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【意義︓最初の光合成⽣物誕⽣への由来に迫る】



好熱性糸状光合成細菌 Chloroflexusは系統的に古い光合成生物である
The green non-sulfur bacteria: A deep branching in the eubacterial line of descent
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(1987) Systematic and Applied Microbiology 9, 47-53
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最初の光合成⽣物の候補としての Chloroflexusの性質

1. 16s rRNAの 系統解析で光合成⽣物で
⼀番深く分岐する．

2. 光合成⽣物としての最⾼温度（70℃付近）
まで成育する．

3. 従来から，従属栄養光合成と好気呼吸で良く
成育することが知られていた．

4. 2019年, Chloroflexus aggregans は硫化⽔素依存の独⽴栄養光合
成でも良く成育すること，化学合成でも少し成育することが
明らかとなった． Kawai, Nishihara, Matsuura, Haruta, 2019, FEMS Microbiol. Lett. 366, fnz122

Kawai, Kamiya, Matsuura, Haruta, 2019, Front. Microbiol. 24, 1550



酸化還元条件・硫化⽔素濃度・酸素濃度と Chloroflexusの成育（予想）
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本研究の背景と⽬的

背景︓
1. Chloroflexusの野外での成育を，環境条件との関係で調べた研究は

これまでにない．
2. Chloroflexusの光合成や他のエネルギー代謝との関係がわかれば，

光合成の誕⽣に⾄ったヒントが得られる可能性がある．

⽬的と⽅法︓
1. 中房温泉の，光合成⽣物として Chloroflexusのみが成育している

微⽣物群集で，成育と酸化還元条件の関係を調べる．
2. Chloroflexusの成育は，光合成⾊素の吸収スペクトル，光合成

反応中⼼遺伝⼦，バクテリオクロロフィル合成遺伝⼦で調べる．



調査と解析の流れ
2020 年 7 ⽉ – 9 ⽉
・温泉⽔の流れ⽅と温度を調整し，安定的な群集と環境条件を確認
2020 年 9 ⽉ 26 ⽇– 9 ⽉ 28 ⽇
・⾊調や源泉からの距離の異なる 7 種類の Chloroflexusを含む微⽣物群集の
サンプリング

・サンプリングした場所の周囲の⽔中の硫化⽔素濃度，酸素濃度，
酸化還元電位の測定

2020 年 10 ⽉以降
・光合成⾊素の吸収スペクトルと２次微分による相対値の定量
・リアルタイム定量 PCR による光合成反応中⼼遺伝⼦ pufの相対的定量
・アンプリコン配列解析によるバクテリオクロロフィル合成遺伝⼦
bchXと bchLの相対的定量



調査地１︓中房温泉・合戦の湯︓川原の砂地上の流れ

Flow

1 m

A 66℃

B 68℃

E 68℃
F 67℃



調査地２︓中房温泉・古事記の湯︓砂防ダムの壁⾯の流れ

Flow

1 m

45℃ - 62℃

62℃ - 70℃

70℃ - 78℃

C 
63℃ D 66℃

G 66℃



群集サンプル懸濁液の光合成⾊素の吸収スペクトル
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光合成⾊素 Bchl aと Bchl cの相対量と酸化還元条件

0.0%

20.0%

40.0%

A B C D E F G
redox, Eh mV -68 -50 -45 -36 -6 46 64 

SH- μmol/L 109 202 146 58 22 14 3 

O2    μmol/L 33 42 84 116 130 74 134 

Color Olive Orange Olive Orange Olive Green Olive Green Pale Brown Orange Pale Brown

Flow  mm/s 2 6 300 400 80 8 450
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吸収スペクトルの⼆次微分から得た値
Bchl a: 870-875 nm, Bchl c: 744-762 nm
湿重量を基準
7サンプルの合計を 100%とした時の相対値



光合成反応中⼼遺伝⼦ pufMの相対量と酸化還元条件

redox, Eh mV -68 -50 -45 -36 -6 46 64 

SH- μmol/L 109 202 146 58 22 14 3 

O2    μmol/L 33 42 84 116 130 74 134 

Color Olive Orange Olive Orange Olive Green Olive Green Pale Brown Orange Pale Brown

Flow  mm/s 2 6 300 400 80 8 450
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DNAのリアルタイム定量 PCRから得た値
16S rRNA の値を基準
7サンプルの合計を 100%とした時の相対値
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suggested that two nitrogenase-like enzymes are involved in BChl a
biosynthesis (22). The first nitrogenase-like enzyme is the dark-opera-
tive (light-independent) Pchlide reductase (DPOR) that catalyzes the
stereo-specific reduction of the D-ring of Pchlide (Fig. 1; Ref. 23). The
three subunits of DPOR, BchL, BchN, and BchB, show significant sim-
ilarities to the three nitrogenase subunits NifH, NifD, and NifK, respec-
tively. The nitrogenase-like features of DPOR have recently been exem-
plified by the reconstitution of the DPOR reaction by purified proteins
and have confirmed that DPOR has properties common to nitrogenase
(24, 25). DPOR consists of two separable components, an L-protein
(BchL dimmer) and an NB-protein (BchN-BchB heterotetramer),
which is similar to nitrogenase (Fe-protein and MoFe-protein), and
DPOR catalysis depends on ATP and dithionite or reduced ferredoxin.
The other nitrogenase-like enzyme involved in BChl a biosynthesis is

Chlide a reductase (COR), which catalyzes the stereo-specific reduction
of the B-ring of Chlide a (Fig. 1). The deduced amino acid sequences of
BchX, BchY, and BchZ also show significant similarities to the amino
acid sequences of the nitrogenase subunits NifH, NifD, and NifK,
respectively. BchX from R. capsulatus is a protein of 333 amino acid
residues and shows 31.5% identity to that of the NifH protein from
Azotobacter vinelandii. The Fe-protein, a homodimer of NifH, func-
tions as an ATP-dependent electron donor for the MoFe-protein of
nitrogenase. To accomplish its functions, the Fe-protein carries a [4Fe-
4S] cluster, bridged by two Cys residues from each NifH protomer, and
theWalker motif A for ATP-binding, which is conserved in the amino-
terminal region (26). BchX has two completely conserved Cys residues
(Cys130 and Cys165) for the Fe-S cluster chelation and the Walker motif
A (Gly42–Ser49; Ref. 23). This sequence conservation suggests that BchX
functions as an ATP-dependent reductase that is specific for the other
catalytic component as well as the Fe-protein of nitrogenase. BchY and
BchZ from R. capsulatus are proteins of 497 amino acid residues and
490 amino acid residues, respectively, and show lower yet apparent
similarity to NifD and NifK of nitrogenase, respectively. The MoFe-
protein contains novel metalloclusters, FeMo-cofactor (FeMo-co), and
P-cluster (a [8Fe-7S] cluster) that occur as pairs. FeMo-co is a [1Mo-
7Fe-9S-X-homocitrate] cluster held byHis andCys residues inNifD. Six

Cys residues (three from NifD and three from NifK) are involved in the
chelating of P-cluster (26). His and Cys residues for FeMo-co chelation
are not conserved in BchY. Instead, three Cys in BchY, and one Cys in
BchZ, of the six Cys residues inNifD andNifK are conserved (23). These
features of sequence conservation suggest that BchY and BchZ form a
catalytic component as well as MoFe-protein with slightly different
metallocluster(s). However, to our best knowledge, there is no biochem-
ical evidence for the nitrogenase-like features of COR.
Here, we first report the reconstitution of the COR reaction by the

purified proteins, BchX and BchY-BchZ, from R. capsulatus, and the
identification of the COR product as 3-vinyl bacteriochlorophyllide a
(3VBChlide). These results demonstrate that the sequential actions of
two nitrogenase-like enzymes, DPOR and COR, convert the cyclic tet-
rapyrrole ring structure from porphyrin (Pchlide) to bacteriochlorin in
the BChl a biosynthetic pathway.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—The photosynthetically competent
R. capsulatus mutant DB176 (ORF176::Km

R; 25) was used as the host
strain to overexpress Strep-tagged bchX and bchY genes. The transcon-
jugants were grown heterotrophically in PY medium (27) overnight
with vigorous shaking at 200 rpm in the dark at 34 °C. To prepare crude
extract for protein purification, the transconjugants were grown photo-
synthetically in RCVmedium (28) illuminated with incandescent lamps
(90watts; National, Osaka, Japan) for 4 days at 34 °C. PY andRCVmedia
contained 5 !g ml!1 kanamycin and 10 !g ml!1 spectinomycin.

Construction of Overexpression Plasmids—Twoplasmids, pJN4X and
pJN4YZ, were constructed to overexpress BchX and BchY as fusion
proteins with an affinity tag (Strep-tagII) under the control of the puc
promoter in R. capsulatus (Fig. 2). The Strep-tagII is a short peptide
consisting of eight amino acid residues (WSHPQFEK) that binds spe-
cifically to an engineered streptavidin, Strep-Tactin. Two primers,
bchXf2 (5"-AGTTCGAGAAGTCGGGGGTGACTGACGCACCCA-
ACCTGAA-3") and bchXr1 (5"-CAGGTACCTCAGACATCGTCGT-
AGATCAC-3"), were used to amplify the entire coding region for bchX
by PCR (the sequences that anneal to the bchX coding region are under-

FIGURE 1. The two sequential reactions, from Pchlide to 3VBChlide, in BChl a biosynthesis. The porphyrin cyclic tetrapyrrole structure of Pchlide ("max of Qy band: 625 nm in
ether) is converted to chlorin (Chlide a) by D-ring reduction catalyzed by the nitrogenase-like enzyme DPOR. Chlide a has spectral properties ("max of Qy band: 661 nm in ether)
identical to Chl a and is then converted to Chl a by the attachment of a phytol tail in oxygenic photosynthetic organisms. A second nitrogenase-like enzyme, COR, converts the chlorin
ring structure to bacteriochlorin by B-ring reduction, forming 3VBChlide ("max of Qy band: 745 nm in ether). The vinyl group at the C-3 position of 3VBChlide is then converted to an
acetyl group followed by the attachment of a phytol tail to produce BChl a.
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合成酵素遺伝⼦ bchLと bchXの相対量と酸化還元条件
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アンプリコン配列解析から得た値
窒素固定遺伝⼦ nifHのプライマーを使⽤
同じ配列がすべてのサンプルで得られた
リード数を基準
7サンプルの合計を 100%とした時の相対値



データのまとめ︓Bchl a量，pufM遺伝⼦量，bchL量と酸化還元条件
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pufMと bchLの量は，測定⽅法も基準値も異なるのに
各サンプルでほぼ⼀致した．

還元的な条件で，多い傾向があった．

遺伝⼦あたりの⾊素量は，別の要因が考えられた．



結論

1. 中房温泉の多様な酸化還元条件・硫化⽔素濃度・
酸素濃度の中で，同じ Chloroflexusが成育していた．

2. Chloroflexusの相対存在量は，還元性が⾼く，
硫化⽔素が多く，酸素が少ないほど，多く存在した．

3. 中房温泉の Chloroflexusは，主に，硫化⽔素依存の
独⽴栄養光合成で成育していると考えられた．

4. 今後，さらに研究を進めることにより，最初の光合成
誕⽣への由来に迫れる可能性があると考えている．


