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Introduction

1. Introduction

1.1 The significance of linear and cyclic tetrapyrroles in nature
Tetrapyrrolesare present in all living beingsanging from bacteria and plants to
animals; therefore, theyre calledthe pigments of lifgBattersby 2000)Ther structure
is remarkably divers facilitating the biological processes they are included in, like
photosynthesis, oxygen transporand respiration.Tetrapyrroles generallgonsist of
four pyrrole ringsn either linear or cyclic structurdhear characteristiccoloris due to
their conjugated ring systen.he cyclic tetrapyrroles are the precursors of the linear
tetrapyrroles. Their ability to chelatelifferent centralmetal ionsby the nitrogen atoms
of the pyrrole ringsgives them distinct chemical propertiedhe variation of
tetrapyrroles is achievedtough a series of enzymmaediated transformationgrom the
common template (uroporphyrinogen Ithat alter the oxidation state, size, side chain
composition and the centrally chelated metal ion. @mesultirg tetrapyrrolesinclude
hemes,siroheme,chlorophylls, corrins (including vitaminJg cdactor Fsz0, andlinear

tetrapyrroles which have diverse functions in the cdfigurel) (Bryantet al., 2020)

Cobalaminscontainng cobaltasa central metal ion playa vital role in transcription,
amino acid metabolism, and sewas a cofactor for multiple enzymdéBanerjee &
Ragsdale 2003)rhe greenish siroheme is assentialcofactor in sulfur and nitrogen
metabolism(Murphy & Siegl 1973, Murphyet al., 1973, Murphyet al., 1974) While,
the yellow tetrapyrrolic cofactor4socontains nickel. /socan be found in methanogenic
bacteria and archaea and involved inthe final step in methanogenesias a cofactor
for methylcoenzymeM reductase(Diekertet al., 1980, Thauer & Bonacker 1994he
green cyclic tetrapyrrole chlorophyilas achelated Mg*ion, whichis crucial for light
harvestingand energy transfeiof the oxygenicphotosystems in plants, algaand
cyanobacteria Its relatedbacteriochlorophyll is present ianoxygenic photosynthesis
of certain photosynthetic bacteria likgreensulfur and purple bacteriawhich absorb
light in the infrared region, another wavelengtplants or cyanobacteria use
Contributing to the red bloodolor of humans is heme, a component of hemoglobin
consisting of a Feontaining porphyrin(Daileyet al., 2017) Its central iron exists in
multiple oxidation stateswhich enables heme to act in diverse rgleg.,asanelectron
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Introduction

carrier in cytochromes, sensing of diatomic gasesys aprosthetic group in enzymes
for catalysis e.g, cytochrome P450, catalase, peroxidagidamza & Dailey 20127s
iron is often scarcesome pathogenic bacteria evolved mechanisms for heme uptake
and cleavage to obtain iron for their growth bendfgkaaset al., 2004, Wilks & Schmitt
1998, Zhet al., 2000) This is not the only reasavhy cyclic tetrapyrroles get degraded
The dlorophyll in plantgs broken down during leaf senescence to avoid the potential
phototoxic effects of reactivexygen species (ROS) formatiovhich is mediated by
phototoxic tetrapyrrole (Foyeret al.,, 1994, Hortensteiner & Krautler 20114lso, free
heme is cytotoxicreacting with oxygen and forming R(@Everse & Hsia 1997)
Therefore, tetrapyrrole biosynthesis has to be tightly regulatednd excessive
concentrations must be loweredtherwise cell death in bacteriacan occur, while
human diseases likeX-linked protoporphyria or sideroblastic anemia are also
characterized by unregulated or disturbed tetrapyrrole biosynthéSartwright & Deiss
1975, Everse & Hsia 1997, Kumar & Bandyopadhyay 2005, Nakabigeshii991) The
catabolism of heme is mediated by heme oxygenases)Hfat catalyzethe oxidative
cleavage of hemat the methine bridgeto obtain the linear tetrapyrrole biliverdin IX
(BV IX). B IXhas antioxidative properties and can further be utilized for the biosynthesis
of chromophoreswhich some organisms use for ligeensing or-harvesting Linear
tetrapyrroles obtained from heme can act as ligiarvesting chromophores of
phycobiliproteins presentin cyanobacteriacryptophytes,and red algae. Additionally
the chromophores can act as light sensors of phytochrdikeephotoreceptors that can
be found in fungi, bacteria, plantand algad Grombeiret al., 1975, Lagarias & Rapoport
1980, Sharrock 2008)
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Figurel: Tetrapyrrole biosynthesipathways present in different organismkeading to heme synthesisthe two
pathways C4 and CHead tothe synthesis ob-aminolevulinic acid (ALA), the commenrecursor of tetrapyrroles.
The C4 pathway is present in alphaproteobacteai@mals and other noiplant eukaryoteswhile the C5 pathway is
present in all remaining organisnALA is used teynthesizethe first cyclic tetrapyrrolauroporphyrinogen llvia
different enzymesThe different pathways branch from henghile thearchaeakirohemedependert (SD) pathway
utilizesuroporphyrinogen lifor synthesizindieme and other tetrapyrrolesThe other two pathways first synthesize
coproporphyrinogen Il out ofiroporphyrinogen llland then branch into the ancient coproporphyitependent
(CPD) pathway and thprotoporphyrindependent (PPD) pathway. The pathway branches are depicted in the
respectivecolors The respective enzymesvhich are associated with the PPD branch, are abbreviated in black
rectangles The gene names encoding individual enzymes are in jtalisved by the standard abbreviationRease

be aware that some genes encadienzymes have a similar abbreviation while responding to different enzymes, e.g.
hemH which isprotoporphyrin ferrochelatase in the PPD pathwaynd coproporphyrin ferrochelatase in the CPD
pathway. Daileyet al. 2017 suggested a more distinct abbreviatiamich remains to be implementedhere arealso
alternative genes for some reactions of which some evolved independertly. synthesis of heme and other
tetrapyrroles with the required number of enzymatic steps is indicated with arrows. Abbrevi&gioiR = Glutamyl
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tRNA reductase; GSAM= Glutamatsemialdehyde aminotransferase; ALA&winolevulinic acid synthase; PBGS =
Porphobilinogen synthase; PBGD Borphobilinogen deaminasetJROS= Uroporphyrinogen synthaséJROD=
Uroporphyrinogen decarboxylas€POX Coproporphyrinogen oxidasePOX= Protoporphyrinogen oxidas€eCH

= Ferrochelatasdrigure adapted and modified from Y 2 ngSay, 2022)

1.2 The biosynthesis of tetrapyrroles

The first steps insynthesizingtetrapyrroles are restricted to two pathways for
synthesizings-aminolevulinic acidALA, the common precursor of tetrapyrroles in all
organisms. Both pathways, the C4 and @&cur exclusively in certaiorganisms and
result in the synthesis of ALA. From there, three highly conserved enzymatic steps
are required to form the first cyclic tetrapyrrole uroporphyrinogen @antrary tothe
former belid that from the first cyclic tetrapyrrolghe synthesis obther tetrapyrroles
like heme, (bacterig chlorophyll, corrinoidand sirohemeis highlyconserved it was

discovered thathe synthesisan vary substantially different organisms.

1.2.1 The biosynthesis ofhe commontetrapyrrole precursor
The precursor of all tetrapyrroles is a molecule known as ALA, which can be produced
via two unrelated and independent pathways, the C5 path\{Bgale & Castelfranco
1973, Beale 199(nd the C4 or Shemin pathw&ghemin & Rittenberg 194%Figure
1). In the C5 pathway, glutamate's fhoarbon skeletor(Beale & Castelfranco 19713)
utilized, whereas the C4 pathway involves a condensation reaction between glycine and
succinyiCoenzyme A (succinflloA) to generate ALGibsonet al, 1958) The C4
reaction iscatalyzed by a single homodimeric enzyme aminolevulinic acid synthase
(ALASJEC 2.3.1.3%) |  LJ& {nflospRate (PLP) gePendent enzy(Seholniclet al.,

1972)which is present imlphgproteobacteria, animals, and yea@tigure2).

0
o CoA-SH N\_o"
o H* co,
+ ~_T
o ALAS
° NH; ©
S-CoA 3
H,N
Succinyl-CoA Glycine 5-aminolevulinic acid

Figure2: The reactioncatalyzedby aminolevulinic acid synthase (ALAS) yieldx@minolevulinic acid (ALAJThe
C4 or Shemin pathway uses the decarboxylative condensation of the two substrates sGoaingyme A (SucciF
CoA) and glycine to form ALA. Hereby the enzyme ALAS releasasdCIbASH while using a proton tmatalyzethis
reaction. ALAS is a pyridoxapBosphate (PLRJependent enzyme with the unusual property of cleaving two b
as itcatalyzesoth a decarboxylation and a deprotonation.
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In comparisonthe C5 pathway relies on a series of enzymatic reactions to convert
glutamyHRNA to ALA and is predominant in most bacteria, archaea, and higher plants
(Figurel). The first step in the C5 pathway involves the NAIDBpEndent enzyme
glutamyHRNA reductas€éGIUTR)YEC 1.2.1.70p catalye the reduction of glutamyl
tRNA which is also used for protein biosynthes@sglutamate1l-semialdehydeThisis
further transformed into ALA through the action of the Ridpendent enzyme
glutamate 1-semialdehyde aminotransferase (GSAMC 5.4.3.8fllag & Jahn 1992,
Kannangara & Gough 1978, Schétnal., 1986) Hereby GSAM utilizes only a single

substrate thus functioning agn aminomutase.

Structuraly similar to GSAM ihe C4 pathway enzym&LASItisk  FF YAf & -YSY0 S
oxoamine synthaseswhich areNB a Ll2yaA ot S T 2 Ndamink Ketorle® NI I {
(Schulzeet al., 2006) The PLimediated reaction of ALAS catalyzed through the
covalently linked lysine residue, forming an internal aldimifleisgets converted upon

binding the first substrate glycingroduced in the serin biosynthesigto an external
aldimine(Kaufholzt al., 2013) The binding of succing@loA(produced in the TCA cycle)

and release of CoA yield a quimad intermediatell, which, when protonated releases

ALA. Hergthe reaction follows ai-bi-kinetic mechanism with glycine binding prior to
succinyiCoA and the release of €é&nd CoA prior to the product release of ALA via the

dzy G @ LA Ol £ O t-c&rbo@ boAdSFigRra3) (Asméret al., 2005, Hunteet al.,

2007, Kaufholet al., 2013)
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Figure3: Proposed reaction mechanism of ALAS utilizing PLP as cofttsynthesize ALA out of the substrat
glycine and succinyCoA. Displayed are the proposed intermediatesd important catalytic residuesf the
R.capsulatueenzyme ALA&quired forthe synthesis of ALA'he PLP cofactor is bound by a Sthi#se linkage ©
the active site lysine residue K2dBALASss internal aldiminei-ollowing the binding of glycine the catalysis proct
by quinonoid | intermediated, followed by quinonoid Il interdi@te after succinyCoA binding and release togett
with CQ. Ultimately resulting in the release of AlRespective important amino acid residues keelledregarding
R. capsulatusumbering.Figure adapted fromKaufholzet al., 2013).

Despitethe fact thatthe catalyzed reaction is similar alphaproteobacteria, animals

and yeasts, the amino acid sequence of ALAS enzymes.\ali&S sequences from
humans to alphaproteobacteria are quite simjlatith sequence identities ranging from
40 % to 8®%. Thethree-dimensionalstructure of the homodimeric enzyme has a

characteristic@ A y & | y Fofmediby MBAGG moNd@nersyith the active site
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positioned at the subunit interfacas a holeln the absence athe two substratesthe
cofactor reside®© 2 @I f Sy (1t & | (idibhs@irk&gBto tefattivelsite [yshA ¥ T Q
the center of the structure in a nearly neagueous environment to prevent side
reactions. Additionally, a mobile loop (nethie carboxy terminus) of amino acids closes

over the active site if the substrates are bound and open up when the reaction is carried
out and ALA dissociatesut of the active sitg Astneret al., 2005, Hunter & Ferreira

1999, Hunteet al., 2007) The ALAS enzyme can be present in an open and closed state.
During the open statghe substrates can bincdandsuccinyCoA bindingvill induce the

enzyme's close stat(Zhang & Ferreira 2002)

Initially, the C4 and C5 pathways were thought notcteoccurin the same organism,

but a few exceptions are known. For exampile the photosynthetic phytoflagellate
Euglena gracilisboth pathways occur but are separated in different compartments
(Weinstein & Beale 1983)In Streptomyces nodosusubsp. asukaensisalso both
pathways are presenbut the produced ALA via the C4 pathway is exclusively used for
the production of the antibiotic asukamycin and not incorporated into heme S G njN 6 S 1
et al., 2006) Additionally, in some bacteriaand vertebratestwo ALAS enzymes are
present In humansthere is a ubiquitously expressed housekeeping isoform (ALAS1) and
an erythroidspecific isoform (ALAS2)hich is upregulated during erythropoiesis to
supply enough heme anid is exclusively present in erythroid cellslay et al., 1995,
Sutherlandet al., 1988) In bacteria e.g, Rhodobacter sphaeroidethe two enzymes
HemA and HemT are presemind only one isoform is sufficient for survidleidle &
Kaplan 1993)which is not possible for the human isoforms. Mutations in the human
erythroid ALAS are associated with severe ilinesses Hk&ed sideroblasti@anemia
when the mutation is near the PLP binding site or protoporphyria whgenetic

alterations cause overexpressi¢Bottomleyet al., 1995, Whatleyet al., 2008)
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1.2.2 ALAderivedbiosynthesisof cyclic tetrapyrroles
Subsequently, the formed ALA is utilized to create the cyclic tetrapwadediverse
porphyrin intermediatesThe synthesis of these tetrapyrrolsrganism and pathway
specific and results in the formation ,ok.g., corring cofactor kso, (bacteria)
chlorophyll, and hemégDaileyet al., 2017)(Figure 1) Therefore, afteisynthesizingALA
via the C4 or C5 pathway, ALA is proceeded by thn@éeersal enzymatic steg®mmon
in all tetrapyrrole synthesizing organisms. First, two ALA molecules are asynaietric
condensed via porphobilinogen synthase (PBQEC 4.2.1.24jo yield the pyrrole
porphobilinogen(PBG)Gibsonet al., 1955) Then, four PBG molecules amendensed
by PBG deaminaséPBGD)YEC 2.5.1.61)forming a linear tetrapyrrole, which gets
cyclized to uroporphyrinogeti In the last stefoy uroporphyrinogerll synthase (URQS
(EC 4.2.1.75Frydman & Feinstein 1974, Levin & Coleman 1967¢Tahj1987)(Figure
1). This is the last universal intermediattbom here on different heme pathways
emerge in bacteria and archae@ontrary to thebelief that only one heme pathway
exists in naturewhich is onlyalid for eukaryotes three pathways are known among
prokaryotes (Daileyet al., 2017)(Figure 1) Namely, he classic orprotoporphyrin-
dependent pathway (PPD), the coproporphydependent pathway(CPD)and the
sirohemedependent pathway (SDall named after their respective key intermediates
The SD pathway divergeafter uroporphyrinogen Il In contrast,the CB® and PPD
pathways split after the nextsynthesisstep ofuroporphyrinogen Ill, atcoproporphyrin
lll. While the PPD pathway operates in many Graagative bacteria and eukaryotes,
the CPD pathway is ipnarily presentin Grampositive bacteriaThe SD pathwafrom
sulfatereducing bacteria and archaéathe most ancienbne from an anaerobic world
(Daileyet al., 2017) All leading ultimately to the synthesis of heme am@nch off in
between to synthesizeother important tetrapyrroles like (bacterio) chlorophyll,

vitamin B, siroheme, and dactor Fszo.

The presenceor absence of oxygelis also reflected in the occurrenceof specific
pathwaysandtheir regulation Adding to the complexity of the pathways is the presence
of isozymes that catalye the same reaction but arethe oxygen

dependent/-indeperdent counterpartsof specific enzymes in the pathwdZelis &

12
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DuBois 2019, Dailegt al., 2017) The prominent risk of cellular damage by free iron,
heme and porphyrin intermediates is common for all three pathwalherefore tight
regulation is crucial becauseee heme exhibits a cytotoxic effe(fEverse & Hsia 1997)
The control of the metabolic flow eElsonecessary because intermediate porphyrins, in
the presence of light or certain metal ions, are highly photosensitive and can generate
ROS such as singlet oxygem hydroxyl radicaJdeading to oxidative damage tie

cells (Nakahigashet al, 1991) Controversially, ROS formation can be detoxified by
proteins like superoxide dismutasesgtalasesand peroxidases, which depend on the
availability of heme biosynthesis and irdDatalase and peroxidase havéound heme

as a cofactar thus bringing themunder the regulation of heme biosynthesis
Meanwhile,superoxide dismutases have a bound irand theirformation iscontrolled

by iron availabilityand is also connected to heme synthegisumar & Bandyopadhyay
2005) Tetrapyrrolescontribute to ROS generation and are essential for detoxifiRi0&.
Therefore, the whole heme biosynthesis requires tight regulation and coordination of

the iron and hemeavailability

Proper heme biosynthesis is essential foraintaining cellular heme levels and
functioning heme-dependent processeswhich are strictly controlled by various
endogenous and environmental factof@onegaret al., 2019, Lascelles 1960, May

al., 1995) The main regulation seems to occur at the start of the C4 and C5 pathway
with the production of the first committed compound of the pathwayamelyALA(Chen

et al., 1996, Ikushireet al., 2018) Here heme was shown to inhibit GIUTR activity in cell
extract of bacterial lysates by allosteric feedback mechanisms or targeted proteolysis in
the C5 pathwayJones & Elliott 2010, Levicéhal., 2007, Rieble & Beale 1988, Waatg

al., 1997) In the C4 pathwayALAS activity was inhibil by negative feedback inhibition

of heme at thesynthesisof ALA(Burnham & Lascelles 1963, Ikustetcal., 2018) This
strong regulation at the entry point of hembiosynthesisregulates the product
formation rate and thusthe speedof the pathway(Beator & Kloppstech 1993, Burnham
& Lascelles 1963, Chehal., 1996, McCormaet al., 2001) The activity of the following

pathway enzymesypically surpasses that of thirst rate-limiting steps, resulting in

13
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consistently high enzymatic activity and preventing the accumulation of porphyrin

intermediates due to this excessive press(igvonet al., 2003)

Since ALA istaghtly regulated precursor for heme synthesisalso affects the synthesis
of branchingtetrapyrroles such as (bacterochlorophyll, vitamin B, sirohneme, and
cofactor F30. These tetrapyrrole orlike structuresparticipatein respiration, oxygen
sensing, iron acquisition, detoxification, virulence, and biofilm formataa prosthetic
group in hemoproteinsheme catalyzes various enzymatic reactions, enabling electron

transfer, oxidative metabolism, and the breakdown of toxins and drugs.

1.2.3 The biosynthesis of bilins
Linear tetrapyrrolesre capable of lightsensing andharvesting derived from the cyclic
heme via the ringppening step of heme oxygenasg4$O)(Cornejo & Beale 1988, Rhie
& Beale 1992)The resultingBV IX is further reduced by ferredoxidependent bilin
reductases (FDBRs) to generatdorful chromophores likeghe blue phycocyanobilin
(PCB)the pink phycoerythrobilin (PEB) or theange phycourobili{Beale & Cornejo
1991, Glazer & Hixson 1977)

Heme oxygenases

Heme is the starting point for the synthesis loifins. The heme oxygenase familig
currently divided ito two groups while further members are discussetl Canonical
HGs, 2. Non-canonical and Isdd@ike (iron-regulated surface determinant system) HOs
(Chimet al., 2010, Lyles & Eichenbaum 2018, Nandbwal., 2013, Skaaet al., 2004,
Wilks & Heinzl 2014Thecanonical HOs (EC 1.14.14.&8lyzea regiospecific opening
of the heme ring in an oxygestependent step to produce BV IKhe second group of
HGs is characterized by itsnique structure and novel cleavage of the protoporphyrin
ring, yielding staphylobilin or mycobilin dse product. The most common produdaif
canonical HOs BV IX, wherethe h-methine bridge is cleave(Figure5). The other
isomers of BV IXL - " y R afle alsoproduced vieenzymatially catalyzedreactions,
whereas the presence of all isomers in equimolar amounts indiGaten-enzymatic
coupled reaction(Bonnett & McDonagh 1973)The isomers BViIIX I yR L- 1 OF

synthesized by the heme oxygenademO (formerly known aBigA of P.aeruginosa
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(Ratliffet al., 2001) and the unusuatlicysteinyd. +  dceutsin the hematophagous
insect Rhodnius prolixugPaivaSilvaet al., 2006) The synthesisof the other BV 1X

isomers is due to an unusual orientation of the heme in the active site

Figure4: Crystal structure of different heme oxygenases in complex with heMé&played are heme oxygenase
monomer or dimer, the respectively bound heme is depicted in phthuman heme oxygenase 2 with bound he
lacking three heme regulator motifs domains and the membrane binding rei@SBDBcode: 2QPP)B Crysta
structure of heme oxygenase 2 froBynechocystisp. PCC6803 in complex with herRCSB’DBcode: 1WOW).C
Heme oxygenase 1 from cyanobacteri@ynechocystisp. PCC6803 in complex with herRCSBDBcode: 1WE1)
Images were created using Mo#t RCSB.or@Bermanet al, 2000, Bianchettiet al, 2007, Sehnakt al., 2021
Sugishimat al., 2004, Sugishimet al., 2005)

Bacterial heme oxygenases are generallyilar in structure, consisting gdrimarily
h-helical fold, while having low sequence similarity in comméFrigure 4). The
mammalian HOs are membraaamchored @erminally in the endoplasmigeticulum
but otherwise have a similar structuréterestingly they are thought to promote self
association to form dimers and higherder oligomergHwanget al.,, 2009) Multimer
complexes are notypical for bacterial HOsTheymainly occur monomeric grwith a
few exceptions, homodimeric as the HO2Symnechocystisp. PCC 680&ugishimaet
al., 2005) The heme is located between alpha heliagkere the proximal helix has the
histidine ligand with a water molecule that coordinates the hemeddition to the
propionate groups present at tharotein's surfacgFigured). In the distal heme binding
pocket, a network of hydrogen bonds of several water molecules is located and
proposed to benecessaryfor HO activity while being interrupted by hydrophobic
residues inSynechocystisp. PCC 680302 and mammalian HQHirotsuet al., 2004,
Lightninget al., 2001, Sugishimet al., 2000, Sugishimat al., 2003)
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Heme Biliverdin IXa
Figure5: Si mpllfled reaction mechanlsm of heme oxygenaé'dﬂe nngopenlng of the circular heme macrocych
OFrdGlrftel SR o6& Y2aid | hmeso@atbon blmdgéSThQrfea%tIor@réqurSs thrae maoigéufies of o
FyR 4S80Sy StSOGNRya (G2 @AStR (KS adaeyikSara 2F o7

In general,the Hol reaction requires three molecules of@nd seven electrons to
produceBV IXCQandFe* (Figure5). The required electron donors can yalepending
on the organisms from which the HO originat®éammalianand pathogenicbacterid
HOs often use NADRtytochrome P450 reductase as the electron donor, contrary to
bacterial, plantand alg&-derived HOs thatiake the electrons frommeducedferredoxins
(Muramotoet al., 1999, Rhie & Beale 1992, Schaeeal., 1972, Wilks & Schmitt 1998)
During thedegradationreaction heme acts as the substrate and the cofactor ifWilks
& Heinzl 2014)The ferricBV IXs the final productwhile some HOs further redudke
iron to convert itto the ferrous state(Chuet al., 1999, Wilks 2002)The ratelimiting
step of this reaction iseleasingthe product from the active sitéen the absence of
proteins able to bindBV IX Thisis postulated to be driveforward by proteinsable to
bind BV IXike FDBR, e.g. mammalian biliverdin reductasis capableof synthesizing
bilirubin IX out of BV IXas part of hemolysiéLiu & Ortiz de Montellano 20008V IX
can serve in phytochromes aslight-sensing chromophore oas the precursor for

synthesizingther lightharvesting and lightensing poteins.
Ferredoxindependent bilin reductase (FDBR)

FDBR found in cyanobacteria, higher plantsnd red algaesubsequently convert th
precursor BV IX to lightharvesting or chromophore precursorssuch as PCB,
phytochromobilin { v ), or PEBAccordingto the number of electrons transferred
during the sitespecific reductiorthe FDBRs are grouperesulting in tvo- and four
electron reduction groups(Dammeyeret al, 2008a, Frankenberget al, 2001,

Frankenberg & Lagarias 2003, Kohehal., 2001) The electron donor ierredoxin
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(Beale & Cornejo 199Whichenables FDBRo yield a variety otolorfultetrapyrroles
such as the pinkolored PEB and the blueolored PCB (Figure 6). Different
intermediates characterizthe two routes of synthesizing PEB and PCB, while conserved

characteristic amino acicesidues catalyze the reaction.

15,16-DHBV

18
\\<2:.
PcyA

Biliverdin IXa

3E/Z-PCB

Figure6: Tetrapyrrole biosynthesisf selected members of FDBR enzymA8.in common is the usage biliverdin
L-h | & &daopiondlsideXkain8E/ZF respective isomers. Dihydrobiliverdin (DHBV) is shown in br
as this form is not released from tlemzymebut an intermediate of the reaction. The blue pigment PCB is yield
a PcyAmediated fourelectron reduction while the pink pigment PEB can be synthesized byotireelectror
reduction by PebS or PcyX.

The catalyzing enzyme reactions of FDBRs are compatalie¢here is only a minor
sequence similarity between therhlowever, the occurrence afhomologous structure
characterizeshe entire FDBRenzymefamily consisting of arf ki k' &l Y Rg A OK
Crystal structures revealed that all FDBRs are globular siloghain proteins with a

central antiparallel -sheet with twoh-helices, one on each sid®ammeyeret al.,

2008b, Sommerkampt al., 2019, Sugishimat al., 2020, Tuet al., 2007) Thus,to

determine the function of these enzymes, they often have to be analyzgdro.

The FDBRhycocyanobilin:ferredoxin oxidoreductase (PcyA; EC 5)3catalyzes the
four-electron reduction of BV IXto red-absorbingPCBwith the intermediate 18,18&-
dihydrobiliverdin (DHBM{Figure6) (Frankenberget al.,, 2001, Frankenberg & Lagarias
2003) The substrate binds to PcyA in a cyclic configuration with A and D rings buried
within the enzyme and the propionate side chains orientated toward the solvent
(Frankenberg & Lagarias 2003 ef@l., 2004) Through a sterical hindrance, the exovinyl

reduction of the Bring can happen before the-Ang reduction can occur. Thus, the
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enzyme consists of two separate activities: &, I#-DHBV:ferredoxin oxidoreductase
and a PCB:ferredoxin oxidoreductaseg(re6). These vinyl group reduction and diene
system reduction proceed through bilin radical intermediates buried inside the enzyme
S0 as nhot taeact with molecular oxygen, which would generate reduced oxygen species

(i.e., @ and HOy).

Meanwhile, to synthesize PBRB/0 enzymes areequiredfor the BV IX conversion into
PEBHFrst, 15,16dihydrobiliverdin:ferredoxin oxidoreductase (PebA, EC 1.3.7.2) readuce
BY IX to 15,16DHBY which is further reduced into PEB by
phycoerythrobilin:ferredoxin oxidoreductase (PebB, EC 1.3.H8ever, enzymes
originaing from phages showed the conversionB®Y X to PEB cataled by a single
enzyme namely phycoerythrobilin synthasePebSor PcyX,EC 1.3.7.6)YFigure 6)
(Dammeyeret al.,, 2008b, Ledermanet al., 2016) The viralenzymes PcyX and PebS
catalyze the synthesis of the greabsorbing PEB via two independent mechanisms,
havingthe sameintermediate 15,16DHBYV and using foslectron reduction Eigure6).
Even though both enzymes produce PEB, they only sh&es8quence identity while
showing aglobulaf ki kh &l yYRgoAOK ¥ 2 (D&&nmeyert R.S2DMBMNA 6 SR
Ledermanret al., 2018)

PebS combines the two enzymatic activities of PebA and PebB of cyanobacterial PEB
synthesis in one protein. It uses a substrate radical mechanism where two conserved
aspartate residuearelocated at the distal and proximal side of the substrate onithe

sheet, which are important for substrate protonation and conversion. PcyX is lacking
these residues but possesses essential catalytic residues of PcyA. For PebsS, the first Asp
residue on the proximal side is essential for the first reduct®v (X to 15,16 DHBV),

while the second aspartate residue on the distal side catalyzes the following reduction
to PEB. This secomspresidue can also be found in PebB, which catalyzes a similar
reduction of 15,16 DHBV to PEBuschet al., 2011a) Interestingly, this second Asp
residue is missing in PcyX and PcyA, where an Asn residue is located in the same position
instead. The activity of PcyX is postulated to be similar to PcyA, where a proton channel
is essential for the reprotonation of ther$t Asp residue, facilitated by a His residue.

This catalytic important His residue is restricted to PcyX and PcyA sequences.

Additionally, phylogenetic analysis showed thadyX forms a distinct clade near PcyA
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and far away from PebS, thustrengthening the evidence of two independent
mechanisms of PebS and PcyX to produce (BE@ermannet al., 2018) Due to the

spatial orientation of the C3 atonkandZisomers of the phycobilins are possible.

1.2.4 The physiological function of bilins and heme oxygenases
The different products resultinfom the activity of heme oxygenases and FDBRs are
essentiaffor multiple physiological processes.g.,light-harvestingand -sensing Light-
harvestingis crucial for photosynthesis and ATP generatiophiatotrophicorganisms,

while light-sensing can also be used by Aamotosynthetic organisms

Lightharvesting

Common follight-harvesting angensing is the bound chromophot@ a protein which
consists of a linear tetrapyrrole derived from heme. Therefarbeme oxygenase must
open the heme ring forming BV IX. This can noweither be bound to a
bacteriophytochrome for lightensing obe further reducedy FDBR® produce light
absorbing chromophores such as tlggeenlight absorbingPEB or thered-light
absorbingPCBFDBRs&ire characterized in cyanobacteriahere their product ats as
specialized lighharvesting chromophores bourlay thioether linkagsto proteins, thus
forming phycobiliproteins These are part of thsignificantlight-harvesting antenna
complexes, the phycobilisomg¢PBSs)PBS significantly increase the performance of
oxygenicphotosynthesis by covering the green gapcblorophyll absorbanceThey
enabk photosynthesisven in different water depthsharacterized by decreasing light

intensity gradients and differentially filtered lighblors(Glazer 1988, Kehoe 2010)

Interestingly, the bilin chromophores require the assistance of a bilin lyase to be
attached to the cysteine of the apoproteirthus forming the chromophorylated
phycobiliprotein. The different chromophores bound to the and i -subunit of a
phycobiliprotein enabldight absorptionat specific wavelengths based dreir unique
spectral properties. Multiple phycobiliproteins are then stacked togetheat loyker and

form the rods and the core of the PB&hile the core consistof allophycocyanin (APC

< Y| E -685mm), he rods can consist of phycobiliproteins with different spectral
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LINE LISNIG A SE fA1S LKR@2rOe HyWARY, Likte/O 2<SWIBH K jy
570y YO 2 NJ LIK& 02 SNE (i KIN®Eh&)(Bfyanfet ab, 1976, Mora¥d- & p T
Kalil 2009, Nies & Wehrmeyer 1980, Rippkal., 1979, Sonaret al., 2014) The PBS is

located on the stromal side of thehylakoid membraneabove the reactiorcenter of
photosystem Il and RSIIPS). PBSs can harvest light by the absorption of hginergy.

The energy ishanneledrom the rods to the PBS core and finaiythe reactioncenter

of the photosystemin the thylakoid membraneultimately reaching chlorophyla,

anothertetrapyrrole.

Lightsensing

The second functioof bilins is their occurrence as part of ligh¢nsing phytochromes.
Phytochromes were originally described as red ane-dalrlight photochromigroteins
(Butleret al., 1959) Generallythey can be @scribed as photochromic photorecepsor
consisting of a bilsbound protein capable of sensing lighthichresults in asignaling
cascade Signalinginvolves detecting a physicalinput (light) transducinginto a
biochemical output. Herehythe phytochrome iswitching between active and inactive
forms because ofa reversible photoisomerizatianDue to irradiation the bilin
chromophoreissubjectedto photoisomerzation atthe 15,16 double bontetweenring
C and Dresulting in the flip of the D rind\ndelet al., 1997) Thisleads to further sterical

rearrangement of the chromophoreConsequentlythe protein triggers the output

signal(Figure?).
J&)/red light /’%w—red light
~660 Nnm . . ~735nm
t— )
‘ conformation
change
Phytochrome Phytochrome
(Ps conformation) (P, conformation)
E-PCB Z-PCB

Figure7: lllustration of PCB binding phytochrome conformation change upon illuminatidhe phytochrome dime
undergoes conformation change after certain light illumination, which results in sterical change of the
chromophore (depicted as blue box) frdfto Zisomer andvice versaFigure created with BioRender.com.
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Most phytochromeshave a conserved domain architecture consistingPABGAFPHY
(PAS = PerArntSim; GAF = c&déxific phosphodiesterases, cyanobacterial adenylate
cyclases, and formate hydrogen lyase transcription activator FhlA; PHY = phytoehrome
specific)(Mandalariet al., 2013, Nagano 2016 hecovalently attachedhromophore
can bedocated inthe GARdomainand consists od linear tetrapyrrole chromophortat
istypically aBV IX 0 dzii Ol #CBbr P 8,avhiéhiS bolind via a thioether bond

to a cysteine residue in the proteiitypicallya histidine kinase domain Gterminally
located responsible forthe signal transduction pathways that lead to changes in
different biological outputs after a photoisomerization eveiibis domain architecture
enabledthe identification ofphytochromerelated sensorgresent in photosynthetic
and nonphotosynthetic bacteria, fungi, plan&gd unicellular green algdg8lumenstein

et al., 2005, Davigt al., 1999, Froehliclet al., 2005, Hughes & Lamparter 1997, Jiahg
al., 1999, Rockwelt al., 2014) Phytochromesand phytochromerelated sensorgrom
different organismsvaryin this PAS/GAS/PHY domaanchitecture and other output
domains are also known to associate with it instead of histidine kinddigaszet al.,
2008)

Evolutionary related to phytochrome®garding their GAF domagre cyanobacterial
phytochromerelated photosensorsGBCRsbut most of them lack conserved PAS or
PHY domain@keuchi & Ishizuka 2008)hey extend the photosensory rangeshorter
wavelengths of visible ligldtomparedto regular phytochromesas multiple blue/green
CBCRs have already been descrifi&gduchi & Ishizuka 2008, Rockwetl al., 2011,
Ulijasz et al., 2009, Yoshiharaet al, 2004) CBCR domains play key roles in
complementary chromatic adaptation(green/red light adaptation) or other
photobiological processes like phototaxikeuchi & Ishizuka 2008, Kehoe & Grossman
1996, Terauchiet al., 2004) Moreover, the isomerization of PCBo the related
phycoviolobilin PVB was demonstrated by a CBCRewable sensng of green light
(Ishizukeet al., 2007) Light-sensing andharvestingareessential for energy metabolism
and adaption to environmental changeshile relying on the biosynthesis of specific
linear tetrapyrroles derived from heme. These processes are often targeted by viruses
that infect the host organismHere phages are known to harbor their own viral
encodingFDBR, e.g, PcyA, Peh%nd PcyXcapable of synthesizing PCB and PEB.
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1.3 Phages with AMGare key players in aquatic ecosystems
Viruses are one of the most abundant biological entities on the pl¢dgtle 2007and
almost alwaysexceed the number of bacteriby a factor of 10in the studied
environments of air, soil, and water(Rastrojo & Alcami 2017)This large genetic
reservoir remains mostly unexploredswell asits impactand importance indifferent
environments. Through the development of sequencing technology and bioinformatic
analysis in the lastouple ofyears, a glimpse of the complex microbial communities and

the role of viruses in different environmentsuld be gained.

The ocean comprises the largest ecosystem on the planet, and the microorganisms
present constitute 90 % of the ocean biomass, making them the main players in nutrient
and energy cycleSuttle 2007)Regarding thighe role of virusemfecting themcan be
divided irno three aspects: 1. Viruses keep microbial levels in check and regulate
ecosystemsthey areessentialfor shaping microorganismommunitiesby being the

main predator of the planktonicommunity 2. The lysis caused by viruses increase
nutrient availability for other microorganismanfluencingthe carbon shunt cycle. 3.
Viruses can modulate the host metabolisnd DNA compositiothrough horizontal
gene transfer and lysogenic conversi@RodriguezBrito et al., 2010, Suttle 2007)
Interestingly host genes could be detected in bacteriophages thaidulate host
metabolic pathwaysThese saalled auxiliary metabolic genes (AMGs) are thought to
redirect host metabolic pathways and resources to enhance phage survival and
reproduction by actively manipulating the host metabolisitHowardVaronaet al.,
2020, Jacobsoet al, 2021) Among others, AMGs were reported to alter various
metabolic pathways like photosynthegEridmanet al., 2017, Lindelét al., 2005, Mann
2003, Sharoret al., 2009) carbon metabolisnfMillard et al., 2009, Thompsort al.,
2011) energy productior{Rihtmanet al., 2019) and pigment biosynthes{®ammeyer

et al,, 2008a, Ledermanet al., 2016, Ledermanat al., 2018)

The possession of AMGn viruses is of current interest in researchhe AMG
composition was found to vanyith respect toviral lifestyle, habitats, and hastEven
within each lifestyle, the AMG composition was shown to be halgiggiendent and
specific to the host infectedLuoet al., 2022) While lysogenic virusesften encode

AMGsrelated to physiology regulation to enhance vilusst symbiosis, lytic viruses
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harbor more genesassociated withboosting nutrient metabolism to benefit viral
replication (Luoet al., 2022) In general, AMGs in phages are thoughtexploit host
resources thus enhancing phage progeny release. This concept challenges the
traditional view that phage infection leads only to phage replicatiofiowed by the
rapiddeath of the host and phage progeny releasee presence of AMGs demonstrates
the complex interplay between viruses and their hosts in microbial ecosystemsh is

facilitated through horizontal gene transfer (HGT) events.

Interestingly, thegenes encoding fagnzymes responsible for creating thvale variety

of chromophores, the FDBRare also present irihe genome ofviruses especially
cyanophages (phages infecting cyanobacte@ad are thought to derive from their
cyanobacterial host counterpart or ancestral bacterial host. Thus far, three distinct
phageencoded~DBR enzymes akaown, namely Peb®ammeyeket al., 2008b) PcyX
(Ledermanret al., 2016) and PcyADammeyetet al., 2008a) Whilecyanobacteria also
encode PcyARebS is found only in cyanophagasd PcyXas beerfound so far solely

in uncultured marine phages and the recently isolated pelagibacter phage Mosig
(Buchholzet al., 2021) Also, the presence of hol encoding for an active heme
oxygenase on some phage genaharboringFDBRs was verifiedrhich werelocated

next to each other(Buchholzet al., 2021, Dammeyeet al, 2008a) However, the
occurrence ofpcyXis still enigmatic agpcyXcarrying phages are likely to have an
alphaproteobacterial host, like Mosig. Alphaproteobacteria are not known to harvest
light using phycobilinémhoff 2006) Therefore, PcyX has been proposed to play a role
in maintainingmetabolic flux through the tetrapyrrole pathway, which in turn will also
steadily release iron from the HO reaction, serving as an internal source of iron for
reproduction(Ledermanret al., 2016, Ledermanet al., 2018) In contrast to its iron
regulating features, PcyX could provide the chromophore for phytochrome assembly,

thereby supporting the host in the adaptation to environmental light conditions.

AMGs argorimarily found in metagenomic datim addition tocultured and sequenced
hostphage culturesTherefore, itis anessentiakresourcefor discoveringhew AMGgo

characterie their impact environment and distribution in phages.
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1.4 Viral metagenomes as source for newAMGs
Analysis of viral mtagenomic datas crucial fofuture research omovelviral enzymes
that couldharborenvironmental or medical therapeutic significaneenong others As
the acquisition ofmetagenomic data does not require the cultivation and isolation of
the phage and its hosit is also coskfficient and generatesarge data repositories.
Bypassing thimitation of cultivation is crucial as only around 1 % of bacterial species
have been cultureqPham & Kim 2012yvhich explains why the numbef sequencd
genomes of viruses i0-fold lower than bacterial genome@Rastrojo & Alcami 2017)
With exponentidly growing numbers of metagenomic samplpsmarily focused on
bacteria and notiruses, the aquatic environment is the most characterizabiitat. This
is also truefor total viral reads, especially ocean samples, which comprid€ds ofthe
total viral readsin Metavir (Rastrojo & Alcami 2017, Roekal., 2016) However,the
viral reads of other aquatic environments like freshwater, thermal spniater, sewage
water, river estuaryand reprocessed water remamlusive and are currently gaining
researchers' interestlerrestrial habitats aréeginning to be uncovered in terms of their
rich environmental metagenomic samples. Recently, a functional viral @@tinading
enzyme was characterized in this habjetdits crystal structurevassolved(Wuet al.,

2022) Otherhabitats, includingair, remainto be investigated

The main form of viruses detected metagenomically are dsDNA viruses that infect
bacteria due to technical biases during sample preparattbns neglectingsingle
stranded virusesRNA virusesand viruses infecting other domains of lileNA viruses
were recently proven to be just as abundant as DNA virudes/ever,other viruses
suchas ssDNA phageare also overlookedbecause of theidifference from dsDNA
phages Thisleads to experimental bias durinthe sample preparationfiltering them
out. Thus their ecological distribution and role are mostly unexploi&lewardet al.,
2013, Székely & Breitbart 2016jurther challengs inthe identification ofnew viral
genomesarethe absence of the universal marker genes for virugésch isestablished
for prokaryotes and eukaryots usingribosomal genes (16S and 1&$¥for fungiby an
internal transcribed spaceiThere are rather diverse metagenomic marker genes for
viruses to study viral diversityas they are not always present in all viral families
Belongingo these marker geneare, e.g.,RNAdependent RNA polymeragene(Culley
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et al., 2003) major capsid proteingp23 gene from T4ike phage(Filéeet al., 2005)or
neck protein gp13 genethat often clusters with photosynthetic geneand is usedor

phylogenetic analysidéjaet al., 2012)

In order to unravel viral diversity anits impact on environmental communitieznd
biological and biogeochemical cycles, further metagenomic studies have to be
accomplished.This will be facilitated by reduced costsew emerging sequencing
techniques, and new data analysis tools, eliminating the previanglgtioned biases.
Also,the genetic material of the complete microbial community should be exadia

obtain valuable insights into environmental communities.
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1.5 Aims
Earlierinvestigatiors of marinemetagenomic datasetgncovereda conservediralgene
cassettefeaturingholand FDBRyenesknown for encodindunctional enzymesitilized
in cyandoacteria for lightharvestingin oxygenic photosynthesidNotably, the phage is
predicted to infectalphgproteobacterid hosts, which dmot utilize suchlight-harvesting
systems(Ledermanret al., 2016) Using new metagenomic datasets that emergad,
novel conserved AMG cluster of viruses present in freshwater and marine samples was
identified (Figure8). This clusteencodes for the putative enzyme®H an FDBR (most
likely PcyAor PcyX, named PcyA/X)and ALASsuggesting potentiainvolvementin
pigment and heme biosynthesis of this virugen infecting its hostAs ALAS s
exclusively presentin the bacterial domain o&lphaproteobacteriathe focus lies in
investigating the biochemical function of the novel putative ALAS originating from
uncultured phagesFurther, the Hol and PcyA/X characterizatiomas carried out

biochemicallyas these are the first freshwateterived viral enzymesf their kind

This is the first report of a phagscodedalaSand its occurrence in a cluster with
cyanophageassociated AMGs from marine and freshwater environments, suggesting a

potential role in pigment biosynthesis outside of oxygenic phototrophs.

metagenomic data
of viral origin

conserved viral
gene contig

bacteriophages

e phages
// freshwater phages

transcription and
translation

| } !

heme oxygenase  ferredoxin-dependent aminolevulinic acid
(Hol) bilin reductase (PcyA/X) synthase (ALAS)

Figure8: Viral metagenomic cluster of AMGs encoding for enzymes responsible in tetrapyrrole biosynthesi
common tetrapyrrole precursor ALA is synthesized by the enzyme aminolevulinic acid synthase (ALAS).
then be converted via heme oxygenase to linbdiverdinL - P g KA OK OFy 6S dziSR 0¢
phycocyanobilin (PCB) or phycoerythrobilin (PEB) respectively. Marine and freshwater phages have differen
organizations of the three gene cassette, in freshwater phaggSis always located further away from the casse
Figure created with BioRender.com.
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2. Material and methods

2.1 Materials
2.1.1 Devices

Tablel: Used Equipment

Material andmethods

Type ofinstrument Name Manufacturer
Agarose gel Com Phor Mini Biozym GmbH
electrophoresis Com Phor L Midi

Autoclave VX 150 Systec GmbH
Blotting Equipment Semidry Blot Bio-Rad Laboratories

Centrifuges

Cell disruption
Incubator Shaker

Fluorescence
spectrometer
Gel documentation

HPLC
LyophyliFreezedryer
Microtiter plate reader
pH meter
Photometers

Power Supply
Scales
SDSPAGE
Shaker
Thermocycler

Ultrasonic homogenizer
Ultra-pure water system

Transblot® SD
Centrifuge 5415D
Centrifuge 5810R
Z32HK

Sorvall Lynx 6000

LM10 Microfluidizer
New Brunswick Innova®
44

Universal Shaker SM 30
control

FR8300

GeliX20 Imager

1100 Series

Alpha 24 LSC plus
Tecan Infinit€ F200 Pro
Basic pH Meter{i1
8453 UV visible system
Nanodropt Lite
Novaspec Il

PowerPac 300

AcculLab

Research
Mini-Protein® Tetra cell
system

MR HeiStandard

T1 Thermocycler
HD2200 with tip KE 76
MilliQ® Integral Water
Purification System

GmbH

Eppendorf AG

Hermle Labortechnik
GmbH

Thermo Fischer
ThermoFischer
Microfluidics
Eppendorf AG
Edmund Bihler GmbH

Jasco Deutschland Gmbt

Intas Science Imaging
Instruments GmbH
Agilent

Martin Christ

Tecan Group AG
Sartorius AG

Agilent Technologies
Thermo Scientific
Bio-Rad Laboratories
GmbH

Bio-Rad Laboratories
GmbH

Sartorius AG

Bio-Rad Laboratories
GmbH

Heidolph Instruments
GmbH & Co. KG
Biometra GmbH

Bandelin GmbH & Co. KC
Merck KGaA
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U\-Vis spectrophotometer 8453 UW/isible System  Agilent

Vacuum Pump KNF LABOPORT® Series KNF Neubergeinc.
Laboratory Vacuum
Pumps

Vortexer Vortex Shaker VWR International GmbH

2.1.2 Chemicals and reagents
Unless otherwise indicated, all of the chemicals and reagents utilized in this study were
of ACS grade or higher. They were acquiredn New England Biolabs (Schwalbach),
AppliChem (Darmstadt)Carl Roth (Karlsruhe), Merck (DarmstadBigma Aldrich
(Munich), Fluka (USA) and Serva (Heidelberg)

2.1.3 Enzymes, kits, antibodiesand special chemicals

Table2: Special chemicals and materials

Product Name Manufacturer
Column  material  for Protino™ Glutathione Macherey- Nagel GmbH &
affinity chromatography  Agarose 4B Co. KG
Ni-NTA Agarose Qiagen
Talon®Superfloi! Cytiva
Centrifugal concentrator Amicons Ultra, Cellulose Diagonal/Merck
10000 NMWL
Dialysis tube Dialysis visking, cellulose Roth
MWCO 10000
DNA loading dye DNA Gel Loading Dye (6x Thermo Scientific
DNA ladder GeneRuleé™ DNA ladder Thermo Scientific
1kb plus
Protein standards Unstained Protein NEB

Standard, Broad Range
Color Prestained Protein NEB
Standard, Broad Range

PVDF membrane Roti®@PVDRViembrane Carl Roth

SepPak® light C18 Waters

Sterile filter PES, 0.45 Starlab
PVDFn ®H >Y Diagonal
PVDF, 0.45 um
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Table3: Enzymeaand kits

Material andmethods

Product Name Manufacturer

DNase | DNase | Applichem

DNA ligase T4DNA Ligase Thermo Scientific

DNA polymerase Phusion Highridelity DNA Produced in this
polymerase laboratory

Lysozyme Lysozyme Carl Roth

PCR cleanp kit NucleoSpin® Gel and PC Macherey- Nagel GmbH &
Cleanup Co. KG
DNA Clean & Zymo Research Europe

Plasmid miniprep kit

Protease

Restriction endonuclease:

ConcentratofM-5
NucleoSpin® Plasmid
EasyPure

E.Z.N.A® Plasmid DNA
Mini Kit |

PreScission protease

FastDigest restriction
endonucleases

High Fidelity restriction
endonucleases

GmbH

Macherey- Nagel GmbH &
Co. KG

Omega Bielek Inc.

Produced in this
laboratory
Thermo Scientific

New EnglandBiolabs Inc.

Table4: Antibodies

Antibody Antigen Manufacturer
Goat anttGST antibody =~ GSTag Pharmacia Biotech
(1:20000)
Rabbit antigoat 1gG Goat IgG Immuno research
alkaline phosphatase
(1:30000)
Mouse6x-HisTag Hiss-tag Invitrogen
Monoclonal Antibody
(HIS.HB(1:3 000)
Goat antimouse IgG Mouse IgG SigmaAldrich
alkaline phosphatase
(1:10000)

Table5: Antibiotics
Antibiotics Solvent Stock conc. Working conc.
Ampicillin 50 %EtOH 100 mg/ml 100 pg/ml
Chloramphenicol 70 % EtOH 34 mg/ml 34 pg/ml
Gentamycin dH0O 20 mg/ml 20 pg/ml
Kanamycin dHO 50 mg/ml 50 pg/ml
Streptomycin dHO 50 mg/ml 50 pg/ml
Tetracycline EtOH 25 mg/mi 25 pg/ml
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2.1.4 Viral sequences

Sequences werderived from differenimetagenomiadatasetsand publications.

Thefreshwater contigsvere derived from German lakes located in Berlin and from the
publication of (Chenet al., 2020) The latter harbors sequences fromfreshwater
reservoirs like lakes or bogs in tHénited States Canada and Switzerland The
annotation of the metagenomic data from the lakes in Bewias carried out by our
collaborator Anne Kugok (WageningerUniversity & ResearctNetherlands)and the
sequences were kindly provided blansPeter Gossartand Jason Woodhousé.€ibniz
Institute of Freshwater Ecology and Inland Fisheries, SteahtiiPotsdam University;
UniversityHamburg, Germanylour lakes near Berlin were sampledween 2003 and
2020 for the time series data from German lakes (LIMNRS dataset PRJEB47226
yielding 1096 metagenome sampldsdividual samples have been assembled and
sequenced (manuscript in preparation; unpublished data). First, contigs measuring at
least 500 bp in length were examined for virus signals using VIBRANEL al., 2020)

After that, CheckV was used to evaluate the quality of each hit; only virus sequences
rated as medium or high quality were kefNayfachet al., 2021) The resulting 50,913
viral contigs were annotated using geNon{@&hmargeet al., 2023)and scanned against

a protein database of previously identified ALAS sequences using Diam@ador2ink

et al., 2021) In total this procedure yielded twelve contigs with a respective e

respective sequences used in this dissertation can be fouttteiAppendix

Thecollaborators Sheila Roitman (Max Planck Institute for Biology Tubingen, Germany)
and Oded Béja (Technidsrael Institute of Technology Haifa, Israel) found and
annotated the marine contigsTheywere derived from the Tara Oceansand re-
assembled as described elsewhdRhilosofet al., 2017, Roitmaret al., 2018) Using
TBLASTRAltschulet al., 1990, Camachet al., 2009)with default parameters, viral fatty

acid desaturase sequences from a prior stypitmanet al, 2018)were used as
queries to find scaffolds with similar genes in the reassembled Tara Ocean database and
publicly accessible datasets from the JGI GQAiikherjeeet al., 2023) Based on gp13
phylogeny, one scaffold most likely derived from a pelagiphage encoded #f Ab1,

an FDBR, and a fatty acid desaturage Virally encoded IBAS was deployed as bait in
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the same databases using the same process to obtain netegant contig. GeneMark
(Besemer & Borodovsky 1999, Z#tal., 2010)was used to identify ORFs in the contigs,
and BLASTX was used with default parameters to manually annotate the putative genes

in the contigs against the NCBI redundant (nr) protein database.

Theviral sequences were either used as original versions without codon adaption or
with codon adaption using diverse adaption tegt.g.,Backtranseq (EMBEBI), JCat
(Java Codon adaption tool)isI BOOST Juggler Balan@eint Genomdnstitute). The
marine and freshwateralaS sequences were used as originrahd codoradapted
versiors. Fom the contig'8300009785_Ga0115001_100@ihe following sequences

were derived: ALASsyn, ALASorg, ALASopt ALASarfThe DNA sequenceasat the
beginning not known fothis ALAStherefore, ALASsynvas created from therotein
sequencewhichwas backtranslated usingMBOS8acktranse EMBLEBI)and then
adapted for the codomisage of theE. colK12strain (Madeiraet al., 2022) The original

DNA sequence of ALASorg was used to derive the coding sequence of ALASsyn (not
codonadapted). In contrast, ALASopt was generated by adapting the eosiage of

the original ALASorg DNA sequence forEheolK12 strain using the codon adaptation

tool of JCa{Groteet al., 2005) ALASart was created by hand using the codon usage and
occurrenceof Rhodobacter capsulatyf. capsulatusALASand the occurrence of the
codons of the viral ALASsyn was adoptéde codon usage of the viral ALASsyn was
compared to theoccurrenceand codon usage &. capsulatusLASand identical amino

acids with deviating codon triplets were adapted to tRecapsulatusALASFrom the

contig B139nov0Q the ALAS sequences Sl and Slopt vaenéved. Where Sl is the
original sequence of ALAS, Sl opt is the codon adapted one th&r@nline toolJGI
BOOST JugglérA 1 K G KS aStdAy3a WwWoltlyOSRQYX gKAOK
codon usage for E.coli (Oberortner et al, 2017) The contig
8300009790 Ga0115012_10000076 761B@8boredan ALASeferred tol B3 ¢ K S
sequence was not codon adapted forighwork's expressionand enzymeactivity

studies The respective sequences used in this dissertation can be found Aptrendix

The freshwater metagenomic viral sequence of ALAS derived from the contig

crystatbogphagescaffold_2 498which is present on the assemblg@hage genome
31



Material andmethods

named Crystal_bog _pmathage 2 (Chenet al., 2020) This phage (metagenomic
sequence) was found samples derived froma peat bog name&rystal Bog\ladison,
WI, United StatesjChenet al., 2020) This sequence was usedasoriginaland codon
adapted version The codon adaption was carried ousing theJGI BOOST Juggler
Balanced The \hol and \pcyAwere derived from the same phage and only used as

codonadapted versionsising theJGI BOOST Juggler Balanced

All viral sequences werehemically synthesized (Twist Bioscience, San Francisgo, CA
Lyophilized synthetic genesere resuspended in autoclaved TE buffer (pH 8.0) and
stored at-20 °C.

TEbuffer:
10 mM Tris pH 8.0 (HCI)
1 mM EDTA pH 8.0 (NaOH)

2.2 Microbial strains

2.2.1 E.coli
doning procedures were conducted inE.coli 51 ph & ¢KS KSGSNRCE 2:
production was performed i&.colistrainsdescribedoelow (Table6). Liquid cultures of
E.coli were grown in Luria Bertani (LBgnnoxwith the appropriate antibiotics and
supplementsTest expressions were carried omtstandard medig2YT Minimal media
M9 (MM), or Autoinductionmedia(Al)supplemented with the appropriate antibiotics.
In order to prepare solid media for the cultivation Bfcoli, 1.5 %(w/v) agaragar was

added to the medideforesterilization.

LBmedium 2YTmedium

NacCl 5 g/l NacCl 59/l
Tryptone 10 g/l Tryptone 16 g/l
Yeast extract 5 g/l Yeast extract 10 g/l
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Minimal mediumM9 (Maniatiset al., 1987)

For the preparation of Minimal media (MMJlifferent stock solutions were prepared
separately and sterilized by either autoclaving or filter sterilizatitime final stocks were
mixed as described below aratljusied to one liter with sterile water MgSQ stock
solution (1 M)was preparedseparately andsterilized by autoclaving3Jucose stock
solution (1 M)was sterilizedy passing it through a 0.22 um filt@nd thethiamin stock
solution (1.5 M) which wastoredat -20 °C. Yeast extract stock solution (102 was

autoclaved for sterilization.

5x M9 salts 200 ml
NeeHPQ X 7 HO 64 gl
KRPQ 15 g/l
NaCj 254l
NHCI 5gll
1 mM MgSQ@x 7 HO 1ml
40 mMGlucose 40 mi
0.1 %Yeast extract 10 ml

1.5 mMThiaminchlorid hydrochlorid 1ml
Al up with HO to 1 |

Autoinduction _medium (Studier 2005, Studier 2014dapted byImperial ®©llege
London

The Autoinduction medium was prepared by setting up the phosphate buffer and adding
tryptone, yeast extragtand NaCl. The resulting medium was then autoclaved. Fyrther
a sugar mix is requiretherefore, stock solutions of glycerol, glucqsnd lactose were
prepared. The sugar mix is mixed as described below andefilsterilized before
adding it to the previouslpreparedmediumunder sterile conditionsWhen using this
media, it iscrucialto adjust antibiotic concentrations for ampicillin 50 pg/ml, kanamycin

100pg/ml, and chloramphenicol 35 pg/mil.
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Phosphate buffer (pH 7.2)

NeeHPQ/ KHRPG
Tryptone
Yeast extract

NacCl

Material andmethods

6 g/ 3g perl
20 g/l

54l

5 g/l

Filter-sterilizethe following sugar migand add sterile tahe beforepreparedmedia The
recipe corresponsgto one-liter medium (above)

60 % (v/v) Glycerol
10 % (w/v) Glucose

8 % (wl/v) Lactose

10 ml
5ml
25 ml

Further mediasupplements e.g, betaine and sorbitol, chloramphenicand ethanol,

were added to the medikeforethe inoculation withE.colistrains or before induction

when the cells reached the desired optical dené@®p) at 600 nm.

Table6: Microbial strains ofE.coli.

E.coli strain Genotype Reference
Arctic Express (DE?3) F ompT hsd®s mg) dcnt Te®?  Agilent
(B strain) Al f <endBHeapnlO

cpn60 Gefi]

BL21 (DE3)
(B strain)

BL21 DE3)CodonPlus
RIL
(B strain)

BL21 (DE3) pGro7
(B strain)

Rosettagami(DE3)
(K strain)

Rosetta (DE3) pLysS
(B strain)

F ompT gal dcm lon hse@&me) (Studier & Moffatt
< 0 5 Bab lactdVEI7p07 indl  1986)
sam7 nin%) [malBk.120 ¥

FompT hsd%s mg) dent Tef
gal< 6 5 &ndAHte [argU ileY
leuwW CanR|

F ompT gal dcm lon hse@s-me-
0 < deel9acUVEN7p07 indl
sam7 nin%) [malBk.120 $pGro7
(Canf)

para-leur ¢ placXfnphoA
Pvull phoR araD139 ahpC galE
galK rpsl(DE3) Hac" lacF pro]
gor522:Tnl0trxB pRARE (Cdin
Kark St Tef)

Stratagene

TaKaRa

Novagen

F ompT gal dcm lonAsd$(rs°
mg®) < 0 5 b lactdVveT 7p07
ind1 sam7 ninP [malBk.120 ¥
pLysSRARE[p20 ileX argU thrU

Novagen
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tyrU glyT thrT argW metT leuW

proL orp1s4(Can®)
51 ph FlsupE4D(@rgklac)u169 (Grantet al., 1990)
(K strain) j80dladzn 85 hsdR17 recAl

endAl gyrA96 thi relAl

Shuffle T7 Express fhuA2lacZ::T7 genel [lon] omp1 NEB
(B strain) I KLY 3 NEB3x{cOBhCY
(Spe€ lack0 np i NE. &
R(mck73::miniTn1e-Tet?)2
[decm] R(zgh210::Tn10-Tef®)
SYR!'m pa2Nl koY
mrr)114::1S10

AD494 (DE3) karaf Sdzr c 1 Kk f I O Novagen
(K strain) Pvull phoR Y | fCQ@ab(lack

)pro] trxB::kan(DE3)
Origami (DE3) noNSdzo T ¢ pt pf I Novagen
(K strain) Pvdl phoR araD139 ahpC galE

galK rpsIC laablacF pro]
(DE3)gor522:Tnl0 trxB(Kark,

StR Tefd)
Tuner (DEB FompThsd$(rs* me®) gal dcm  Novagen
(B strain) lacY1(DE?3)
S17.Xpir pro, re$ hsdR17ré mg*) (De Lorenzet al.,

reck with an integratedRP42- 1993, Simoret al.,
Tc:MuKm:Tn7, TR  dykdfeN. 1983)

ST18 S171< LpkheddA (Thoma & Schobert
2009)

pRARE and pLysSRARBitainthe tRNA geneargU, araW, ileX, glyT, leuW, protetT,
thrT, tyrUandthrU. These genes support the translation @dre codonsincludingAGG,
AGA, AUA, CUA, CCC, and @®Ay 2001) Srains with the St marker possess
mutation in ribosomal proteinrpsl) that confers resistance to streptomycirHowever,

streptomycin is notequiredto maintainthe genotypeof these strains
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2.2.2 Plasmids
Theplasmidsgeneratedin this study(Table7) were constructed bysibson Assemblgr
T4based ligation The cloning was confirmed by DNA sequencing of the constructed
plasmids using Sanger sequencinf(Eurofins Genomics, Luxembolrgsing the
respective primer listed belowTable 8). Samplesfor sequencingwere prepared

according to thecompanysinstructions.

Table7: Plasmids

Plasmids Description Tag Reference

pGEX6P Expression vectotac promotor; IPTG GSHag GE

1/3 inducible; PreScission Protease (N-terminal) Healthcare
cleavage site between tag and gene ¢ Life Sciences
interest (goi); Amp

pPET28b Expression vector; T7 promotdPTG  His-tag Novagen
inducible;thrombin cleavage site (N-terminal)
between tag and goKark

pColdTF Expression vectogspApromotor; His-tag TaKaRa

induction via cold shock and IPTG (N-terminal)
addition; PreScission Protease cleave
site between tag and goi; Afip

pCYB1 Expression vectotac promotor; IPTG Inteinand  New England
inducible;Factor Xa cleavage site CBD Biolabs
between intein and Chitin binding (Gterminal)
domain (CBDAM®R
pACYEC Duet expression vector; T7 promotor; 1.MCS: Novagen
Duetl IPTG inducibleCn® Hiss-tag
(N-terminal)
2. MCS:
Stag
(Gterminal)
pPRCA derivate ofpGEX6P-1; alaSfrom GSHtag (Hannig
Rhodobacter capsulatis81003 (N-terminal) 2011)
encoding ALAS
pMkA derivate ofpGEX6P-1; gtrRencoding a GSTag (Moseret al.,
glutamyHRNA reductase from (N-terminal) 1999)

Methanopyrus kandleri

pGro7 ChaperonedroESgroEL) plasmid for No tag TaKaRa
optimizingprotein production; size of
chaperones GroEL 60 kDa, GroES 1(
kDa;araBpromotor; induction with
0.05 mg/ml arabinose; Ctn
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PET higag  pETFderivate; Phytochrome gengphl His-tag
cphlcrystal from Synechocystisp. PCC 6803; T7
promotor; IPTG inducibleAm?
pTOhol pACYuetl derivate; 1. MCS empty, 2.MCShol
2. MCSholfrom cyanophage 8SM2 Stag
(Gterminal)
pGEXophO Derivative of pGEBP-1; bphO GSHag
encoding for a heme oxygenase from (N-terminal)
Pseudomonas aeruginosa
PGEXocyA  Derivative of pGEBP-1; pcyAfrom GSTag
Anab Anabaenasp. PCC 7128nown as (N-terminal)
Nostocsp. PCC7120)
Marine metagenomic virasequences
pGEX6P- derivate of pGEXP-3; alaSfrom GSHtag
ALASsyn marine metagenomic datkkom the (N-terminal)
contig
3300009785 _Ga0115001_ 100000
encoding for ALAS; amino acid
sequence was backtranslated using
Backtranseq (EMBEBI) with codon
usage okE. colK12
pPGEX6P- derivate of pGEXP-3; alaSfrom GSHhag
ALASorg marine metagenomic data encoding (N-terminal)
for ALASoriginalsequenceisnot
codon adapted
pPGEX6P- derivate of pGEXP-3; alaSfrom GSHtag
ALASopt marine metagenomic data encoding (N-terminal)
for ALAS; original sequence was cod(
adapted using JCat with codon usage
E.coliK12
pPET28 derivate of pET28kglaSfrom marine  His-tag
ALASorg metagenomic data encoding for ALAS (N-terminal)
original sequence, ot codon
adapted
pET28 derivate of pET28kglaSfrom marine  His-tag
ALASopt metagenomic data encoding for ALAS (N-terminal)
original sequence was codon adaptec
using JCat with codon usagekatoli
K12
pGEX derivate of pGEXP-3; alaSartificially =~ GSTag
ALASart created sequence from ALASsyn (N-terminal)

derived AS sequence, codon adaptec
to R.capsulatusALASodon usage

J. Clark
Lagarias

Thorben
Dammeyer

(Wegeleet
al., 2004)

(Frankenberg
et al., 2001)

This work

This work

This work

This work

This work

This work
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pCold derivate of pColdl'F;alaSartificially His-tag+ This work
ALASart created sequence from ALASsyn Trigger
derived AS sequence, codon adaptec factor

to R.capsulatusALASodon usage (N-terminal)
pGEXSI derivate of pGEXP-3; alaSfrom GSHtag This work
marine metagenomic datkkom the (N-terminal)

contigSI139nov09 encoding for ALAS;
original sequence, isot codon

adapted
PGEX_SI op derivate of pGEXP-3; alaSfrom GSTag This work
marine metagenomic datkcom the (N-terminal)

contig SI39nov0®ncoding for ALAS;
codon adapted using JGI BOOST Juc

Balanced

pGEX_33  derivate of pGEX¥P-3; alaSfrom GSHag This work
marine metagenomic datkkom the (N-terminal)
contig

3300009790_Ga0115012_ 10000076
761838 encoding for ALA&jginal
sequence, igot codon adapted

Freshwater metagenomic viral sequences

pCold derivate of pColdl'F;alaSderived from His-tag + This work
ALAScry phage CB2 (Chen 2020); original Trigger

sequence, igot codon adapted factor

(N-terminal)

pCold derivate of pColdr'F;alaSderived from His-tagm + This work
ALAScryopt phage CB2 (Chen 2020) codon Trigger

adapted usinglGlI BOOST Juggler factor

Balanced (N-terminal)
pGEX derivate of pGEXP-3; alaSderived GSHag This work

ALAScry from phage CB2 (Chen 2020); origina (N-terminal)

seguence, igot codon adapted
pGEX derivate of pGEXP-3; alaSderived GSHag This work
ALAScryopt from phage CB2 (Chen 2020) codon (N-terminal)

adapted usinglGlI BOOST Juggler

Balanced
pCYB4 derivate of pColdl'F;alaSderived from No tag This work
ALAScryopt phage CB2 (Chen 2020) codon

adapted usingdGlI BOOST Juggler

Balanced Stop codon present thus no

intein fusion protein with ALAS will be

translated
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pGEXhol-
CB2

pGEXpcyA
CB2

pTChol
VPCyA

pTDwol
VPCYyA

pCYB1_
ALAScryopt_
K250A

PRCA_K248/

derivate of pGEX%P-3; holderived
from phage CB2 (Chen 2020) codon
adapted usinglGlI BOOST Juggler
Balanced

derivate of pGEX%P-3; pcyAderived
from phage CB2 (Chen 2020) codon
adapted usingdGlI BOOST Juggler
Balanced

derivate of pTDho1l; 1. MCfcyAfrom
phage CB2 (Chen 2020) codon
adapted usingdGlI BOOST Juggler
Balanced 2. MCSholfrom RSSM2

derivate of pTDhol pcyA 1. MCS:
pcyAfrom phage CB2 (Chen 2020)

codon adapted usingGlI BOOST Jugg

Balanced 2.MCSholfrom phage CR
(Chen 2020) codon adapted usiiGl
BOOST Juggler Balanced

Quikchangenmutagenesis for PLP
binding site K250 to A

Quikchange mutagenesis for PLP
binding site K248 to A

Material andmethods

GSthag
(N-terminal)

GSTag
(N-terminal)

1.MCSpcyA
(CB_2)
His-tag
(N-terminal)
2. MCShol
(P-SSM2)
Stag
(Gterminal)
1.MCSpcyA
(CB_2)
His-tag
(N-terminal)
2. MCShol
(CB_2)
Stag
(Gterminal)

No tag

GSTag

Vanessa
Braun/Helen
Wegner

Vanessa
Braun/Helen
Wegner
Vanessa

Braun/Helen
Wegner

This work

This work

This work

The viral sequences ofhwl and \pcyA were derived from the same phage as

ALAScryopt, namelgZrystal_bog_pmopfhage 2. The sequensevere also codon

adapted and chemically synthesizexb stated beforeTheE. colistrains carrying the

plasmid pColdl'F or its derivate should not bstored at 4 °C and should either be

transformed freshly or streaked out of glycerol cryocultures fr& °C.
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2.2.3 Oligonucleotides

Table8: Oligonucleotides

Primer

{ Slj dzSy O SrieptéifionTh o W

Sequencing or amplification primer

pGEXw

pGEXev

T7_fwd
T7term/DuetDown2
Twist Primer Setl_fwd
Twist Primer Setl_rev
Twist2_for

Twist2_rev

pCOLDrev

pCOLDfwd

ptac_seq
pACYCDuettUP1
Duetup?2
DuettDOWN1

ALAS_ syseq_rev
ALAS syseq_fwd
ALASopt_fw
ALASopt_rev

ALAScontighemA fw
(ALASorg)
ALAScontighemA rev
(ALASorg)
ALAScrwd

ALAScryev
ALAScryoptwd
ALAScryoptev

CCAGCAAGTATATAGCATGG
GCTTACAGACAAGCTGTGAC
TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG
CCCCGTCACCTTTGGCTTATCAGT
CGGTCTTAGCGTCCAGATGTCACT
CAATCCGCCCTCACTACAACCG
CTACTCTGGCGTCGATGAGGGA
GCAGGGATCTTAGATTCTGTG
GTAGTGGTGGTATCGAAGGTA
GAGCGGATAACAATTTCACACAG
GGATCTCGACGCTCTCCCT
TTGTACACGGCCGCATAATC
GATTATGCGGCCGTGTACAA
ATGGAACACCTGGACAAATTC
TTATTTGGTTTTACCGCAACGAC
ATGGAACACCTGGACAAATTCA
TTATTTGGTTTTACCGCAACGAC

ATGGAACATTTAGATAAATTTAAAAAAATAATAACAG

TCATTTAGTTTTACCACATCTTCG
ATGTTAAAATCAAAAACACAAGATGCT
TTAAATATATTTGTCAATAGAATTTCTTAAAGAT
ATGCTTAAATCTAAAACCCAGGA
TTATATATATTTATCAATGGAATTGCGA

Gibson Assemblgr T4based ligation

pGEX6P3_ALAS syn_

fwd

pGEX6P3_ALAS syn_

rev

AGGGGCCCCTGGATCCCCGATGGAACACCTGGACAAATTC

TCACGATGCGGCCGCTCGAGTTATTTGGTTTTACCGCAAC
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pET_ALASorg _fwd

PET_ALASorg _rev
pPET_ALASopt _fwd
pPET_ALASopt _rev

PGEX6PNOtALASOpt
fd

PGEXBPECRIALASOpt

_rev

pGEXGPNotIALASorg
fwd

pGEX6PECARIALASOrg

rev

SI139nov09EcdR|_fwd

SI39nov09Sal_rev

SI139nov090ptEcdr|_
fwd

S139nov09optSal_rev

3300009790G&ECR|_

fwd

3300009790 GaSal
rev

pColdTKALAScrwd
pColdTKALAScryev

pColdTKALAScryopt
fwd

pColdTKALAScryopt
rev

pCold_ALASart_fw
pCold_ALASart_rev

CAGCAAATGGGTCGGATGGAACATTTAGATAAATTTAAAAAAA
AAC

CGGAGCTCGAATTCGTCATTTAGTTTTACCACATCTTCG

CAGCAAATGGGTCGGATGGAACACCTGGACAAATTC

CGGAGCTCGAATTCGTTATTTGGTTTTACCGCAACG

CCCCTGGGATCCCCGATGGAACACCTGGACAAATTC

CAGTCAGTCACGATGCTTATTTGGTTTTACCGCAACG

CCCCTGGGATCCCCGATGGAACATTTAGATAAATTTAAAAAAL
AAC

CAGTCAGTCACGATGCTCATTTAGTTTTACCACATCTTCG

GGTTGAATTCTATGGAACATTTAGACAAGTTTAAACAAGTAAT,
G

GGTGTCGACTCATTTAGTTCTACCACATCTTCGCA

GGTTGAATTCTATGGAACATCTGGATAAATTTAAACAAGTGAT

GGTGTCGACTTATTTGGTGCGGCCGC

GGTTGAATTCTATGGAACATTTAGATAAATTTAAGGCTGTAAT!
GATTT

GGTGTCGACTCATTTCTTATTACCACATCTTCTCATAGCAGA

GGTAGGCATATGGAGCTCATGTTAAAATCAAAAACACAAGAT(

CAGGTCGACAAGCTTGTTAAATATATTTGTCAATAGAATTTCT"
GATTTTC

GGTAGGCATATGGAGCTATGCTTAAATCTAAAACCCAGG

CAGGTCGACAAGCTTGTTATATATATTTATCAATGGAATTGCG

GGTAGGCATATGGAGCTCATGGAACACCTCGACAAATTC

CAGGTCGACAAGCTTGAATTCTCACTTGGTCTTCCCACAG
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PGEX_ALASa
PGEX_ALASartv
pCYBAALAScrywd
pCYBAALAScryev

pCYBJALAScryoptwd
pCYBJALAScryoptev
pGEXALAScrywd
pGEXALAScryev

pGEXALAScryopfwd
pGEXALAScryoptev
pGEX_CBhol fwd
pGEX_CBhol rev
pPGEXCB2pcyA fwd
pGEXCB2pcyA rev
pACDuet_pcyA fw

pACDuet_pcyA rev
pACDuet_kol fw

pACDuet_kol rev

CCCCTGGGATCCCCGATGGAACACCTCGACAAATTC

CAGTCAGTCACGATGCTCACTTGGTCTTCCCACAG

CAACAAGGACCATAGCATATGTTAAAATCAAAAACACAAGATC

GAAGAGCCCTCGAGGTTAAAATATTTGTCAATAGAATTTCTTA
TTTTC

CAACAAGGACCATAGCATATGCTTAAATCTAAAACCCAGG

GAAGAGCCCTCGAGGTTATATATATTTATCAATGGAATTGCGA

CCCCTGGGATCCCCGATGTTAAAATCAAAAACACAAGATG

CAGTCAGTCACGATGCTTAAATATATTTGTCAATAGAATTTCTI
GATTTTC

CCCCTGGGATCCCCGATGCTTAAATCTAAAACCCAGG

CAGTCAGTCACGATGCTTATATATATTTATCAATGGAATTGCG

CCCCTGGGATCCCCGATGGCTACACTGAAAGAGG

CAGTCAGTCACGATGCTCACTTTCCATCTTTATAGTGATTC

CCCCTGGGATCCCCGGTGACCGATTACATAGAACTAC

CAGTCAGTCACGATGCTTATACGGTTGGAAACAGAATC

CACAGCCAGGATCCGGTGACCGATTACATAGAACTA

GCGGCCGCAAGCTTGTTATACGGTTGGAAACAGAATC

TATAAGAAGGAGATATACAATGGCTACACTGAAAGAGG

GCGGTTTCTTTACCAGACTTGCACTTTCCATCTTTATAGTG

Site-directed mutagenesis

ALAScryopt_PLP
K250A_fw

ALAScryopt_PLP
K250A rev

RcA_PLHK248A_fw
RcA_PLHEK248A rev

CTTAGGC@GGCGTTCGGTATCCAGGGAGG

GAACGCGWGCCTAAGGTGCCCTGTATAATGTCC

CTGGCGAAGCCTACGGCGTCTTCGGCGGC

GGCGGCCAGCGTGCCGTTGAAGATGTC

Primeisused for sitedirected mutagenesis have the changastleotidesmarked in red.
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2.3 Microbial methods

2.3.1 Sterilization
Buffer and mediim were sterilizedbefore usagefor at least 15 mirat 121 °C and bar
by autoclaving. Heagensitive supplements were sterilized by filtratidhrough a
Polyether sulfone(PES) filter witta pore size of 02> Y | Yy R uhd& Rtbrike

conditionsto sterilizedmedium.

2.3.2 Cultivationand storageof E.coli cells
A starter culture ofE.coli cellswas set up withan appropriate volume of LB media
supplemented with the respective antibiotic and inoculated with a single colony from a
freshly transformedE.coliplate or with a sterile loop from a glycerol stock. The starter
culture was incubated overnighf©/N)underconstant shaking at 37 th 1.8* g. For
the main culturepreparation LB media containing the appropriate supplement was
inoculaed with a 1:100 dilution of a starter cultureThe main culture waghen
incubated at 37 °@ith 0.5 * guntil an OB nm~ 0.5¢ 0.8 was reached. The cell density
was determined by a photometrical measuremesftthe OD at600 nm of 1 ml cell
culture. The cultivation mediavithout cellswas used as the reference sample. The
induction of gene expression was conductsther after the incubator reached5 °C,
17 °Cor 30 °Cat different time points undeconstant shakingt 0.5 *g. For longterm
storageof E. colistraing cryocultures were prepared by usistarter cultures grown
OI/N of the respective straimnd addingsterile glycerolto obtain a 20 % (v/v) glycerol

concentration The cryocultures are flaghozen in liquid nitrogerand storeal at -80 °C.

2.3.3 Preparation of chemically competeri.coli cells

A starter cultureof E. coli was grown overnightand used forinoculaton, as stated

before, of100 ml LB mediaCultures were incubatedt 37°Cunder shakingconditions

until an ORoo of 0.5 was reached. After centrifugatiavith 1480* g for 15 minat 4 °G

the cells were resuspended in 50 ml Ca@iuffer and incubated fot h on ice Following

another centrifugation stepvith 1480* g for 15 min at £C the sedimented ceflwere

then ressuspended in Bnl 50 mM CalGl+ 15%qglycerol. The obtained chemiciy
competent cells werdlistributed in reaction tubesA Y H nn  >ffashfrokehilj dz2 G &

liquid nitrogen andstored at-80 °Cfor several months
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2.3.4 Transformation of chemically competeri.colicells
For a transformation approachtihe respective chemically competeitcoli cells were
thawed on ice for 20 minuted\fter the aldition ofm > 2 F Lkl P YViroR/ Ik bx!f
M n ¢ 20tulof aligationmixture or Gibson assembly mixturthe cells were incubated
for 30min on ice. Afterwardaheat-shock for 9Gwas doneandthe cellsrecoveed on
ice for 2 min.Followingli KS  RRAGA 2y 2tRe callsiwere infubafed by Y S R A
shaking atl1.8 * gand 37 °C for 45 mirand plated on agar plates containing the
appropriate antibiotic. Thelateswere incubatedO/N at 37°Cand stored at 4 °C for no
longer than two weeks. Excefar the E. colstrains carrying the plasmid pCeldF or its
derivate, thesaevere not stored at 4 °C andere either transformed freshly or streaked

out of cryocultures from80 °C.

2.3.5 Functional complementation of auxotrophi&. coliphemA

For examination ofn vivoactivity of viral ALASomplementation of thesynthesis of
ALA should be carried out ihe respectiveE.coliST18hemA This strain is deletion
mutant of the genehemA which encodes for the C5 pathway enzygietamyHRNA
reductase The strainis auxotrophic in growth when not supplemented wikLA
[50 ug/ml] or complemented with an enzyme forming Al&g., ALAS or GluTRs
positive controls the vector pRcA consisting of pGEXwith the alaS gene of

R capsulatus(Hannig 2011encoding an aminolevulinic acid synthase and the vector
pPMKA of pGEXP with thehemAgene ofMethanopyrus kandleriMoseret al., 1999)
encoding aglutamyHRNAreductase(GluTR)were selected and transformed into the

auxotrophicE. coliST18. The respective empty vectors were used as control.

2.3.6 Chemical competent cells for functional complementation

Freshly prepared chemically competei. coli{ ¢ m fiemAacells were crucial for
functional complementationTherefore, a LBagar plate with 50 pg/ml ALA was used

to streak outE. coliST18nhemAand incubatedovernightat 37 °CALA is not stable
when dissolved in water and should be prepared freshihe followingO/N culture was
inoculated with a single colony of the streak outEofcoliST18hhemAin LB medium

with 50 pg/ml ALA and incubated shaking at 37 °C. With this culture, chemically
competent cells were prepared by inoculating 5 ml LB medium + 50 pg/ml ALA with

1:100 of the O/N culture. The cells were grown at 37 °C shaking uniibf@Deachel
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0.5¢ 0.7. Thebiomass of the&s ml culture washarvestedat 4 °C for 10 min at 5,000g,

and the supernatant was discarded. The cell pellet was resuspended in 1 ml 0.1,M CaCl
following another centrifugation for 5 min at 4 °C with 5,60§. Washing was repeated
with 0.5 ml 0.1 M Cagilollowing the same centrifugation as stated before and a final
resuspension of the cells in 0.2 ml of M1CaCGl The resuspended cells are incubated
on ice for 30 min. For each transformation approach, 0.1 ml of the¢e cah be used.
The addition of plasmid DN#asfollowed by incubation at 37C for 30 sec in a heating
block. The transformation approach is then incubated on ice for 40 min, followed by a
heat shock of 1 min at 4Z. Furtherl ml of LB medium + 50 pg/ml Alvadsadded and
incubated for 30 min at 37C shaking. Plating of the transformation approach was
carried out on respective selective agaontaining the appropriate antibiotic,

supplemented with 50 pug/ml AL.And incubated O/N at 37C.

2.3.7 Growth curve of complementedk. colistrains
Cultivation was conducted in a sterile 100 ml glass flask filled with 20 ml LB medium and
the respective antibiotic. The inoculunaaO/N cultures from the transformation plates
supplemented withrespective antibiotis and ALA. Before inoculation, the cells were
washed two times in LB mediuwithout ALA and then useas an inoculum adjusted to
start ORoonmOf 0.03. During incubation at 37 °C with shaking.8t1g, the flasks were
fully covered inaluminumfoil to prevent light entry. Samples were measured using a
spectrophotometer and diluted accordingly when reaching séf<0.9. During
growth, the gene expression was induced &ding0.5mM IPTG after the cultures
reached an O nmof 0.1- 0.15 or were not induced to determine the effect of the
known leakytac promotor. After incub&ion for 24 h, the cultures were plated out after
serial dilution on agar platewithout ALA supplementation butontaining antibiotics
and with or without IPTG to determine functional complementation by incubating at
37°C O/N.The brmation of colonies indicated successful complementgtiempty
vectors were also plated and showed no colony formation. All experiments were

conducted as independent biological triplicates with technical duplicates.
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2.4 Molecular biological methods

2.4.1 Preparation of plasmid DNA
Pasmid DNApreparation was conductedfrom single colonies ofreshly transformed
E.coli51 ph . O®efcblény wasnoculated in 5 ml LB media containing the
appropriate antibiotic and incubated overnight at 37 °C arf®i*lg. The plasmid DNA
was isolated using the NucleoSpin® EasyPure Kit (MacNegsl)or the E.Z.N.®
Plasmid DNA Mini Kit | (OmegaB)F OO2 NRAyYy 3 (G2 GKS Yl ydzFl O

2.4.2 Determination of the concentration of nucleic acids
Determination occurredafter the isolation of nucleic acigsby measuring the
absorbance of the DNA solution at 260 nm (Nanorage). The purity of the isolated
nucleic acids was determined by the calculation of the ratio of the absorbance atn260
and 280 nm. Foa sufficiently pure doublestranded DNA solutigrthe absorption ratio

of Aced/Azsois ~ 1.8 2.0.

2.4.3 Analysis of nucleic acids by agarose gel electrophoresis

For separating and identifying DNA molecules according to theg agarose gel
electrophoresis of nucleic acids was performe#nalytical and gel extraction
approachesvere set up by dissolvin@.8 % (w/v) of agarose in boiling 1x TAE buffer.
Once the solution was cooled dowhwas filled into theprepared gel chambers. During
the polymerization of the gelthe DNA samples were prepared by addsggecific
amounts of6x DNA loading dye (Thermo Fishand waterto reach 1x Theprepared
samples were the loaded into thegel wells, and the DNA fragments were sepadain

1x TAE buffer at a constant current GO1V.

TAE buffer (1x)
Tris/acetate 40 mM
EDTA 1 mM

pH 8.0
In order to determine thesize the reference GeneRularDNAL kb pludadder(Thermo
Fisher)was used for comparison. Afteeparatinghe DNAthe gel was incubated ian
ethidium bromidebath (consisting 00.05 % (v/vethidium bromide inAqua des).for

20 min, rinsed with water andsualized by gel documenation station.If gel extraction
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was required the desired fragment was cut out from the gel and prepared using the
NucleoSpin® Gel and PCR ClganKit (MachereyNagel) according to the
YIydzFlF OGdZNBENDR& AyaidNduzOGA2yaod

2.4.4 The polymerase chain reaction (PCR)
The specific amplification of DNA fragmentss conducted by the polymerase chain
reaction(Table9 +Table10). The amplification procesemployed the utilization othe
Phusion® Higkidelity DNA Polymerase (Thermo Fisbehomemade). To verify the
size of the generated PCR produdtt®y were analyzedvia agarose gel electrophoresis
(seechapter2.4.3. Amplified DNA fragments for cloning iraglasmid were purified
using the NucleoSpin® Gel and PCR é&lpaKit (MachereyNagel)or DNA Clean &
Concentratof™-5 (Zymo Research) OO2 NRAY 3 G2 GKS YI ydzFl O d:

Table9: PCR reaction with Phusion® HigA RSt A& 5b! LRt &a@YSNI &S opn >ft0

Component Final concentration
Phusion® Highkidelity DNA Polymerase n ®nH | Kk > §

5x HF PhusigdBuffer 1x

10mM dNTPs Hnn >a St OK
Primer forward 100 pmol

Primer reverse 100 pmol

Template DNA 5-10ng

Sterile Aqua dest. IR pn >f

Table10: Reaction step using Phusion® Hilidelity DNA polymerase

Reaction step Temperature Time

Initial denaturation 98 °C 30s

Denaturation 98 °C 10s

Annealing Tm-5 °C 15¢20s x 35 cycles
Elongation 72 °C 15s/kb

Final elongation 72 °C 5 min

2.4.5 Colony PCR
Colony PCR was frequently used to screerolicolonies for thepresenceof desired
plasmid DNA after transformation everftem cloning approached herefore, primes
were chosen thatwould allow amplification of a DNA fragment frothe vector
backbone to either vector backbone with the insetarS G 6 SSy 2 NJ G2 GKS

insert With this a verification of the cloning success could be indicatedich was
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confirmed by sequencing. For the colony PS€iRjle colonies oE. colwere pickedwith

a sterile toothpickrom transformation platesndpreserved by streaking on a fresh-LB
agar plate with the appropriate antibiotic. Thetine picked colony wagesuspended
multiple times into the PCR tube containing already all PCR components except of the
polymerase, thus usedlirectly as PCR template. The PCR reaction was set up as
described in chapte?.4.4 exceptfor extendingthe first denaturation step t®d min to
achieve complete cell lysig\fter analysis of the amplified DNA using agarose gel
electrophoresisthe selected primers could amplify a DNA fragment accortbnipe

size of the insert regarding the chosen primer pdihe identified correct clone was
picked from the master plateFrom thesuspectedcorrect clone the plasmidDNAwas

extracted and sentor sequencing (see chapt@r2.2 to confirm correct cloning.

2.4.6 Restrictionendonuclease digestion of nucleic acids
The plasmid DNA or PCR productgere digested using FastDigest restriction
endonucleases (Thermo Fisher)HighFidelity (HF®) restriction endonucleases (NHEB)
a total volume of50> f @ dige&tiSn was performed following th¥ I y dzF | O dzNB
instructions regarding buffer anehzymeusage and concentratiofrollowingdigestion
the enzymes weréeatinactivated ateither 60 °C 080 T for 20 min. For plasmid DNA
the restriction process wasonfirmedby agarose gel electrophoreggeechapter2.4.3.

2.4.7 Ligation of DNA molecules
In the conventional cloning method, the vector DNA and insert DNA, previously digested
with respective restriction endonucleases, are lightiegether. The ligation wasarried
outdzZa Ay3 ¢n 5b! €tA3ILAS Ay | @2ftdzyYS 2F Hn x
with a ratio of3:1 (nsert:vecto) for at least 30 min at room temperatur@ overnight
Theligation process was inactivatdry thermal inactivaton at 65 °C for 10nin. Then,
10 pl¢ 20 ul of the ligation sample was transformed intthemicaly competentE.coli
5 | pcellsand plated on LB agar plates containing the appropriate antibiotic.

2.4.8 Gibson Assembly® of DNA molecules
Gibson Assembly® was usasithe alternative to the conventional cloning technique
This method utilizes -$8 2 y dzOt Sektén§ich ankl a N\Aligase activity in a
single tube reaction{Gibsonet al., 2009) Forthe primer design with the respective
overhangsthe NEBuilder® Assembly Tool (http://nebuilder.neb.com/) was .Ucadet
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genes were then amplified using tlyeneratedprimers, thus achieving vectespecific
overhangs. fie designated vector was digested with the appropriate restriction
enzymégs) Bothlinearizedvector DNA and PCR product were prepared as desciibed
chapter2.4.3 and 10- 100 ng of each fragmentag added in a total volume of 5 pl
autoclavedMilliQ waterto achieve a insert:vector ratio of 3:1Following the addition

of 15 pl of theGibsonassemblymaster mixand incubaton in a heating block at 50 °C
for 1 h. Then the transformation ofthe assembled vectanto E.coli5 | pwas carried

out as described ichapter2.3.4while usingthe total volumeof the Gibson reaction

5x isothermal Gibson assembly reaction buffer

PEG 8000 25 % (W/V)
TrisHCIl pH 7.5 500 mM
MgCh 50 mM
DTT 50 mM
dNTPs 1 mM each

Gibson assembly master mix

5x isothermal Gibson assembly reaction buffero H 1= > {
T5SE2y dzOf S &S é6mn ! k>ftnden > f

Phusion® HigB A RSt AG& 5b! LI2utme YSNIF &S oH ! k>t 0
¢kl 5b! tA3ILAS onn | kwdm >f

HO filluptomu nn >t

2.4.9 Sitedirected mutagenesis
Variants of RcA and ALAS were generated usingdsgeted mutagenesigWang &
Malcolm 1999) The exchangeof certain basesn the protein's respective coding
sequenceresults in protein variantswhich should beanalyzedin complementation
approaches oenzyme assay$-or the generation of these variants, specific prigfer
site-directed mutagenesis were creaté@iable8; the site of mutation isnarked in red
thathadtheli 2 06 S SEOKI y 3S8ite oféatharinar, fdllawingi 1628 bagel
without base changes. For the generation of the protein variants, the target plasmids
were used in a duadtep PCR procedure using the Phusion Higlelity DNA Polymerase

with the corresponding primer pair. The twgtep appoach prevents dimerization of the
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oligonucleotides and increas¢he number of mutated singlstranded plasmid copies.

In the first step, two separate PCR reactions (A and B) were perfoffadde11), each

utilizing only one prime(Tablel2). In the second stefirablel4), the products from the

two reactions were combinedTable 13), generatingdouble-stranded plasmids with
introduced mutation sitesThe PCR product was purified (DNA Clean & Concentrator
Kit), andto remove the methylated parental plasmid DNDynl digestion (New England
Biolabs) was conductefbllowing heatinactivation according tahe Y I y dzF¥ I O ( dzNB
instructions Subsequently, the resulting plasmid mixture was transformed into

chemically competenE. col | p M (§2& dhdptee.3.4.

Tablel1: PCR reaction setups tie first step

Component A B

5x HF Phusion® buffer mn >f mMmn >f
PlasmidDNAI SYLJ | §S o6on ym >f Mo > f
Forward primer (10 nM) HdOp >t e
Reverse primer (10 nM) e HPp >f
Rbe¢ta 6Hnn >a SIFOKO m >f Mo > f

Phusion® Highkidelity DNA polymerase (2 n ®p > f nop >f
k>t 0
HO FR pn >1FR pn >f

Table12: PCR thermocycler program tfe first step

Reaction step Temperature Time

Initial denaturation 98 °C 30s

Denaturation 98 °C 15s

Annealing 55 °C 30s X 8 cycles
Elongation 72 °C 6 min

Tablel3: PCR reaction setup tfie second step

Component Volume
PCR mix A Hp >f
PCR mix B Hp >

Phusion HigE A RSt A& 5Db! LR2feYndp >t
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Tablel14: PCR thermocycler program tfe second step

Reaction step Temperature Time

Initial denaturation 98 °C 30s

Denaturation 98 °C 15s

Annealing 55°C 30s x 18 cycles
Elongation 72 °C 4 min

Final Elongation 72 °C 10 min

2.5 Protein biochemical andnalytical methods

2.5.1 Production of recombinant proteins ift.coli - Analytic scale
Recombinant protein production should be optimized regarding solubility of the
target protein. Thereforedifferent E. colistrains, culturing conditions, gene induction
concentratiors, and lysis buffer (+/additives) were testedTable 15, Table16). To
determinethe solubility of the tested approachetest expressioawere conducted in
small scalé5 - 20 ml medium}o medium scale (20500 ml mediumjollowingeither a
cell lysis procedure known as freetteaw (Johnson & Hecht 1994microfluidizer or
sonification. Freez¢haw was carried oufor analytic scalavhere 2 ml of cell culture
washarvested by centrifugation (5 mia3000* g), the supernatant was removed and
frozen in liquid nitrogen for 2 mimndthe sample was then thawed for 8 min in an-ice
water bath. Thisfreezethaw cycle was repeated two timesand the pellet was
resuspendedafter addinglysis buffer (50 ug 75 ul). To achieve resuspension of the
pelletand obtain soluble proteinthereaction tubecontaining it was repeatedly scraped
against thetube rack for 30 secThe mixture was then incubated in an ie@ater bath
for 30 min following a centrifugatiorstep at 4°C, for 10 min at 1000* g. The
supernatant containing the soluble proteins was pipettedfafin the pellet and both
supernatant and pellet ere analyzedusing SDAGE to determine solubilitZell lysis
using a microfluidizer or sonification was carried out medium scalesetups (20¢

500ml) as described inhapter2.5.2
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Table15: Overview of the strategies pursued in thgrotein production studies to obtain soluble proteitesting

different vectors andE. colistrains

Strategy

Conditiors

Titration of inducer concentration (onl
IPTG)

1 uM, 10 uM, B pM, 100 puM, 500 pwm
1mM

Temperature for protein production

15°C17 °C, 30 °C

Duration of protein production

1h,3h,6h, O/N

DifferentE. colistrains

Arctic Express (DE®BIL21(DE3),
BL21(DE3YodonPlus RIBL21 (DE3)
pGro7,Rosetta gam{DE3) Rosetta
(DE3) pLysShuffle T7 Express,
AD494(DE3), Origami(DEBuner

Coexpression with chaperon plasmid | pGro7 induced with 0.05 mg/m
arabinose
Media LB, 2Y,TMM, Al

Media supplements

100 mM sorbitol with 2.5 mM betaine
3 % (v/v) EtOH, 1 % glucos® pH 6.5

Cell disruption

Sonification, freeze thaw, microfluidizer

Lysis buffer

Different buffer systemgTris, Phosphate
HEPES)pHs(5-9), detergents(Triton X%
100, NP40)
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Table16: Overview of tested @pression conditiongo improve solubilization for viral alaSgenes encoding fc
marine ALASsyn, opt and org

ALASsYn—GS5T N- ALASopt ALASopt ALASorg ALASorg
term. N-termHis N-term. GST N-termHis N-term. GST
E. coli strains Codon | Rosetta | Codon Origami, Codon | pGro7, Codon | Origami, | Codon pGro?,
Plus gami, PlusRIL | AD454 Plus AD4g4, Plus AD4g4d, PlusRIL | AD454,
RIL Shuffle Rosetta RIL Shuffle T7 RIL Rosetta Shuffle T7
T7, plyss, Express, plyss, Express,
ADd4g4d, Rosetta, Tuner pGro?, Tuner
Origami pGro7, Shuffle
, Shuffle T7, T7,
pGaro?, Tuner BL21
Tuner Tuner
Expression
temperature
15°C X X X
17°C X X X X X X X X X X
30°C X X X
Medium
LB X X X X X X X X X X
M X X X X
T X X X X
LB-BS X X X X
LB + 3% (V/V)
EtOH X X X X
LB+ 1% glucose | X X X X
LBpHB.S X X X X
Inductor
titration X
1pm X
10 pM X
50 umM X X X
100 pM X X X X X X X X X X
500 uM X
1 mm
Expression
duration
1h X X X
3h X X X X X X X
6h X X X
Q/M X X X X X X X X
Cell disruption
Sonification X
Freeze thaw X X X X X X X X X X
Microfluidizer | X X X X
Lysis buffer
Buffer system X X X X
pH X X X X
detergents X X X ¥

Production of recombinant proteins ift.coli ¢ Preparative scale

All recombinant proteins used during this study were produced heteroldgoins
different E.colistrains GSTtagged proteins were GSHcA, GSPcyA Anabaenap. PCC
712Q following namedAnabaend, GSIBphO Hol from Pseudomonaseruginosa
following namedPseudomongs GSTALASsyn, GFP1 (CB2) and GSPcyA (CR).
The trigger factor fused proteins wekiss-tagged namely TFALAScry, FTRLAScryopt.
For the production they were freshly transformed in respectivie.coli strains or

streaked out from glycerol cultures. The colonies were gro@#N in LB media
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containing the respective antibiotic. The main culture was set up as described (see
chapter2.3.2 and incubated at 37 °C with 0t5y until the Olgoo nmreached~ 0.5. For
GSTALASsynthe LB medium wasupplemented with 2.5nM betaine and 100 mM

sorbitol.

E. colistrain for protein  (Fusion) protein IPTGconcentration

production

BL21(DE3) GSTPcyA Anabaeng, 0.5 mM
GSTHol (CB2), 0.1 mM
TFALAScry, TRLAScryopt 0.5 mM
Cphl, 81, vPcyA (CR) 1mM
CphlyvHol (CB2),vPcyA (CR) 0.1 mM

BL21 RIL codon plus GSTRCcA, 0.2 mM
GSTBphO Pseudomongs 1mM
GSTALASSsyn 0.5 mM

Rosetta pLysS GSTPcyA (CR) 0.1 mM

The cultureswith constructs forGSTagged proteirs were shiftedin temperature to
17°C whereasthe ones with Hiss-tagged trigger factoproteins were quickly cooled
down in anice water bath for 30 min. Following thgene expressiowas induced with
IPTGaddition regarding the respective construghe cells were incubateavernightat

17 °(GSTpr 15 °C (THyith constant shaking .5 * g

Thein vivoassembly of a chromophore with a phytochrome was carriedusinng a
coexpression system. Therefore, coliBL21(DE3) with the plasmpET_Higag Cphl
crystal and one of the following plasmip$D_¥wol vpcyAor pThol vpcyAwere used.
The inoculation and growth conditions were as stated before. The culture was induced
with 0.1 or1 mM IPT@see aboveland incubated at 17 °C O/M the absence of

illumination.
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2.5.2 Cell harvest and lysis
The cells were harvested by centrifugation for 15 min at 4 °C witt200 * g(Sorvall
LYNX 6000 Centrifuge, rotor T@nd the pelleted cells werdransferred into 50ml
centrifuge tubes (Falcon) while the supernatant wasliscarded The cells were either
directly lysed for protein purification or stored. For sage,the pelleted cells were flash
frozen in liquid nitrogen and then stored €0 °C Regardingell disruptionthe pellet
was thawed on ice, resuspended in the appropriateis buffer (1x PBSTris buffer,
HEPE®uffer) (5 - 10 ml buffer/g wet weight of thepellet), and incubated on ice for
30 min after the addition of one spatula tip of DNasel and lysozyme. The cells were then
mechanically disruptetdy using Microfluidizet three timesat a constant pressure of
15 000 PSir sonification (Ultrasonic homogenizer, Bandelin Sonoplus HD 2200 with tip
KE 76) in an iewater bath for a total of 1 min 30 sec sonification time with intervals of
30 sec sonification and 1 min cool down. Sonification pulse was 40 % intensity & x cyc
The soluble fraction was sepaea from insoluble components by centrifugatiat
48,000 *g(1 h, 4°C; Sorvall LYNX 6000 Centrifuge, rotor T29).

10x Phosphatebuffered saline (GST) Tris buffer (GSBphQ

NacCl 1.4 M Tris 50 mM

KCI 27 mM NaCl 100 mM
NaeHPQ 100 mM Triton %100 0.05 % (v/v)
KRPO 18 mM DTT 1 mM

pH 7.4 pH 8.0 (HCI)

for usage diluted to 1x buffer

HEPES buffer (GST) HEPES buffer (H{Sobalt)
HEPES 50 mM HEPES 50 mM
NaCl 300 mM NaCl 1M
pH7.5 (NaOH) Imidazol 45 mM

pH 7.5 (NaOH)

HEPES buffer (HNickel) HEPES buffer (GENLASsyn)
HEPES 50 mM HEPES 50 mM
NaCl 300 mM NaCl 200 mM
pH 7.5 (NaOH) DTT 10 mM
PLP 20 uM

pH 7.0 (NaOH)
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2.5.3 Purification of recombinant proteingy affinity chromatography
Affinity chromatography was used to isolate the proteins from the total cell lysate.
According to the fused tagaffinity chromatography columns with the column material
Protino™ GlutathioneAgarose 4BTALON® SuperflbM(Cobalt) or NENTA Agarose
were usedFor GSTRCcA purificatiopall bufferscontained additionally 2@M PLP. BphO,
PcyA Anabaeng, Hl (CB2), and PcyA (CR) were purified using 1x PBS buffer (GST)
and elutionbuffer (GST). All AL&ASNnd RcAvere purified using HEPES wash and elution
buffer (either GST, HiNicke| or HisCdalt) regarding their tags and used column
material. As for the coexpression systeMALON® SuperfldW(Cobalt) Agarose was
usedonly to enrich the Cphlwhich contains aHis-tag, and the PcyAhat also hasa
His-tag here, the buffers wereused according to the manufactur€@a A y a (i NHzO U
Shortly, the wash buffer was 1xPESee below)andthe elution buffer was 1xPBS with
250mM imidazole both pH 7.4

The gravity flowcolumns containing the respective amount of column material were
equilibrated according to the manufacturer's instructiorenid the lysate was added to
the column. The column was then washed with the appropriate wash b(f&?BS or
HEPES wash buffegnd the bound protein was then eluted from the column with an
appropriate elution buffer(elution buffer, HEPES elution buffém) 1 ml fractions and
collected. The column was then regenerated according to the manufacturer's
instructions andstored at 4 °C on 20 % (v/v) ethanol until further useorder © control

the purificationprocedure samples were taken from some elution fractions as well as
from lysate,flow through andwashfractions and analyzedby usingsodium dodecyl
suffate-polyacrylamide gel electrophoresis (SBPSGE,see chapter2.5.5. Suitable
elution fractions were combined after purificatio.necessary, the G8ag or Trigger
Factorof the fusion proteins was subsequently cleaved off. For this purpose, the elution
TN OGA2ya ¢6SNB MbofaténR proprietark PreScission@ protease
(2U/100> H per ml of elution fractionand dialyzed ovemight at 4°C against
PreScission®rotease buffe(seechapter2.5.4). For removing the G&&ag, the fraction

was then added again to a second affinity chromatography column with PrBfino

Glutathione Agarose 4B column material to remove the cleavedt&$dnd the added
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PreScission® protease from the protein solutiBemovinghe Trigger factor required

the addition of the collected fractions to a second affinity chromatography column

consisting of eithercobalt or nickel column material to remove the cleaved Trigger

factor. F required, the PreScission® protease could be removed by a followed

application onto a Protind" GlutathioneAgarose 4B columnthe respective flow

through should then contain the desired protein

10x Fhosphatebuffered saline(PBS)

Elution buffer (GST)

wash buffer(GST)

NaCl 14 M
KCl 27 mM
NaHPQ 100 mM
KHPQ, 18 mM
pH 74

for usage diluted to 1x buffer

HEPE®ashbuffer (GST)
HEPES 20 mM
NaCl 200 mM
pH 7.5 (NaOH)

HEPES wash buffer (HZXobalt)

HEPES 50 mM
NaCl 1M
Imidazol 45 mM

pH 7.5 (NaOH)

HEPES wash buffer (Hidckel)

HEPES 50 mM
NacCl 300 mM
Imidazol 5mM

pH 7.5 (NaOH)
PreScission®roteasePuffer

HEPES 50 mM
NaCl 200 mM
DTT 1 mM
EDTA 1 mM

pH 7.5 (NaOH)

Tris 50 mM
Glutathionered. 10 mM
pH 8.0 (HCI)

HEPES elution buffer (GST)
HEPES
Glutathione red. 10 mM

HEPES elutiohuffer (HisCobalt)

HEPES 50 mM
NacCl 1M
Imidazol 45 mM

pH 7.5 (NaOH)

HEPES elution buffer (Hisickel)

HEPES 50 mM
NacCl 300 mM
Imidazol 150 mM

pH 7.5 (NaOH)
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2.5.4 Dialysis and concentration of isolated proteins

For dialysis, the protein solutionsere incubated at 4 °@vernightwith continuous
stirring in the desired buffefor further experiments For this purpose, the protein
solution was transferred to a dialysis tube with an exclusion limit of 10 kDabUffex
volumewas approximately250times the volume of therotein solution Thedialyzed
protein solution was then transferred to Vivaspin® 6 concentrators (MWIKD4A) to
reduce it to the desired volume (051 ml) by centrifugation at 4 °@ith 1480* g
(Centrifuge 5415D, Rotor45-24-11). Previouslythe concentrators were washed with
Aqua dest, and then equilibrated with buffer.

2.5.5 SD$polyacrylamide gel electrophoresis (SIPAGE)
Proteins were analyzed using sodium dodecyl sdate (SDppolyacrylamide gel
electrophoresis (SDBAGE) by separation according to their molecular weight. The
proteins were separated in a discontinuous system consistiraystacking gel (pH 6.8)
with an acrylamide concentration of 5.25 % and a separation gel (pH 8.8) with an
acrylamide concentration of 12.5 %5PDSis a denaturing detergenthat masks the
proteins' charge and replaces them wihnegative charge to separate the proteins in
an electric field. The acrylamide concentration deternsirtbe resolution of the
separation. Larger proteins migrate slower through the acrylamide matrix than smaller
proteins. Protein samples were prepared by adding 4x sample buffer, boiled for 10 min
centrifuged for 5 minand loaded on the gel for separation. The electrophoresis was
performed by applying 200 V fdrhor until the loading dye reached the bottom of the
gel.As areference, th€olor Prestained Protein Standard, Broad Range (M&Bused
to identify the proteins of interest for a following western bl@nd the Unstained
Protein Standard, Broad Range (NE®s used only for SEFSAGE. For visualization of
the proteins, the gel was incubated in Coomassie staining solution faniiO
Afterward, the gel wasdestained using the same solution without Coomassie until the

excess dye was removed. The proteins were then datdetasblue signals on the gel.
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Stop gel 4x Separation gel buffer
Aqua dest. oon >f¢ TrisHCI pH 8 15M
Separation buffer Hpn > f SDS 0.4 % (w/v)
Acrylamide 30 % nuHn >f§
10 % APS mn >f 4x Stacking gel buffer
TEMED H >f TrisHCI pH 6,8 15M
SDS 4 % (wlv)
Separation gel
Aqua dest. 5.3ml 5x SDS&ample buffer
Separation buffer 4 ml 4x Stacking gel buffer 3.125 ml
Acrylamide 30 % 6.7 ml SDS 0.75¢
10 % APS yn >f 87 % Glycerol 3 ml
TEMED y >f i -Mercaptoethanol  1.25 ml
Bromophenol blue 2 ml
Stacking gel
Agua dest. 4.6 mi 10x SDS8unning buffer
Stacking gel buffer 2 ml TrisHCI pH 8,8 0.25M
Acrylamide 30 % 1.4 mi Glycine 1.92 M
10 % APS on >f SDS 1 % (wiv)
TEMED Hn >f
Staining solution
Acetic acid 10 % (v/v)
Coomassie Brilliant  0.25 % (w/v)
Blue
Ethanol 30 %(v/v)

Destaining solution
Acetic acid 10 % (v/v)
Ethanol 30 % (v/v)

2.5.6 Immuno-detection of immobilized proteins (western blot)
Western blot analyses were used for the immunological detection of recombinant fusion
proteinswith a GSJor His-tag using specific polyclonal antibodies. After an-BBSE
to separatethe proteins (see chapte2.5.9, they were transferred to a polyvinylidene
difluoride (PVDF) membrane by the sedry blot method. For this purpose, the SDS
polyacrylamide gel, Whatman paper (3 miend a methanchctivated PVDF membrane
were first equilibrated in Towbin buffer for 10 min. The protein transfer aasied out

for 20 min at 15 V through a semidry blot system. For the transfer of the proteins, the
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gel and the membrane were stacked togethsurrounded by the blotting paper in a
sandwich formationand placed betweerthe anode and cathode. Subsequently, ron
specific binding sites on the membrane were saturated &itilocking solution at 4 °C

or slightly shaken for 1 h at RT. Incubation with the first antibddble4) in 10 ml
blocking solution followedgentlyshaking for 1 h at RT. After three fim@nute washing
steps with TBS buffer, the membrane was incubated with the second antibddb(e

4) in 10 ml blocking solutionna shalen gently for 1 h at RT. Again, two times five
minute washing steps with TBSbuffer and two with TBS buffer were performed.
Optical detection was performed by the chromogenic reaction of alkaline phosphatase
08 GKS FRRAUGAZ2Y 2F BT, 200ng/vl nT0NR (v DMESandl S G N.
c ¢ -brémog-chloro-3-indolyl phosphate (BCIP, &g/ml in DMF) i0O ml AP buffer.

Thecolorreaction was stopped by washing the membrane with water.

TBS buffer AP-buffer

TrisHCIl pH 7.4 50 mM TrisHCI pH 9.5 100 mM
NacCl 140 mM NacCl 100 mM
TBST buffer MgCh 5mM

1x TBS

Tween20 0.1 % (v/iv)

Towbin transfer buffer Blocking solution

TrisHCI pH 8.3 25 mM 1x TBS

Glycine 192 mM Albumin fraction V. 3 % (w/v)
Detection solution

AP buffer 10 mi

NBT solution oo >f¢

BCIP solution cc >f

2.5.7 Determination of protein concentration

Protein concentration of purified proteins

The protein concentration was determined photometrically by measuring the
absorbance at 280 nm. Considering the chosen dilution, the concentration could be

calculated according to the LambeBeer law. For this purpose, the extinction
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O2STTr®WEVI RSOSNY¥AYSR gAGK GKS az27idsl NB
to the method of Gill and von Hippélablel7) (Gill & von Hippel 1989)

& 0 O
- Q

Aosonm= Absorption at 280 nm

¢ = concentration in g/l

d = pathlength of the cuvette in cm

8280hm= Molar extinction coefficient at 280 nm in“eh?

F = dilution factor

The molecular weight of the respective proteins, which was disermined by the

Wt NPGSAY [/ £OdzE I G2N) Godn az2Fauol NBQ>S gl a
aéa

“Q .

. Q
a a€a a

w—- 0

¢ = concentration in g/l or mol/l

M; = molecular weight in g/mol

Tablel7: Molar extinction coefficient for determination of protein concentrationThe molar extinction coefficients
of the proteins are given with the possible diédé bridges.

Protein Calculated  nolecular | Extinction coefficient
weight 8280nm[M 1enT]
[Da]

ALASsyn 44379 34900

RCcA 43647 35110

ALAScry+TF/ 96670 52560

ALAScryopt+TF

ALAScry/ALAScryopt 46118 36630

PcyA Anabaend 28726 26390

VPCyA (CR) 24552 22430

BphO Pseudomongs 21858 40540

vHol (CB2) 20690 41370
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Protein concentration of cell lysate

Bradford reagent was used to determine cell lysate protein concentrafidverefore,

cell debrisfree sample was incubated with Bradford reagent (Roti®Quantg in
transparent 96well plate (Sarstedt, PS, flat based) as recommended by the
manufacturer. Using calibration curve with BSA solubilized in Tris buffer (50 mM Tris

HCI buffer pH 7.5) and measuredaiplate reader (Tecan Infinit&200 Pro) at 596m.

2.5.8 Size exclusion chromatography (SEC)
The oligomerization state of a protein can be determined using size exclusion
chromatography(SEC)In a column filled with a porous gel matrproteins can be
separatedaccording totheir hydrodynamic radius. Heremall proteins can enter the
hydrophilic pores of the gel matrixnd cannot pass the matrix as fast as big proteins
with no access to the pores. The size of the molecule correlaité its migration speed
in the column and increases the time of its elution (elution voluWe). Characterized
proteins and their corresponding molecular mass can be used as statdatdtermine

the relative molecular mass of unknown proteins.

The SE@as carried out using aRPLC systend\ktaPure GE Healthcare) a cold room
(4 °C)with a Superdex® 200 Increase 10/300 GL column (GE Healthndra)500 pl
sample loopAll buffers were filter sterilize@.22 um, PE&nd degassed before usage
(30 min, sonification bath)The system was washed with@Hand equilibrated with the
respective buffer. The sample was filtered and centrifugetble applyingt onto the
system The flow rate was 0.2 ml/mjnand the sample elutionwas monitored
spectroscopically at 28m. Elution fractions were collected continuouslgnd
appropriate elution fractions containing proteins were precipitated using DO&and

analyzedvia SDS PAGE.

Protein standards used talculate the oligomerization state of the protein were alcohol
dehydrogenase (150 000 Da), albumin (66 500 Da), carbonic anhydrd¥#(P@)and
lysozyme (1900 Da). The void volum@/o) was determined using Blue dextran
(2000000 Da).The calibration curve was blotted using the -pBhse distribution

coefficient (Kavpagainst the logarithm of the molecular weight. Kav = (\é0)/(Vc¢
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Vo), where Vo was 7.96 mand Vc (geometric column volume) was 23.56\With the

calibration curvethe experimental molecular weights cae calculated.

2.5.9 TCA DOC precipitation
Trichloroacetic acid (TCA) precipitation utiizee weak acid character of TCA that
disrupts the hydrogen bond of the water molecules surroundihg protein, thus
changing a protein to its insoluble statghich can be recovered by centrifugatiand

analyzedaccordingly.

Analysis of proteins purified using the AKTA system could be imgiregarding yield
by addingDeoxycholate (DOC) to the regular trichloroacetic acid (TCA) precipithtion.
precipitatedproteins less concentrated than 1 pg/ifidoontz 2014)To 1 ml of protein
sample 100 pl of 0.15 % (w/v) DOC was added and vortekrd solution wasicubaed

at room temperature for 10nin, complemented with50 pl of 100 % (w/v) TCAand
vortexed.The piotein precipitation was carriedout while incubatingon ice for 30 min
and centrifuged at 10 000 * g at 4 °C for 10 min. The supernatant was carefully aspirated
and discarded, while the white pellatas washed several times in 500 pl-waEd
acetone to remove leftover TCA. Each wash step followed centtiturgat 10 000 * g

at 4°C for 5 minwhere the supernatant was discardeginally,the pellet isdried and
resuspended in SDS buffer for analysis and processed accordingly beforaredymed

by SDSPAGE.

2.5.10 Anion-exchangechromatography (AIEX)
The ion exchange chromatography is a purification method that separates substances
based on their chargaNhen a positively charged ion exchange resin with an affinity for
molecules having a netegative surface charge is useitl is cakd anionexchange
chromatography (AIEX). The molecule of interest net charge in a specific buffer
determines the resin choiceln order to separate the protein of interest from
contaminating proteins, the columRiTra@®@Q HP(1 ml, Cytiva) was used. All buffers
were filter sterilized (0.22 um, PES) and degassed before usage (30 min, sonification
bath). The system was washed witbHand equilibrated with the start buffd20 mM
TrisHCI, pH 8.0)The sample wadialyzed O/N against the start bufferjltered, and

centrifuged beforebeing appliedo the system.The flow rate was 0.5 ml/mjrand the
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sample elutiorwas monitored spectroscopically at 28f. The elution followed a linear
gradient withincreasing concentrations @lution buffer(20 mM TrisHCI, pH 8.0, 1 M
NaCl) which reached100 % at 20 CVs. To finalize the gradiéhiml was used to

compensate for the system volume. During thikitien, fractions were collected

continuously and appropriate elution fractions containing proteins wenealyzedvia
SDS PAGE.

2.5.11 ALAS activity assan vitro

Coupled enzyme activity assay

The enzymatic activity of ALAS can be determined by a coupled enzymgldsassr

& Ferreira 1995, Hunter & Ferreira 2005)ereby ALAS produceALA together with
CoASH and Cfusingthe substrategylycine and succimy@oA. CoAH will then be used
by the alpha]l SG 2 3f dzii I NI G S -HGHK® ReNRaA G handEdadendh
dinucleotid (NAD) to NADH.The reduction of NADto NADH is thought to be
stoichiometric with ALA formation.This product formation can be detected
spectroscopically at 340 nifrigure9). NADH can accumulate in levels far above the
starting concentration of succinfoA thus allowing the determination of initial rates
even when submicromolar concentratisnf succinydlCoA are used.

v
Glycine + Succinyl CoA ﬁr ALA + CO;+ CoASH =
a-KGD :
CoASH + NAD* + a-ketoglutarate — > NADH+H" + CO,+ Succinyl CoA

_ 260 nm NAD* . 260 nm NADH
2 2 .
_5 _5 340 nm
g =
@ 3
=] 0
(0] o
wavelength [nm] wavelength [nm]

Figure9: Coupled enzymatic reaction of ALAS fospectrometric detection of product formationThe enzymat
reaction of aminolevulinic acid synthase (ALAS) foonit of glycine and succinyl Coenzyme A (suceoA) thi
product 5-aminolevulinic acid(ALA) carbon dioxide and CoA | @ ¢KS I GGSN) OFy ¢
18023t dzli NI (S -RBKE RNER IS jkt@&Rearabehtdl fedude nicotinamiddenindinucleotic
(NAD), while produdng carbon dioxideand replenishthe succinffCoApool. This reductio is thought to b
stoichiometric wit ALA formatiorReplenish of the ALAS reaction enahesking with submicromolar succino#
concentrationsThe detection of product formatiowas done using spectroscomeasurementst 340 nm over tim
and the extinction factob ! 5 k4o=16560 M * cml, Figure created with BioRender.com.
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h-KGD (1 unit) will convert dmol of NAD to NADH per min at pH 7.4 at 30 °C in the
LINS&ASyO0S 2F &l {dzNJ (i KEFfrofm Pottidd heart 2 Fupdlied &s/al & Y
50 % glycerol solution consisting of ~9 mg per ml BSA, 30 % sucroseyl EDTA,

1.5mM EGTA, 1..aM 2-mercaptoethanol, 0.36 Trition XL00, 0.003%6sodium azide,

15mM potassium phosphate pH 6.8/1érck/Sigma Aldrich TPPmust be prepared

freshly, and NAD aliquots must be stored-&@ °C and will only b&table for 6 months.

PLP solubtly is enhanced by adding powder in 20 mM HEPES buffer pH 7. &nzaib

amounts of 1 M NaOH until no precipitation is vieildt should be stored aR0 °C.

Reaction buffer:
20 mM HEPE®H 7.5 NaOH)
3 mM Mgd

M Y aketdglutaric acid sodium salt
100 uM NAD

0.25 mM thiamine pyrophosphate in.&
nonp HYRGa b

2 UMALAS

10 pM succinylCoA

10 mM glycine

Experiments were carried out at 30 °C in a total volume of 150 ul over a time period of
5 min.For general activity measurements of purified ALAS enzyaiemgredients of

the reaction buffer were mixed in a prewarmed quartz cuvette, exdepglycine. This
mixture was used aa blank, and the addition of glycine started the reaction. The
produced amount of NADH can be quantified by the absorbance at 340 nm with the

Lambert-Beer law using the extinction coefficient MADHS340= 6560 M * cnl.

In order to determinekinetic parameters likdn and \max Of RCAfor both substrates
different concentrations for each substrate were tested. Therebge substrate
concentration was variegdwhereas the other substrate concentration remained
constant. TesteduccinydCoA concentrations0.05 uM, 0.1 uM, 0.221 uM, 1 uM, 5 M,
10 M andglycineconcentrationdd.05 mM, 0.1 mM, 0.273 mM, 1 mM, 5 mM, 10 mM
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The observed rates were fitted to the Michaelienten equation using nonlinear

regression analysis software (Origin)

Colorimetric enzyme activity assay

Thecolorimetricdetection of ALAS activity relies on the principle of ALA condensing to
a pyrrole. The enzymatic activity of ALAS, through product formditamn glycine and
succinydCoA can bequantified spectroscopically. The formed ALA is condensed with
acetylacetone at pH 4.7 to yield-r@ethyl3-acetyts-propionic acid pyrrole (ALA
pyrrole). In the presence of modified Ehrlich reageALApyrrole forns a colored
complex which isneasuredat 554 nm in the spectrophotometefBurnham 1970)
(Figurel0).

[}
- CoA-SH -
o 0 H
o K co, NH
+ >~ o o He—(_ |
o + o HyC CHy HC
S-CoA NH; 3 HO
H,N

0

. . ) . . ALA-pyrrole
Succinyl-CoA Glycine 5-aminolevulinic acid Acetylaceton (4-Acetyl-3-(2-carboxyethyl)-

5-methylpyrrole)

mod. Ehrlich reagent
Ehrlich adduct (DMAB = para
dimethylaminobenzaldehyde)

Figurel0: The colorimetric detection of ALAS product formation using Ehrlich reag&he enzymatic production

of 5-aminolevulinic acid (ALA) can be detected using pyrrole formation eathlyy acetylacetonewhich yields the
ALApyrrole. The formation of @olored complex can be carried out by mixing this pyrrole with modified Ehrlich
reagent and measimg the resulting Ehrlich adduct at 554 nm spectroscopically.

The enzyme wadialyzedin the following buffer 0 mM HEPES, 200 mM NacCl, 20 pM
PLP, pH 7.5 NaOH). The modified Ehrlich reagent (for 50 ml= 30 ml glacial acetic acid
dissolve 1g p-Dimethytaminobenzaldehyed add 8ml 70 % (v/v) perchloric acid and fill

up to 50ml with glacial acetic acid) had to be prepared figs(Burnham 1970,
Mauzerall & Granick 1956)Experiments were carried out &total volumeof 1 ml. The
reaction was started by adding glycine to the premixed ingredients of the reaction
buffer. This mixture wasncubaed at 37°C in a thermoblock for 30 min orhl The

reaction was terminated by adding 0.5 ml of 10 % (w/v) TCA and cerifiagof the
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sampleat 4°C for5 minat 17 800* g at a benchtop centrifuge. The supernatant was
transferred to test tubes containing 2 ml of 1 M acetate buffeH 4.7) To obtain a
blank valuea sampleconsisting of Inl buffer was added to 2 ml of 1 M acetate buffer.
50 ul acetylacetone was added to the test tubasd they were boiled in a water bath

at 100°C for 15 min. Upon cooling to room temperatuB5 ml of freshly prepared
modified Ehrlich reagent was added and mixed. The absorption was measured after
20 min at 554nm. Since glycine alone can interact with the Ehrlich reagent, this had to
be subtracted from the determined valud the ALAS reaction. Therefore, a substrate
control consisting of glycine in the buffeas used, that hathe sameconcentration as

in the reaction buffer. A standard curve with &gwn ALA concentration was used to
determine the amount of ALA produced the ALAS enzyme with regard to the reaction

time.

Reaction buffer:
50 mM HEPES, 200 mM Na 7.5(NaOH)
5 UM ALAS
0.5 mM PLP

5 mM glycine
100 pM succinyCoA

2.5.12 ALAS activity assay in cell lysaead porphyrin detection

Functional complementation ofE.coliST18 which is ALA auxotrophicwas used to
determine ALAS activitiyp vivo.Therefore,plasmids containing either geaéor hemA
(GluTR)alaS(RcA or viral ALAS)r EV(empty vectors)were transformed in freshly
prepared chemical competent cells of ST18 (see chd®&h 2.3.6 and set up similar

to the growth curveZ.3.7) except that it consisted of 50 ml mediuRlasmids pRcA and
PMKA were used as positive controls for functional complementation. Plasmid pCYB1
ALAScryophamed VALA®/as used for complementation for\aral freshwater ALAS.

Empty vectorcontrolswere pCYB1 and pGIER respectively.
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ALAS activity assay in cell lysate

In 50 ml mediumE. coliculturesconsisting oE.coliST18 (plus complementary plasmids
or emptyvectorg were inoculated and grown as stated befdseechapter2.3.7) for

24 h covered inaluminum foil at 37 °C shaking.The cells were harvested by
centrifugation ofthe culture for 20min at 3,700 g at 4 °C. The pellet was resuspended
and washed tuce with 50 mM TrisHCI buffer pH 7.5n order to lyse the cellshe
pellets were resuspended in 5Q0 lysis buffer (50 mM THBICI buffer, pH 7.5) for each
100 mg of pellet wet weigrandsonicated This was carried our an icewater bath for

a total of1 min 30 sec sonification time with intervals of 30 sec sonification and 1 min
cool down. Sonification pulse was 40 % intensity, 5 x cybkecell lysate was separated
from debrisby centrifugatiorfor 30 min at 17,000 g at 4 °C. The supernatant was taken
off, and protein content was determined using Bradford reagent (Roti®Quant)weB6
plate as recommended by the manufactufeeechapter2.5.4). Therefore, acalibration
curve withknown protein concentrations dSAvas usegdandsamples wereneasured

in aplate reade(TECANNfinite® F200 Pjat 595 nm.

Fordetermination of internal ALA formatigrthe protein content was set to 2 mg/mi

and substrates of ALAS (glycine, suceBgh) and cofactor (PLP) were added to
measure product formation (ALA) over time. In a 2 ml reaction tube, a 1 ml approach in
50 mM TrisHCI buffer (pH 7.5) was carried out with 5 mM glycine, 100 uM sudCo#yl

and 0.5 mM PLP. The reaction was started by the addition of the cell lysate [2 mg/ml]
and incubated at 37C on a heating block for different time poin@® min, 15 min,

30 min, 60 min) The eactionwas terminatedoy adding 0.5 ml 19(w/v) TCA. Following

a centrifugation step at 4C for 5 min at 17,800g, the supernatant was mixed in a test
tube with 2 ml of 1 M sodium acetate buffer (pH 4.7). Pyrrole formation was achieved
by mixing the reaction mixture with 50 pl acetylacetone. The test tube was then capped
and boiled in a water bath at 100C for 15 min. The cooling to room temperature
followed the addition of 3.5 nfreshly preparednodified Ehrlich reagen(as described
before, seechapter 2.5.1]) to the reaction mix. Detection of pyrrole formation was
measured after 5 min incubation at 554 nifthe etinction coefficient of ALAyrrole
66,000M1 *cm* (Marveret al., 1966)was used to determine ALA formatioegarding

the protein content used in mg of total protein contefimepoint zero represesthe
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present ALA concentration in the cell lysdiat to calculate only the new ALA formation

in the other timepoints, timepoint 0 was subtracted fromThis assay detects not only
ALA but also amino ketones. Ehrlich reagent is not stable and should be prepared freshly.
The data showmepresentsthe mean values of all measurements and the respective
standard deviation. Measurement was conducted with three independent biological
replicates and two technical replicates. For statistical determinatraiues wee tested

for normal distribution using Shapiwilk, andnormally distributed data waanalyzed

using oneway ANOVA with Bonferroni correction and paired €t to determine
significance levels of each timepoint against timepoint 0. Significance levels were

assigned accordingly.05 equals *; pKD.01 equals ** and pKD.001 equals ***.

Porphyrin detection

Porphyrins are present as intermediates in the synthesis pathway of heme and other
tetrapyrroles. They can be detected with spectroscopy and fluorescence measurements
because of their highly conjugatédelectronsystem. For the detectignhe debrisfree

lysed cells fronthe complementation experiment were used (sebkoae). The UWis

and fluorescence measurements were conducted in quartz cuvettes using an Agilent
8453 series spectrophotometer and Jasce8B8B0 fluorometer with protein solutions

set to 2mg/ml concentration. The absorption curves were baseline subtracted using
Originsoftware The fluorescence measurements were done by excitation at 400 nm
and emission reading after 415 nm to 750 nFhe settings were configured as follows:
Excitation bandwidthand emissiorbandwidthwere 5 nmwhile theresponsetime was

50 mseat medium sensitivity.

2.5.13 ALA secretion intadhe medium of complementecE. colistrains
ALAIs thought to besecreted through the transporter Rhianget al., 2016)into the
medium The concentration of ALA in the medium of tke colistrainswas determined
after conductinghe growth curvgseechapter2.3.7) using celfree medium Therefore
a colorimetric detection was done usingodified Ehrlich reagen{Burnham 1970,
Mauzerall & Granick 19567t theend of the growth curvea sample was taken from
the culturesupernatant after centrifugatiofior 5min at 13,000 x g-rom thenow celt

free medium 100 pl was used to determine ALA concentration using freshly prepared
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modified Ehrlich reagenté described before, sashapter2.5.1]). Theefore,a 100 pl
sampleof the celifree mediumwas mixed with 0.5 ml M sodium acetate buffer (pH

4.7) and 0.5ml HO while 50 ul acetylacetone was added for pyrrole formation. The
sample vasthen boiled for 10min at 100 °C in a heating block. After cooling to room
temperature,3 mlmodified Ehrlich reagent was added and absorption at 554 nm was
measured instantly. The concentration of ALA was calculated by using a standard curve
that was created with known ALA concentrations diluted in LB medium. The

concentrations were then normaled to the cell glture ORoo nm= 1.

The data showmepresentsthe mean values of all measurements and the respective
standard deviation. All measurements were performed in three biological replicates
with three technical replicatesf-or datistical determination values were tested for
normal distribution using Shapiw/ilk, random distributed data waenalyzedising the
U-Test by Mann and Whitney, whereas normal distributed data was tested with
unpaired TTest. Significance levels were assigned accordingfy@b equals *; pk).01

equals** and p X0.001 equals ***,

2.5.14 Heme oxygenase assay
Utilizingthe heme oxygenase assay enablesitheitro verification of the activity ofhe
purified heme oxygenase@NVegeleet al., 2004) The heme oxygenase assay can detect
the enzymatic ability of an enzyme to form BV IX from heme by inhibiting nonspecific
cleavage of heme through ROS formation due to thespnce of certain substances
the enzyme assay mixtureleminwas used as a substrate, and the heme oxygenase was
assayed in equimolar amount3he required electrons are supplied by a NADPH
regenerating system (NRS) to catalyze the heme degradation to .BMhé&Xenzyme
glucose6-phosphatedehydrogenase (®-P-DH) oxidies its substite glucoses-
phosphate thus reducing with the gained electronsNADP to NADPHThe enzyme
ferredoxin:NADPoxidoreductase (FNRptalyzeghe reduction ofoxidizedferredoxin
by oxidizing NADPH. The reduced ferredaomw servesas an electron donor forthe
heme oxygenaseavhich can catalyze theeduction of heme tdBV IXFigurell). Crucial
is the presence of 4;8ihydroxyl,3-benzenedisulfonate (Tiron), ascorbatand

catalase to verify enzymatic heme degradation and omit nonenzymaéme
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degradation The employed ferredoxin was from the cyanophagg3M2and FNR was

PetH fromSynechococcisp. PCC 7002.

glucose-6-phosphate NADPH ferredoxinred heme
h + catalase
NRS G-6-P-DH FNR eme + metal chelator
oxygenase

+ ascorbate

6-phosphogluconolactone NADP* ferredoxin® biliverdin IXa

Figure 11: Schematic representation of the ferredoxidependent heme oxygenase assalleme oxygenase
catalyze heme reductiono biliverdin IX (BVIX for which he ferredoxin serves as an electron donor. dkiglized

ferredoxin is regenerateddy NADPH anderredoxin:NADP oxidoreductase (FNRNADP is regenerated by the
NADPH regenerating system (NR&)sisting of the enzyme gluce$ephosphatedehydrogenase (®-P-DH) and

glucose6-phosphate.

First all components excegor the NRSvere mixed and transferred into arfBm quartz
cuvette The reactiorwasmonitoredat RTby U\WVis spectroscopywherespectra were
recorded every 30 s when the reaction was started by the addition of NRS. The first
spectrum was recorded before adding NRg&er the addition of NRShe turnover was
monitored foratotal reaction time of 10 min. The reaction was stoppedallgling10
volumes of icecold 0.1 %Vv/v) trifluoroacetic acid TFA. Afterward, the samples wer
prepared for HPLC analysegéchapter2.5.16. All components for the assaydthe

heme oxygenase were present iRilkuffer (100 mM KHPQ pH 7.2)

Components of the standard approach Concentration of components

Heme oxygenase and heme 20 pM each
BSA 0.15mg/ml
Petfessmz(ferredoxin) 4.6 uM
PetHsyn(FNR) 0.01 uM
Ascorbate 5 mM
Catalase 10 pMm
Tiron 5 mM

NRS 7.1

KPi buffer fill up to 500 pl
NADPH regenerating system (NRS; 50 pl)

NADP 7mM

Glucoses-phosphate  70mM
Glucose6-phosphate 10 U/ml
dehydrogenase
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2.5.15 Anaerolic FDBR assay
The anaerobic FDBR assay was useddtect the enzymatic activity of ferredoxin
dependent bilin reductases (FDBiR)vitro (Figure12). The assay was performed as
describal previously with a few modificationd.edermanret al., 2016, Tt al., 2004)
Its components serve the purpose of maintaining a continuous flow of electrons to
enable the reducing activity of the reductaselie measuredy U\ Vis spectroscopy.
The required electrons are provided by the NABBgenerating system (NRS). Glucose
6-phosphate is oxidized by the enzyme glucégehosphate dehydrogenase, whereby
the obtainedelectronsenable the reduction of NADRo NADPH. The electrons are then
transferred from NADPH toferredoxir?* by the enzyme ferredoxin:NADP
oxidoreductase (FNR). The reduced ferredoxin now acts as an electron donor for the
bilin reductase, whickatalyzes the reduction &V IX (Figurel2). Due to the different
absorption maxima of the bilins, this enzymatic reduction can be detected
spectroscopically. The assay was performed under anaerobic conditions as standard in

order to stabilize and detect the substrate radicals formed during thetrea.

glucose-6-phosphate NADPH ferredoxinred biliverdin IXa
NRS G-6-P-DH FNR bilin reductase
6-phosphogluconolactone NADP* ferredoxin©x phycobilins

Figurel2: Schematic representation of théerredoxin-dependent bilin reductase assagilin reductasesatalyze
thereductionofBVL - b (i 2 LIK& O20 Af A Y & aneléckod dofck NheEeGeRdtatioyi of & dwidided | &
ferredoxin is done by NADPH and FNR. NADP+ is regenerated by the NADPH regenerating systhict{BSists

of the enzyme glucosé-phosphatedehydrogenase (®&-P-DH) and its substrate gluco$ephosphate.

The componentsexcept forthe NRS and the FDBR:phycobilin complex, were gassed
with nitrogen (N) in a quartz cuvette for approx. 15 min while stirring at 20 °C. This
approach served as a reference for-\\é spectroscopy. Afterwarthe FDBR:phycobilin
complex was addedand the start of the reaction was triggered by the addition of the
NRS. The reaction took plafm 20 min at 20 °C and under continuous dgdissing. A
spectrum in the range d00to 900 nm was measured every 30 secondlbe reaction

was stopped by diluting the miure 1:10 inice-cold 0.1 %v/v) TFA, with was then
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prepared for HPLC analyses (sbapter2.5.16. All components for the assay and the
bilin reductasewere present iINTESKClbuffer (25 mM TE&OH pH 7.2, 100 mM KCI)
Reaction products were identified by comparison of the retention time with known

standards ad whole spectrum analysis of the elution peaks

Components othe standard approach  Concentration of components

BSA 10 uM
Glucose 100 mM
Glucose oxidase 50 U/min
Catalase 5 UM
Peth.ssmz(ferredoxin) 1uM
PetHsyn(FNR) 0.01 uM
FDBR:Phycobilin complex 10 uM

NRS 100 pl

TES buffer fill up to 2 ml

NADPH regenerating syste(NRS; 100 pl)
NADP 8.2 mM
Glucose6-phosphate 65 mM
Glucose6-phosphate 11 U/ml
dehydrogenase

2.5.16 Highperformance liquid chromatographyHPLC)

HPLC (higberformance liquid chromatographgnables the separation of a mixture of
substancesccording to their polarityThe stationary and mobile phases of HPLC have
different polarities with which the substances interact in different waysa result, each
substance of theanalyte mixture exhibitsa specific retention time, which allowsr

separation and characterization.

Sample preparation for HPLC

The bilins produced in the FDBR and heme oxygenase assay were separated from the
non-polar components in the mixture by a solid phase extraction with C18”8&@® light
cartridges from WatersThe columns were prepared with two ryrnsach with the

following solvents

Acetonitrile 3ml
HO 3ml
0.1 %(v/v) TFA 3ml

10 % (v/v) MeOH in.D %(v/v) TFA3 ml
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The prepared Sepak® columns were then loaded witietreaction mixtures diluted
beforein 0.1 %v/v) TFA. Theolumnswere washed with 5 ml 0.1 $&/v) TFA and eluted

with 1 ml acetonitrile. Aftefreezing the eluate foat least 1 h at80°C, the samples

were transferredand freezedried overnight (Alpha 24 LSC plus, Christ). The dried
samples were then dissolved i0dH n >f RAYSGKeét &ledtoBaOEE RS o
with filter-sterilizedHPLC solvenifter filtrationg A G K | ndn >Y LRt &dsS

filter (Phenomenex)the samples were applied to the HPLC system

HPLC solvent
Acetone 50 % (v/v)
20 mM formic acid 50 % (v/v)

HPLC analysis of reactigmmoducts

The analysis of theiln reaction products s carried outas described before
(Ledermanret al., 2016, Tiet al., 2004) Forthe separation of the substance mixtures

an HPLC system from Agilent Technologies (1100 series) with ee&t8edphase

O2t dzYy FTNRY t KSy2YSyYySE oO[ dzyl p> Y(stotagey O H(
solution = acetonitrile)was first washed with degassed distilled watéttered and
degassedand then equilibrated with HPLC solvent (filtered and degassedxdrhples

were loaced manually via a Hamilton syringerougha200>f & YLIX S f 2 2 LJ®
rate was constanat 0.6 ml/min over a30 to 40 min measuring period he separation

of the linea tetrapyrroles was detected bg diode array detectoat 380 nm, 560 nm

and 650nm. For exact characterizatipthe samples were compared with retention

times of known tetrapyrrolebought as standards or purified reaction products from
characterizedenzymes Heme oxygenase produ@VL - h aadlyZedthrough the

reaction product of Bph@Hol of Pseudomonaseruginosa activity. Meanwhile, the

PcyA product PCB was analyzed ustiegeaction product of PcyA frorAnabaenasp.

PCC 7120
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2.5.17 Phytochrome assay
The FDBRgenerallyshow low sequence similarityp each other Therefore, PcyA or
PcyX activity can be determineding a Phytochrome asséambetta & Lagarias 2001,
Terry & Lagarias 1991Fonsequently a phytochrome (photoreceptor) is required
which assembles autocatalytically with PC8BPand PEB by forming a thioether bond
with its conserved cysteine residué/hen bound to PCB orsfB, photoconversion is
possible due to th@resence of theC15 C16 double bond at the C to D ring. This can be
presentin Eor Zform when illuminated with red or fared light. PEB hasnly a single
bond and thus cannot photoconvert but forms a highly fluorescent phycobiliprotein
named phytofluor(Figurel3)(Liet al., 1995)

When PCBis bound to aphytochrome like Cphl fronsynechocysti®CC 680&nd
illuminatedby far-red light(730 nm) it produces the Pform, while after red(636nm)
irradiation it produces a mixture ofRnd R.. When these forms aresubtracted from
each other(R-Px), they exhibita specific delta absorbance maximum and minimum. The
values can be used to determine whether PCBwB s boundFor this coexpression

in E. colBL21(DE3) was carried out using the plasmid the pETa¢iiSphl crystand
either pTol vpcyAor pTD_ Yol vpcyA The inoculation and growth conditiongere

as stated before. Shortlgfter reaching Okyo nr= 0.5, the culture was induced with
either 0.1 mM orl mM IPTG and incubated at 1€ O/N. The cells werarvested, the
pellet resuspended in PBS buffespnicated, and cell debris waremoved by
centrifugation. The lysate containingdd (CB2), PcyA (CR), and Cphl was further
enriched by affinity chromatography, carried out using TALON column matésie
2.5.3. UW-VIS detectionwas carried outising a 1 mm quartz cuvette with PBS as blank.
The lysate was incubated for 3 minred illumination (R form) and 3 min in fared
illumination (R form). Measurementswere performedmultiple times, resulting in a
spectrumwith reduced interference signalBinallythe R, spectra get subtracted from
the R spectrag resulting in the difference speatm, whichwas smoothed using Origin
2021 software with filter FFT. The absorbance maxmfior PCB is 650 nnand the
minimumis 706 nm, while for 8 B, the maximum is 670 nm and the minimugy18nm
(Gambetta & Lagarias 2001, Terry & Lagarias 19919 following filters were used:

Interference filter red (636FS18D), the light intensity with 12 micromolesn?sec? /
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*0.1 Wattsm/ *10 Lux and interference filter fared (730FS180),the light intensity

with 4 micromolean?sec!/ *0.1 Wattsm2/ *10 Lux.

Determine enzyme function: a PcyA or PcyX?

E. coli coexpression

vpeyA/X ‘L%cph 1
) |
Plasmids + 4
=
vhol
Phage proteins Phytochrome

e, Y\ Chromophore
.E D binding site

or T\Ph{llgtredn'eptor
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Figurel3: Determination of enzyme function regarding product formation through the presence of a phytochre
The ability of phytochromes to bingpecificlinear tetrapyrroles was used tdetermine the enzymatic produ
formation of the viral enzyme PcyAbelonging to the FDBREleterologous coexpression i coli of the gene
encoding for a heme oxygenase and the FDBR of unknown funictg@ther with a gene encoding for &aytochrome
enable the determination of the viral FDBR activitheE. colicontinuously produces heme which can be degre
using the introduced heme oxygenaselitiverdinIX that serves as substrate of the to be tested FDBR PcyA¢
enzymatic activity of PcyAould result in the formation of a functional phytochromehich can then beanalyzes
using red/farred light illumination and givgea characteristidifferencespectrum Whereas if the tested FDBR is
PcyX this would result in the bilin PEB to be produced which can bind to the phytochrome but has fluoi
properties which can also be detectdeigure created with BioRender.com.
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2.5.18 Thermal shift assay
The thermal shift assay is a method use@sésess protein stability. It involves gradually
heating a protein of interest while monitoring changes in fluorescence using a dye, such
as SWPROM orange As the protein heats up, its hydrophobic regions are exposed,
allowing the dye to bind and causing an increase in fluorescence. The protein melting
point (Tv) is the temperature at which the protein is at the midpoint of a sigmoid curve.
It can be calculated bgnalyzinghe vertex of the first derivative of the befit curve.
The temperature and fluosecence monitoring are done using a riate PCR machine
(BioRad CFX ConnB¢RealTime Syste The concentration of RCOM orange was
100x and 2 mg/ml protein in a 98ell plate. The thermal shift assay protocol consisted
of the scan mode FRET starting witlcubation at10 °Cfor 15 minand then the first
measurementThis is dllowedby a stepwise increase of the temperature for 0.5 °C until
reaching 95 °@y a hold ateach stepfor 10 secand ameasuement Finally,samples

were cookddown to 12 °Cmeasured afteB0 se¢andheld at this temperature.

2.6In silicoanalysis

Phylogenetic trees

Sequences were aligned usiktafft and depicted in a phylogenetic tree usitige Next
Generation Phylogeny.fr web servid@GPhylogeny.fr https://ngphylogeny.fr) by
aSidAy IsSMEn&e a@iis€uolo & Gribaldo 2010, Guindenal., 2010, Katoh
& Standley 2013, Lefost al, 2017, Lemoinest al., 2018, Lemoineet al., 2019) The

output tree was then further adaptedby Midpoint rooting and labeld using iTOL
(interactive Tree of Life, version 6.8) via the webserver itol.emhledunic & Bork
2021) Further, bootstrap was assigned when values were between 0&%d 1 and

markedwith a bluecircleon the tree branch

Multiple sequence alignment

Amino acid sequences of referendmcteria or phagesvere derived from NCBI.
Freshwater and marine ALAS sequences were derived from the sources stated before
(see2.1.4). As a reference sequendecAor Synechocystisp. PCC6803dd or PcyAvas
selected andhre fixed at the top of the alignment. The alignment was created using
Clustal OmegéSieverst al., 2011)and evaluated using ESPript v.8BRbbert & Gouet
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2014) Important catalytic residues are marked with a black line at the top of the
alignment,referring © crucialamino acid residueknown from characterized proteins
For ALAShe crystallizationpublicationof RcAwas selected(Astneret al., 2005) for
PcyA/X{Dammeyelet al., 2008a, Frankenberg & Lagarias 2003, Lederneaiah, 2016,
Ledermanret al., 2018, Tiet al.,, 2007)and forHol (Caignaret al., 2002, Lightningt

al., 2001, Schullest al., 1999, Schullest al., 2001, Sugishimet al., 2004, Wegelet al.,
2004) For ALAS alignmenesidues marked in blue lines at the top are indicating crucial
heme axial ligands of ALAS frabaulobacter crescentu&known to facilitate heme

inhibition (Ikushiroet al., 2018)

Structural modeling

Prediction of the threedimensional structure ofhe phage CB2 proteinsALASryopt,
Hol, and PcyAvere generated using AlphaFolddumperet al., 2021)with ColabFold
(Mirdita et al., 2022) by utilizing the AlphaFold2 advanced notebook. Overlays were
done utilizing PyMOL v.2.(Bchrédinger 2020)For overlaywith ALAS the crystal
structure of ALAS fronRhodobacter capsulatufRcA RCSB’DB code2BWN, 2BWO,
2BWH (Astneret al., 2005)was used. The overlay of ¥H and vPcyA was done using
Synechocystisp. PCC 68030 in complex witlprotoporphyrin IX containing iro(RCSB
PDB code: 1WESugishimat al., 2004)and PcyArom the same organisnm complex
with BVIX (RCSPDB code: 20E) (Hagiwareet al., 2006)
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3. Results
Many phagegenomes carry auxiliary metabolic genes, often related to photosynthesis
or other crucial steps in host metabolite synthedtwever, their role during infection
of a bacterial host is not yet completely understo@ésed on the finding of a conserved
cluster of genes in metagenomic datasetshich seemed responsible for heme

biosynthesis and linear tetrapyrrole formation, their function should be investigated.
Detection of novel three gene cassette in viral metagenomic datasets

A conserved geneassettewas detectedn multiple viral metagenomic datasets from
marine sampling sitesThis gene cassette encodes for three enzymes responsible for the
metabolism of tetrapyrroles, namelfiol, pcyA/X and alaS (Figure 14). Previously
identified in marine viral datasets were th®1and pcyXgenes that encode functional
proteins involved irsynthesizindinear tetrapyrroles from heme. The third gersdaS
encodes for gutative aminolevulinic acid synthas@l(A$that was never detected as

a threegene cassette in viral metagenomic datar hasthe viral enzyméeen proven
functional. Expanding the search to freshwater environments, the genes were also
found in metagenomic datasets derived from freshwater sampling gFegure 14)
(Chenret al., 2020) Here, the genesare organized differently, whilpcyA/Xandholare

still present as a cassettalaSis not located nearbyut further up- and downstream of

the phage contigFigurel4). Regarding theorganization of thefound cassette this
occurrence was found to be habitapecific as multiple dataseteerified. Additionally,
single ALAS sequencesbroken cassettesvere found in marine dataset@-igurel4)
(Roitman 2022, Wegnat al., 2024)

Since the phages are not isolated and thus not culturable, the enzymes of interest were
heterologously produced itfE. colito determine their function.Characterizingheir
activity may give physiological insights to further address their aokgimpact during

phage infection.
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Figure 14: Genomic organization and representation alifferent constructed contigs containingalaS, holand an encodedFDBRof viral and bacterial origin Displayed is ghematic
representation ofcharacteristiqgenomic contigérom bacterial origin ®radyrhizobiunsp. ORS 2ZB viral marine environment (labelled in different blue shadess WCdzf f k . NER
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can be found in Supplementary Datafithe publicationin revision(Wegneret al., 2024)andthe picture wasreated by Sheila Roitman
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3.1Characterizatiorof viral heme oxygenase
Heme oxygenases are known to facilitate the first crucial step in linear tetrapyrrole
biosynthesis by cleavingne methine bridge of hemethus generatingBV IX. Marine
Hols fromviral metagenomic data were characterized befaed showed activity by
T 2 NI A ¥y A(Dammeydret dl., 2008a) In order to verify the activity dreshwater
HOsfound in viral metagenomic data froempeat bog name@rystal BogUnited States)
one H1 from the phage CB_Z(ystal _bog_pmophage_2)wasanalyzed Chenet al.,
2020) Thisholgene occustogether with apcyA/Xand further downstream aalaSon
the phage genome of CB. 2

Before characterizing the biochemical activity, conserved catalytic residues dh@uld
analyzedand determinedor the viral b1 (vHo1) Essentiatesidues are H17 (numbed
as bl from Synechocystisp. PCC6803), the R/KHhd Y125Figurel5 A). While the
H17 is crucial for the interaction with the iron in the heme, R/K10 and ¥tbkilizethe
bond to the heme propionate groups by forming a hydrogen bond (Y125) and
electrostatic interactionsR/K10)Asthe histidine is conserved in all aligned HOs, there
are some variances for the other residues. HeanOfrom Pseudomonas aeruginosa
known tocleave. + L - I G { K S bridgeldyeRo the missthg Kabilzation
with the heme propionategN11 and F125)Jeading toanin-plane rotated heme and the
delta-meso carbon is now located within the HO f¢@hignaret al., 2002) The presence
of the stabilizing amino acids in vl thussuggess an HO activity capable of forming BV
IX. As sequence alignments are only indicatiafighe activity, the structural fold is
often crucial for enzyme activityegardingthe limitation ofin silicoanalysis Therefore,
the vHbl structure was predicted usifglphaFold and overlayed withcharacterized
Hol of known structure (Bil from Synechocystisp. PCC6803). The overlay shows
significantsimilaritiesbetween the vHo1 (red) antthe cyanobacterial one (bluéfrigure
15B).Only the @erminus seemshorter comparedo the cyanobacterial biL. Also, the
coordination of theFe-protoporphyrin 1X reveals no difference from the cyanobacterial
Hol, except that R10 is K10time vHb1, this amino acid is also known from other1s
to be present at this positionF{gure 15 A), e.g.,heme oxygenase fronNeisseria
meningitidis63006 forms BV IX, and has the same amino acidthis position(Schuller
et al., 2001)
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Figure 15: Sequence alignment and structural analysisf putative viral heme oxygenaseA Detailed view of
reference sequences from the NCBI databab&hwere aligned with sequence of viral heme oxygenase using (
Omega and ESPript 3. Highly conserved amino acids are highlighted in a red square with white lettering, sim
acids are represented by a white box with red lettering, and-simnilaramino acids are indicated by black letteri
Catalytic important amino acids, previously characteri@dignaret al., 2002, Lightningt al., 2001, Schulleet al.,
1999, Schulleet al, 2001, Sugishimat al., 2004, Wegeleet al., 2004) are denoted by black lines at the tc
Sequences can be found in tA@pendixl +II. BOverlay model of monomericdd from Synechocystisp. PCC68(
(blue, RCSB’DBcode 1WE1)Sugishimat al., 2004)and the model of vBl predicted via AlphaFold (red), shc
high structural similarity. The displayed overlay model was generated with PyMol, the magnified view shows
of Feprotoporphyrin IX (PP IXjith the important amino acid R10H17,Y125(sticks in blue/red) an@P 1Xn brown
as chemical structure.

The predicted enzyme activityshould row be demonstrated and comparagith the
experimental activity Therefore, heterologous expression B coliof the codon
adaptedholwas carried out. The proteivHol was tagged with aN-terminal GS¥ag
and purified via affinity chromatographyFigure 16). To minimize the possible
interference on the following heme oxygenase assay, theté&tminal GS¥ag was
removed using PreScission Protease treatment and second affinity purifiazgiog
glutathione agarose resjrwhich also removes the protease. The removed -G§T
(~26kDa)could only be found in minor abundance in the purified¥k+21 kDa(Figure
17). The purified enzyme was dialyzed in the respective buffetest the heme

oxygenase activity.
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Figure 16: Purification of heterologous produced viral heme oxygenase of freshwater phage CB_2 via a
chromatography.The Nterminal GST¥agged vHol from freshwater phage CB_2 was producéd éolBL21(DE3)
LB medium, the gene sequence bbtwas codon adapted fdE. colcodon usage. M= Size markg€olor Prestaine
Protein Standard, Broad Range (NEB)positive control GSALAS fronRhodobacter capsulatusz Lysate; FT=Fle
through; W= Washing fractions; E= Elution fractiohsSDSPAGE of the pification of GST¥agged vHol (MW
~46kDa) using glutathione agarose for affinity purificati@Corresponding western blot analysis of the $2&5|
shown in @) to detect GSTag. Respective antibodies used were goat &&T antibody (1:10 000 dilution)
detection of GSTag, while for detection and visualization of goat IgG #rgibody rabbit antigoat 1gG alkalir
phosphatase (1:30 000 dilution) was used.

The heme oxygenase assay can detect the enzymatic ability of an enzyme to form BV IX
from heme by inhibitingnonspecificcleavage of heme-ereby the absorbance change

over timearefollowed spectroscopicallyand the enzyme is provided with electrons to
reduceheme toBV IXBphO fromP.aeruginosawas used aa reference to determine

the activity of the vidl enzymeFigurel8A).
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Figure17: Second affinity purification of viral heme oxygenase of freshwater phage CB_2 after cleavage
terminal GSTtag. The fusion protein vHol was incubated over night with PreScission Protease with its cleav
located between GSfag and vHo1, following further affinity purification using glutathione agarose which alsc
PreScission Protease which has an uneableyGSTag. M= Size marker Color Prestained Protein Standard, Br
Range (NEBBD= Before digest; AD= After digest; FT=ftoaugh.A SDSPAGE of the purification of cleaved vt
(MW= ~20kDa) from the GStag (MW= ~26 kDa) using glutathione agarose for affinity purificaB@orrespondin
western blot analysis of the SBPAGE shown ii\[ to detect residual GStag. Respective antibodies used were g
anti-GST antibody (1:10 000 dilution) for detection of @&&J while for detection and visualization of goat IgG
antibodyrabbit antigoat IgG alkaline phosphatase (1:30 000 dilution) was used.
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Both enzymes were similgr purified, and the reaction showed characteristic
similarities.At the start of the reactiona dominant peak at 400m and a smaller signal

at 500 nmis visible of which the former can indicate theSoret band of the heme
oxygenase since heme is not ottig substrate of the enzyme but alsaofactor (Figure

18 A,B) Ttese pealks dimmish over timgand at 350 and 64@m, new peaks form,
indicatingheme degradation an®V IXformation. When loading the reaction product
after stoppingthe assay ontahe SepPa& filter for further purification these filter
changel their color from white to green Figure 18, upper pictures)indicating the
presence of BV DKHPLC analysis of the reaction products from the assays was carried
out to verify the predicted B I OG A @A (1 & A yThe SpERifR det@rtighdme. + L
can give insights intthe BV IX isomer formed. As a reference for the reaction product
of vHbl, purified BV IX and the reaction product of Bph@ere also applied At the
retention time of 30min, all three samples showed maximum absorbance at 650 nm
(Figurel8 C)(Wegeleet al., 2004) Onlypurified BV IX had another peak at 21 mjn
most likelydue to stock contamination Therefore, the vBil can be characterized as

heme degrading and BVNIXroducing active enzyme.
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Figurel8: Heme oxygenase assay BphO and vid1l enzyme activity and HPLC analysis of the resulting prod
A + BTimeresolved UWis spectroscopy of an activity test employing HO and heme as the substrate. Tl
reaction time was 10 mirA dngle spectrum was recorded every 30 s and displayed extbgr minute. The arrow
indicate the course of the absorbance during the reactiBlememarks the initial spectrum after incubation withQ.
Biliverdin IXBVIX) marks absorbance maximum related to the formationB¥L -. HOenzymes are incubatedith
hemebefore a coupled system producing electrons that are transferred via ferredoxins are added to start the
I NNEga AYRAOFGAY3I LINBRAzOG F2NXIFGA2Y 2NJ NI RA OAShow
the enzymatic activity oBphOfrom P. aeruginosavhich was affinity purified asHo1 and used in the assay withc
GSThag.BVIXformation can be observed as increase in absorbancel@nén and heme degradeat 400nm ovel
time. BvHol activity after purified using affinity chromatograptwth minor GS¥ag contaminations. Measuremer
were conducted as fdBphQ Formation of BWXwas measurable at 640 nl@HPLC analysis of the reaction prodi
from HOs, monitored at 650 ndh ¢ KS |yl f 8aAa 61 a OF NNASR 2dzi dza
stationary phase. The mobile phase consisted of 50 % (v/v) 20 mM formic acid and 50 % (v/v) acetone BR
L - asstandard was also applied.
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3.2 Characterization and determination of the virderredoxin-dependent
bilin reductase

Similar to the characterization of i, the viral FDBRiext to it on the contigwas
characterizedPredicting the function of an FDBR is challenging because they share only
~10 % sequence similarity or less, making biochemical characterization essential
(Ledermanret al., 2016) Despite thisSFDBR enzymes shareianilar 3Dstructure, and
their key catalytic amino acids can help predict the reaction mechanism because they
are specific for the respective FD&mJ, when exchangegtan result in another product
(Tuet al., 2007) Identifying the phycobilins formed during phage infectisrcrucial for
understanding their r@, as differentphycobilinshave varied functions in the cednd
not all are known to occur in phage®hile the FDBRs PcyX and PebS form PEB, PcyA
forms PCBSo farthe enzymes PcyX and PebS are known to be present only in phages,
while PcyA is alspresent incyanobacteriaHoweverthe enzymes PebA and PebB can

also produce PEB in cyanobactewhichcatalyzehe same reaction as the phage PebS.

All FDBRs share specific general fold, ah-k ik bsandwich fold,which can help
characterize the protein family. An AlphaFold generatedn3i2iel of the viralFDBR
confirmed the same fold. When overlayed with theharacterized PcyA from
Synechocystisp. PCC680Figurel9 B), the overlayed model shows distinct similarity
regarding the general fold and the binding BY 1X (green) Figure19 B, enhanced
picture).A sequence alignment with the putative FDBR (named vPcyA/X) was analyzed
to confirm the presence of the respective crucial catalytic residunggeneral, the amino
acid D16 (Synechocystisumbering) is responsible for tHest deprotonaion to start
the reaction which is present in all FDBRs analy@edurel9 A) (Buschet al., 2011a,
Buschet al., 2011b, Tuet al., 2007) In order to distinguish between PebS and PcyA/X
reaction the amino acids E76, H8B105, D206 and N219 are crucialvhile PebS has a
secondAsp (D206Yhat is responsible for the second reduction from 15,16 DHBV to PEB
it is only catalytically important for PebS and PebB where an identical reduction is
catalyzedBuschet al., 2011a, Buscét al., 2011b) PcyA/X lacthese residuedut often
carryan asparaginat the same positiorfdata notshown). The present H8B vPcyA/X
is known to beonly catalytically important for thePcyAX reaction where a proton
channel is formegdand reprotonation of D105 occufJuet al., 2007) Here PebS has
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V76, N88, and L219, whereas PcyA/X are quite conserved. Only the amino acid E76 is
known todiffer between PcyA and Pcyhereasthe latter hasa D76(Tuet al., 2007)
Therefore the vPcyA/X isnostlikely avPcyA.

A

PcyA Sy hocystis_sp. 3
vPcyA/X

PcyA _Nostoc_sp.PCCT120
PcyA_P-55M4
PebS_Prochlorococcus_phage P-S5M2
PcyX EBK42635
PcyA_Bradyrhizobium_sp.ORS278
PeyX_ ECK

-
o
o

PcyA_Synechocystis_sp.PCC6B03
vPcyA/X

PeyA_Nostoc_sp.PCC7120
PcyA_P-SSM4
PebS_Prochlorococcus_phage P-5S5M2
PecyX EBK42635

PcyA Bradyrhizebium sp.ORS278
PoyX ECK

L] -

PcyA_Synechocystis_sp.PCC6B03
vPcyA/X
PcyA_Nostoc_sp.PCC7120
PcyA_P-SSM4 oK
PebS Prochlorococcus_phage P-SSM2 .1
PcyX_EBK42635

PcyA Bradyrhizobium sp.ORS278
PoyX ECK

Figurel9: Sequence lignmentand structual analysisof viral PcyA/X A Detaikd view of reference sequences frt
the NCBI database which were aligned with sequence of viral PcyA/X using Clustal Omega and ESPrij
conserved amino acids are highlighted in a red square with white lettering, similar amino acids are reprega
white box with red lettering, and neaimilar amino acids are indicated by black lettering. Catalytic important ¢
acids, previously characterizedSiynechocystisp. PCC680are denoted by black lines at the tdpequences can
found in theAppendixl +11. B Overlay model of monomeric PcyA frddynechocystisp. PCC6803 (bluRCSBDE
code 2D1E)Hagiwaraet al, 2006) and the model of PcyApredicted via AlphaFold (red), shows high struct
similarity. The displayed overlay model was generated with PyMol, the magnified view shows binbiingeadir
L - BVIXb) with the important amino acidE76 H88, D105, and N21%sticks in blue/redjFrankenbergk Lagaria
2003 Hagiwareet al., 2005,Tuet al,, 2007)andBVIX' in greenas chemical structure.

In metagenomic dateheme oxygenases were always accompaigBcyXs. Therefore,

a phylogenetic tree of all found FDBRs in the metagenomic datasetsreference
proteins should help determine their similariffrigure 20). While all cyanobacterial
enzymes required foPEBproduction (PebA, PebRjJuster together, the cyanophage
PebS sequences are near toAlso,cyanobacterial PcyA and cyanophage PcyAs are
clustering near each other. Interestingthe characterized®cyA fromBradyrhizobium

sp. ORS27@aubertet al., 2007) astem noduleforming bacterium ispredicted to be

on a genetic islandnd clusterwith sone freshwater FDBRs.
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The metagenomic PcyXs are the most distant known FDBRs to the cyanobacterial FDBRs.
They cluster together with most of the freshwater and marine metagenomic FDBR
sequences. Sequence alignment of the metagenomic data indicated that only the vPcyA
(in the algnment named Crystal Bog phage scaffold 2 70) and the two proteins below

the BradyrhizobiunPcyAare PcyAswhereas all others are PcyXs.

Tree scale: 1 PebB Synechococcus sp WH7803
E PebB Prochlorococcus marinus MIT9313

PebB Synechocaoccus sp WHB020

PebA Prochlococcus marinus MIT9313
_‘— r PebA Synechococcus sp WH7803
L — PebA Synechococcus sp WHB020
|— PebS 5 PRM1
Pebs GOS 134321640
|—lT— PebsS GOS 134804361

— PebS GOS 134648280
L‘.— Pebs 5 SSM7
PebS P SSM2
l_l— PebS GOS 135569194
PcyA Prachlorococous NATL2A
PcyA Prochlorococous MITS313
PcyA P SSM4
|: PcyA Synechocystis sp PCCEE03
PcyA Nostoc sp PCCT120
Crystal Bog phage scaffold 2 70
PcyA Bradyrhizobium sp ORS278

_ GROS21 1 5AM 56062: E
GROS21 1 SAMEAS560601 METAG
PoyX EBQ

‘l . PoyX ECK

PcyX EBK42635

cyanobacteria B

— = og phage scaffo
cyanophages — Aclino PeyX unculiured actinobacterium SCGC AAAC4L L13
freshwater me[agenomic phages | — GROS21 1 SAMEAS560542 METAG scaffold 45 32
marine metagenomic phages TPG 1 phage scaffold 1 182

| — BML S 1 PecyX phage scaffold 1 120

SAMEA2620861 1137847
L SAMEAE2622841 6527
| 3300009720 GaD115012 10000076 761838

3300008785 GaD115001 100000 310
S139nov09
| 3300008785 Gal115001 100000

Figure20: Phylogenetic tree of FDBRom viral and cyanobacterial originThe alignment of the sequences \
done using Mafft and depicted in a phylogenetic tree using the Next Generation Phylogeny.fr web. The ou
was then further adapted by Midpoint rooting and labelling using iTOL (interactive Tree of Life, ver}ivia 6h§
webserver. Further, bootstrap was assigraatd when values were between 0.75 tomarkedwith ablue circleon
the tree branchThe respective organisms could not be written in itdlie to the restrictionof the program, th:
correct labelling is in the Appendix | Hilgeneral, there is a clustering recognizable that is traceable to the dif
reactions catalyzed by these enzym&equences were obtained via NCBI and from sources stated befol
chapter2.1.4) andcoloredrespectively they can be found in thAppendix! +II.

This novelty of a viral PcyA from metagenomic data shaalkb be validated
biochemicallyThus the viral pcyAgene was codon adapted f&:. colicodon usage and
expressed heterologously i&. coli.The protein was Merminal GS¥agged (MW=
~50kDa)and purified via affinity purificationFigure21). In order to determine the
enzyme activity an FDBR assayas carried out after removing the GStag using

glutathione agarose affinity chromatography
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Figure21: Purification of heterologous produced viral PcyA of freshwater phage CB_2 via affinity chromatogr
The Nterminal GST¥agged vPcyA from freshwater phage CB_2 was producEddnliRosetta pLysS in LB medil
the gene sequence ofpeyAwas codon adapted foE. colicodon usage. M= Size markeColor Prestained Prote
Standard, Broad Range (NHEB) Lysate; FT= Flatwough; W= Washing fraction; E= Elution fractisiSDSPAGE ¢
the purification of GSTagged vPcyA (MW= ~%Da) using glutathione agase for affinity purification.B
Corresponding western blot analysis of the SB&SE shown irAf to detect GSTag. Respective antibodies us
were goat antiGST antibody (1:10 000 dilution) for detection of &R&JT while for detection and visualization of g
IgG theantibodyrabbit antigoat IgG alkaline phosphatase (1:30 000 dilution) was used.

In the second purificationFjgure22 A,B) a GST signal (~26 kDa) in the flow through
fractions can be observetinfortunately, vPcyA is predicted with a size of (-KI3a) and

thus cannot bedistinguished from the GS@&g in the SDFAGE Neverthelessthe
westernblot (Figure22 B) shows no strong signals for the G&J in the flowthrough,

thus, the PcyA is most likely present and contains only minor contaminations of the GST
tag. The protein was further concentrated adilyzedin the respective buffer for the

FDBR assay teerify the enzyme activity.

A B
[kDa] M BD AD FT FT [kDa] M BD AD FT FT
~ 72 -
- o g ~ 72 -
- ~55

~ 43 N
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YT e Ao ~26 b
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Figure22: Second affinity purification of vPcyA of freshwater phage CB_2 after cleavagetefiNinal GSTtag. The
fusion protein vPcyA was incubated over night with PreScission Protease with its cleavage site located betv
tag and vPcyA. Further, affinity purification using glutathione agarose was carried out. This also rem:
PreScission Protease frothe FT as it has a narleavable GSfg. M= Size marker Color Prestained Prote
Standard, Broad Range (NEBIP= Before digest; AD= After digest; Flbwrthrough.A SDSPAGE of the purificatic
of cleaved vPcyA (MW= ~RBDa) from the GStag (MW= ~26 kDa) using glutathione agarose for affinity purifice
B Corresponding western blot analysis of the SBX&E shown i\ to detect residual GSfag. Respective antibodi
used were goat amGGST antibody (1:10 000 dilution) for detection of @&R&j while for detection and visualizati
of goat IgG thantibodyrabbit antigoat IgG alkaline phosphatase (1:30 000 dilution) was used.
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The FDBR assay is carried out undereaobicconditions and with BV hXas substrate.

A specific product formation regarding the enzyme activity can be observed
spectroscopically over time.s@areference a characterized PcyA frooyanobacterium
Anabaenasp. PCC 712@nabaena was purified likeyPcyA anénalyzedwith the FDBR
assayftigure23A). Herethe formation of a new signal at ~600 rfdf@Bcan be observed
while BV IX is degraded over time (~680 nm). The formatiorsobstrate radicalsan

also be observed at 420 nm, @nm, and 770 nm, which isharacteristicfor FDBR
enzymeactivity (Buschet al., 2011a, Buscht al., 2011b, Ledermanat al., 2016, Tiet

al., 2004) Interestingly the vPcyA enzyme does not show the same spectral
characteristis as the cyanobacterial Pcyg#kigure23 A, B). While vPcyA also shows
degradation ofBV IX at 680 nm the formation of PCB at 600 nm is not prominent
(Figure23 B). However, similar to PcyA, the formation of radicals can be observed for
vPcyA at 420 nm, 470 nmand 70 nm. Here the radical formation seems more

dominant compared to vPcyAvhich may indicate a slower or incomplete reaction.

In order to verify the activity of the vPcyA enzytiee generated products the FDBR
assaywere analyzedvia HPLC analysiBigure23 C). Asa reference for the specific
retention times the products generated through the PcyA reactiorAniabaenan the
FDBR assand purified PCB weliavestigatedand compared with the vPcyA products.
3(9-PCB shows a retention time of 25.5 mwinhereas itssomer3(B-PCB has a retention
time of 14.9min (Figure23 C).For vPcyAthe significant retention times of its product
were similar to 3)-PCB and BVNXbut a small peak was also detectable at 15,min
indicating the presence of BFPCB. The quite prominent peak of BY 830 minfor

vPcyA could indicate that the reaction was not completed.
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Figure23: FDBR assayf PcyA and/PcyA enzyme activity and HPLC analysis ofrésmulting products. A + BTime
resolved UWis spectroscopy of an anaerobic activity test employing PcydaridA @ S NRIX Yas the stibstiat
The total reaction time was 20 mi\ sngle spectrum was recorded every 30 s and displayed every minut
arrows indicating the course of the absorbance during the reactiomXBmarks the initial spectrum after incubati
of it with PcyA. PCB mark absorbance maximum related to the formation of PCB. PcyA enzymes are incul
BV IX anaerobiallyfor 15min before a coupled system producialgctrons that are transferred via ferredoxins
added to start the reactionl NNR ga AYRAOFGAYy3 LINBRdzOG F2NNIGAzZY
F6a2NLIiA2y RSONEBI a SAShaws, e eNdyrRaticCattitity of Rcydvfldniaha2nésp. PCC 71
which was affinity purified as vPcyA and used in the assay withouta@JICB formation can be observed as incr
in absorbance at 620 nm whereas radical formation atd@0 470 nm and 775 nandBYV IX degradationat 680nm
over time BvPcyA affinity purified wittminor GSTtag contaminations Measurements were conducted as for P
from Anabaenasp. PCC 712Mo clear formation of PCB was measurable at 620 nm, but radical formatic
detectable at 420hm, 470 nm and 775 nnC HPLC analysis of the reaction products from Pcy#mitored a
650nm® ¢ KS | ylteaira oFa OFNNASR 2dzi dzaAy3 [dzyl p
phase consisted of 5% (v/v) 20 mM formic acid and 50 % (v/v) acetoneiffedrPCB as standard was also appl

In order to confirm a functional enzymanother approach was tested, which does not
require the purification of a protein but a coexpression system. Therefore, an acceptor
for the produced linear tetrapyrroles namely the phytochrome Cphl from
Synechocystip. PCC 6803 is providé&phlcan bind PCBs ., and PEB but not BIX

and exhibis unique spectral propertiesupon binding When PCB ordP. is bound to

Cph1 it can form a phytochroméhat can photoconvert when illuminated with faed

91



Results

or red lightand display aistinct absorbance. When PEB is bound to Gphfiorms a
phytofluor with strong fluorescence propertigtiet al., 1995) Snce E.colicannot use
the producedBV IX, it canbe entirely reduced by the PcyA to PCB and bind to Cphl
making thetetrapyrrole more stable and forming phytochrome Thusafter the cells

are lysedthe produced phycobilin can be determinbdsed on itspectralproperties.

The coexpressioaf a heme oxygenase angayAyielded a turquoisecoloredpellet of

E. colicells Figure24 A), which aretypically pale brownish indicatingthe enzymatic
activity of the viral PcyA. The cells were lysadd a difference spectrum could be
determined after illumination withfar-red (f) and red(r) light (Figure24 A). The
difference spectra showed maximumat 650 nm anda minimum at 706 nm, these
specific valuefit the literature valuesfor Cph1 bindind®CEGambetta & Lagarias 2001)
Therefore, the viraPcyA is a real Pcygd produces PCB Furthermore,to test the
functionality of the enzymes of the gene cassette from this freshwater phage, the viral
heme oxygenase of this cassette was also used to verify its coaptedty with the
now-characterized PcyA. Therefotée duet vector containing the genes giayAand
holwas usedand the heme oxygenase gemasreplaced with the virathol gene from

the cassette. After cell lysis and affinity chromatography usiAgONcolumn material

to enrichthe His-tagged Cph1l and the viral PcyA, difference spectra could be obtained
after illumination with farred and red lightHere, the maximum and minimum values

of the difference spectrum are similar to the previous phytochrome assay attkefit
literature-known values for Cphl binding P@Bambetta & Lagarias 20Q1)hus

indicaing a functional contig of the phage CB
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Figure 24: Coexpression and difference spectra of phytochroroghl together with viral metagenomicheme
oxygenase and FDBR gen&.Upper inset showsreference E. colicell pellet (left)and pellets of E. colicells
coexpressgiggenes encoding for CfthHol (P-SSM2pand vPcyACB 2)yielding a turquoise pellet (rightDf the lattel
a phytochrome difference spectrum was obtained following coexpression of genes encoding for Gplathd/Pcy
(pTDhol wpcyAand pET higag cphl crystal In vivochromophore assembly was detectedter cell lysis throug
illumination of cell lysatewith red light (636 nnt, P spectrum) and fared light (730 nnt P, spectrum). Differenc
spectra were calculated by the subtraction of theffom the R spectrum.B Difference spectrum of phytochror
yielded after coexpression of genes encoding for Cphlol¢€B2) and vPcyA(CR) from Duet vecto
(pTDWol wcyA and pET hitag cphl crystaln vivochromophore assembly was detected after cell lysis and af
chromatography enrichment throughALONcolumn material. lllumination of enriched protein fraction was car
out with red light (636 nng P, spectrum) and fared light (730 nng P spectrum). Difference spectra were calcule
by the subtraction of the #from the R spectrum.
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3.3 Characterization and determination of the viral aminolevulinic acid
synthase
The novelty of the clusterfound inviral metagenomic dataelies onthe presence of
the genealaS The respective enzym&lLASbelongs to the C4 (Shemin) pathway and
forms the firstcommon tetrapyrrole precursor ALBy utilizing the substrates glycine,
succinyiCoA and the cofactor PLH his enzyme is only present in alphaproteobacteria,

yeast and highemon-plant eukaryotes.

In order to verify the activity of the found viral ALAS sequences in multiple metagenomic
datasets of different origis) the sequencewerefirst analyzedn silicofollowingprotein
characterizationin vitro. The viral ALAS sequences exhibited the highest sequence
identity (~55%) to ALAS sequences from fRelagibacteraceaea family in theclass of
alphgproteobacteria In order to characterize the activity of the viral ALASrotein
sequence alignment was carried out tietermine the presence of catalytic import
amino acids(Figure 25 A). Aphaproteobacterial ALAS sequences were used as a
reference especially theALAS fronR. capsulatugRcA) whose crystal structure has
been solvednumbering according to RcAome viral ALAS sequences showed changes
in catalytic residuesbut mostwere still highly similar to alphaproteobacterial ALASs. A
crucial residue is K248ssentialf 2 NJ F 2 N A y Jinkdg@KtheEFadtérPLE | & S
The presence of this residue was confirmed all alphaproteobacterial and viral
sequences. For thsubstratebinding of succinyCoA and glycineo ALASand the PLP
coordnation, multiple residues areessentialthat are known from human ALAS1 and
ALAQ, RcA and yeast ALASstneret al, 2005, Browret al., 2018) The variation of
catalytic amino acids can provide insighto a possible relationship between the
viruses, which is why some amino acids were analyzed in detaile viral ALAS showed
changes in residuagiticalfor PLP coordinatigmamely A115 and S277. Fiabilizing
succinytCoA phosphoadessing the amino acids S139, 1/V149, K1%hd 1158 are
essential while S139 is variable in eukargetind other alphaproteobacteria. In the viral
sequencesthe occurrence of S139 is also varighihile 1/V149was either L in marine
or M/I/L in freshwater viruses. K156 was conservedlphgroteobacteria and marine
viruses butvariablein freshwater virusesHighly conserved in all sequencess 1158
and only in freshwater viruses also atcurred The delineation of thesuccinyiCoA
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binding pocket is also facilitated by Al48hich could be N ialphgroteobacteria or

freshwater viruses and S in marine viruses
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Figure25: Amino acid gquence analysis and phylogenetmalysisof viral ALAS sequence&.Amino acid alignmel
of ALAS sequences fromphgproteobacteria and viral metagenomes revealed conserved catalytic res
Reference sequencésom the NCBI databagshown in yellowjvere aligned with sequences from multiple samp
sites using Clustal Omega and ESPript 3. Highly conserved amimesadigtsare highlighted in a red square w
white lettering, similar amino acids are represented by a white box with red lettering, aneintlar amino acic
are indicated by black lettering. Catalyitisportant amino acids, previously characterizedAstneret al,, 2005) are
denoted by black lines at the top\nalyzed sequences in this chapter is marked with an ar8eguences can |
found in theAppendixI + 1l.The respective organisms could not be written in italic due to the restrictions «
program, the correct labelling is in the Appendix | B Bequences were obtained via NCBI and from sources !
before (seechapter2.1.4) and colored respectively. The alignment of the sequences was done using Maf
depicted in a phylogenetic tree using the Next Generation Phylogeny.fr web. The output tree was then
adapted by Midpoint rooting and labelling using iTOL (interactive Treéepf/ersion 6.8) via the webserver. Furtt
bootstrap was assigneandwhen values were between 0.75 toiddicatedwith a bluecircleon the tree branch. |
general, there is a clustering recognizable that is traceable to the different habitats these enzymes/sequence
from. The respective organisms could not be written in italic due to the restrictions of the program, the «
labelling is in the Appendix | + II.

The sequence alignmentiemonstrateda viral amino aciddistribution that seems
specific to certain habitatssuggesting gpotential phylogenetic relationshipThe
predicted phylogenetic tree Higure 25 B) of alphgoroteobacteria and viral ALAS
sequencesshowed a habitaspecific clustering of the ALAS sequendsisthe same
time, the marine viral sequenceare uniformly clustering together and indicata
stronger internal relationship compared to the freshwater viral sequences of ALAS. In
general,viral ALAS sequence®gardless of their derivetabitat, were quite distant

related to thealphgroteobacterial ones.

Furtherin silicoanalysis was utilized to confirm the actividy the viral encoded ALAS
enzymesregarding the structural similarity of ALAS enzymes. Therefokébased
structure prediction generated 3D models of viral ALAS proteinghere is no
experimentally solved protein structure ofRelagibacteracederived ALAS, which had
the highest sequence similarity to the viral ALASsRsé was used for structural
investigation exhibiting a slightly reduced amino acid sequence similarity (~5018é).
previouslyanalyzedcontig of the freshwater phage CBakso consists of a further
downstream located ALAS sequenudiich was selected to determine the structural
similaiity compared to the alphaproteobacterial on€hisviral ALAS candidate, Alokb
(Crystal_Bog_phage_scaffold_2_438xsmodeledand overlaid with RcA-{gure26 A,
B,0. Theamino acicsequence of ALAScry was obtained from a freshwater environment
and curated bioinformatically b§Chenet al., 2020) The modeling was carried out using
the Al tool AlphaFold to predidts structure andalignment to RCARCSB’DBcode
2BWN 2BWQ using PyMalThe model reveals a highly similar structwieALASry,

shown in redand RcA in blu@igure26 A).
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The structure of ALASBy is predicted to be homodimeric and reveals RiiRling

pockets situated at the interface of the dimer. The active site is located in the middle of
each monomerKigure26 B) and consists of the glycine (green circle) and sucCoy

(purple circle) binding sites, while the cofactor PLP binding site is highlighted with yellow
sphere. Thusa homodimer was constructesimilar to the known homodimés form of

RcA where two active sites are preserilost catalytic amino acid residues mediating

the enzymaticreaction of forming ALAwvere conserved in the ALAS sequence As

K248 is essentifro A Y RAY 3 (GKS O2FIF OG2NJ t[t o0& F2N)
substrate is presentRigure26 A, lower picture) the same amino acichiALASry was

found to bein place to form the linkage.

A B

L) = cC-terminus Glycine binding

. ) 5189 é
R374

:_:Ldmg "« = N-terminus N54 PLP-

glycine A
Succinyl- CoA
pPLP binding

Succinyl CoA
R21

Figure26: Structural modelling of ALAScry revealed high similarity to bacterial ALABr&lay model of monomet
ALAS (orig. homodimer) frolRhodobacter capsulatuRcA, blue, RCSB PDB: 2BWN) and the model of
predicted via AlphaFold (red), shows high structural similarity. The displayed overlay model was genere
PyMol, the cofactor binding site of PLP is indicated with a yellow circle. A magnifiecheies Binding of PLP to
binding site with the important amino acid K248 (sticks in blue/red) BhP in yellow as chemical structure forn
I { OKA T ¥ Q&BHonhodirBerict view df YABASdwith RcA overlay, indicated are glycine binding (greel
and succinylCoA binding (purple circle) and an enhanced view of the three important amino acid residue:
glycine binding (N54, S189, R374) which is presemlLdglycine intermediate (green chemical structur€The
substrate channel for succin@loA binding is visualized (left picture), with the ribose moiety outside the er
(purple) and PLP (green) inside. The model (right picture) highlights all amino acids known to be impol
succinydlCoA binding/localization, with red sticks representing RcA amino acids and blue sticks representit
amino acids. Some deviations in VAlaAS observed at positions 143, 156, and 158, with the changed aminc
named following RcA. Asterisks indicate amino acids from the second monomer.
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Furthermore, the ALASy model was compared with the RcA crystal structures with the
bound substrates to detect steric hindrancesamiiino acidresiduescrucial for binding
substrate or catalysi§-igure26 B,C). Theessentialamino acids for glycine binding N54,
S189 and R374 were present in ALAScry antiénsame position as the reference RcA.
More amino acids are involved for the succi®dA bindingand a substrate tunnel is
formed, which can also be observed in AcAJFigure26 C). Three amino acrésidues
that are part of succinyCoA binding diffefrom RcAin ALASry, namely A/N143,
K/C156and 1/V158 the first letter indicating the RcA amino acasidue The change of
Al143 is also present in othaiphgproteobacterial ALA%Nd the exchange of 1158 to V
doesnot affect hydrophobicity at this position arghouldnot interfere with the Van der
Waals interaction. Thexchange of lysine at position 156 to cysteine could lead to the
steric loss of the hydrogen bond to the riboSéis couldeduce the affinity for succinyl
CoA whichwasonly observed in some freshwater viral ALABAScry generglhas the
following amino acid changes compared to RcA A/G115, A/NHI8OI/M149. A115 is
critical in PLP coordinatiofShoolingirJordanet al., 2003) whereas all other named
amino acidresiduesare essentialfor succinfdfCoA bindingAstneret al., 2005) Most
ALAScry changes are likely mgiple since they result in either another similar charged
amino acidresidueor occur in otherbacterial] human or yeast ALAS@stneret al.,

2005, Browret al., 2018, Ikushire@t al., 2018)(Figure25A).
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3.3.1 Freshwaterviral ALAS

In order to characterize the enzymatic activity of viral ALASerologousprotein
production wascarried outin E. coli Unfortunately, cloningthe original and codon
adapted version of the freshwaterviral alaSgene (from crystal bog phage 2}arthe
pGEX6P-3 vector, designed to producea soluble N-terminal GS¥agged protein,
resulted in the formationof inclusion bodies during protein production (data not
shown).Also,further approaches of increasing solubility by changing conditaahas
inducer concentration, temperaturegetc. (see chapter 2.5.1) yielded no increase in
protein solubility for ALAScryand the codoradapted version ALAScryofdata not
shown). Therefore, the gengwere cloned into the vector pColdTIEreatinga fusion
protein of ALAScrgr ALAScryopivith a protein facilitating correct foldinghis protein
is an N-terminal trigger factor(TF) a prokaryotic ribosom@associated chaperone
protein with an Hiss-tag for affinity purification. The gene expressioof the fusion
protein is now cold-inducible mediated through thecspApromotor, and regulated by
the lacoperator. Fdlowingthe production the purification via affinitychromatography

was carried out usingobalt for the column matrix (TALON).

A B
[kDa] M nl | L PFTWEEE [kDa] BD AD FT? E2 FT® E?
~150
~ ~100 —

10« ..“, "’ 100—
~ ~70—
~50 bé

! ‘ ~40—
~40 . B2

- - "--‘ )" ~30—

Figure27: Affinity purification of heterologously producedriral ALAScryf freshwater phage CB_@singaffinity
chromatography The Nterminal fusion protein consistof trigger factor His-tag-ALAScryand was produced i
E.coliBL21(DE3h LB medium, the gene sequenmecoding ALAScryas codon adapted fdE. colcodon usage. M
Size marker Unstained Protein Standard, Broad Range (NEB)Nonrinduced; I= Induced;= LysateP= Pellete
cell debris FT= Flowthrough; W= Washing fraction; E= Elution fracioA SDSPAGE of the purification dfisior
protein TFALAScry wittHis-tag (MW= -97kDa) usingCobalt column materigior affinity purification.B Furthe:
purification analysis on SEFSAGE of ALASENMW= ~46 kDaifter cleavageavith PreScission proteasleus separatin
ALAScry from Trigger factor witlis-tag (MW= ~48 kDa) using cobalt affinity purification?(H). Further remove
of PreScission protease from the2Rhich should contain the cleaved ALAScry, was carried out using another
purification consisting of glutathione agarose {FF). FF should then contain the purified enme ALAScry.
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Protein production was observed at ~100 kDa (sample: induced I, lysate L), matching the

predicted size of 97 kDa for the ALASTFyfusion protein (Figure 27 A). Elution fractions
also showed additional lowenolecularweight signals. For further puightion, the
cleaved ALAScry was separated with two further chromatography steps from other

proteins, leaving ALAScry in the final fldwough (Figure 27 B, FT3).

As visible in the SDS ¢Eigure27 B F¥), there are minor amounts of protein present in
the third flow through at around ~100 kDa and ~50 kidaich would indicate the
presence of thdull-lengthprotein with TFMW=97 kDa) and cleaved TA\(V= 48kDa)
whereas for the ALASc(iIW= 46 kDa) no protein was detected similar result was
obtained for the codoradapted version ALAScryopt, indicating rsmlubility
optimization using THusion protein(data not shown).For enzymecharacterization
elution fraction F? was usedin coupled enzyme activity measurement (seleapter
2.5.1]). The reaction ALABatalyzegsynthesizing ALA out giycine and succiryCoA)
is coupled to a second enzyme reactiovhere the resulting CoSH fromthe ALAS
reaction is usedThe second enzyme reaction udeg&etoglutarate dehydrogenaseé b
KGD}o catalyzeNAD reductioni 2 b! 51 Ay (KS LINIetolytabefe 2 T
and CoASH

For the establishment of the enzyme te®cA which was purified via glutathione
agarose as the protein is G&Bhged, was u=d. The respective NADH productioneo

time is displayed inthe Appendix (Figure S 1)The patrtially purified ALAScry and
ALAScryopt weranalyzed for activityn the assayand the amount of NADH over time
was measuredHigure28 A, B). The measured activity was Enthan RcA, and because
of the contamination in the sampl@o significantpresence of enzyme activity could be
determined (Figure S 1)Thus,further purification methodswere appliedto achieve

purer enzyme solutions and higher enzyme activity.
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Figure28: Coupled enzyme activity assay to measuwsgectroscopically thgproduct formation of viral ALA8nzyme
A+BThe coupled enzyme reaction consists of ALAS forming ALA an8HCoAt of thesubstratesglycine an
succinylCoA. The formation of Ce®H can be used by the second enzyme reagtiiich reduces NAD to NADH
replenish the first reaction with succingloA. The formation of NAD$Istoichiometric with the formation of ALA ¢
can be measured over time by spectroscopic measurements at 340 matotal reaction time was 10 min and

increase in absorbance over this time is displayed in absorbance(Akljs Single spectrum was recorded every
and displayed every minute. The arrows indicating the course of the absorbance during the rea&imws NAD
formation of the partial purified and concentrated ALAScry enzyBh@ctivity assay of the partial purified a
concentrated ALAScryopt enzyring NADH formation

Further purification optimization wast@mpted usingnickel column material, higher

salt concentration and imidazole in all buffers. The resulting SDS(Bgjure S P
indicates some contaminatng proteins. In order tofurther purify the ALAS enzyme
anion exchange chromatography (AIEX) followed by size exclusion chromatography
(SECyvascarried out Figure S 2, and dataot shown). Unfortunately, both methods
indicate that ALAScrgand ALAScryopform aggregats with the TE Thus, another

approach was tested in order to verify the enzyme activity.

Functional complementation provethe activity of VALAS by restoring growth deficit

The verification oEnzymatic activitysingpurified enzymewas challenging to obtain
Therefore, functional complementation of an ALA auxotrdphcolistrain ST18 was
chosen to provehe functionality of the viral enzymeThis strairhas a deletechemA
genethat encodes fora GIUTR(C5 pathway)which should becomplemented witha
plasmid containin@ viralalaSgene(C4 pathway)in order to test whether ST18 can be
used for functional complementation using a C4 pathway enzyaneST18 strain
producingRcA was useds a control experiment Furthermore,another control was

established to recover the ALA auxotrophic phenotypih another C5pathway
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enzyme namely GluTRfrom Methanopyrus kandleriBothhemAand alaSgeneswere
controlled bya tac promotor andcould complement the ALAuxotrophic strainn the
presence or absence ahinducer, whilethe strain ST18 with empty vect{EV)control
showed no real growth Rigure 29 B). Thus, the ALA auxotrophic strain can be
complemented witha C4 or Cpathwayenzyme, evenvithout aninducer when a leaky

promotor is present.

In order to verify the activity of viral sequences, afgst was conducted using vectors
with different viralalaSgenes for complementation, some with solubilizatienhancing

tags and others without, to assess activity and avoid potential issues with protein
folding.Only one vector showed functional complementatiogferredto as VALAS from
now on (ALAScryogtom phage CB2 in pCYBL1 vector without tagyvithout induang
gene expression, GluTé&d RcAproducing straingould stillreach optical densies like

the strain ST1§Figure29 B,0. TheST18 strain producingALAS was also able to
complement the ALAuxotrophic strain in contrast tthe strain withEVcontrol (Figure

29 A), demonstrating that VALAS encodefunctional enzyme thatansynthesize ALA.

As a contrglthewild-type WT) strainS17.1and thepnhemAdeletionmutantstrainST18
showed no influence o growthduringthe presenceor absence of IPTGigure29 C).
Curiously, the presence of IPTG did not led to enhanced growth in any of the strains.
Instead, it appeared to induceellular stress, possibhesulting in slower growth. This
was verified for strains producingGIuTR and RcA, wheretie VALASroducing strain

had only a minor growth deficit compared to the strain without IPTG inductagu(e
29B).A growth deficitmayhappen because heme pathway enzymes are usually tightly
controlled, and an overproduction of one enzyme can significantly disbaltmee
pathway. Interestingly, th&. colistrain ST18roducing theC5pathwayenzyme GIuTR
seems to be strorgy restricted in its growth than the straiproducing theC4pathway

enzyme RcA.
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Figure29: Growth curve of plasmiebased functional complementation of Al-AuxotrophicE. colistrain ST18E.coli
growth in the dark was measured in the presence (filled symbol) or absence (empty symbol) of gene e»
inducer IPTG faac promotor controlled C4 or C5 pathway genes in comparison to the strain ST18 with empty
(EV) controlA vVALASroducing straircomplements the growth deficit of the auxotroplc colistrain regardless
induction of gene expression in contrast to thain with EVcontrol. B Strains producin@luTR and RcA shed
complementation of growth deficit whereas the strain ST18 with EV costimlvs minimal growthCControl strain
ST18upplemented withALA andvild typeS17.1 do not show an influence of the presence or absence of IPTG
growth.

In general, slow growth of thetrain ST18 witlEVcontrolwasdetectedand showed no
further growth after reaching a certain threshol@Dso0 nm< 0.5).0One couldspeculate
that the cell uses an internal ALA powalhich enablesa limited ability to growor
maintain cellular functionalitgven without an enzyme producing AUAtil this pool is
depleted Another test was carried out to verify that this limited growth does not
indicate true complementationHerebythe cultures wereplated outafter finalizing the
growth curve ona selective medium without ALA supplementatiofhere it was
apparentthat the strain ST18 witlEVcontrol could not form colonies anymoras no

growth was detectabl¢data not shown)whereas the [asmidbased complementation
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using the C4 and C5 genes showed the formation of coloRigare30), thus indicating
proper recovery of the phenotypeThe basal expression of th&ac promotor was
sufficient forcomplementingALA auxotrophic growing.coli strainswhen a C5 or C4
(bacterial or viral) gene was presghibzano Teratt al., 2021)

VALAS

GIuTR RcA

Figure30: Growth on selective plates of functional complementdsl coliafter growth in liquid culture. Plating o
complementedE.coli strain ST18 grown for 24 h in the presence or absence of gene expressia@ernnchlonie:
indicating successful complementation with C4 orp@bhway enzymes All here tested strains displayed coli
formation, even though some showed small colony morpholégyr improving visibility, the pictures were adjus
regarding contrast and color saturation.

In order to determine the influence of IPTG concentration on growth araybe
facilitating cell stress because of heme overproduction, a lowered IPTG concentration
was tested(Figure31). This could nosignificantlyimprove the growthas most likely

even a lowered IPTG concentration still yielggatein production of RcA or GIUTR that

is too high, resulting in negatiieedback inhibihg both enzymes Interestingly the
strain ST1&roducingvALAS did not show any difference between the presence or

absence of anyested IPTG concentratio(Figure29 A, Figure31).
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VALAS 0.56 +0.02 0.47 +0.08 0.52+0.02
RcA 0.56+0.03 0.27+0.02 0.35+0.03
GIuTR 0.59+0.07 0.27 +0.02 0.24+0.01
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Figure 31: Analyss of growth influence of gene induer in plasmidbased functional complemented ALA
auxotrophic E. colistrain ST18E. coligrowth in the dark was measured in the reduced presence |f1Xfilled
symbol) or absence (empty symbol) of gene expression erd&d G fotac promotor controlled C4 or C5 pathw
genes. The growth rate was determindgu the exponential phase of growtim the presence of different IP”
concentrations and the absence of it for C4 and C5 pathway genes.

Complementation leads tahe accumulation of porphyrins and ALA secretion intioe

medium

The complementedultures were lightsensitive and had to be cultivated in the dark
otherwisg significant growth deficits were noticeable (data not shown). When
cultivated in the darksome cultures showedalorchange, maybe due to the presence
of pigmentsor pyrrolessecreted into the mediunor located in the cellsThis finding
would also explain the ligkgensitivity of the cultures during the cultivation. Detecting
the medium's color change and the culture's light sensitivitthe cell lysatewas
investigatedfor the accumulation of pigmentsvhich canindicatetetrapyrrole pathway

manipulation.

The VALAS expressing culture showed a strongakxntof the medium and also the cells
themselvesKigure32 Q. The absorption ahe soluble lysate showed distinct signals at
400 nm indicating a Soret banénd less pronounced signals at 500 nm, 538 and

563 nm displaying Q bandsF{gure 32 A), suggesting the presence of porphyrins.
Additionally, fluorescence spectroscopy showed a Stokes shift of the emissionto615
and a shoulder at 655 nm to 680 nm after excitation at 400 nm, confirming porphyrin
accumulation(Figure 32 B). Interestingly, the other cell lysates do not show such a
strong formation ofcolored compounds and only showed a broad shoulder with

absorption maxima from 400 nm to 430 nm in spectroscopy measuren{Eigare32
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A). ThekE. colST1&upplementedvith ALA exhibitedglight fluorescence in the cell lysat

but with similar fluorescent maxima to VAL&Sgure32 B).

Figure32: Viral ALAS leads to porphyrin accumulation in the cell lysafeomplemented strainsA + BCell lysat
of in the dark cultivatedE.coliS17.1 and ST18 with/without complementing C4 op@hiwayenzymes was analyz
using absorptiorfA) and fluorescencéB) measurementA Absorption scan detects Soret band at 400 nm and Q t
at 500 nm, 538 nm and 563 nm were observeddivains producing/ALAS and a broad absorption peak from-
430 nm for S17.1, ST$8pplemented withALAand ST18 strains produci®uTR and RcR.Fluorescence excitatic
at 400 nm show Stokes shift with emission at 615 nm and a shoulder a6@85%m, indicating the presence
porphyrins in the cell lysate daftrains produing vVALAS and STXBipplemented withALA.C Culturecolor in the
presence and absence of IPTG when complemented with either vVALAS or ALA from ST18. As a contr
displayed without complementation.
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