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ABSTRACT

The major photopigment of the cyanobacterium Acaryochloris marina is chlorophyll d, while its direct biosynthetic precursor,
chlorophyll g, is also present in the cell. These pigments, along with the majority of chlorophylls utilized by oxygenic pho-
totrophs, carry an ethyl group at the C-8 position of the molecule, having undergone reduction of a vinyl group during biosyn-
thesis. Two unrelated classes of 8-vinyl reductase involved in the biosynthesis of chlorophylls are known to exist, BciA and BciB.
The genome of Acaryochloris marina contains open reading frames (ORFs) encoding proteins displaying high sequence similar-
ity to BciA or BciB, although they are annotated as genes involved in transcriptional control (nmrA) and methanogenesis (frhB),
respectively. These genes were introduced into an 8-vinyl chlorophyll a-producing AbciB strain of Synechocystis sp. strain PCC
6803, and both were shown to restore synthesis of the pigment with an ethyl group at C-8, demonstrating their activities as 8-vi-
nyl reductases. We propose that nmrA and frhB be reassigned as bciA and bciB, respectively; transcript and proteomic analysis of
Acaryochloris marina reveal that both bciA and bciB are expressed and their encoded proteins are present in the cell, possibly in
order to ensure that all synthesized chlorophyll pigment carries an ethyl group at C-8. Potential reasons for the presence of two
8-vinyl reductases in this strain, which is unique for cyanobacteria, are discussed.

IMPORTANCE

The cyanobacterium Acaryochloris marina is the best-studied phototrophic organism that uses chlorophyll d for photosynthe-
sis. Unique among cyanobacteria sequenced to date, its genome contains ORFs encoding two unrelated enzymes that catalyze the
reduction of the C-8 vinyl group of a precursor molecule to an ethyl group. Carrying a reduced C-8 group may be of particular
importance to organisms containing chlorophyll d. Plant genomes also contain orthologs of both of these genes; thus, the bacte-

rial progenitor of the chloroplast may also have contained both bciA and bciB.

he process of pho, osyn, hesis, in /bmh solar energt is con-

1, ed in, o chemical po, en, ial energy, is relian, upon ligh, -
absorbing chlorophyl] (Chl) pigmen, 5, hz_i are incorporg, ed in, o
_he an enna comple,es of pho, o, rophic organisms. § rug, ural
modiicg, ions, o, he, ¢ raptrrole macrocicle of, hese Chls, /G’ich
11),1 uence, he pigmen, -pigmen, and pigmen, -pro, ein in, erag, 10ns
'ﬁhin ligh, -har _es ing an, enna comple, es, are responsible for, he
specﬁc absorp, ion and energ , ransfer fea, ures of, he pho, osy3-

,em (1 3).

Wi h, he e, cep, ion of, he marine cyanobag, erial Prochlorococ-
cus spp. (4),, he majorj 4, of Chls sed b' 0, ygenic pho o rophs
carry an ¢ hyl group a , he C-8 posi, ion (SE),_, he produg of an
8- ‘in 1] redug ase (8VR) ag ing on a biosyn, hg ic precursor, 8- i-

1.(8V) chloroph tllide (Chlide) (5) (Fig. 1A). T N unrelg ed
classes of 8VR are kno 08y i3 in o, genic pho, o rophs, BciA
and BciB.

BciA | qrs iden, 1q ed, hrough screening my an, s of Arabi-
dopsis thalzana, mya ions in, he AT5G18660 locus led, o, he ac-
cumulg ion of 8V- ra her, han 8E-Chls (6, 7), and recombinan,
pro, ein produced in Escherichia coli i sho s reduce 8V-
Chlide, o 8E-Chlide (6). Subsequen, 11, BciA ag 1 j ies | gre dem-

ons ra ed for pro, eins from rice (8), mai e and cucumber (9),, he
green sulfur bag erium Chlorobaculum tepidum (10), and, he p ur-
ple pho, o rophic bag, erium Rhodobacter sphaeroides (11). In vitro
assas performed /‘-h BciA;, tpe 8VRs from .arious species
sho,gd_, ha NADPH isaredug an for, hisen yme (8 10,12).
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Al houghalso y ili ing8E-Chls,, he genomesof, he majorj, \ of
cyanobag, eria do no, con, ain or, hologs of bciA, indica, ing, he
e,is ence of a second, unrelg ed 8VR. T, @ 5 udies on, he model
cyanobag, erium Synechocystis sp. § rain PCC 6803 (Synechocystis)
demons ra ed, ha myan s )yh my g ionsin open reading frame
(ORF) s1r1923 | gre unable, o gro, gunder high ligh, in ensi ies
and accumulg ed 8V-Chl a (13, 14). Subsequen, 11, an or, holog of
5Ir1923 from_, he green sulfur bag erium Chloroherpeton thalas-
sium i sho,g_ o complemen,_, he Chlorobaculum tepidum bciA
myan,, reco gring sin hesis of 8E-bag eriochlorophtll (BChl)
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FIG 1 The, erminal § eps in, he bios Vo, hesis of Chls a and d. (A) The precursor 8V-Chlide (IUPAC numbered) is reduced, o Chlide bt L an 8VR prlor o, he
addj ion ofph' ol,0,heC- 17 propiong, e side chain by Chl sin hase (ChlG). In A. marina,, he curren, 1y uniden, 1‘ied Chld sin hase o,idi es, he C-3 iny lgro up
of Chlg, 0a charac erig ic formyl group. (B) The Chl d’sl Lo hase- cg aly edoyida ionresy sinared shlf; in, heQ, absorp ion mayim um of, he pigmen, from 665

nm, o 697 nm (in me, ‘hanol).

and Chlin, his 5 rain, con‘irmlng heagij: of he second, BciB,
class 0f8VR2(15) As ud' on, he in vitro ag, 1 it of he BciB-, \pe
8VR from Chloroherpeton thalassium sho gd, hg,_ he en yme is
an Aa in adenine dinucleg, ide (FAD)-COI_)a aining Fe-S pro, ein,
deri _ing eleg rons from red uced ferredOe in (16).

Acaryochloris marina is, he mos, | ell s udied organism y i-
li ing Chld for pho, osyn, hesis (17 19). Chl d differs from Chl a in
.ha i carriesaformylgroupa C-3rg her, hana intlgroup (17)
(F1g 1A),and o, 0y ygen labehngee perimen, scongrmed ha Chlais
_ hedireg, bios: Vo he ic precursor of Chld (20) (Flg 1A). The pres-
“ence of, he form' 1 group red-shif 5, he Q, absorp, ion band of, he
unbound plgmen, by appro,ima, ell 30 nm compared,, o ha, of
Chl a (Fig. 1B), and Chl d g fo und_ o accoun, for 92% of, he

.o al Chl con en of, he cell (18). 1 hasalso been dg ermined, ha,

Chl d is used no, only for ligh, har 3 ing asan ap, enna pigmen,
by also as pho ochemically a, i ¢ special-pair Chls in bg h pho-
L 033 em II(PSII) (21) and PSI (22,23). The pigmen, composi, ion
of A marina allo 91, 0 ef‘;c1en,l har g3 far-red ligh,, o dri ¢
pho, osyn, hesis, an adap, g 1on ha, permi 5 sur i al in colonial
ascidians (24) and microbial mg 5 (25), , gere, he pho, ostn he, i-
cally ac i eradig ionisabsorbed by, he Chla (,ghor ,ghoy Chl
b)-con, aining pho, ¢ rophsby far-red ligh, is enriched (26).

While mog cyanobag, eria yili e BciB, o pro ide red uced Chls
for pho, 0341, hesis, a small number ing ead use BciA. Uniquelt for
cyanobag, eria sequenced, o dg e, bioinforma, ic analysis re ealed

TABLE 1 § rains and plasmids used in, his 3 udy |

. ha_he,

 seq uenced genomes of Acaryochloris spp. (A. marina
MBIC11017 and Acaryochloris sp. 5 rain CCMEE 5410) con, ain
homologs of bg, h bciA and beiB. Here | gre, pressed, he A. marina
genesinamy an, of Synechocystis unable, o sy, hesi e 8E-Chlain
an g, emp,_, o de ermine ,be her bg h ORFs encoded fung ional
8VRs. He erologo us e, pression of bo h genes res ored, he abilj, 1 |
of hes rain, o gro, vmder high-ligh condj ions and_ osn hesi ¢
reduced Chl a. RNA and pro, ein le ¢l analyses of A. marina cells
demons ra ed_ ha bo h BciA and BciB are presen, in vivo. We
hypo hesi ¢ ha , , g 8VRsare employed, o ensure, hg only Chls
carriing 8E groups are syn, hesi ed in, hese 3 rains; possible pen-
al ies for, he presence of 8V-Chl d are discussed.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bag, erial § rains and plas-
mids used in_, his 3 udy are lig ed in Table 1. E. coli g rain JM109 (27)
.. ransformed | gh pPD- FLAG (28) plasmids ,§° 80, 9 inarg, ary shaker
a, 37.Cin LB medlum supplemen, ed *h 30 pg _ml kanaml cm Syn-
echocystis 5 rains ,§re gro, : pho oay o rophlcall') inarg ary ;haker un-
der modera, e (50 pmol pho ons_m~ > _s~")- or high (250 umol pho, ons _
m~ % _s"')-ligh condj ionsg 30.Cinliquid BG-11 medium (29) supple-
men ed ,gh 10 mM TES [N ris(hydro, yme hil)me hil-2-aminog h-
anesulfonic acid], pH 8.2. A. marina , gro pho 0ay o, 1‘0ph1ca\llI ina
rg, ary, shaker under moderg e-ligh condl, ions (50 wmol phg, ons _m 2

57 ') a 28.Cin liquid MBG-11 medium (25, 30) supplemen, ed ﬁh 10
mM TES, pH 8.2.

§ rain or plasmid Geng, ype or charag erig ics

Source or reference

E. coli JM109 Cloning 5 rain for pPD cons rug s

Promega

A. marina MBIC11017 WT R. Blankenship®
Synechocystis 5 rains
PCC 6803 WT R. Sobg, ka”
AbciBmy an, Em’ replacemen, of cen, ral por, ion of sIr1923 in WT 11

AbciB:nmrA(Am) my an
AbciB::frhB(Am) my an,

Plasmids
pPD-FLAG Cloning si e and Km" Aanked by, psbAIl up- and do,
pPD[nmrA] AM1_2394 | ih encoded Hisg, ag cloned in, o pPD-FLAG (Ndel/BglII)
pPD|frhB]

AM1_2394 and Km' replacemen, of psbAIl in AbciB my an,
AM1_2849 and Km' replacemen, of psbAIl in AbciB my an,

AM1_2849 '*-h encoded Hisg, ag cloned in, o pPD-FLAG (Ndel/BglII)

Thiss udy ,
Thiss udy ,

s ream regions; Amp® 28

This s udt
hd >

Thiss udy ,

“ Depay, men, s of Biology and Chemis ry, Washing on Uni ersj ¢, § . Louis, MO.

“Ingj ye ofMlcroblolog ,,Depar, men, of Pho, o, rophic Mlcroorgamsms, Trebon, C ech Rep ublic.
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Construction of Synechocystis mutants containing A. marina genes.
The PCR primers used in, his 3 udy, are lig ed in Table S1 in, he supple-
men, al mg, erial. The frhB gene | amph‘; ed from A. marina MBIC11017
genomic DNA using primers fthF and‘fthR Lh, he re erse primer
encoding a C, erminal he,ahis idine, ag. The PCR prod u“© g diges ed
and cloned in, 0, he NdeI/BglII si es of pPD-FLAG g or, and, he resul -
ing plasmid | g& named pPD|frhB]. The cong rug, ion of pPD [nmrA] ,
similar, o, ha, described for pPD(frhB] e cep, , ha o erlap e, ension PC

used, o generg e full-leng h nmrA con aining a silen, my a ion re-
mo .ing an in, ernal Ndel si e found in, he na i .¢ gene. The regions up-
and do , g3 ream of, his reg rig, ion si e | gre amph‘?ed using, he primer
pairs nmrAlF/nmrAlR and nmrAZF/nmrAZR respec i ell Primers
nmrAIR and nmrA2F | gre designed, o be in erselt 4c0mplemer_1, ary o
each g her and did no, cor_), ain, he Ndel sj e. These amplicons St used
as_ he , empla e for o erlap e, ension PCR  gh primers nmrAlF and
nmrAZR generg, ing, he full- leng h nmrA. The sequenced plasmids S
in, roduced in, o, he Synechocystis AbciB 5 rain (11). Transforman, s ,§te
seleg, ed on sohd BG-11 medium con, aining 10 pg _ml ™" kanamtcin and
fully segrega, ed by incremen, ally doubling, he concen, rg ion of an, 1b10 ic
.0 80 pg_ml~ " F J.u' | Segrega, ed Synechocystzs 5 rains ,§te conqrmed by,
colonI PCR using prlmers pPDCheckF and pPDCheckR.

Extraction and analysis of pigments. Chls | gre e, rag ed from Syn-
echocystis cell pellg, saf er | gshing in 20 mM HEP S (pH 7.2) by adding 9
pelle _olumesof0.2% ( _ol/ ol) ammonia in mg, hanol, _or, e, mi,ing for
30 5, and incuba ing on ice for 20 min. The e, racs  gre clarlqed b'
cen, rifuga ion (15,000 X g for 5 min a 4.C), and he sqperna, an, s ,§e
immedig ely analy ed on an Agilen, 1200 high-pressure liquid chroma-

_-ography (HPLC) 515 em. Chla species , e separg, ed on a Phenomene;
Aan C,gre erse- phase column (5-pm pay, icle si e, 125} poresi e, 250
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FIG 2 Cong rug ion of Synechocystis 3 rains designed , o e, press pyai.e A.
marina 8VR-encoding genes. (A) Isolg ion of fully segrega ed Synechocystis
AbciB 5 rains con, aining genes from A. marina, conSrmed bt colont PCR
L : ; x > >4
amplifting, he psbAlllocus. (B) E, pression of recombinan, pro, eins , gs con-
Srmed by resol ing membrane frag ions from, he described 3 rains by, SDS-
PAGE;, ransferring, o a membrane, and probing )"h an, i-BciB and an, i-Hisg
an, ibodies.

_ions  gre resol ed by SDS-PAGE and,, ransferred , o a poly_i-
n&l{idene d_j,1 uoride (PVDF) membrane, | gich N4 probed /"h
an an, ibody, raised againg Synechocystis BeiB and, in, he absence
of an ag, ibody, raised againg BciA, a commercial an, i-Hisg ap, i-
bodt (Be ht] Laborg, ories, Inc.) (Fig. 2B). The blg, indica, es, ha

_ he recombinan, pro, eins are presen,, conSrming_ he effec i ¢
e, pression of, he A. marina genes )ben under, he con, rol of, he
psbAIIl promg, er.

Functional testing of recombinant proteins. The 3 rains e, -
pressing A. marina genes, along , gh, he WT and AbciB 3 rains,
/?re_, es ed for, heir abili y o gro /vunder high ligh, . Pa ches of
cells  gre incubg ed under congan, illuming ion on solid me-

dium. As e,peg ed, , he AbciB 3 rain unable , o gro , gunder

high ligh, , consis en, ,yh pre iously published resul 5 (11, 13,

14), , ile complemen, 3 ion ,yh bg h nmrA and frhB res ored

heabili y of he AbciB 3 rain, o gro , gunder hese condj ions,
comparable, o, he gro ﬁ'h of, he WT (Fig. 3A).

Chls from, hese 3 rains gro, v in liquid medium under normal
ligh, S §Le &y 1ag ed and analy_ed by HPLC (Fig. 3B). The Chl
e, rag ed from_ he AbciB myan, had a re en, ion, ime 0.4 min
shor, er, han, ha of Chl from, he WT (Fig. 3B). Analisis of, he
absorbance proSles of , hese peaks demons ra ed_, ha _, he Sore,
band ma;,im um from, he AbciB speg, rum is red shif ed by 11nm
rela i ¢, 0, ha from, he WT speg, rum, indica ing, ha, i is, he 8V
form of, he pigmen, (11, 13, 14). The re en, ion, imes and absor-
bance proSles of, he Chl peaks from bg, h, he AbciB::nmrA(Am)
and AbciBfrhB(Am) 5 rains ,gre iden ical , o_ hose of  he Chl

- e

peaks from_ he WT (Fig. 3B). Therefore, e,pression of ej her

1396 HEIKO16 X198 NX® XBX
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431 nm 665 nm
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3
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©
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Qo o~
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[ iof
() o |
Z o
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Pafenrtion tUme (mim)
FIG 3 Gro ,yh and pigmen, analysis of described 3 rains of Synechocystis. (A)

S rains e ed for gro ph under high ligh in ensj on solid medium. (B)
HPLC ely ion pro‘iles and absorp, ion speg ra (inse ) of Chls e, rag ed from
3 rainsgro g under modera eligh, in ensj y. Re en ion, imesof20.3and 19.9
min and Sorg, absorp, ion ma,ima a 431 and 442 nm are indicg i e of 8E-Chl
aand 8V-Chl g, respec i ¢y, in, he HPLC 0l en 5.

nmrA or frhB successfully reco ers, he WT 53 us, | gh respeg o
8E-Chlasyp, hesis,and, hus g propose, ha_, he be reassigned as
bciA and beiB, respeg i el
Identification of 8VR utilized by A. marina. In order, o de-
_ermine b’ich of, he 8VRs A. marina yili esfor Chl biosyn, hesis
or ,fe her bo h pro, eins are employed,, ranscrip, ion of bciA and
bciB ¥ checked by RT-PCR, and_, he presence of , he cogna e
pro eins | g dg, ermined by mass speg rome, ry. To, al A. marina
RNA g 1s0la ed from a cul ure a mid-e,ponen,ial gro ﬁ'h

XAXATII44IHSIGLISHIXINAH VHEITNIVIMIOI440STVIIAOIHIA9 L OXOXH
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FIG 4 Dg eg ion of, ranscrip, 5 of bciA and beiB in A. marina by RT-PCR.
Reag ions for beiA and bciB, along , gh he rnpB ho usekeeping con, " rol, ,§te
performed i'h, heinclusion (+) and omission (—) of re erse, ranscrip, ase, o
ensure, ha samples ,§Fe no, con, aming, ed by genomic DNA.

phase,, reg ed | gh DNase, o remo ¢ any genomic DNA, and used
as, he empla, e for one-5 ep RT-PCR in blch cDNA s\q hesis
and PCR amphqca, ion , gre performed in a single reag ion. The
ho usekeeping gene rnpB, encoding, he RNA subunij, of RNase P,
included as posi, i ¢ con, rol. The amplicon generg ed by RT-
PCR displayed a single band | gh he e,peg ed si es for all, he
.- hree genes  gen analy ed by agarose gel eleg, rophoresis (Fig. 4):
140 bp for bciA, 142 bp for beiB, and 106 bp for rnpB. The absence
of bands in_ he no-RT con, rols eliming ed_ he possibili , of
genomic DNA con, aming, ion. Therefore, ,§ can conclude,, ha
bo, h nmrA and frhB are ag i ¢l ranscribed under, he cond], ions
_,es edin A. marina. Mass speg, rome ri analysis | @s performed, o
rift he presence of NmrA and FrhB pro, eins in A. marina. Pro-
.. eins e, rag ed from an A. marina ,gole-cell 1|33 e S §re.Ted ed
/*h a comblna ion of endopro, elnase LysC and . Typsin, o gener-
a ¢ pep,ide fragmen,s ich | gre, hen anal' ‘ed by nano-liquid
chroma ography (LC)- S/MS Mass speg ra, consis ing of bg h
pep, ide ion masses and,, heir produg ion proSles, ,§te wsed as
inpy 5 for searching againg _ he A. marina reference pro, eome
da abase. In, g al, 1,470 pro, einy |, gre iden, 1Qed including bg, h
NmrA and Fth assho, g in Table 2.

Phylogenetic analy51s of BciA and BciB. Comparisons of, he
phylogenies ob, ained by ma,imum-likelihood analisis of BciA
and BciB amino acid alignmen, 5 ,*h hose ob, ained by analysisof
16S rRNA ahgnmen, s from, he same species are sho N in F1g 5A
and B, respeg i el The ph )l‘ogen_e ic posi, ions of A. marina BciA
and BciB are b, h broadly consizen, ,gh_ hose sho N for A.

marina in he 16S rRNA , rees, sugges ing ha _ he bciA and bciB
genesha eng, beenacquired by hori on, al, ransfer. Ho , g er,, he
posi, ions of Synechococcus spp. in, he BciA, ree and, he clade con-
_,aining, he green sulfur bag eria in, he BciB, ree are inconsis en,
) *h, he 165 rRNA phtlogen, indicg ing, ha_, here may ha ¢been
la eral, ransfer e en, s during, he e .oly ion of bg, h bciA and bciB.

DISCUSSION

Wi h_ he curren, absence of a geng ic 5y3 em for_ argg ed mu-
_.agenesisof A. marina, v §e unable, o d¢ ermine if, helossof a
single 8VR-encoding gene, or loss of 8VR fung ion _ia disrup, ion
ofbg, hnmrA and frhB, | o-uld ha eanega i ¢ effec, on iabilj 1 of
. he cells. Recen, 1y, Wa abe and co , grkersha ¢ descnbed he Y3
“successful m Y agenesw of A. marma cells using a_ ransposon—
based 5.5 em (38)L, het , yepor, ed, heisolg ionofamyan,  gha
ransposon inser, ion m L; a ioninagenein ol edinmoltbdenum
cofa_c or blos;g, hesis. Thismy an, could be fung ionall ;gomple
men, ed ia in rodug ion of, he WT copt of, he disrup, ed gene in
trans. ] is hoped,, ha fur, her de ,elopmen, of, his mg hod may |
tield a 5y5 em for roy ine, argg ed my agenesis in A. marina and
0 “her Cy anobac eria of in, eres , allo , gng, he dg, ermina, ion of fac-
_orsin ‘ol edin far-red- ligh yili a, ion, incl 4d1ng, he biostn he-
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ans

_, 0, he surface of, he alga

. hese §-form: Lp1gmeg 5

_-an s islimj ing; e.g., 8V redug ion by, Bci

_ha amachisa random e en, . The false-disco er ra e for, his search ,
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sis of Chl d. Fur, her, iden, ifting, he genesin ol .ed in such a pro-
cess is of signiican, in, eres /‘h he recen, disco ery ha some
3 rains of, erres rial cy: anobac eria yili ing Chla en gro, @ in
e hgh, possess, he ab1h, {;0 ini ia e 311 hesis of Chls d and f
en ¢yl ured in far-red hg}_l, coupled *h_ he e,, ensi ¢ remod-
ehng of, heir pho, o5t 1, he ic complees, a response_ ,ermed “far-
red-ligh, pho oacclima ion, (FaRLiP) (39). ‘
Lossof VR agi j yin A marina ,guld resul in, he produc-
,ion of 8V-Chla and 8V-Chl d. 8V- Chl a doming esin Prochloro-
“coccus s5pp. (4) and in a recen, I\ jsola ed 5 rain of_, he marine eu-
karyg ic pro, i3 Alexandrium ostenfeldii (40), and, he unred uced
form of, he pigmen, i3, olera ed in plan, and cy; anobac erial mu-
vh lesions in 8VR- encodlng genes (6, 13 14). 8V-Chl d,
ho, § <o has ye  obedg eg edinng ure. Chld | gs Sr3 repor, ed
as a minor pigmen, in _arious species of red microalgae (41),
alhough i ,gsla er dg ermined, ha Acaryochloris spp. g, ached
re, he, rue source of, he pigmen, (42).
Chl a can also be readily o,idi ed, o Chld d uring pigmen, e, rac-
_.ion (43 45). Fur her, a3 udy by Loughlin ¢ al. dg ermined, ha
int] groups of ng 4ra11' occ JII‘ll’lg Chls can spon, aneously o, i-
die a C-3, l1eld1ng Chl’d-like pigmen, 5, and/or g C-8, l1eld1ng
no ,el 8- form') 1 _ersions of, hese Chls (46). The ay hors measured
_ he Sore /Q 13, ios of, he subs ra e and produg for each oida-
_ion, comparing, he absorp ionin, ensi y of, he hlgh -energt, blue-
mo_s -absorbing band of, he pigmen, , 0_ hg of, helo,
red-mo -absorbing band. In, ereg inglt, Chlsa, d and . hela, er
carrying a formyl group 3 C-2, ha ¢ Sore /Q, ra iosof <1.0, and
_ he ra ios of , he 8V forms of Chls a and Jare 1.15 and 0.99,
respec iely, Ho .er,, he Sorg, /Q, ra, ios of bo h 8-formyl Chla
and 8-formy], Chl dare 2.34. If he o ida, ion of he .iny] gro up a
C-3,0 '1eld Chl d occurs spon, aneo 4}1' invivo or if, he en Lme
ca al' 1ng_, he oyida ion is no, specﬁc for he C-3 m')l gro up,
N uld be u ift ed for ligh, har 3 ingand
pho, ochemi_s; ry and may, ;esql in impaired red-ligh, absorp, ion,

_husnega ing, head .an age A. marinaholdsinj secological niche

conferred by_using, he far-red-absorbing Chl d. This may g, plain

h e, e uenced speciesin, hisgenusemploy ¥ unrelg, ed
8 Rs: reduced Chls can be s1n hesi ed due, o, he presence of an
al erng i ¢ en yme under condj ions in , gich one of, he red uc-
may, doming, e /ben
cellular le s of ferredoyin are deplg, ed under iron-limj, ing con-

/

TABLE 2 Iden, iScg, ion of BeiA and BeiB by pro, eomic analysis

Mass MOWSE Sequence
Prgein (Da) score®  co erage (%) Pep ides’

BciA 36,780 216 27 RILVLGGTGTIGR.A,
R.ATVAELVK.R,
K.FLAEQVFK.N,
R.QFYGVVSCLASR.T,
R.ESGLIYSIVRPTAYFK.S,
K.SVPPGFLNAIATVLGGIAK.I,
R.LVDGSEEAERGDFAVEF.-

BciB 45,492 58 7 R.TPEEVLAAR.V,
R.SVQDSLGLEK.L,

R.AGLQTFLETTSR.S

“The, ‘9 8VRs | g iden, ﬁed by da abase searching l&h a P alue of <0.05
indica, ing sngm‘;cance, ih MOWSE scores represen, ing, he in erse of, he probabilj, 1
0.75%.

b Tryp ic pep, ides are sho, v ,th,/ianking amino acid resid ues separa, ed by periods.
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A
16S rRNA

* ’|‘OU| “acaryotindnstnénnd MEC 1767,
Acanpehlris s, SCMER R4
Leptolyngbya sp. PCC 7375

—

‘ ’u‘OgIT"AcaryotL“i‘vloris marina MBIC11017
1054, Acrmpsrionss sp. TROWRE =44y

Leptolyngbya sp. PCC 7375

FIG 5 Phylogeng ic relg ionships among 8VR pro, ein sequences compared , gD paren, organism 165 rRNA phslogenies. May im um-likelihood phylogenies of
BciA (A) and BciB (B) homologs, compared | gh 165 rRNA phtlogenies of, he same organisms, are sho , g. The BciA and BeiB, rees e cons rug, ed from amino
acid alignmen, s using, he PROTGAMMAAUTO model in RA,ML _ersion 8.2.4. The rRNA_ rees | gre congrug ed from nucleg ide alignmen, 5 using, he
GTRCAT model. The numbers on branchesindica, ¢, he percen, bog, 5 rap suppor, from 100 replica es, and, he scale barsindica ¢, he speciSed number of amino
acid or nucleg, ide subz i, y ions per 3 e. Ey ample organisms from cyanobag, eria (cyan), purple nonsulfur bag eria (p urple), green sulfur bag eria (green), green

‘ilamex_], ous bag eria (amber), and Acidobacteria (red) are included.

dj ions. In ereg inglt, he genomes of, he cyanobag erial 3 rains
using, he FaRLiP response sequenced, husfar dong con ain mul-
_.iple copies of 8VR-encoding genes. Ho S €0 unlike in Acaryo-
chloris spp., Chld isng, a dominan, pigmen, , making up onlt 1, 0
2% of  he, g al Chls in_ he cell (47). We in end_, o e, plore_ he
consequences of accumulg ion of 8V-Chl d, and possibly, 8-formt],
Chl d, once_, he_, arge ed geng ic manipulg ion of A. marina 15
possible.
The yili g ion of unrelg ed en ymes, o ca aly e a single reac-
_ ion )guld no, be uncommon in pho o rophic organisms. The
magnesium pro oporphirin monomg hyl, eger ciclase and
Pchlide oyidoredug ase en ymes e i3 in, g dizing classes in
o, \genic phg, o, rophs, each employing differen, reag ion mecha-
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nisms (48). As | gh A. marina, man L3 rains of green sulfur bac-
_eria appear , o employ mul iple 8VRs for (B)Chl biosyy, hesis,
con, aining ej, her genes encoding en {mes of bo, h classes or more
_-han one copy of beiB (15). Ho,q-,er,_, he ag i j ies of differen,
con en ional 8VRs from, he same organism had no, been dem-
ong ra ed un, il, hiss udy. In, eres ingl, heen ymeca aly ing, he
Srg commi, ed 3 ep in, rue BChl biosn hesis in organisms using
BChl a, Chlide oyidoredug ase (COR), isable, o use bg h 8V-and
8E-Chlide subs ra es, by in each case, he produg, pigmen, carries
an 8E group, demons rg ing a surprising addj ional 8VR ag i j v
(49). All kno , @ BChl a-yili ing pho, o, rophs g her, han Rosei-
flexus spp. also con, ain a bciA gene (50). Remo _al of 8VR fung ion
in Rhodobacter sphaeroides, ,b’ich ng, urally produces BChl a, re-
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sul edin, hes * 1, 0, hebiosyn hesisof BChl b,, he pigmen, )*h
helo, gs energi-absorbing proper, y of any na urally occurring
pho op1gmen, (51), leading , o_, he proposal ha mu],1ple 8VR
ag 1 j ies ensure agains_, he formg ion of BChl bi in, hese organ-
isms. The presence of mul iple 8VRs in green sulfur ba_c, eriamat
also ensure, ha me hyla ion of, he C-8 group is possible; delg, ion
of beiA in Chlorobaculum tepidum pre en, ed, hisme htla ionand
resul ed in aberran, assembly of, he chlorosome,, he speciali ed
ligh, -har e3 ing an enna in, hese organisms (52). Similarly,
propose here, ha Acaryochlorls spp. emplo "l 8VRs, 0 pre en,
.- he sun hesis of pigmen, 5 de aen, in red/far-red absorp, ion.

The genomes of man plan, species, including A. thaliana and
rice, glch rely on BeiA for 8V gro up red ug, ion, con, ain or, hologs
of bci blch appeared o ha ¢ become red undan, in, hese spe-
cies. Ho -1, Meguro ¢ al. demons ra ed, ha,_, he beiB or, holog
in A. thaluma encodes an en {me in ol ,ed in, 'he con ersion of
Chl b back, 0 Chla (53),a process impor, an, for greening, accli-
ma, ion, o hgh, in, ens; ,,and senescence in higher plan, s. This
en yme is proposed, o ha £e ol edfromadig om BciBand no, v
ca al' o3 ame,gsep in pigmen, blos'g,hems (53). Of_, he se-
qaenced cyanobag, eria and prochlorophl €5, onl)Acaryochlorzs
spp- appear o con, ain bg h bciA and bciB, “and our phylogeng, ic
analt L5is indica, es, hg nej her of, he genes | gs acquired b la eral
gene, " ransfer. These obser g ionsmay pro ideinsigh s lben con-
sidering, he cyanobag, erial progenj or of, he chloroplas .
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