, optimization and analysis of genome-scale
metabolic models. Nature Biotechnology, 28(9), pp. 977-982.

Herbert W. Boyer. [tie$saiste] [skatits 2014. g. 10. dec.]. Pieejams:
http://www.nndb.com/people/316/000127932/.

Herrgérd, M. J., Fong, S. S., Palsson, B. @. (2006) Identification of genome-
scale metabolic network models using experimentally measured flux profiles.
PLoS Computational Biology, 2(7), pp. 676-686.

Hoops, S., Sahle, S., Gauges, R., Lee, C., Pahle, J. et al. (2006) COPASI-a
COmplex PAthway SImulator. Bioinformatics (Oxford, England), 22(24), pp.
3067-3074.

Hoppe, A., Hoffmann, S., Gerasch, A., Gille, C., Holzhiitter, H.-G. (2011)
FASIMU: flexible software for flux-balance computation series in large
metabolic networks. BMC Bioinformatics, 12(28), p. 7.

Jeffries, T.W. (2006) Engineering yeasts for xylose metabolism. Current
Opinion in Biotechnology, 17, pp. 320-326.

Jing, L.S., Shah, F.F.M., Mohamad, M.S., Hamran, N.L., Salleh, A.H.M., et al.
(2014). Database and tools for metabolic network analysis. Biotechnology and
Bioprocess Engineering, 19(4), pp. 568-585.

Jung, S.-K., McDonald, K. (2011) Visual gene developer: a fully
programmable bioinformatics software for synthetic gene optimization. BMC
Bioinformatics, 12(340), p. 13.

Kanehisa, M., Goto, S., Sato, Y., Furumichi, M., Tanabe, M. (2012) KEGG
for integration and interpretation of large-scale molecular data sets. Nucleic
Acids Research, 40(Database issue), pp. 109-114.

Karp, P. D., Paley, S., Romero, P. (2002) The Pathway Tools software.
Bioinformatics (Oxford, England), 18, pp. 225-232.

Khalil, A. S., Collins, J. J. (2010) Synthetic Biology : Applications Come of
Age, Nature, 11(5), pp. 367-379.

Kharchenko, P., Chen, L., Freund, Y., Vitkup, D., Church, G. M. (2006)
Identifying metabolic enzymes with multiple types of association evidence.
BMC Bioinformatics, 7(177), p. 16.

-50-



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kim, H. U.,, Kim, T. Y., Lee, S. Y. (2008) Metabolic flux analysis and
metabolic engineering of microorganisms. Molecular bioSystems, 4(2), pp.
113-120.

Kim, J., Reed, J. L. (2010) OptORF: Optimal metabolic and regulatory
perturbations for metabolic engineering of microbial strains. BMC Systems
Biology, 4(53), p. 19.

Kitney, R., Freemont, P. (2012) Synthetic biology - the state of play. FEBS
Letters, 586(15), pp. 2029-2036.

Klamt, S., Stelling, J. (2002) Combinatorial complexity of pathway analysis
in metabolic networks. Molecular Biology Reports, 29(1-2), pp.233-236.
Klamt, S., Stelling, J., Ginkel, M., Gilles, E. D. (2003) FluxAnalyzer:
exploring structure, pathways, and flux distributions in metabolic networks on
interactive flux maps. Bioinformatics, 19(2), pp. 261-269.

Kostromins, A. (2012). Altfluxes: COBRA Toolbox extension for flux
variability analysis of stoichiometric models of metabolism. In: Proceedings
of the 5th International Scientific Conference on Applied Information and
Communication Technologies. April 26-27, 2012, Jelgava, Latvia, pp. 294—
299.

Kouvelis, V. N., Saunders, E., Brettin, T. S., Bruce, D., Detter, C. et al. (2009)
Complete genome sequence of the ethanol producer Zymomonas mobilis
NCIMB 11163. Journal of Bacteriology, 191(22), pp. 7140-7141.

Kumar, V. S., Maranas, C. D. (2009) GrowMatch: an automated method for
reconciling in silico/in vivo growth predictions. PLoS Computational Biology,
5(3), p. 13.

Kuprijanov, A., Schaepe, S., Simutis, R., Liibbert, A. (2013). Model
predictive control made accessible to professional automation systems in
fermentation technology. Biosystems and Information Technology, 2(2), pp.
26-31.

Lee, K. Y., Park, J. M., Kim, T. Y., Yun, H., Lee, S. Y. (2010) The genome-
scale metabolic network analysis of Zymomonas mobilis ZM4 explains
physiological features and suggests ethanol and succinic acid production
strategies. Microbial Cell Factories, 9(94), p. 12.

Lee, S. K., Chou, H., Ham, T. S., Lee, T. S., Keasling, J. D. (2008) Metabolic
engineering of microorganisms for biofuels production: from bugs to
synthetic biology to fuels. Current Opinion in Biotechnology, 19(6), pp. 556—
563.

Lehrach, H., Subrak, R., Boyle, P., Pasterk, M., Zatloukal, K., et al. (2011).
ITFoM — The IT Future of Medicine. Procedia Computer Science, 7, pp. 26—
29.

Li, S.-D., Huang, L. (2006) Gene therapy progress and prospects: non-viral
gene therapy by systemic delivery. Gene Therapy, 13(18), pp. 1313—1319.

-51-



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Macdonald, J. T., Barnes, C., Kitney, R. 1., Freemont, S., Stan, G. V. (2011)
Integrative Biology Computational design approaches and tools for synthetic
biology. Society, 3, pp. 97-108.

Mannelli, 1., Minunni, M., Tombelli, S., Mascini, M. (2003) Quartz crystal
microbalance (QCM) affinity biosensor for genetically modified organisms
(GMOs) detection. Biosensors & Bioelectronics, 18(2-3), pp. 129-140.
Matlab Overview [tieSsaiste] [skatits 2015. g. 10. jul.]. Pieejams:
http://se.mathworks.com/products/matlab/.

McShan, D. C., Rao, S., Shah, 1. (2003) PathMiner: predicting metabolic
pathways by heuristic search. Bioinformatics, 19(13), pp. 1692—1698.
Meitalovs, J. (2011) Fermentacijas procesa hemostata nodroSinasanas
sist€mas izstrade. Magistra darbs. Jelgava: LLU. 64 Ipp.

Meitalovs, J. (2012a) Process of genetic modification of microorganisms from
the point of view of the software engineering. In: Proceedings of the 5th
International ~ Scientific  Conference on Applied Information and
Communication Technologies. April 26-27, 2012, Jelgava, Latvia, pp. 348—
351.

Meitalovs, J. (2012b) Software tool for probabilistic metabolic pathways
construction. In: Proceedings of the 2012 IEEE 13th International Symposium
on Computational Intelligence and Informatics (CINTI). November 20-22,
2012, Budapset, Hungary, pp. 405—408.

Meitalovs, J. (2012¢) The concept of metabolic engineering software tool. In:
Proceedings of the 5th International Scientific Conference on Applied
Information and Communication Technologies. April 26-27, 2012, Jelgava,
Latvia, pp. 352-355.

Meitalovs, J., Bulipopa, N., Kovalonoka, O. (2012) Modeling and design tools
for synthetic biology. In: Proceedings of the 5th International Scientific
Conference on Applied Information and Communication Technologies. April
26-27, 2012, Jelgava, Latvia, pp. 341-347

Meitalovs, J., Stalidzans, E. (2013a) Analysis of synthetic metabolic pathways
solution space. In: Proceedings of the 2013 International Conference on
System Science and Engineering (ICSSE). July 4-6, 2013, Budapest,
Hungary, pp. 183—187.

Meitalovs, J., Stalidzans, E. (2013b) Connectivity analysis of metabolites in
synthetic metabolic pathways. In: Proceedings of the 12th International
Scientific Conference “Engineering for Rural Development”. May 23-24,
2013, Jelgava, Latvia, pp. 435-440.

Meitalovs, J., Stalidzans, E. (2015) Impact of thermodynamic constraint to the
solution space of metabolic pathway design using sAnalyzer tool. Baltic
Journal of Modern Computing, 3, pp. 164-178.

.50



&3.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Mendes, P., Kell, D. (1998). Non-linear optimization of biochemical
pathways: applications to metabolic engineering and parameter estimation.
Bioinformatics, 14, pp. 869-883.

Mirschel, S., Steinmetz, K., Rempel, M., Ginkel, M., Gilles, E. D. (2009)
PROMOT: modular modeling for systems biology. Bioinformatics, 25(5), pp.
687-689.

Mozga, 1. (2012). Biokimisko tiklu stacionaro stavoklu optimizacijas
procedura. Promocijas darbs. Jelgava:LLU. 158 lpp.

Nielsen, J. (1998). Metabolic engineering: techniques for analysis of targets
for genetic manipulations. Biotechnology and Bioengineering, 58(2-3), pp.
125-132.

Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H. et al. (1999) KEGG:
Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Research, 27(1),
pp. 29-34.

Orth, J. D., Conrad, T. M., Na, J., Lerman, J. A., Nam, H. et al. (2011) A
comprehensive genome-scale reconstruction of Escherichia coli metabolism.
Molecular Systems Biology, 7(535), p. 9.

Orth, J. D., Palsson, B. @. (2010) Systematizing the generation of missing
metabolic knowledge. Biotechnology and Bioengineering, 107(3), pp. 403—
412.

Overbeek, R., Begley, T., Butler, R. M., Choudhuri, J. V, Chuang, H.-Y., et
al. (2005) The subsystems approach to genome annotation and its use in the
project to annotate 1000 genomes. Nucleic Acids Research, 33(17), pp. 5691—
5702.

Park, J. H., Lee, S. Y., Kim, T. Y., Kim, H. U. (2008) Application of systems
biology for bioprocess development. Trends in Biotechnology, 26(8), pp. 404—
412.

Pentjuss, A., Odzina, I., Kostromins, A., Fell, D. A., Stalidzans, E. et al.
(2013) Biotechnological potential of respiring Zymomonas mobilis: a
stoichiometric analysis of its central metabolism. Journal of Biotechnology,
165(1), pp. 1-10.

Pharkya, P., Burgard, A. P., Maranas, C. D. (2004) OptStrain: a
computational framework for redesign of microbial production systems.
Genome Research, 14(11), pp. 2367-2376.

Rahman, S. A., Advani, P., Schunk, R., Schrader, R., Schomburg, D. (2005)
Metabolic pathway analysis web service (Pathway Hunter Tool at CUBIC).
Bioinformatics (Oxford, England), 21(7), pp. 1189-1193.

Ranganathan, S., Maranas, C. D. (2010) Microbial 1-butanol production:
Identification of non-native production routes and in silico engineering
interventions. Biotechnology Journal, 5(7), pp. 716-725.

-53-



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Ranganathan, S., Suthers, P. F., Maranas, C. D. (2010) OptForce: an
optimization procedure for identifying all genetic manipulations leading to
targeted overproductions. PLoS Computational Biology, 6(4), p.11.

Reed, J. L., Patel, T. R., Chen, K. H., Joyce, A. R., Applebee, M. K. et al.
(2006) Systems approach to refining genome annotation. Proceedings of the
National Academy of Sciences of the United States of America, 103(46), pp.
17480-17484.

Richards, F.J. (1959) A flexible growth function for empirical use. Journal of
Experimental Botany, 10, pp. 290-301.

Richardson, S. M., Nunley, P. W., Yarrington, R. M., Boeke, J. D., Bader, J.
S. (2010) GeneDesign 3.0 is an updated synthetic biology toolkit. Nucleic
Acids Research, 38(8), pp. 2603—-2606.

Ro, D.-K., Paradise, E. M., Ouellet, M., Fisher, K. J., Newman, K. L. et al.
(2006) Production of the antimalarial drug precursor artemisinic acid in
engineered yeast. Nature, 440(7086), pp. 940-943.

Rocha, 1., Maia, P., Evangelista, P., Vilaca, P., Soares, S. et al. (2010)
OptFlux: an open-source software platform for in silico metabolic
engineering. BMC Systems Biology, 4(45), p. 12.

Rodrigo, G., Carrera, J., Jaramillo, A. (2011) Computational design of
synthetic regulatory networks from a genetic library to characterize the
designability of dynamical behaviors. Nucleic Acids Research, 39(20), p. 12.
Rodrigo, G., Carrera, J., Prather, K. J., Jaramillo, A. (2008) DESHARKY:
Automatic design of metabolic pathways for optimal cell growth.
Bioinformatics, 24(21), pp. 2554-2556.

Rubina, T. (2013). The procedure of evolution modelling of biochemical
networks structure. Biosystems and Information Technology, 2(2), pp. 19-25.

Salvado, Z., Arroyo-Lopez, F. N., Guillamén, J. M., Salazar, G., Querol, A. et
al. (2011) Temperature adaptation markedly determines evolution within the
genus Saccharomyces. Applied and Environmental Microbiology, 77(7), pp.
2292-2302.

Schilling, C. H., Letscher, D., Palsson, B. O. (2000) Theory for the systemic
definition of metabolic pathways and their use in interpreting metabolic
function from a pathway-oriented perspective. Journal of Theoretical Biology,
203(3), pp- 229-248.

Schomburg, 1., Chang, A., Schomburg, D. (2002) BRENDA, enzyme data and
metabolic information. Nucleic Acids Research, 30(1), pp. 47-49.

Schuster, S., Dandekar, T., Fell, D. A. (1999) Detection of elementary flux
modes in biochemical networks: a promising tool for pathway analysis and
metabolic engineering. Trends in Biotechnology, 17(2), pp. 53—60.

Seo, J.-S., Chong, H., Park, H. S., Yoon, K.-O., Jung, C. et al. (2005) The
genome sequence of the ethanologenic bacterium Zymomonas mobilis ZM4.
Nature Biotechnology, 23(1), pp. 63—68.

-54-



110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Serrano, L. (2007) Synthetic biology: promises and challenges. Molecular
Systems Biology, 3(158), p. 5.

Shetty, R. P., Endy, D., Knight, T. F. (2008) Engineering BioBrick vectors
from BioBrick parts. Journal of Biological Engineering, 2(5), p. 12.

Soh, K. C., Hatzimanikatis, V. (2010) DREAMS of metabolism. Trends in
Biotechnology, 28(10), pp. 501-508.

Spiller, D. G., Wood, C. D., Rand, D. A, White, M. R. H. (2010)
Measurement of single-cell dynamics. Nature, 465(7299), pp. 736-745.
Symbiopedia. [tieSsaiste] [skatits 2015. g. 30. mar.]. Pieejams:
http://benheavner.com/systemsbio/index.php?title=File:Sc_iND750 GlcMM.
xml

Tepper, N., Shlomi, T. (2010) Predicting metabolic engineering knockout
strategies for chemical production: accounting for competing pathways.
Bioinformatics (Oxford, England), 26(4), pp. 536-543.

The Nobel Prize in Chemistry 2008. [tieSsaiste] [skatits 2014. g. 10. dec.].
Pieejams:  http://www.nobelprize.org/nobel prizes/chemistry/laureates/2008
/press.html

Thiele, 1., Palsson, B. @. (2010) A protocol for generating a high-quality
genome-scale metabolic reconstruction. Nature Protocols, 5, pp. 93—121.
Tomlin, C.J., Axelrod, J.D. (2005). Understanding biology by reverse
engineering the control. Proceedings of the National Academy of Sciences,
102, pp. 4219-4220.

Trinh, C. T., Srienc, F. (2009) Metabolic engineering of Escherichia coli for
efficient conversion of glycerol to ethanol. Applied and Environmental
Microbiology, 75(21), pp. 6696—-6705.

Tsantili, I. C., Karim, M. N., Klapa, M. 1. (2007) Quantifying the metabolic
capabilities of engineered Zymomonas mobilis using linear programming
analysis. Microbial Cell Factories, 6(8), p. 23.

Tyo, K.E., Alper, H.S., Stephanopoulos, G. (2007). Expanding the metabolic
engineering toolbox: more options to engineer cells. Trends in Biotechnology,
25, pp. 132-137.

Villalobos, A., Ness, J. E., Gustafsson, C., Minshull, J., Govindarajan, S.
(2006) Gene Designer: a synthetic biology tool for constructing artificial
DNA segments. BMC Bioinformatics, 7(285), p. 8.

Vigants, A. (2008). Cilvéka biokimija un molekulara kimija. Riga: LU. 123
Ipp.

Vital-Lopez, F.G., Armaou, A., Nikolaev, E. V, Maranas, C.D. (2006). A
computational procedure for optimal engineering interventions using kinetic
models of metabolism. Biotechnology Progress, 22(6), pp. 1507-1517.

-55-



125.

126.

127.
128.

129.

130.

131.

132.

133.

Wang, L., Hatzimanikatis, V. (2006) Metabolic engineering under
uncertainty. I: framework development. Metabolic Engineering, 8(2), pp.
133-141.

What is systems biology? [tieSsaiste] [skatits 2014. g. 10. dec.]. Pieejams:
http://blogs.nature.com/sevenstones/2007/07/what_is_systems_biology3.html.
What’s in a name? (2009) Nature Biotechnology, 27(12), pp. 1071-1073.
Widiastuti, H., Kim, J. Y., Selvarasu, S., Karimi, I., Kim, H. et al. (2011)
Genome-scale modeling and in silico analysis of ethanologenic bacteria
Zymomonas mobilis. Biotechnology and Bioengineering, 108(3), pp. 655—
665.

Wiechert, W. (2002). Modeling and simulation: tools for metabolic
engineering. Journal of Biotechnology, 94(1), pp. 37-63.

Yang, J., Nie, Q., Ren, M., Feng, H., Jiang, X. et al. (2013) Metabolic
engineering of Escherichia coli for the biosynthesis of alpha-pinene.
Biotechnology for Biofuels, 6(60), p. 10.

Young, E., Alper, H. (2010) Synthetic biology: tools to design, build, and
optimize cellular processes. Journal of Biomedicine & Biotechnology, 2010,
p. 12.

Yu, K. O., Kim, S. W., Han, S. O. (2010) Engineering of glycerol utilization
pathway for ethanol production by Saccharomyces cerevisiae. Bioresource
Technology, 101(11), pp. 4157-4161.

Zazzu, V., Regierer, B., Kiihn, A., Sudbrak, R., Lehrach, H. (2013). IT Future
of Medicine: from molecular analysis to clinical diagnosis and improved
treatment. New Biotechnology, 30, pp. 362-365.

-56-



	Jurijs Meitalovs. Stehiometrisko modeļu pielietojums metaboliskās inženierijas risinājumu telpas automatizētā analīzē = The use of stoichiometric models for metabolic engineering solution space automated analysis : Promocijas darba kopsavilkums Dr.sc.ing. grāda ieguvei Informācijas tehnoloģiju nozarē  = Summary of the Thesis for acquiring Doctoral Degree in the field of Information Technologies, Jelgava
	INFORMĀCIJA
	SATURS
	PROMOCIJAS DARBA APROBĀCIJA
	IEVADS
	Tēmas aktualitāte
	Promocijas darba mērķis un uzdevumi
	Pētījumu metodes
	Zinātniskais jauninājums un praktiskā vērtība
	Pētījuma tēzes
	Promocijas darba struktūra un apjoms

	1. METABOLISKĀ INŽENIERIJA
	2. METABOLISKO TĪKLU DATORANALĪZE
	3. AUTOMATIZĒTA BIOĶĪMISKO TĪKLU KONSTRUĒŠANAS PROCEDŪRA
	4. PROGRAMMATŪRAS RĪKS SANALYZER
	5. AUTOMATIZĒTA METABOLISKĀS INŽENIERIJAS RISINĀJUMU TELPAS DATORANALĪZE
	5.1. Risinājuma telpas analīze atkarībā no ierobežojumiem
	5.2. Baktērijas Z. mobilis metaboliskās inženierijas analīze glicerīna utilizācijai
	5.3. Baktērijas E.coli metaboliskas inženierijas analīze α-Pinene ražošanai
	5.4. Baktērijas E.coli metaboliskās inženierijas analīze 1-butanol ražošanai

	SECINĀJUMI
	Galvenie darba rezultāti
	Secinājumi un attīstības perspektīvas

	LITERATŪRA
	PARTICULARS
	TABLE OF CONTENTS
	APPROBATION OF PHD THESIS
	INTRODUCTION
	Theme topicality
	The aim and the tasks of the PhD thesis
	Research methods
	Scientific novelty
	Theses
	PhD thesis structure and volume

	1. METABOLIC ENGINEERING
	2. METABOLIC NETWORKS ANALYSIS
	3. AUTOMATED PROCEDURE FOR BIOCHEMICAL NETWORKS CONSTRUCTION
	4. SOFTWARE TOOL SANALYZER
	5. AUTOMATED METABOLIC ENGINEERING SOLUTION SPACE ANALYSIS
	5.1. Constraint depending analysis of solution space
	5.2. Z.mobilis bacteria metabolic engineering analysis for glycerol utilisation
	5.3. E.coli bacteria metabolic engineering analysis for a-Pinene production
	5.4. E.coli bacteria metabolic engineering analysis for 1-butanol production

	CONCLUSIONS
	The main PhD thesis results
	Conclusions and development prospects

	BIBLIOGRAPHY

