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1. Abstract Riassunto

In this work, aSynechocydtjs PCC 6803 strain, expressing the Ba&{iiger
monooxygenase fro@yanidioschyzon mer(ladVMO) was characterized. The
first step was the confirmation &nBVMO expression inside the cells, together
with the evidence that the produced enzyme was catalytically active. This new
strain, called Syn_zia BVMO, exhibited amexpected prolongedrowth
phenotype when cultured in standard mixotrophic and autotrophic conditions.
Some results, like the oxygen evolution rate and the RidBhydroxybutirate)
guantification, gave a hint about a possible increased NAD&tsumption
activity of the cells This capability would lead the strain to a higher
photosynthetic efficiency and to an extra biomass production. Moreover, we
identified a possiblenvivosubstrate for the actity of the heterologous enzyme: a
Synechocydtsain expressingCnBVMO and unable to synthetize hexadecanal,
like the knockout mutant Syses | |,di2d 9not show a prolonge
possible that then vivesubstrate ofCnBVMO is hexadecanal, an intermediate of
the alkane biosynthetic pathway. Howevenpre evidences must be collected to
support these hypothesis, f.i. using direct NADPH quantification methods and
performing GGMS analysis.

Nel presente lavoro €tato caratterizzato un ceppo &@ynechocystis PCC 6803

esprimente la Baey&filliger monassigenasi di Cyanidioschyzon merolae
(CnBVMO). 1 primo passo st adellaprdtena conf er
CnBVMOnellecel | ul e e | a pmdotiokattivo batlitidariesta.z i ma
Questo nuovoceppo, chiamataSyn zia BVMO, ha mostratan unaspettato

fenotipo di crescita prolungata quando messaolturain condizioni standardia

di mixotrofia che diautotrofia. Alcuni risultati, comed velocita dievoluzione di

ossigence la quantificazione @l PHB (poliidrossibutirrati), hanno suggerito un

possibile aumento nel consumo di NADPIdlle cellule. Questo aumenterebbe

| 6efficienza fotosintetica e | a produzio
identificato un pos sinvlneepmdiByndchoeysti®s per
esprimente la protein®nmBVMO e incapace di produrre esadecanale, come il

mutante knockout Syreesll020$10n ha mostrato la crescita prolungata. E possibile

dunque che il substrato p&€nBVMOinvive i a | 0 e snanteemediordelld e ,

via di biosintesi degli alcani. Tuttavia, dovranno essere raccolte ulteriori prove a
sostegno di queste ipotesi, per esempio usando metodi di quantificazione diretta

del NADPH ed eseguendo analisi-GIS.






2. Introduction

2.1 Cyanobacteriaas toolsfor biotechnology

During the last decadesya@nobacteriahave been studied thoroughlyy the
scientific community in particular as model organisms for deciphering the
molecular basis of photosynthesigese prokaryoteappeared rougly 3.5 filion

years ag@ndwere discovered to be the descendants of the first photosynthetic
organisms on EartiTheir proliferation dramatically changed the composition of
the atmosphere introducing molecular oxygen (the event is also known as the
ooggn c at dFotes, dOPHMoEJver, according to the endosymbiotic
theory, plastids originally derive from ookthesecyanobateria ancestors: around

1.5 billion years ago it was incorpomt&to a heterotrophicell, givingbirth to

the first eukaryotigphotosyntheticcell (Ochoa de Ald&t al.2014)

Cyanobacteria are generally classified as Gnagative bacteria, with a diameter
ranging from 1 to 10 um. The pb®inthetic apparatus is located in the thylakoid
membranes and comprises a unique type of Jighvesting complexes called
phycobilisomes. They can be found in almost every terrestrial and aquatic
environment, given their extreme diversification and &pito adapt to shifting
conditions (Flores, 2008) The ongoing identification and genome sequencing of
more and more cyanobact@rspeciesnade possible not only to shight on the
evolution and differentiation of these organisms, but also to allow genetic
manipulation for basic and applied research. The increasing knowledtpe of
metabolic processesf these photosynthetic orgesms and the development of
tools for their genetic manipulation arose a potential biotechnological and
industrial use of cyanobacteria.

Nowadays, the main organisms exploited in bioindustry are heterotrophic
microorganisms like bacteria (ek. cojior yeasts (e.@®. cereviyaghichrequire a
carbon source of energy to synthetize the desired product. This feedsteck
represents the main cost of the whole process, takitgancount the pollution
from their transport, their prareatment and, eventually, their limited commercial
availability. The use of photosynthetic microorganisms would make the entire
process environmentally and ecomigally more sustainable. Thesganisnsonly
need water, light and some micronutrients for growing, and sequestraiér@®

the atmosphere to synthetizbe products of interest. The choice of cyanobacteria
among other photosynthetic organisms is advantageous. Comparedréstrial
plantsthey are characterized Hdyigher energsto-biomass conversion efficiency,
absence of nephotosynthetic (thus useless) tissues, no crop land competition
and reduced use of watéDismukeset al.2008) Compared to microalgae, they
have a shorter life cle, less articulated genomes, ease of transform@@olden,
Brusslan and Haselkorn, 198Md possibility of exploiting existing secretion
pathways for efficient product recovery.



The cyanobacterial speci&ynechocysis PCC 6808 one of the most studied,

due to some advantages like ease of transformation and of integration of foreign
DNA through homologous recombination. It can grow autotrophically (taking
energy from light through photosynthesis), heterotrophically (consunoirggnic
compounds in the medium, as source of energy)exed mixotrophically (both
autotrophically and heterotrophically). Un |
nitrogen fixation (the conversion of atmospherinitrogen to ammonia and
nitrates) a n ds ubiquifously present in freshwater reservoirs, with an optimum
growth temperature of 30° C and pH range & The complete sequence of its
genome became available in 1@@hekoet al.1996)which placed it in the fourth
position among the genomes completely sequenced and the first among
phototrophic organisms. It comprises a circuba&million-bp-long chromosome

and seven plasmids, and was recognized to be polyploid, having an estimated
number of genome copies up to 2(Briese, Lange and Soppa, 20IMHhe
information of gene structure amggne function has been deposited in two genome
databases, CyanoBase and CyanoMutants respectikelychi and Tabata, 2001)

2.1.1 Production of biofuels andhigh-value compounds

Theunsustainability concerns of fossil fuels pose a great challenge about where to
find adequate energgense substitutes. The production of biofuels in
cyanobacteria could be part of the solution, since it would be-@tral and
potentially up-scalableo very large volumes. One of the first attempts focused on
bioethanol production and the optimization of the process is currently proceeding
(Luan et al.2015)Bioethanol is the main biofuel today in terms of quantityd

t her eds an toowvexanelhthensguesrceneedted with its production
from plant feedstock (Deng and Coleman, 199®ther alcohols like isobutanol
(Li, Shen andlLiao, 2014and fatty alcoholg¢Yaod al, 2014)were also synthetized
with a high yield. Alkanes, the main components of fadsilved fuels, were
obtained from cyanobacteria more recenfioshino et al. 2014) The most
investigated pathwayor its potential in biodiesel production is the one leading to
free fatty acid¢Liu, Sheng and Curtiss Ill, 2011; Ruffing420¥ork et al.2015)

During the last years, also hydrogen gained attention as biofuel, for its high energy

density. Cyanobacteria naturally possess-edolving NAD(P)Hconsuming

enzymes, called hydrogenases, that can be exploited in two main wdgsaney

photofermentation of organic acigStepheret al.2017pr using NADPH from the

electron transport chain in autotrophic growtfAinas et al. 2017) In Nx-fixing
cyanobacteri a thereds a n-evbhing renzymésa s s of €
nitrogenases. Even dlngh a considerable lighib-H» efficiency was achieved in

some strains by deleting 2dtonsuming enzymeg¢Kosourov, Murukesan and

Allahverdiyeva, 201/3he high energy required for Nixation makes this process

not sufficiently improvable.



Since petroleum is the source of many bulk and fine chemicals that are essential for
various industri al S e c t-basedssubstitute dor tketns t h e
too. Some are naturally produced by cyanobacteria, thus the main aim of the
engineering is boosting the specific pathwayet the highest productivity. Other
chemicalgequire the genetic introduction of one or more proteins (andome

cases even entire pathways). Many efforts focused on the biopolymers synthesis,
in particular of polyhydroxyalkanoates (PHAs) since maayanobacteria
naturally produce them. Up to now the cyanobacterial pathways for the synthesis
of PHAshave been studied and modified for the prdduc of: the monomes-
hydroxypropionic acid(Wang et al. 2016) the polymer polyhydroxybutirate
(PHB) with an impressive 85% accumulation on dcw (dry cell weight)
(Samantaray and Mallick, 2012)the cepolymer poly(3-hydroxybutirate-co-3-
hydroxyvalerate) with 77% accumulation on d@hati and Mallick, 2015)These

yields however were reached adding organic carbon substrates like acetate, while
in photoautotrophic conditions PHA accumulation has been optimized at 12% so
far (Carpine et al. 2017) Other fossibased chemicals for which a biosynthetic
pathway has been found in cyanobacteria are terpenoids, uséwdastrial
additives and fuel components. Pathwagngineering and carbon flux
optimizations were performed, aiming to obtain significative amounts of limonene
and bisabolenéDavieset al.2014) squalen€Choi et aJ.2016) betaphellandrene
(Formighieri and Melis, 201&nd especially isoprene, the main ament of
rubber(Bentley, Zurbriggen and Melis, 2014; Patlal.2016; Chavext a|.2017)

The main hurdle to the industrial scaling up of all the aforesaid processes is the
economic feasibility. The productivity, sigite the great advances, is still low and
thus i tds not c o-dogsedindustiy.\Wie eproductionof iige f os s i |
value compounds is a possible mean by which rising the ROI (return of
investment). Examm@s of higkvalue compounds whoseproduction in
cyanobacteria could be advantageous are: antioxidant nutraceuticals like
carotenoidgWang, Kim and Kim, 2014antimicrobials of various chemical classes
like alkaloids, cyclic or aromatics compour{8svain, Paidesetty and Padhy, 2017)
antivirals like lectingdR. S. Singlet al.2017)antitumorals, like simple peptides or
complex macrocyclic polyethefSimmonset al.2005) antrinflammatories like
some fatty acid derivativéManivannan, Muralitharan and Balaji, 2017)

Eventually, the use ofigh-throughput analysis and systems biology approaches
such as transcriptomics, proteomics and metabolomics, will give an important
impulse to the improvement of productivity and pbesynthetic efficiency.



2.1.2 Expression of heterologous protes and biocatalysis

Cyanobacteria are emerging aiphotosynthetic factories to produpeoteins,

a green alternative to traditional bacterial host4oreover, given the extensive
thylakoid membrane system ofjanobacteria, they are gocedndidates for the
expression bmembrane proteins. This class of protasmthehardest to produce

in sufficient quantity for crystallization and thus structural characterization. The
main issue dr this application is the lack of knowledge of sufficiently strong
promoters, both native and artifici@hngermayr and Hellingwerf, 2013)ut new
bioinformatic and wholegenome analysis are helping in the search of native
efficient promoters. For instance, Zhou and his group recently discovered a super
strong promoter which led to the 15% of guation of the desired proteimitotal
solule fracton: this result is comparable t. colproduction levelgZhou et al.
2015)

The production in good yield of heterologous enzymes dffarganobacteria new
potential applications in biocatalysis.

Biocatalysis is the process in which natural catalysts, such as enzymes, are used to
perform chemical transformations on organic
preferred) alternative to camentional chemical synthesis, considering some

important advantages likemilder reaction conditions (room temperature and

physiological pH), use of wer as solvent, reduced productiohwaste, renewable

and less toxic feedstocks and reduced number efaifpnal stepgSheldon and

Woodley, 2017)Moreover, the chiralature of enzymes results in high chemo

regic and sereaselectivity, providing onlythe desired enantiomeand not

racemc mixtures that require furtheprocessing

To assess the actual efficiency of the enzymatic reasgweral parameters must

be taken into account: specific activity (quantified by the catalytic constagtk

max rate of product formation), specificity ¢k/Km = efficiency of conversion for

the given substrate), stability and degree of substrate angt@duct inhibition
(Koeller and Wong, 20017 he ideal biocatalyst would Iéghly active and specific
towards the substrate, with a high staltyi and minimal substrat@toduct
inhibition.

In order to perform a biocatalytic process, there are three main strategies regarding
the format of the biocatalyst: isolated enzymes, imitimgal enzymes and resting
whole cells (Fig. 1 a,b,c respectively). In the Gretthe enzyme is used outsidé

the cell in which it was produced, thus it must Becetedor separated from the
debris after cell disruptior(Fig. 1 a)ln cyanobacteria,htis method has been
applied recently: an esterase and a carboxylase were successfully produced in
Synechocyss PCC 680and proved to be fully enantioselecti{igartschet aj.

2015) Nevertheless, optimization of the extraction methods has to be further
improved to retrieve higher amounts of total initial prote(fgeld et a].2017)

10



(a) Isolated enzyme biocatalysis

i I — B —— product
reactor — — —p Separation recovery
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(c) Resting wholecell biocatalysis
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Figure: Flowsheets of the three classes of biocatalysis. Solid lines/imdidattichibstre
streams. Dotted lines inbicedgalyst streams.
(Image from Sheldon and Woodley, 2017

In many cases, the cost of the enzynsich that reuse is necessaagd this can

most effectively beachievedusing an immobilized enzyméFig. 1 b).The
immobilization of the enzyme, on a spherical solid or withipoaous support,

facilitates its removal fom the product stream by simpldtfation, and enable

subsequent recycl@erformed in some casewrethan 100 times)However, in

both these modes of operation thereds a
indispensable for most reactions: for instance, oxidoreductions necessitate
reducing equivalents (NADH, NADPH) in sufficient quantity, at least equimolar

to the substrate. The straightforward answer is cofactor regeneration. In most of

the cases the desired reaction is coupled with a second enzyme that restores the
cofactor, consumi n g a gi ven 0 s. &theri new dntriguingd subst
alternatives are emerging, like phetatalytic regeneratiofX. Wanget al.2017)

and cofactor engineerindl. Wanget al.2017)

Considering all the steps, variables and parametermscess optimization for
isolated and immobilizedenzyme biocatalysis is usually very complex and-time
consuming, and thus the thirdrategy comes as an alternative.resting cells
biocatalysis the reaction is performed in whalkel format, following dégrowth

(Fig. 1 c) Fundamental advantages are: reduced number of operational steps, no
need for extraction or enzyme purification, avoidance of the inactivity issues of
enzyme immobilization, no added cofactor regeneration systems (supplied by the
cellitself) and thus no sacrificial substrate. Geally, the consequences drigther
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enzyme stability, lower costs, faster {aindustry scaling, lower energy demand,
higher atom efficiencyeasier danstream processing. Wble-cell biocatalysis is

the mostsuitableoption forsome applications, f.i. enzymatic reactions that require
expensive cofactors likBlIADPH. Moreover, it can be efficiently exploited for
multistep conversions, by exploitingxisting pathways of the host oby
introducing novel onegLin and Tao, 2017)and for the production of mgn
compounds from a singimicroorganism(Bodeet al. 2002) Besides, the use of
solventtolerant hosts may provide an efficient solution to the conversion of
lipophilic compoundg(de Carvalho, 201 Mowever, wholecell biocatalysis may
manifest some serious problems: competition with endogenous enzymes for the
use of the substrate and/or the cofactors, undesired product modifications,
diffusional limitations through cell membran&leverthelesshe etensive work

done with E. colshows great results, even in scalability and sequestration of
substrate/product to prevenenzyme inhibition (Baldwin, WoHgemuth and
Woodley, 2008; Geitnest al.2010) On the other hand, cyanobacteria, as a greener
version, have attracted more and more attention, e.g.: for the asymmetric reduction
of ketones(Nakamuraet al. 2000; Havel and Weust&otz, 2006) for various
bioconversions of monoterpen@alcerzalet al.2014and for the enantioselective
reduction of phosphonate§Gérak andYymadczyk-Duda, 2015)As a further
important advantage yanobacteria have a rich pool of NADPH, thus they are the
perfect candidatesor NADPHdependent biocatalyst . |l tds the case of
of incredibly useful enzymes: monooxygenases. A recent(@oHmeret a].2017)

has shown the feasilly of biotransformation with the cyclohexanone
monooxygenas&om Acinetobacter calcoac€@idslO) in Synechocyss PCC
6803, with specific activity values almost equal to those obtainéd aoland no
negative effects on cells viabilifhiswork also pointed out some issues that need

to be overcome, like undesired side reactions andleality limitation To exploit

the uniquely abundant NADPH pool of cyanobacteria, another possibility is
changing the cofactor specificity of ttazyme frorNADH to NADPH(Park and

Choi, 2017)

2.2 BaeyerVilliger monooxygenases

As mentioned, mnooxygenaseare a fascinating vast class of enzymes; they are
able to catalyse the transfer of one atom of oxygen to an organic substrate, and
reduce the other atom of oxygenwater. They are promisingjocatalystsfor the
synthesis of organic molecule since this kind of insertion is hard to achieve in a
chemical way (in some cases even unfeasible). Among the specific reactions
catalysed by these enzymes, we can find the Ba&liger oxidation, in which
ketones or aldeydes are oxidized intdhe corresponding esters or lactones,
resulting in oxygen insertion next to the carbonyl groupaeyeVilliger
monooxygenase@BVMOs) need a flavin cofactor (FAD/FMN) and a source of
reducing potential (NADPH/NADH), and depending these cofactors usage they

12



0 O, H,O 9
BVMO )j\
)J\ %_%' Ri<
R; R, 0 R,

NADPH + H*  NADP*

o 0, H,0 o)
BVMO
@]

NADPH + H" NADP*

Figure:2Mlechanism of acfidiype | BVIEidh a linear ketone (upper reaction) and on a
ketone (lower reactiomyge from Ceccoli et al. 2017

are classified in Type | (FAD and NADPH dependant) and Type Il (FMN and
NADH dependentjWilletts, 1997)

Type | BVMOs have been more studied because of their high, relggame and
stereaselectivity(Buéko et al.2016)together with broad substrate scope, meaning
that a single enzyme can act on multiple diverse sulestrétig. 2). These enzymes
contain two dinucleotidebinding domains § U-folds) known as Rossmann
motifs, one for the FAD binding and the other for the NADPH bindkrgaijeet

al, 2002) More than 50 protein sequences this classare available for
recombinant epression todayThe cyclohexanone monooxygenase (CHMO) from
Acinetobactepecies(Donoghue, Norris and Trudgill, 1978) one of the first
BVMOs that has been discovered and hence
homologs have been found in many prokaryotes fromstlewery phylgKyte et

al, 2004) Gther BVMOs were theidentified and thoroughly characterizedike

the steroidMO (monooxygenase) frolRhodococqorii et al.1999xand the 4
hydroxy-acetophenondO from Pseudomonas fluoresceBgKamerbeeket al.
2001) The phenylacetor®lO (PAMO) from the thermophilic bacterium
Thermobifida fuseas the first Typed BVMO whosecrystal structure has been
determined(Malito et al. 2004) while one of the last BVMOs discovered and
structurally resolved is the polycycl&etoneMO from the thermophilic fungus
Thermothelomyces therm@juingeet al.2017)

2.2.1 New Type | BVMOs: CrrBVMO and PBVMO

As the protein sequences startedatmcumulate, bioinformatic approaches became
more and more trustworthyfor the identification of new BVMQsMultiple
seqguence alignment analysis showed that Type | BVMOs can be identified using a
specific sequence MOtIEXGxXxxHxxxXxWP (Fraaije et al. 2002) Many of the
aforementioned BVMOs were discovered through wAgdaome search of this

13



motif, together with a good sequence similarity to knowwviNBOs (this methodis
calledagenome mining.

In the laboratoy where | did my internship, two new BVMOSs were identified using
this method, then cloned and characteriz@&@keneventiet al. 2013) One of this
enzyme was obtained frothe red alga&Cyanidioschyzon me¢Glaeandthe other

one fromthe mossPhyscomitrella paigh®. Photosynthetic eukaryotes avery
uncommon sowes for BVMOs. In fact, only tnBVMOs from eukaryotic origin

had beencloned and expressed by the date of the Benewtnail work: the
cycloalkanone monooxygenase fr@ylindrocarpon radiciédi€C 11Q1(Leipold,
Wardenga and Bornscheuer, 2028y the BVMO fronAspergillus fumigatzo3
(Mascotti et al.2013) Other eukaryotic BVMOs were investigated since then, but
actually almost all of them have been found in fiRgmeroet al.2016; Bordewick

et al.2017) A wide screening of fungal species revealed that 80% are positive for
the presence of BVMO gern@itinar et al.2015) These fungal enzymes are likely

to take part in several biodegradation processes, activity in which fungi are key
players.Nevertheless, e discovery of BVMOs in photosyetic eukaryotes
remains unique up to now and poses new questions about the physiological
function of these enzymes.

The biochemical characterization &mBVMO is particularly relevant for the
purposes of this thesis. This enzyme has a melting temper@lung of 56° C,
which is considerably higher than that of most known BVM@Qsnsidering that
Cyanidioschizon meislaered alga living at 4% °C(Ciniglia etal, 2004) this
result was not unexpected. Moreover, a recent work showed that also
phycocyanins fronC. meroldave almost the same TiRahmanet al.2017)The
biocatalytic characterization o€EnBVMO, including substrate profiling, steady
state kinetics and conversions, showed the preference of thgrenfor linear
aliphatic ketones (C8 and C12) (Fig. 3). Conversion of these ketones resulted in the
formation of the expected ester produftilly obeying the stereochemical rule of
BaeyetVilliger reactions, according to which the migrating group is thest
substituted (Fig. 4). Looking at the catalytic performance, the considerable low
values of the kinetic parametersyKkeat, keat/Km) suggested a potential role of the
enzyme in the secondary metabolism. Indaéeds generally assumed th#te
seletive pressure acting on necentral metabolism pathways is sensibly weaker
than the one acting on essentialoyge® al | owi ng Ostertamdar yod enz
low or moderate rates of reactidrhe actual role &EnBVMO in the red alga is not
known but, as metioned above for fungal BVMOs, it is likely involved in catabolic
reactionsThesubstrate preferencesd the enzym@oint toward linear alkanones,
which are structurally similar to side chains of ldnophylls and pheophytins.
Hence|jt can probably be wolvedin modifications of photosynthetic pigmenits
vivoHowever, deeper studies are needed to clarify its physiological functibmg, f.i.
engineeringand analysing knoclout mutants ofC. merolae
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Substrate Ky [mM] Kear [57'] Keat/Kn [s7' mM]
[
2-Dodecanone )WM/ 0.004 + 0.001 0.383 + 0.018 90.8
NN
Octanal o~ 0.010 + 0.008 0.252 + 0.043 253
[
2-Octanone M 0.011 + 0.006 0.250 + 0.031 227
o
3-Octanone \)K/\/\/ 0.0030 + 0.0005 0.210 + 0.006 70
[
4-Octanone /\)k/\/\ 0.0040 + 0.0009 0.202 + 0.006 50.5
4-(4-Hydroxyphenyl)-2-butanone "°_©_/_<° 0.0070 + 0.0007 0.079 + 0,002 112
0,
Bicyclo[3.2.0]hept-2-en-6-one m 0.0040 + 0.0007 0.085 + 0.002 213
]
3-Phenylpentane-2,4-dione ©_§: 0.099 + 0.026 0.015 + 0.001 0.2
o/
Phenylacetone m 0.097 + 0.071 0.032 + 0.006 0.3

Figur& Steadstate kinetimalysis of BMIMn various substrdfesm Beneventi et al. z

Substrate Product Conversion (%)
Cm
0 (0]
0 o
(o]
o
OJl\

m ©/\ 100

o o}
AN\/\ )Lo/\/\\/\/ 100

]
\)k/\/\/ \)LO/\/\/\ 100
0

/\)k/\/\ /\)‘\0/\/\/ 100

Figure 4: ConversiamiBVMOnsome identified sategtrand corresponding product

Beneventi et al. 2013
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2.3 Construction of the Syn za_ BVMO strain

To further study this newly discovered monooxygenase and to explore its possible
biocatalytic applications, the gene sequence GMBVMO was cloned in
Synechocysjs PCC 6803As previously mentioned, cyanobacteria are ideal for
harbouring NADPHconsumirg enzymes, and thuthis speciesappeared as a
reasonable choic&ynechocystis PCC 6803 is wetlharacterized easy tobe
genetically manipulatel and characterized bya flexible metabolism when
supplied with glucose it grows exponentially fastban in the absence gfucose

Thus, an expression plasmid was designed, aiming to introduce through
homologous recombination the desired ge@eBVMO) together with a selection
marker (Kark, the gene for Kanamycin resistance) into the genorSgredchystis

sp. PCC 680&ereafterSynechocyktis

The genomicregion downstream the NADH dehydrogenase gem#hBgene
ssl0223was chosen as site for the recombination. This region is considered a
neutral site, sinceis interrupted by otherforeign sequencesvas already
demonstrated to not generate unexpected phenotype, keeping genetic and
transcriptomic perturbations at the minimunfAoki, Kondo and Ishiura, 1995;
Kuchoet al.2005; Tsujimoto, Kamiya and Fujita, 20H&)wever, { must be said

that inserting DNA constructs here causes the knaak of an open reading frame
coding an unknown putative protein of 90 aminoacidsslQ410according to
CyanoBase database).

In order to explore the chance to induce the expressi@nBVMO gene, theiaA
operatorpromoter waschosenfor the recombinant gendn Synechocysimme
metalresponding promoters have been investiga{Bthsi et al. 2012) among
which the zinerespondingziaA operatorpromoter has been described with a low
basal expression level. In absence oftZons, its repressor ZiaR binds the
operator sequence blocking the transcription, while in presence #fidns ZiaR
detaches and transcription stariBusenlehner, Pennella and Giedroc, 2003)

The final transformation vector for the integratiortioé recombinant gereaP/O-
CnBVMO into Synechocysgsnome was called pDE¥a BVMO(were pDEV
stands foDirect Expression Vector). Summarizifigs composed by two portions
of the chosen neutral region (NR1 and NR2), the inducible pronmigy the
coding sequence for the enzy@eBVMO and the kanamycin resistance cassette
(KanR).

The sequencengineered forecombination wasexcised from the rest of the
plasmid to improve the recombination efficiency, and then used to transform a
wild-type strain ofSynechocysiise selection of the recombinant colonies was
performed in Petri dishesontaining 10 pg/ml kanamyci@ingle colonies from the
initial transformation were restreaked ten times on increasing concentrations of
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antibiotic (up to 50 pg/ml). Tis subcloning operation is necessary to achieve

homoplasmygiven the high copy number $fnechocy&@esnome.

At the end of the selection proceeemoplasmy was checked by PQRnfirming
the total absence of wiltype copies of thgenome in the mmbinant colonies.

This new strain was thus called Synia_ BVM{Fig.5).

ZiaPr

I ]

BVMO

Kan®

5510223 ]Du

Figur®: Schematic representation of the neutral site after the ire toenteisaliiog, new ¢

Synzia_BVMO.
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3. Aim of the thesis

This work is focused on the though characterization of theyanobacterial

Syn zia_ BVMO strain. First, expression@fBVMO and inducibility of theziaA
promoter were investigated bwestern Blot and mRNA analysis. The growth
profile of this new strain was #n analysed in mixotrophic and autotrophic liquid
cultures. The results showed anaxpected enhanced growth of Syia. BVMO
compared to the wild type, and these results were also confirmed by dry cell weight
measures. This increased biomassumulating 8ain became then attractive for
biocatalytic purposes, since a possible increase in prodtyctould be realised.
Therefore elucidating the causes of this behaviour could be extremely useful. First
of all, it could help achieving a deeper understandingolecular processes inside
this cyanobacterium. Then, these findings could provide precise indications for
further biotechnological engineering, especially for biocatalytic aims.

The characterization went through a morphological macroscopic obsemnvatib

TEM (Transmission Electron Microscopy), and théme drawing ofa growth
curve under a different light condition. With the use of an enzymatic activity assay
and a nativgpolyacrylamidegel electrophoresis (nativieAGE), the effective
activity of CnBVMO inside the strain was verified. This was done in order to
support possible links between the heterologous enzyme and the prolonged
growth phenotype.

A possible explanation for the unpredicted behaviour of the recombinant strain
was evaluated, pointingwards a correlation with NADPH content. To verify this,
measures of oxygen evolution were performed. Moreover, the content in reducing
equivalents was estimated exploiting polyhydroxybutirate (PHB) synthesis,
which occurs inSynechocystisen limited-growth conditions are applied.

To justify anin vivactivity of CnBVMO, a suitable substrate was searched inside
Synechocystfls, and indeed compatible compound was noticed. To elucidate its
possible involvement, mutant strains were created, targein enzyme of the
biosynthetic pathway of this substrate. Knockout constructs with resistance
cassettes were assembled and then introduced through homologous
recombination. Homoplasmy was verified via PCR after the édstson passage.
Growth of thesemutants wasthen monitored in liquid cultures and measures of
PHB content were also performed.
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4. Results

4.1 General characterization

The fird part of thework focused orharacterizing the new Symzia_ BVMO strain
the Synechocyssigsain expressing the BVMO fror@yanidioschyzorerolaeA
preliminary investigation on the activity of the recombinant enzy@rVMO
inside the cyanobacterial cells was gisoformed

4.1.1 Expression of CrmBVMO: RT-PCR and Western blot
analysis

The study started verifyindhe actual presence of teazyme, firdy in the form of
transcriptmRNA (RT-PCR) and then as protein (Western blot). Moreover, given
the presence of thaaA promoter upstream th€nBVMO ORF(see par. 2.3}the
promoter inducibility byZn2*ions had to be checked.

For the mRNA analysis, liquid cuites of each strain (wt and Syma zBVMQ
were subjected to three differeBh?*concentrations: (19 uM, in a modified BA1
medium without zinc; (2)1,3 pM,n normal BG11 medium; 83 uM, in a modified
BG1limedium with added 4 uM of zinddG11l medium is commonly used for
SynechodggRippka et al. 1979)After 24 hous of growth, samples from each
condition and stran were processed to purify total RNA. Théime RNA poolwas
retro-transcribed with random primersand the resulting cDNA was used as
template for the amplification by PCR, in two separate reaction using BVMO
specific or the PetBpecific primers. The first reaction was needed to check the
presence of the BVMO transcript while the second one was wsedrinalize the
intensity of the BVMO band in relation to a housekeeping gene (PetB: cytochrome
bs). Theagarose geallectrophoresisf the PCR products is presented in Figure 11.

0 1,3 53 uMZ#+

BVMO

PetB

Figurd1l: Agaroselgetrepholisf PCR products obtained By i@and PetBecifi
primers on cDNA from ZgnBVMO. Concentrations of zinc ions in the res
medium are reported.above
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The first observation is that the transcript fa&€nBVMO is present in the
recombinant strain in normal BG11 medi(in8 pM) which is the conditiorin
which Synechocystdis are normally kepSecondly, the presence of the transcript
in cells grown in thebsence of zinc ions shows that @A promoter is partially
leaky. Finally, the intensitgf the band from theulture with added zincappears
almost equal to the one from normal BG11 culture.

Given the presence of tigmBVMO transcript, a Wesrn blot was used to check
the presence of the translated protein. The kibculture conditions of botlstrains
were exactly as those usddr the RNA extraction, in particular foZn?*
concentrations (1) and (3) (0 and 5.3 uM). A#t@hours of growthsamples from
every culture were treated to obtain a total protein extract, which was then
quantified via Bradford colorimetric assay. Based on this quantification, 75 ug of
total proteins were loaded in eaclane of a SDBAGE gel. After the
electrophoretic run and the blotting procedure, incubation of the membrane with
a BVMGQspecificpolyclonalantibody allowed ultmately the visualization of the
bands (Fig. 12). The result showtbe presence of the protein the recombinant
different intensities. Thus, the expressiorGaBVMO and the leakiness of thmA
promoter wee both confirmed.

Figurd 2 Wdsrn Blot of wt and 3ign BVM@eveloped by using Byktdic polyclonal
antibody. The positive control (C+) in the last lane is given by purified CmBVMO €
MW: indication of the molecular weight

4.1.2 Growth curvesand dry cell weight

It was necessary to check for possible harmful effed@BMO on Synechocystis
cell s, since i t.dlenceatmgrowth wajileohtbeuesomandb t ei n
strain was drawnBG11 liquid mediumas supplemented with glucose to establish
mixotrophic conditions. The concentration of cells was then monitored maasguri

the optical density (OD) as generally done with bacterial cellltures were
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incubated in constant agitatioat 30°Cwith a light intensity of 30 u&*m2 This
growth conditions will be hereafter a | | e d oOconditians d a r d

The results are presented in Figwherethe graph shows thathe recombinant
strain presenteda longer growth phase compared to the wiyge (wt). The
difference in optical density (OD) started at day &nd became more relevant from
day 1611on. At theearlystationary phase of the recombinant strain, the OD was
almost double compared to thé .
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Figure TGrowth curves of thetyyikel (wt) strain and of thei8yBVMO strain in BG11

medium with 5mM glunessured by registeriabsbiance at 730Thmvalues reported are
means of three independent experiments, with relative standard error bars.

To assess whether or not this behaviour wassen¢ only under mixotrophya
growth experimentin autotrophic (hototrophic) conditions was performedin

this case, the growth conditions differed from the mixotrophic ones for the absence
of glucose ithe BG11 medium. The obtained growth cuhasthe same trend of
those registereth mixotrophy, with the recombinant strain reaching higher cell
densitiesat the stationary phasg@-ig. 8)
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Figure:8Growth curves of théyywidwt) strain and of thegi&yBMO strain in BG11 mec

abscee of glucosesmed brggistering the absorbance at T80 watues reported are m
three independent experiments, with relative standard error bars.
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To verify whether the measuredotecal densities corresponded tobiomass
production, total biomass was quantified as dry cell weight (DCW) per m& wf

liquid culture. The DCW of both the strains, was measured at day 4, 11 and 15 of
the mixotrophic growth.These thre¢éime-points were chosen as representative of

the early, middle and late stationary phase of the wild type straire

Syn zia_ BVMO sain showedan increase irmg(dcw)/ml, in accordance to the
growth profiles (Fig. 9)Theobtainedvalues confirradthat the observed increase

in OD is due to an increased biomass productamlay 14nd 15an extra biomass
formationof approximately0.6 g/land 1,4 gilvas registeredrespectively

Dry cell weight

35

: mwt m Syn i
25
=
%)
2
15 1
1 1
) .
o
wt OD4 pDEV OD4 wt OD4 pDEV OD6 wt OD5 pDEV OD9
Day 3 Day 11 Day 15

Figur®: Dry cell weight abimdphic culture of wt anai@yBVMQ he OD value of each
isreported for every day of safrdinvglues reported are means of three independen
with relative standard error bars.

4.1.3 Growth curves under highlight intensity

In the characterization of photosynthetic organisms, light intensity plays a pivotal

role. Growth curves under different light conditions may vaignificantly. To

check the behaviour of the Symia BVMO strain under such conditions, growth

curves were set in mixotrophic and also phototrophic conditions, under an

illumination of 200 UE M s Thissaturatingi nt ensi ty wi | | be ter me
lighto . The other parameters remained those o
show that the growth profiles of the wt and the recombinant strain are almost

identical, both in mixotrophy and in autaiphy (Fig. 17). Therefore,

Syn_zia_BVMO strain did not maest any peculiar phenotype in high light

conditions.
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—o—wt standard light 14
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10 15
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Figure 1Bowth curves of the wt andisSBVMO strain at a light intensity of 260 uE r
meaured by registering the absorbance dt£3@atues reported are means of three il
experiments, with relative standard error bars.

4.14 Electronic Microscopy images

Given themacroscopic differenda the standard growth curvea legit question

arose about possible morphologichlangedf.i. about number and shape of the

thylakoid membranes) between the two straitise wt and the recombinantone

Hence, using the TEM (Transmissi&tectron Microscopy) techniquemages of

the two strairs were collectedSamples were taken from mixotrophic cultures at

day 4and at dayll, as previously done for the dry cell weight measures. Some of

the images are presented (Fig.TOh e T E M a n ashowsny significatees n 0
differences:the Syn zi a_BVMO strain doesnodt exhi bi
alterations compared to the wild type strain.

- » -
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W ) |

l - | ‘

—* 500nm 4 500nm

" ’ '
—— | .
+—4 s500nm 4 5000m

Figurd 0 TEMnicroscopy images of wt anh MO cells
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4.1.5 CmBVMO activity in Synechogstis

In order tolink the observed phenotype @MBVMO, it was needed to assess if the
enzyme wa correctly folded and catalytically active 8ynechocyslibus, te
protein was purifiedand subjected to a direct activity assay. Morecx@ativegel
electrophoresis wasarried out followed by a colorimetric activity ass&pr both
the assays3nonanone was chosen as substyalige to the high activity previously
reportedin thein vitraassayBeneventet al.2013)

CnBVMO was purified fom the soluble fraction of Symia_ BVMO exact. Since
a Histag was fusedat the Gterminus of the protein, its recovewyas made
possible byan Immobilized Metalon Affinity Chromatography (IMAC). Elution
of the loaded resin was achieveddyimidazole solutionand then the protein
rich eluted fraction wa cleanedrom imidazole with a dealting procedure.

The direct activity assay is based on the absorbance propertiS&\DPH in
contrast to those of NADPIn fact, NADPH has an absorbance peak at 340 nm,
whereas NADP shows no absorbance at this wavelength. The decrease in
absorbance at 340 nm 44) is a direct measure of NADPH consumption. A
reaction mix with NADPH andCnBVMOwas initially used as reference, sitice
enzyme can performsmalldgr ee o f 0 wtoeddhispdrn refers to & a
basic activity of BVMOs in absence of a specific substrate, in which molecular
oxygen is reduced to hydrogen peroxid®rres Pazmifiet al. 2008) Agso was
checkedovertime, before and after the addition ofn8nanone. The resulting
immediatechange of slope (Fig. 13) dwan increase in NADPH consumption,
and thus in enzymatic activity.

+ 3
1.0~ 3-nonanone

0.84

0.71

Absormance 340 nm

0.6

T T T T T T T T 1

0 20 40 60 80 100 120 140 160 180 200
Time (s)

0.5

Figurd3 NADPH absorbance at 340 nm over time, for the check of enzymatic acti
nonanone is indicated.
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For the nativePAGE, a native gel was preparédhtive gels are particular
polyacrylamide gels whose main purpas to keep the migratgatoteins in their

native conformatiorto preserve their activityHenceno denatuing or reducing
agentwasadded |n this casethe separation during electrophoresis is given by the
isoelectric pint (pl) of each protein. Since plalues areusually very similar
between proteins, an acrylamide gradient is suggested to better separate the bands.
In particular, a 4%12% and a 490%gradient hae been used in this experiment.

The colorimetric assay consistgeirformingthe enzymatic reaction of the desired
protein afterthe electrophoresis the native gel. The visualization of theatan

is granted by a chroogenic substrate, ich in this case is nitro blue tetrazolium
(NBT). This salt is pale yellownd solublevhen oxidized, while becomes purple
blueandinsolublewhen reduced. @nsidering the BVMO reaction (see par 2.2), it
works as final electron aeptor, instead of thexygenatom Thus, in practical
terms,incubation of the migratedamples witiNADPH, NBT and a welaccepted

substréae, should reveal thectivity of CnBVMO.

Samplesof wt and Synzia_BVMQvere takenat day 3of mixotrophic cultures in
standard conditions and processed for protein extraction. After the
electrophorsis, the lanes were separated to apply differeraitmens: (1)
incubation with NADPH 3nonanone and NBT; Y2ncubation with NADPH and
NBT, without the substrate. The first treatment was used to check the BVMO
activity, while the second was necesstoycheck for aspecific activity of other
enzymes (f. NADPHdehydrogenageThe result is reported in Figurl

A B C D
wt Syn wt Syn C+

wt  Syn wt Syn C+

s -

L)

i IR i

Lol (i H8 -S

f

!

- i
Figure 1Mative PAGE of tptatein extraodf wt and Szia_ BVMO. Bands resulting froi
NBT activity assay are indicated withWérrawi type strain. Syn: Syn_zia_ BVMO stre

C+: purified CmBVMOIlncubation without the substrate. +S: Incubation with the su
No molecular weight marker is present due to unavailignisityraigomarkers

In both the gradientg4%-12% and 4920%) a single purpléblue band appeared
in the Synstrain extract in presence ofBonanone (Fig. 1&, D, whereas no bands
were detected in absence3®honanongFig. 14A, C). Moreover, in th wt strain
extract no bands wereisible, in none of the conditionssted Unfortunately, the
positive catrol in the last lane, i.gurified CnBVMO, resulted in an aberrant
migration and did not show hgel acivity.
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Despite the absence of a positive control, an enzymatic activity towards 3
nonanone was detected Syncell extract, whereas no activity was revealed in the
negative control (wt strain).

4.2 Possible involvement ofCrBVMO In
unbalancing theNADPH/NADP * ratio

In the frst part of this work, the Syrzia_ BVMO strain showed a prolonged growth
and an increased biomass accumulation compared to the wild Tiygeobserved
phenotype wasiypothesized to be related with tlexpression of thbeterologous
enzymeCnBVMO in an active formHence, the study moved on to the search of
the possible causes of this peculiar phenotype, in relation to the aativiye
recombinant enzyme

As said, BVMOs requira redox cofactor, which in the case ©fBVMO is
NADPH. This essential reducing equivalent generatedin Synechocystislls
during thelight reactionsof photosynthesis, together with ATP. Both NADPH and
ATP are then consumed, during dark reactions, by the Calvin cycl€Qer
reduction in orgnic compoundsTheoreticalanalysis showed thdight reactions
generate 2.57 ATP/2 NADPH while dark reactions require 3 ATP/2 NADPH
(Kramer and Evans, 2011; Maretig|.2011)Thereforethe ATP generated in the
light reactions is insufficient to meet the energy requiremenCfosfixation, and

thus limits photosynthetic efficiency Recently, Zhou and eworkers have
formulated an interesting hypothesis about this limitati@hou et al.2016) They
argued thatto fulfil the demand of ATP, lighteactions should generate 3 ATP
every2.33 NADPHmoleculesHoweverthis would result in a NADPH imbalance,
since only 2 NADPH will be consumed in dark reactiofiius, increasing
consumption of this cofactanight improve the coupling between light and dark
reactions, increasing photosynthetic efficiencytheir work, this hypothesis was
been testedy introducing a NADPHconsuming enzymi Synechocysis PCC
6803 (Fig. 15), together with other two neredox enzymesThe resulting
engineered strain showed a significant increase in cell growth rate, dry cell weight,
CO: fixation and photosynthetic efficienciZhou et al. 2016) Their hypothesis
seems thus sufficientigemonstrated.
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Figurd5Diagram of ATP and related NADPH production in the $ighitinehetiaddition
the NADP4donsuming enzimege from Zhou et al., 2016.

The extrapolation of these conclusions the present work are intriguinglhe
increased growth of the Symia_ B’'MO strain may be explained kninduced
extra NADPH consumption, which in turnmay leadto an increased
photosynthetic efficiency.

To verify this hypothesis, several analysis were carried out orwthand
recombinant strain

4.21 Oxygenevolution and respiration

At the beginning of the light reactions of photosynthetiis, energy derived from
photon absorption is used txidisewater moleculesThe process is calledter
splitting, since HO is divided into prtons and molecular oxygeand takes place
in the oxygerevolving complex (OEC) This implies thatthe rate of
photosynthesis is directly proportional 0> generationSinceit is a gas, £can
freely diffuse outside the cells, and can be quedtivith dedicated instruments.
To sum up,measuringoxygen evolutionrate is a possible way to quantify
photosynthetic rate, and sefficiency.In the aforesaidhypothesis, NADPH
consumption should lead to a higher photosynthetic efficiency. Measuring O
evolution rate of the recombinant straishould give some hints about the
plausbility of this hypothesis.

For & quantification, an oxygen electrode was employed. Since oxygen is
consumed by respiration, to obtain the total amount of producedb®
photosynthesis the measures were performed in two conditions. A first measure
in the absence of lightllowed to retrieve the respiration rate, a second measure
in saturating lightallowed to retrieve thexygen evolutiomue to the combination

of phobsynthesisand respiration The total quantity of oxygen produced by
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photosynthesiscould be deduced as the difference of the previous two measures
(Genty, Briantais and Baker, 1989)

Then, the values of oxygen evolution were normalized. In fact, there mayghe a h
variability between cells in terms of number of OECs. The chlorophyll content of a
sample is related to its number of OECs by a precise invariant stoichiometry (~38
Chl/OEC)(Tang and Diner, 1994herefore it can be used to normalize the oxygen
evolution rate of the samples. Chlorophylls can be easily extracted with organic
solvents and quantified via absorbance at the -®80 peak. Following
normalization,the results were expressed in umefidg Chl/h.

In this work, oxygen evolution experiments were conducted on wt and
recombinant Synechocystislls, cultued in liquid in mixotrophic standard
conditions Measures of oxygen evolution and respiration, as well as chlorophyll
quantification, were performed at day 4, 8 and 16. In these threedd&grences

in OD were respectively0, 2and 5.5 units. The results show that tbgygen
evolution rate for thesyn zia_ BVMO is higher than the one of wt in all the three
daysconsidered (Fig. 16). The hagihdifference between the two strains is visible
at day 8, in which eevolution of Synzia_ BVMO is-fold higher than the wt one

Bwt W Syn

<o ODwt:4 OD Syn:4 ., ODwt:4 OD Syn:6 ., ODwt:4 OD Syn:9.5

400 400 400

300 300 300

(umol O,/mg Chi/h)

200 200 200

0 o i 0

4 days 8 days 16 days

Figurd6 Oxygen evolution of v@yandia_BVMO strain, at day 4, 8 and 16 of mixotrc
The values reported are means of three independent experiments, with relative st
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4.2.2 PHB accumulationduring nitrogen starvation

Synechocystiand some other cyanobacterial species can accumulate
polyhydroxibutirate (PHB)polymerswhen subjected to phosphorous or nitrogen
starvation(Pandaet al. 2006) This phenomenon has been recemttyrelated to

the redox state of the cell$lauf et al. 2013) In fact, lack of nitrogen hampser
aminoacids syntésis, and consequently also T@A cycle, which is the main sink

of NADPH. As a result, reducing equivalents and fixed carbon start to accumulate,
severely compromising cellular metaboli®iosynthesis of PHBig. 18)is thus

an essential NADPH and cansink, alongside withthe synthesis obther
metabolites like sorbitol and glycogerfHauf et al. 2013) Moreover,
phycobiliproteinsare degraded to cever their great amount of nitrogen atoms
(Collier and Grossman, 1994 this way,cells are able to cope witutrients
limited situations.

[i-ketothiolase Agercacetyl-Cod reductase PELA symihase

4] LU ] an 0 0
] —lh q —1+
{ﬂ'u‘\ .':'-i_'n.\i| ' M SCnd, "'I"-'JL“ E-Cad Y \[n)v“jl*
n
Aceiyvl-nd It Acrlmicebyl-Cnd R-A-Hvdrnnvhulvry lCng,  PECah FHB

Figure 18chematic overview of PHA synthesis and the invishagedinagmes.
Taroncheédldenbugg al., 2000.

It can be inferred from these observatibat the extent of PHB accumulation is
directly proportional tothe NADPH content of cell§Hauf et al. 2013) In the
context of this work, the NADPH consumption given by the BVMO activity should
result in a decreased NADPH level, compared to wt cells. If nitrogen starvation is
applied, the final result should be a decreased content in 8iH8e PHBolymers
canspecifically be stained withtaydrophobicfluorescent dy€Nile Red), they can

be easily quantified in vivo without any extraction or purification

Thereforenitrogen-starved cultures of the wt and recombinamniashs were set, in
order to quantify thai PHB contentThe nitrogen limitation has e applied to
mixotrophic cultures of the two strains. These culturegere pelleted and
resuspended in nitrogeless BG11l medium after 1 day of growtlstandard
conditions Na-acetate was added to enhance PHB accumulation, as previously
reported (A. K. Singhet aJ.2017)Samples of the cultures were also collected to
analy® pigment content of the cells, before (day 0) and after (day 12) the onset of
nitrogen starvation. The absorbance spe¢kig. 19) of the totghigments show a
general decrease in quantity during N starvatids expectedhe almost complete
disappearaoe of the620-nm phycobiliproteinspeakconfirms ther dismantling

and the reutilizationof their N atoms For the PHB quantificationédter the
resuspension in Ness BG11 fiveamples were collected in different days and
stained with Nile red. The relate fluorescence was then quantified via a
fluorescence spectrophotomet@nd then normalized on the number of cellse
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values obtained (Fig. 2@are higher for the wtn all the 5 daysBoth indirect

measurements (phycobilisomes degradation and relativeunts of PHB) suggest

that the NADPH levein the Syn zia_ BVMO strain may lo&rinsically lower.
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Figurd 9Absorbance spectra ofxivtadted pigments of wt andé&SBVMO, measured be
nitrogen starvation (day 0) and some time after (day 12) the application of nitroget
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Figur@0: Spectroscqpantification of Nile red fluacesoenitrogetnavedit and recombin:
strairs The values reported are means of three independent experiments, with rels
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Visualizationof PHB granules was checked fhyorescence microscopy cells
from the last sampling day 23. Images in bright field and with the proper
fluorescence filter were collectebh Figure 2Jan example is presented for each
strain. The PHB granules are clearly visible in both the strains, confirming the
induction of PHB synthesis.

4.3 Looking for a possible substrate oCrrBVMO
In Synechocystixells

The essential requirements for the activity of CmBVMO in the recombsteaih

are NADPH and ubstrates. Previousexperiments focused on NADPH
consumpton, but still no evidences hdmken gathered about the possilolevivo
substrates of CmBVMO. Given the substrate specificity of this enzyme (see par.
2.2.1), suitable ketones/aldehydes have been searched throughout the metabolic
pathways ofSynechocysitibich are reported in literature. Eventually, a promising
substrate wagoundin the fatty acids pathway

In the faty acids biosynthdat pathway, malonylCoA units are assembled to form
long aliphatic chains. The main final product is hexadecaAG, which follows

two main different pathsin Synechocystik can be diverted into fatty acids
production or into alkane biosynthesis (Fig. 22). In this second pathway, one of the
intermediates is a longhain fatty aldehyde, hexadecanal, produced by the enzyme
fatty acytACP reductase (FAR; ges#020R Looking at the substrate scope of
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; £L, . ¢ c
He FNy—ca 0" E “§—CoA
/]
Acetyl-CoA Malonyl-CoA
E_"ﬂty a;'ds_ H Alkanes
losynthesis
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HS ~ACP reductase
Recycling (sHI0209)
O NAD(P)* ACP ‘
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Fatty aldehyde
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(5lI0208)

HCO,

Figure 22: Schematic view of alkane biosynthesis pathways in Synechocystis sp. |
indicates the aldehydic group of the fatty aldehyde.

33



CmBVMO (see par.2.2.1), this aldehyde could be a possible substrate of the
enzymeThis hypothesis was thus tested.

4.3.1 Activity of CmBVMO with hexadecanal as substrate

Sinceonly mediumchain fatty aldehydes had beentesksfor the characterization

of CnBVMO (see par. 2.2.1), the activity towards kafgin fatty aldehydes, like
hexadecanal, was verified. The activity assay was carried out as previously
described and the rate of NADPH consumption was monitored at the
spectrophotometer (see par. 4.1.4)sEithe possibility of a spontaneous reaction
between hexadecanal and NADPH was checked, and proved to be absent, since
NADPH was not consumed (Fig. 23 A). A reaction mix with only NADPH and
CnBVMO was used as referendag to the occurrence of the ungaimg reaction

(Fig. 23 Bsee par. 4.1.5

The graph in Fig. 23 C represents the NADPH consumptio@n#VMO in
presence of hexadealn After the subtraction of the uncoupling rate, the
calculated enzymatic activity was 0,041 U/mg. Since hexadecaaalasy low
soluble compound in aqueous buffer, it was added at a concentration of 1,25 mM
in the enzymatic assayeaching its solubility limit. Despite this low concentration,
CnBVMO resulted activeshowing an enzymtic activity similar to othemore
soluble substrates (f.i.-Bctanone 10 mM: 0,092 U/mg).

The same substrate was used for a sstle biotransformation and the final
product of the reaction was analysed by gas chromatograpdss spectrometry
(GC-MS).

The biotransformation was prepared with hexadecanal, NADP+, the enzyme
CnBVMO, glucose and glucose dehydrogenase (GDH). GDH with an excess of
glucose was used as NADRefenerating system, a common method toidavo
stoichiometric use of NADPH.he same mixtire without CnBVMO was used as
negative control. Both the reaction mixture and the control were incubated over
night and then processed for the @@S. The results show the appearance of a new
peak in the chromatographic profile of the reaction mix vitmBVMO (Fig. 24 B),

in comparison to the one of the control (Fig. 24 A). MS analysis of the reaction
mixture with the enzyme showed a different profdemparedo the control(Fig.

24 C, D) These results indicate that hexadecanal was converted into a new
product in the reaction catalysed BnmBVMO.
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Figur@3Enzymatic activity assay through NADPH absorbande iHesasieeanal and
NADPHRA control reaction with CmBVMO and MARP&ttion with CmBVMO, NADPH and
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Figur@4:GCMS analysis of the reaction mix witpah@ with CmBVNMEYJ.
A,B Gas chromatography p@flle$lass spectrometry spEugrappearance of a newBpeak in
is highlightedOythe most intense peaks are different fr@n those in
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