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Characterization of Synechocyspisotoporphyrinogen oxidase
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ABSTRACT involved in electron transfer. HemJ was
onditionally complemented by another RPO
emG from Escherichia coli. If grown

photoautotrophically, the complemented strain
accumulated tripropionic tetrapyrrole
harderoporphyrin, suggésy a defect in

enzymatic conversion of coproporphyrinogen Il

oxygenindependent enzymeHemG. However, to protoporphyrinogen X,  catalyzed by

most cyanobacteria encode HemJ, the Ieasgggg?sg{i%r;ygnoggzs ![ue ?\deﬁe(gi:spﬁl)ét ;2:131\] is
characterized PP@orm. We have characterized upp YP

HemJ from the cyanobacteriu8ynechocystisp. L%cht:ﬁ]nalilg d?grltpl'?edd \;Vf'ttgr ggcearﬂgmthoa}t Htgﬁ 3
PCC 6803 $ynechocysti$803) as a bona fide bing P P

Protoporphyrinogen 1X oxidase (PPO), the las
enzymethat is common to both chlorophyll and
heme biosynthesis pathways catalyzes the
oxidation of protoporphyrinogen IX to
protoporphyrin 1X. PPOhas several isoforms
including the oxygermependent HemY and an

PPO; HemJ downregulation resulted in by HemG.
accumulation of tetrapyrrole precursors andhie
depletion of chlorophyll precursors. The INTRODUCTION

expression of FLAG@agged Synechocysti$803

HemJ protein (HemJ.f) and affinity isolation of The last common step for heme and chlorophyll
HemJ.f under native conditions revealed titat biosynthesis (1), conversion of protoporphyri-
binds hemé. The most stable HemJ.f form was anogen IX (Protogen) into protoporphyrin X
dimer, and higher oligomeric formswere also (Proto), is catalyzed by the enzyme
observed Using both oxygen and artificial protoporphyrinogen IX oxidasgFig.1). Although
electron acceptors, we detected m®nzymatic the six electron oxidation of Protogen occurs also
activity with the purified HemJ,fconsistent with spontaneously, its enzymatic conversion is
the hypothesis that the enzymatic mechanism fapparently necessafgr the correct channeling of
HemJ is distinct fronthose of oter PPQsoforms. Proto to chelatase®r metal insertion (Fig. 1)
The heme absorption spectra and distant Henmhree analogous enzymes HemY, HemG, and
homology to several membrane oxidases inditatdastly HemJ(recently reannotated as PgoX, PgdH1
that the heme in HemJ is redagtive and and PgdHZ22)), exhibiting no mutual homology,
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have been found to serve as a protopgnipbgen hemin auxotrophy in A. baylyi (10), and
oxidase (3-5). HemY is an oxygewdependent expression of Arabidopsis thaliana @mY in
enzyme of approximately 55 kDa,creating Synechocystiss803 enabledhemJ inactivation.
membrane bound dimeesd using flaviradenine This mutant strain accumuled Protowhen treated
dinucleotide as a cofactd6). HemY occurs in with HemY inhibitor acifluorfen (3). This
most of bacteria phyla and in almost all eukaryoteaccumulation of intermediatds consisént with

(. substrate channeling between the terminal
HemG (21 kDa) is mostly found in enzymes of heme synthesis. Formation of
y-proteobacteri§7). The protein forms membrane multienzyme heme  biosynthetic  complex,
associated oligome(8,9) and uses noncovalently containing the three terminal enzymes CPO, PPO
bound flavin mononucleotide as a cofac{®). and ferrochelatase (FeCH) is predictdd) and
HemG is functional inoxic as well asanoxic partly documented(12,13) For prokaryotes,
conditions(9). Electrons from the Proto mhation identification of such complexes is further
catalyzed by HemG are withdrawn via ubiquinonecomplicated by existence of multiple enzyme
cytochromeba and cytochromebd oxidasesto  isoforms and different heme biosynthetic pathways
oxygen, or undeanoxicconditions to the terminal (2). In addition to PPOs there are two forms of
electron accepter fumarate and nitrate by CPOs inSynechocysti6803as in most organisms
corresponding reductasé. performing oxygenic photosynthesis: HemN and
Most recently, the sIrl790 gene from the HemF (14). Under micreoxic conditions, the
cyanobacterium Synechocystis6803 has been conversion of coproporphyrinogen Il (Coprogen)
described as the third PPO and narhedhJ(3). to Protogen is catalyzed by arygenrindependent
Although HemJis the most common PPO variantCPO encoded by hemN while oxidative

in cyanobacteria, in cyanobacterial GenBanlkdecarboxylation of the substratequéres oxygen
genomes we found 43%emJgenes and only 47 and is catalyzed by HemBn enzyme structurally
hemY genes, its oagin and spread within and functionally unrelated to Hem{44,15) (Fig.
cyanobacteria is not clear. It is assumed et 1). HemN is a monomeric, iresulfur cluster
evolved within o-proteobacteria and spread tocontaining protein(16), HemF is dimerigorotein
cyanobacteria and various proteobacteria throughith two independent active sit€k7). Heran, we
multiple horizontal gene transfe(®). In contrast, reportthe biochemical characterization of HemJ
the phylogenetic tree of HemY fayanobacteria homologously expressed iBynechocysti$s803

is consistent with the cyanobacterial phylogenyand the results of complementation ohemJ
and HemY was probably the ancestral PPO imutant by expression dfemGfrom Escherichia
cyanobacterid?7). For completeness, 8 genomes ofcoli (E. col). We also show that there is a
the Synechococcu®rochlorococcus lineage functional coupling betweeisynechocysti$803
contain the HemG PPO variant probably obtaine@€PO and HemJ.

by horizontal gene transfer.

As with other PPOshemJappeardo be essential
and could not be inactivated 8ynechocysti§803 RESULTS

(3). A partially segregatedSynechocystiss803  Synechocystis 6803HemJ forms a hemebinding
strain contained leshan half of the chlorophyll oligomer

content compared to wild type (Wahd although
it accumulated Protd{ probably originaied from
nonenzymatic oxidation of ProtogerFig.1)
Accordingly, the hemJ deletion strain from
Acinetobacter baylyi (A. bayly) exhibited
auxotrophy for hemin and accumudtporphyrins
when supplementedwith 5-aminolevulinic acid
(10).

To demonstratehat HemJ is &ona fide PPO,
HemJ mutants were complementeith other PPO
isoforms severahemVYvariants anchemGrescued

As heterologous expression of HemJ proteins from
various organisms frequently resulted in no or
poor expression(3,10), we expressed thélemJ
enzyme fusean its CGterminuswith 3xFLAG-tag
(HemJ.J homologously in Synechocystis6803
under psbAll promoter After full segregation of
the hemJ.fstrain, it was possible to delatee WT
copy of thehemJgene, demonstrating thahe
HemJ.f protein is functional (FigS1). However,

for the HemJ isolation a strain containing baihi
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and taggedvariants of HemJ was usedto electrophoresis (SDBAGE) revealed that several
potentially ceisolate HemJ.f together withthe proteins specifically celuated from the anti
native form of the proteifsee below)pligomeric FLAG resin with HemJ.{Fig. 5A). These protein
stateshave previously been described fother bands were identified by maspectrometry as
PPOvariants(8). After affinity chromatographgf  Sll1106, FtsH proteases and ATP synthase
hemJ.fimembrane fraction solubilized by n@nic  subunits (Bb.S1). SII1106, together with HemJ,
detergentthepurified HemJ.f eluate was markedly was also identified by mass spectrometry hie t
reddish. Nitive separation of the eluate olear CN1 band from CNPAGE (Fig. 2). Nevertheless,
native gel (CNPAGE) resulted in two reddish the reddish CN1 band was present even when
bands -CN1, and only slightly visible CN2 (Fig. HemJ.f was purified from asll1106 background

2). Photosystem | (PSIl) was shown to bind[Fig. S3), indicating that heme &ssociated with
nonspecifically to the an&LAG affinity resin  HemJ.f. Furthermore, when a gel strip from
(18). Hence,HemJ.f was also isolated from CN-PAGE (Fig. 2) was separated in a second
strain lacking PSI (APSI) to achieve maximm dimension by SD$AGE (Fig.5B), colored CN1
purity (Fig. 2). Absorption spectra of the elutedand CN2 bands dissociated into two spots,
HemJ.f protein showeanabsorption maximum at apparentlyrepresentingnonomer and dimer of the
412 nm (Fig.3A), which was presumed toethe HemJ.f (27kDa). The presence ofthe HemJ.f
Soret band ok bound tetrapyrroléAfter deletion dimereven on the denaturing SDS gel suggésts
of PSI only a small amounts ofhlorophyll remarkable stabilityThe upper CN2 band contains
(absorbing at B1 nm) and variable amount of the HemJ oligomer most probably a tetramer
carotenoids (absorbance 45620 nm) ceeluted which is in agreement with the size of the complex
with HemJ.f(Fig. 3A). The bound tetrapyrroas determined by theizeexclusion chromatography
extracted by acetoneand was identified as (Fig.4A).

protoheme by HPLC (Fig.S2) (protoheme is
referred as hemle, when it is bound to arptein).
To spectroscopically characterif@s bound heme As previous studies provided conflicting results
further, absorption spectra of the HemJ.f eluateegarding the ability of the isolated HemJ to
from the APSI strain were measured after perform Protogen oxidation/dehydrogenation, we
oxidation by air or after reduction by dithionite attempted tomeasure PPO activitgf the eluted
(Fig. 3B). The oxidized spectrum indicates a highHemJ.f.However, m measurable PPO activity in
spin hemeb (Amax = 411 nm), andhe reduced the eluate was detected with or without artificial
spectrum(Amax = 424 nm)is typical for a ferrous electron acceptors menadione lbenzoquinone.
six-coordinate b-type heme. To assess the Marginal activity comparable with  the
stoichiometry of heme binding tdemJ.f, protein spontaneous oxidation of Protogen was detected in
isolated by affinity chromatogphy was further Synechocystiss80 crude extrag and in the
purified by sizeexclusion chromatograph¢Fig. = membrane fractionalthough this activity was
4A). Fractions withthe highest absorption at 415 probably an aifact, as it was present also in these
nm were collected and used for heme and proteiinactions after heat treatment (90 °C, 3 Min
quantification. The protein concentration wasRecombinant human HemYl9) was used as a
estimated from the absorbance at B&0 using positive control for the PPO activitgeasurement.
calculated extinction coefficient for HemJ.f. TheThe HemJ is not fully replaceable by HemG
estimated molar ratio of heme to HemJ.f monomer

was 0.8%0.05. Eluted fractions did not display As we were not abléo detectHemJ activity, we
any sign of chlorophyll or carotenoids (FigB). decided to confirmthe function of HemJvia
Sizeexclusion chromatographwas also used to complementationwith the PPO analogHemG.
estimate theige of the native HemJ complex (Fig. Two strains were engineered one with the
4A). The main elution peak corresponds @ Synechocystis803 hemJ gene placedunder a
protein of ~150 kDa, indicating a higher copperregulated promoterpét) and the second
oligomeric state of HemJ.f (27 kDmonome)y expressingnemGfrom E. coli under thepsbAll
even when taking into account its association witfpromoter In both strains it was possible to delete
detergentAnalysis of the HemJ.éluate by SDS the WT hemJgene, indicating that both constructs

In vitro PPO activity of the purified HemJ.f
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werefunctional. In theP(pet)::hemJstrain, it was
possible to decreaslee amount othemJby adding
copper to thegrowth medum. This led to lower
amounts of enzymatically produced Proto,
followed by decreasdn the levels of phycobilins
and chlorophyll and lower
chlorophyllbinding photosynthetic compleg
especiallytrimeric PSI (Fig. SA, B). To identify
how the repression ofhemJ expression affects
tetrapyrrole biosynthesisthe accumulation of
chlorophyll/lhemeintermediateswas analyzedn

compound exhibited a m/z value of 609.2708
corresponding to the elemental composition
CssHs/N4Os. Based on the similarity of this
elemental composition to Copro#8:9N4Og), the
fragmentation spectra of these two molecules were

levels of major comparedFig. 8A, Tab. S2). Fragmentation tife

Copro molealar ion led to successive benzylic
cleavages with the loss af CH,COOH radical (A
59 Da) from all fourpropionicacid residuesni/z
655—596—537—478—419) as described
previously (22) The queried compounéxhibited

the Ppet)::hemJ strain suppressed by copperonly three consecutive losses of -CE@OH

(Fig. 6). The sppressed strain
significantly decreased levels difie chlorophyll
precursors Mgprotoporphyrin IX (Md) and
monovinyl protochlorophyllide (Pchlide)along
with an accumulabn of coproporphyrin |l

(Copro) and Protathe latter tetrapyrrole was also consiséent

visibly excreted ito the medim. Detection of
both Copro and Protwas likely to result from the
accumulation and neanzymatic oxidation of their
reduced precursors the cell(3,20).

The HemG complementation strain AhemJ/hemG
grew on glucoseslightly slower thanVT (Fig. )
and accumulatk lower amounts of chlorophyll
and phycobilins (Fig. &C). However, the strain
did not grow autotrophically (Fig. 3. When the

AhemJ/hem@ellsweretransferred to glucose free

medium, thecellular levelof chlorophyltbinding

photosynthetic complexes gradually deceehs

(Fig. $4D). Also chlorophyll precursorswere
almost undetectablein the cells, except for
monovinyl chlorophyide (MV Chlide) (Fig. 7),
most probably originating from chlorophyk
recycling from pigmentprotein complexes byts
dephytylation(21). In addition,a large quantity of
an unidentified tetrapyrrole with absorption
spectrum resembling Copsjuted atl3.4 min on

the HPLC profile of the extract from the
AhemJ/hemGstrain incubated without glucose

(Fig. 7). This compoundvas completelymissing
in the WT strain (Fig7A) as well as in the
AhemJ/hem@nutantgrown on glucose (Fig. $6

Harderoporphyrin accumulation in the
AhemJ/hemG strain

The unknown tetrapyrrole  observed

AhemJhemG mutant was isolated and analyze
using HPLC coupled to high resolution tandem

mass spectrometry (HPLBRMS/MS). The

exhibited radicals suggesting presence of

onkyree
propionic groups. From the difference of the MW
of both compounds, it can be assumed that the
fourth propionicacid group ofthe tetrapyrrole ring

is substituted by a vinyl group. Such substitution is
with that described for
harderoporphyrir{23), although the exact position
of the vinyl group on the tetrapyrrole rimgnnot
be determinedia MS/MS experimentddence, the
compound accumulating in tiaddvemJ/hemGtrain
with MW 609 is likely to be ardergorphyrin a
spontaneously oxidizethtermediate ofthe CPO
reaction which is normally generating Protogen.

DISCUSSION

We have isolated tagged HemJ protein from
solubilized Synechocystiss803 membranesand
found thatit forms an oligomeic, most likely
tetrameic complex (Figs. 4A, 5B). Due tothe
hydrophobic naturef this enzymeit is unclear if
the tetramer is the native form or results froom-
physiological aggregation. However, the HemJ
dimer is very stable even after SDS electrophoresis
(Fig. 5B). Distantly relatedHemJ homologs with
known 3D structure (see below) have previously
been shown to form dimers (24,25).

The natively isolated HeJ complex was reddish
in color (Fig.2) due to the presence of herne
(Fig. 3). Interestingly, Gomelsky and Kaplan (26)
previously  overexpressed a Rhodobacter
sphaeroides(R. sphaeroidgs hemJ gene ¢rfl)
located upstream of their gene of interest and
noted thatthe E. coli strain overproducing this
protein turnedpink. Our rough estimatef heme

inStoichiometry indicated a ratio of 0.85 helmper
gsubunit. It seems plausible that HemJ binds a

single hemeb with partial heme loss occurring
during isolaton. Even though HemJ.f eluate
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contained also chlorophyll and variable amount oflistal side of the proposed heme location. This Lys
carotenoids (Fig. 3A), neither was detected ircould provide the sixth ligand of HemMoreover,

HemJ.f fraction from sizexclusion conserved Trp90 T¢p87 in Fig. S7), rarely
chromatography (Fig. 4B), thus we expect thesesubstituted byPhe in other members of the Pfam
pigments to be bound unspecifically. family, may stabilize the heme pocket,aasmatic

To predid¢ the localization of the observed herbe residues (phenylalanine, tyrosine, and tryptophan)
within HemJ we have modeled tH&D structureof  play important roles in proteineme interactions
HemJ protein (Fig. 9). The modeling was through stacking interactions with the porphyrin
performed on the HemJ peptide fromR. (28). The distant homology to several membrane
sphaeroides (WP_023003745) which contairs oxidases together with heme absorption spectra
only 4 helices as is found for most of the proteinindicate that the hemle in HemJ is redox active
of the HemJ family. TheSynechocysti$803 %'  and is involved in electron transfer.

helix , which is present only in cyanobacteria , didThis is in agreement with the expected
not provide enough coverage for-eeolutionary oxidase/dehydrogenase activity of HemJ whigh i
modeling and also the overall homology in thisstill poorly understood. Before the enzyme identity
helix was much lower(see Supplementary results was known, PPO activity belonging to HemJ was
for details) The HemJ proteinforms a very charactezed in the membrane fraction dR.
common structural motif in membrane proteias, sphaeroides(29). This activity was inhibited by
four-alphahelix bundle. The overlay of the respiratory inhibitors and also by extraction of
predicted structuresSrom R. sphaeroidesand quinones from membranes with pentanad no
Synechocysti$803 showed very good agreementnzyme activity was detected after membrane
within this four-alphahelix bundle (Fig.S8E), solubilization (29) This indicaed that PPO
indicating that thisdomainis sufficient for basic activity in R. sphaeroidess closely linked with
HemJ function. Advanced alignment andcomponents of the respiratory electron transport
secondary structure prediction method27) chain. In A. baylyi, both membrane and soluble
revealeddistanthomology of HemJ to other heme fractions were necessary to detect HemJ activity
binding membrane redox proteins. In several ofuggestinghat a soluble factor may be required.
our modelstheinvariant His16 of HemJ (His12 in In another study, authors documented oxygen
Fig.S7) was aligned with herdginding His dependent PPO activity of purified HemJ from
residues obuch distantly relatemplates. As His R.sphaeroides(3). However, detected specific
is the most common residue piding at least one PPO activity was much lower than that fibre

of theusual two heme ligand28) and as His16 is combined fractions irA. baylyi mertioned above
the only invariant His in thePF03653 Pfam (10),and the authors also did not note the presence
family, we believe that His16 of HemJ also ligatesof a colored cofactor in the purified enzynwe
hemeb. This wouldbury the observed hemgin  were not able to detect any oxygaependent PPO
the middle of membran@riented perpendicularly activity of the HemJ protein isolated from
to the membrane surface (FR). Please note that solubilized membranes. No activity was detected
we are using the term remote homolog for Heméven in the presence of menadioree,soluble
without showing that it has common ancestry wittanalog of menaquinone probably serviag the
other heméinding redox membrane proteins.electron acceptor for Hem@®). This is in line
Observed structural similarity and one similarlywith thereport thatHemJdoes not complement an
placed His reidue cansimply be the result of E. coli AhemG mutanf suggesting that the
convergent evolution of a hendwnding connection of HemJ to theespiratory chain is
membrane proteinAbsorbance spectra of reduceddistinct from that of Hem@8).

HemJ (Fig.3B) indicatethe presence of a ferrous Even though we were not able to measure PPO
six-coordinate hemeb with the second ligand activity in our eluate, data presented herein
probably provided by another amino acid(Figs. 8 S4A,B) further document that HemJ is
sidechain. Interestingly, from five amino acidsindeed a bona fid€PO as indicated previously
(His, Met, Cys, Tyr and Lys) that can act as axia(3,10) As would be expected forlPPO, HemJ
heme ligands of hemoproteir{28), there is an downregulation resulted in accumulation of
invariant Lys94 (Lys91 in Fig. S7) located on the tetrapyrrole precursors Copro and Proto at the
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same timeas depletion of chlorophyll precursors speculate that HemF is functionally coupled with
occurred (Fig.6). The HemJ protein is HemJ and that this coupling is disturbed in the
indispensableand complete inactivation othe AhemJ/hemGstrain. Surprisingly, the improper
encodinggene was possible only after expressiortoupling was not demonstrated by accumulation of
of another copy of HemJ or Hem@&/hile we were Protogen (Proto) but by accumulation of
able to complement missing HemJ with HemG akardergorphyringen. This indicates a reduced
shown before(10), this replacement was not ability of Synechocysti$803 HemF to convert
without consequence§he resulting AhemdhemG  harder@orphyringgen  to Protgen after
strain did not grow atotrophically (Fig. S5) and replacement of downstream PPO of Heypk by
the tetrapyrrole biosynthetic pathway wasthat of the Hem@ype. The only other examples
disturbed (Fig. A). of harder@orphyrinaccumulation are for specific
Reactive protoporphyrin intermediates generallynutants of human CPO, which is an oxygen
do not accumulate in strains wittn undisturbed dependent HemHK32). The reduced ability to
tetrapyrrole biosynthetic pathwayMutation of convert arder@orphyrin@en to Protogen in the
genes encoding tetrapole biosynthetic enzymes abnormal CPO was explained by reduced affinity
or treatment of cells with enzyme inhibitors for hardergorphyrin@en, which may leave the
frequentlyresults inaccumulatiorof highlevelsof — enzyme more easil§83). This would suggest that
tetrapyrrole intermediateg4), probably leading to replacement of HemJ by HemG also destalslize
increased formation of reactive oxygen specieghe active site of HemFimplying thata physical
PPOdeficient mutants commopnl accumulate contact between HemJ and HemF leads to
earlier heme intermediatesuroporphyrin, Copro conformational changes of the HemF active site.
and also Prota(30). Accumulation of oxidized As both Coprogen antardergorphyrin@en are
forms is caused by nespecific oxidation of substrates for CPO, the release  of
Coprogen and Protogen in the cell or durindhardergorphyringen could also occur when an
isolation (3,20) (Fig. 1). Repression of HemJ excess of Coprogen is accumntelhin the cel(34).
expressionn the P(pet)::hemJstrain also led to However, Coprogen also accumuthtéen the
Copro and Proto accumulation (Fig). The P(pet)::hemJstrain (Fig.6) without concomitant
complemented AhemJ/hemG strain expressing accumulation ofhardergorphyrin We do not
HemG accumulated less Copro and Proto wheknow exactly why we seehardergorphyrin
grown on glucose compared to the WT (noaccumulation particularly under autotrophic
shown), indicating that the pathway is functionalgrowth. It is possible, that glucose, similarly to
and provides enough Proto for normal chlorophylbxygen regulates the accumulation of both CPO
accumulation and almost normal growth (Figsforms HemF and HemN The red microalga
S4C, D; S5). After transfer to ntbum without Galdieria partita also containing both forms of
glucose the cells of the AhemJ/hemGstrain CPO, excretes Copro indhmedium when growing
stopped growing. Chlorophyll levehlso quickly — mixotrophically on glucose (35). This was
decreased, suggestinghat not enough Proto explained by inactivation of the oxygelependent
accessible to magnesium chelatase made CPO in micrexic conditions when grown on
(Fig. S4C). Interestingly, at the same moment cellglucose (36). In Synechocysti$$s803 the two-
started to accumulate an unusual porphyritomponent regulatory histidine kinase Hik31 is
identified as hardergorphyrin (Figs.7, 8), a involved in the response to glucose and in
probable autepxidation product of switching  between  photoautotrophic  and
harderoporphyrinogenwhich is a tricarboxylic photoheterotrophic growt{87). At the same time,
intermediate in a twstep decarboxylation of the Hik31 has an additional role in the transition
heme precursor Coprog€B1), catalyzed by CPO between oxic and microoxgrowth (38).

(Fig. 1) This indicates problems with the Substrate channeling and the presencstatfle or
AhemJ/hemGnutant at this stage of tetrapyrroletransent multienzyme complexes is expected to be
biosynthesis.Even tlough there are two CPO an advantageous mechanism for pathways with
enzymes (HemN and HemF) iBynechocystis reactive intermediates to protect the cell from
6803,HemF is expected to serve as the sole CPOxidative damage. In tetrapyrrole biosynthesis,
under prevailing oxic conditions (15). We most information supporting the presence of
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multienzymecomplexes for at least some enzymegWP_020861394.1) witla 3xFLAG tag at the €
comes from immunoprecipitation followed by terminus (HemJ.f), thbemJgene $Ir1790 was
immunoblotting and/or mass spectromdtt®,13) cloned intothe pPD-CFLAG plasmid containig

In developingerythroid cells, the presence of a the Synechocystis6803 psbAll promoter, a
mitochondrial heme  metabolism complexsequence encoding the tag, kanamycin resistance
minimally consisting of FeCH, PPO and cassette and flanking sequences for homologous
aminolevulinic acid synthase was documentedecombination that allow insertion bémJtagged
(12). In bacteria, cammunoprecipitation and on its Gterminus into theSynechocysti$s803
immunogold labeling supported a complexgenome in place of thesbAll gene(43). As pPD
involving HemY type of PPO and FeCH in theCFLAG plasmid containindhemJ.f(pPD-hemJ.}
thermophilic cyanobacterium isolated from E.coli frequently contained
Thermosynechococcagongatug13). frameshift mutations withihemJ the fragment for

In pull-down experiments we aimed to -@urify  transformation was obtained by PCR uspRD-
HemJ with its partners in tepyrrole biosynthesis. hemJ.f ligation mixture as a template.The
The most prominent protein co-purified with HemJresultant PCR  fragment was used for
was SlI1106(Fig. 5A), a protein with unknown transformation oWT and APSI strains (44). The
function containingan extended glycine zipper vector used for disruption of hemJ by a
motif, which can be found in a number of channethloramphenicol  resistance  cassette  was
forming proteing(39). However, it is unlikely that constructed usinghe megaprimer PCR method
SlI1106 is required for PPO functi@s inaset of  (45). Firsly, upstream andaivnstream regions of
40 cyanobacterial genomes, HemJ was coded in 32mJ were amplified fromWT genomic DNA
genomes whereas Sl11106 homologs were presenith flanking sequences of chloramphenicol
in only 20 (data not shown). A SII1106 homologresistance cassette from pACYC184 vecidren
was found also in some cyanobacteria coding fahe chloramphenicol resistance casset@nd
HemY-type of PPO. Thus, we do not expectregions upstream and downstreamhemJwere
SlI1106 to be directly involved itemJactivity mixed in one PCR reaction witlthe primer
and its function remains to be elucidatedannealing temperaturat 50 °C. 5ul of PCR
Interestingly, all four FtsH protease homologsreaction mixture was used for transformation into
encoded inSynechocysti$803 were present in the hemJ.fSynechocysti6803strain. To construct
significant quantities inthe HemJ.f eluatdFig. the Ppet)::hemJstrain expressing HemJ under
5A). FtsHs are universally conserved transthe control of cpperfepressed promoter,
membrane metallproteases responsible for pPsbAlpetdFLAG plasmid(46) was used wittthe
guality control of membraneand membrane hemJgene inserted into specific restriction sites
associated proteins. They form hetefigomeric  leaving out the 3xFLAG tad he resulting plasmid
complexes with distinct function$40-42) For was used for WT transformation, and the WT copy
example,the FtsH2/3 heteraligomeric complex of hemJ was deletedafterwards. To prepare
responsible for PSII repair and biogenesis was th&ynechocysti$803 strain expressing HemG from
most abundanin the eluate This may reflect a E. coli under the Synechocystis6803 psbAll
functional connection to PSIl or juseflect the promoter, thehemGgene(47) was again cloned
membrane regh in the cell where the PPO into the pPD-CFLAG plasmid, leaving out the
reaction is performed. 3XFLAG tag.The WT strainwas transformedith

the resulant plasmid and the WT copy was
subsequently deleted. In all cas&ynechocystis
EXPERIMENTAL PROCEDURES 6803 transformants were selected on BG11 agar

Construction of Synechocystis 6803 s$rains plates with increasing levelof corresponding

antibiotic. Full segregation was confirmed b
The strains used in this study were derived fronlbeR_ gred y

nonimotile, glucoseolerant Synechocystis803 -
strain obtained from the laboratory of Peter JGrowth conditions
Nixon (Imperial College, London, UK). To Synechocystis 6803

: ) strains were  grown
prepare a strain expressing HemJ

photoautotrophically in BG11 medium in shaken
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conical flasks at 29 °C and irradiance of 40 pmokElectrophoresis and sizeexclusion
photons nf s*. AhemJhemGstrain was grown in chromatography
the medium supplemented with 5 mM glucose

P(pet)::hemJ strain was grown in the medium was anal : :

. " yzed by SDBAGE in a denaturing
W'tho?tict copper ar_ld agid't'an df uM .CUSCIB wss 12-20% polyacrylamide gel containing 7 M urea
used for repression dlemJexpression. Fothe (49). For native electrophoresis, solubilized

purification Of. HemJ.f protein, 4 liters of cells omnrane proteins or isolated complexes were
were grownmixotrophicallyto an OBy of 0.5 to separated on 4 tadP6 CN-PAGE (50). To resolve
0.7 in the mediumsupplementedwith 5 mM individual components of protein complexdse
glucose. gel strip from theCN-PAGE was first incubateih
Analysis of cellular tetrapyrroles 2 % SDS and b dithiothreitol for 30 min at

Whole cells absorption spectra were measure?om temperature, - andthen proteins - were
with  Shimadzu UWV3000 spectrophotometer. eparated along the second dimension by -SDS

Heme/chlorophyll precursors were measured fro PAGE in a denaturing 12 to 28 polyacrylamide
2 ml of culture OBy~ 0.4 using HPLC according n&el containing 7 M ure#49). Proteins separated

to procedure described in Pilny et al. (48)r the by SDSPAGE were stained with Coomassie

detection of porphyrins accumulated in theBrilliant Blue (CBB) or SYPRO Orange
AhemJ/hemGstrain, 50 ml of cells were grown afterwards. Mass spectrometry analysis QBB

without glucose for three days and harvested %tamed protein bands/spots from BBSPAGE

The protein composition of purified complexes

OD;0~ 0.4. Pigments were extracted by an exce els was accomplished essentially as desctilyed

of 70 % methanol, separated by a HPLC metho ucinskd et al. (18).

described in Pilny et a(48) and their absorbance or sizeexclusion Chromatography the HemJ.f
was detected by a diode array detector. eluate prepad from APSI genetic background

was injected onto an Agileli200 HPLC and
Preparation of thylakoid membranes and separated oa Yarra3000 column (Phenomenex)
protein complexespurification using 25mM HEPES buffer, pH 7.5, containing

Harvested cells were washed and resuspended ?&250'/2 D?.M at a flow ratg of 0,['2 nlw_li m”j fat 10

thylakoid buffercontaining25 mM MES/NaOH, oble dragr:gnzocn%réif&?g dmogn : 10§n?<lja-c\;fv§tre

pH 6.5, 25% glycerol, 10mM MgCl, 10 mM Fnicroconcentrator (Millipore)

CaCl, and thenbroken in a MiniBeadbeatell6 P

(Biospe¢ USA). For protein purification, EDTA Identification and quantification of the HemJ.f

free Protease Inhibitor (Rocheps addednto the bound heme

buffer prior to breaking the cells. Membranes were- : .
: . : or the analysis of heme, th&mJ.f proteinwas

pelletedby centrlfu'gatlon (55,004 g, 20 min, 4 isolated byythe affinity chromatggraphymd

°c3],| rﬁsuspen?led in excess of the thyla(;<0|d bUﬁteésubsequentlyfurther purified by sizeexclusion

and the centrifugation step was repeated.

For the isolation of HemJ.f protein, the membran%r er%rphae;[?sgg?eﬁ% Sn%ec?)?]cc’\éﬁ?;?: dwa:z e_xtrggted

fraction wasresuspended in the thylakoid buffer proteyr0%

. . of acetone/2% HCI, passed through 8.22pum
and solubilized for 1 hour at 1@ with 1.5% n- :
Dodecylg-D-maltoside, (DDM - Enzo Life filter and separated by HPLC dwovaPak C18

: . . column (Waters) using a 25 - 100 % linear
Sciences). After centrifugation (55,0009, 20 , : o
min., 4 °C), the soulbilized proteinswere purified gradient with H,0 (A)/ acetonitrile (B) both

: . . . containing 0.1% trifluoroacetic acidas a mobile
using antdFLAG-M2 agarose resin (Sigma o o
Aldrich). The resin was intensively washed Withg?gtso ?g[mz VU:ZV éittic?; dﬁ::ln mlr; di§;e4oarg
20 resin volumes of the thylakoid ~buffer detector (Agilentl200).The rogtein concentrati())/n
containing 0.04% DDM and the HemJ.f was (Ag )- P

finally eluted with tworesin volumes of the same \év)?;u?grr]niﬁgm'gt;wrz fr:;;tlsc?nsiqrolgn attt)]seorzlezir?ce
buffer containing in addition 300 pg/ml of grap b

: . ) at 280 nm using the ProtParam tool
3XFLAG peptide (Sigmahldrich). (http://web.expasy.org/protparquand a alculated
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extinction coefficientfor the HemJ.f proteinof  85/15 (in 35 mir). Analysis of mass spectra was
41000 M'cm™. Full reduction of heme in HeniJ performed ora Bruker Impact HD high resolution
eluate fromthe APSI strain was achieved by mass spectrometer (Billerica, Massachusetts,
adding a few grains of sodium dithionite. XIS ~ USA) with electrospray ionization. Thelfowing
spectra were measured at room temperature withsattings were used: dry temperature 200dt@ing
Shimadzu UV-3000 spectrophotometer. gas flow 12 Imin?; nebulizer dar; capillary
voltage 3800 V; endplate offset 5(pectra were
collected in the range 202000m/zwith precursor
PPO activity was monitored usirg continuous ion selectionset to 550 - 700 and automatic
fluorometric assay as previously debed (51). exclusion after five spectra. The analysis was
Production of the fluorescent Proto, from non calibrated using sodium formate at the beginning
fluorescent Protogen was detected using ef the analysis. Collision energy for fragmentation
fluorescence plate leader at 2%. Reaction was setto 6@V.
mixtures consisted of 50 mM MOKBH 8.0), 2
mM glutathione, 20 uM Protogen, 200 nM HemJf
and 1 mMmenadione or benzoquinone. ProtogerFor modeling we have used Hemdlypeptide
oxidation byHuman HemY was used as a positivefrom R. sphaeroides(WP_023003745) with 4
control. transmembrane helices. The modeling was
, , performed using several automatic structure
E;I&USO/RASo;nzrl?;(iiseroporphyrln and  HPLC- prediction servers- Robetta (52) RaptorX (53)
and RaptorXContact (54). Te  server
The unknown tetrapyrrole (peak 13.4 min., se€€ OFACTOR was usedor prediction of heme
Fig. 7A) was pepurified from 600 ml of binding site(55) andPPM serve(56) was used to
AhemJdhemG cells grown without glucose for predictthe position of the proteistructure model
three daysHarvested cells were extracted 59 within membrane The protein modelswere
ml of 70 % methanol, the solvent was evaporatedligned and visualized using PyMOL software
on a rotary evaporator and the dried pigmentfrhe PyMOL Molecular Graphics System, Version
dissolved in 2 ml of methanol. Th&olutionwas 2.0 Schrodinger, LLC.]
separated oAgilent-1200 usinghe same solvents
as described for the analysis of cellular
tetrapyrrolesbut employing a semipreparative C8Acknowledgements:
column (Lunas pm, 250 x 10 mmPhenomenex). We are gratefulto the laboratory of Professor
The peak corresponding to the unknowrHarry Dailey (University of Georgia) for
tetrapyrrolewas collected and dried in a vacuumsupplyingus with expression plasmid for HemY.
concentrator. For HPLGHRMS/MS analysis We thank Eva Prachova and Jan Pilny for their
sample vasanalyzed on Thermo Scientific Dionex technical —assistance and Peter Konik for
UltiMate 3000 UHPLC+ (Sunnyvale, CA, USA) performing the mass spectrometric analyses.
equipped with a diodarray detector. Separation Funding esourcesThe work was supported by the
of compounds was performed on reverpbdse project P501/12/G055 of the Czech Science
Phenomenex Kinetex C18 column (150 x 4.6 mmfoundation and by the Czech Ministry of
2.6 um, Torrance, CA, USA) using Education (projects LO1416 and LM2015055).
H,O (A)/acetonitrile (B) both containing 0.1 %
HCOOH as a mobile phase with the flow rate ofConflict of interests:
0.5ml min®. For the separationthe following  The authors declare that they have no conflicts of
gradientwasused: A/B 85/15 (0 mij, 85/15 (in 1  interest withthe contents of this article.
min.), 0/200 (in 25 mir, 0/100 (in 30 mig and

PPO assay

Protein modeling
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Figure 1.

Late steps of tetrapyrrole biosynthesis in cyanobacteriaSynechocystis 6803)

Conversion of Coprogen to Protogen is catalyzed by CP8Syriechocysti€803 HemF works as the sole
CPO under oxic conditions and HemN under anoxic conditions. Thep@#iDct Protogen is oxidized to
Proto by PPO. In most cyanobacteria, this reaction is performed by HemJ P&@n,daf others by
HemG or HemY. Proto is than channeled to ferrochelatase (FeCH) leadingtotePne or to Mg
chelatase (MgCH), first enzymd the dedicated chlorophyll pathway. Coprogen and Protogen can be
spontaneously oxidized to Copro and Proto, respectively.
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Figure 2.

Separation of thepurified HemJ.f by clear native gel electrophoresis

Native isolatios of HemJ.f fromWT andAPSI backgroundshatresulted inareddish eluateverefurther
separated by-44% clear native gel electrophoresis (ENGE). Reddish bands CN1 and CN2 (poorly
visible) were identified as HemJAs already reporte@l8), a small amount of trimeric PSI (PSI[3$ a
typical contamination of FLAG eluates obtained fr@ynechocysti$803. The gel was scanned in
transmittance mode (Scan) using an LAS 4000 Imager (Fuji).
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Figure 3.
Spectroscopy analysis of the purified HemJ.f

(A) Absorption spectra of HemJ.f eleal he peak at 675 niterives from chlorophyll, while the peaks at
412 and 559 nm are characteristic for heme. The eluate with l@an@enoid content (absorption at 450
to 520 nm) was used for spectroscopy analyg}k.Absorption spectra of oxidized and reduced eluate
obtainedrom the APSIgenetic background.

a.u. — absorbance units
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Figure 4.
Separation of the purified HemJ.fprotein by sizeexclusion chromatography

(A) The HemJ.f pulidown obtained fronthe APSI geneticbackground was loaded onseeexclusion
chromatography column, and eluted proteins/complexes were detected by ales@fthaond 415 nm.
Positions of standards are shown at the top of the graph: PSIR3]I dimer (600 kDa); PSII[1] £SlI
monomer (300 kDa); B-AM = B-amylase (200 kDa); ADH = alcohol dehydrogenase (150 kDa); BSA =
bovine serum albumin (66 kDa); DDM markse micelle of dodecytp-maltoside 3XFLAG = 3XFLAG
peptide used to elute HemJ.f from the #itAG-M2 agarose resin

(B) Absorption spectm of 9.4 ml sizeexclusion chromatographiyaction was recorded by a HPLC
diode array detector.
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Figure 5.

One-dimensional SDSPAGE and two-dimensional CN/SDSPAGE separationof HemJ.f eluate

(A) Proteins isolatedby affinity chromatography fronemdJ.fstrain and from WT controtells were
separated byl2 to 20%SDSPAGE, stained with Coomassie brilliant blue (CBB) dhd individual
proteins bands werlidentified by mass spectrometffable S1) (B) The gel strip fom CN-PAGE (see

Fig. 1)was further separated in a second dimension by 12 toSID$PAGE and stained with SYPRO
Orange.HemJ.f bands (marked as CN1 and CN2 in Fig. 1) were tentatively assigned as dimeric
(HemJ[2])and tetrameri¢HemJ[4])HemJ.f oligomersiespectively
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Figure 6.

Analysis ofhemethlorophyll precursors in the P(petd)::hemJ strain grown photoautotrophically in
medium with or without copper

Heme/tlorophyll precursors were extracted with 70% methanol fitwenPpet)::hemJcells atOD;3 =

0.3 -0.4 and separated on a HPLC equipped with two fluorescence de{d&pighe anountsof later
chlorophyll precursors MgrotoporphyrinX (MgP) andmonovinyl protochlorophyllidgPChlide)were
markedly educed in cells cultivated with thepressedhemJexpression when compared with the same
mutant cells grown without copper. On the contrary, Proto and Qopssivelyaccumulated in the
repressedcells. The inset shows a different scale for the less abundant precursergnificance
difference tested using a paita@st (P = 0.05).
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Figure 7.

Detectionof an unusual tetrapyrrole in the AhemJ/hemG strain incubated without glucose

(A) Polar tetrapyrrolesvere extracted with 70% methanol from 50 ml of WT aiemJ/hemQells
grown photoautiwophically for three days and harvestedGiD;;, = 0.3 - 0.4. The obtained extract was
separated on a HPLGee Experimental procedures) and eluted pigments were detectedbg-archy
detector at 400 nnMV Chlide — monovinyl chlorophyllide, Pchlide —anovinyl protochlorophyllide

(B) Absorption spectim of the compound eluting at 13.4 min. The inset shows absorption spectrum of
the Copro standard.
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Figure 8.

HRMS/MS fragmentation of the Copro (A) and harderoporphyrin (B)

(A) Analytical standard of Coproporphyrifi (Copro) was subjected to HPHERMS/MS analysis in
order to provide background data for identification of the unknown tetrapyooiel in AhemdhemG
cells. It provided molecular ion ain/z 655 when subjected to MLC-HRMS/MS and its subsequent
fragmentation led to formation of ions corresponding to four consecutive lossespafnic radical.

(B) Harderoporphyrin was isolated fromhemJhemG cells grown without glucose. ThelPLC-
HRMS/MS analysis provided molelar ion atm/z609 with only three consecutive losses detected in its
MS/MS spectrum. The fourth propionic group is substituted by a vinyl group asthfeom differences
between Copro andahder@orphyrinm/zvalues.
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Figure 9.
Model structure of R. sphaeroides HemJ monomer

HemJ modeWwaspredicted by automatic structure prediction sep@aptorX (53) The His16 proposed

to bind heme is shown in blue. For predictiotheme binding site prediction the server COFACTOR was
used (55)PPM serve(56) was used to predict position of the protein structure model within raambr
Both N and C termini of the protein are on the periplasmic/lumenal sitie afiembrane.
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