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Abstract Dark-operative protochlorophyllide reductase
(DPOR) in bacteriochlorophyll biosynthesis is a nitrogenase-like
enzyme consisting of L-protein (BchL-dimer) as a reductase
component and NB-protein (BchN–BchB-heterotetramer) as a
catalytic component. Metallocenters of DPOR have not been
identified. Here we report that L-protein has an oxygen-sensitive
[4Fe–4S] cluster similar to nitrogenase Fe protein. Purified L-
protein from Rhodobacter capsulatus showed absorption spectra
and an electron paramagnetic resonance signal indicative of a
[4Fe–4S] cluster. The activity quickly disappeared upon expo-
sure to air with a half-life of 20 s. These results suggest that
the electron transfer mechanism is conserved in nitrogenase Fe
protein and DPOR L-protein.
� 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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1. Introduction

Nitrogenase-like enzymes play crucial roles in chlorophyll

(Chl) and bacteriochlorophyll (BChl) biosynthesis [1–3]. One

nitrogenase-like enzyme is dark-operative protochlorophyllide

(Pchlide) oxidoreductase (DPOR), which catalyzes the reduc-

tion of Pchlide D-ring to form chlorophyllide a (Chlide) [1].

By this reduction, the porphyrin ring of Pchlide is converted

to chlorin ring. Spectroscopic properties of Chlide are identical

to those of Chl a. Thus, the Pchlide reduction could be consid-

ered the final step in generating the spectroscopic properties of

Chl a. Another nitrogenase-like enzyme, Chlide oxidoreduc-

tase (COR), participates in BChl biosynthesis [2]. COR cata-

lyzes the reduction of Chlide B-ring, the diagonal ring of D-

ring, to form 3-vinyl bacteriochlorophyllide a, which has a

bacteriochlorin structure. Thus, the sequential actions of two

nitrogenase-like enzymes, DPOR and COR, convert porphyrin
Abbreviations: Pchlide, protochlorophyllide; EPR, electron paramag-
netic resonance; DPOR, dark-operative protochlorophyllide oxido-
reductase; Chl, chlorophyll; BChl, bacteriochlorophyll; Chlide,
chlorophyllide a
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(Pchlide) to bacteriochlorin (3-vinyl bacteriochlorophyllide a)

in BChl a biosynthesis [2].

Nitrogenase is a complex metalloenzyme converting dinitro-

gen to ammonia coupling with ATP hydrolysis (for review see

[4]). Fe protein and MoFe protein are crucial components of

nitrogenase. Fe protein functions as an ATP-dependent reduc-

tase for MoFe protein, and MoFe protein provides a catalytic

center for dinitrogen reduction. Fe protein is reduced by ferre-

doxin (or dithionite in vitro) and transfers electrons to MoFe

protein, which is coupled with ATP hydrolysis. Electrons are

finally transferred to dinitrogen at the catalytic site of MoFe

protein resulting in the formation of ammonia molecules. Fe

protein is a homodimer of NifH, and has a [4Fe–4S] cluster

that bridges the NifH protomers as the metallocenter of elec-

tron transfer. Two Cys residues from each protomer (Cys98

and Cys132 in Azotobacter vinelandii NifH) coordinate the

[4Fe–4S] cluster. Fe protein is extremely sensitive to oxygen

with half-life of less than 1 min because the [4Fe–4S] cluster

is irreversibly destructed by oxygen.

Some nitrogenase-like features of DPOR presumed from the

sequence similarity have been experimentally shown in previ-

ous works [3,5,6]. DPOR consists of two crucial components,

an ATP-dependent reductase (L-protein, BchL-dimer) and a

catalytic component (NB-protein, BchN–BchB-heterotetr-

amer), which are counterparts of Fe protein and MoFe pro-

tein, respectively. The amino acid sequence of BchL shows

about 30% identity to that of NifH. The two Cys residues

for the cluster chelation and ATP-binding motif are conserved

in BchL [1]. It is felt from the structural features that the elec-

tron transfer mechanism of DPOR is similar to that of nitro-

genase [1,5,6]. However, no metallocenters of DPOR

components have been identified so far. Here we describe for

the first time that L-protein from the purple bacterium Rho-

dobacter capsulatus has an oxygen-sensitive [4Fe–4S]-type clus-

ter that resembles the Fe–S cluster of nitrogenase Fe protein.

These features of Fe–S centers suggest that the ATP-dependent

electron transfer mechanism to the catalytic component is con-

served in diverged enzymes, nitrogenase and DPOR.
2. Materials and methods

2.1. Strains and culture conditions
A photosynthetically competent mutant DB176 of R. capsulatus was

used as the host strain to overexpress 6 · HN- and Strep-tagged BchL
proteins. DB176 transconjugants harboring BchL-overexpression vec-
tors were grown as described [2,6].
blished by Elsevier B.V. All rights reserved.
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2.2. Construction of overexpression plasmids
Two plasmids, pJN3L and pJN4L, were constructed to overexpress

BchL as fusion proteins with 6 · HN-tag and Strep-tag, respectively, un-
der the control of the puc promoter in R. capsulatus DB176 (Fig. 1(A)).
The plasmid pJN3L was constructed as follows. A chimeric DNA frag-
ment between puc and a tag-coding sequence was amplified by PCR
pPucf [5] and pPucNHr1 (5 0- TTGGTACCCCAGAGTTATGATTAT-
GATTATGATTATGATTATGATTATGTCTCATTGTCCCGAAT-
CCTCCAA-30) using pJRD-SFX [6] as the template. The amplified
DNA fragment was ligated into BamHI and KpnI (underlined above)
sites of pBBR1MCS2 [7], yielding pJN1. A spectinomycin resistance car-
tridge derived from pHP45X [8] was ligated into the SacI and XbaI sites
of pJN1, yielding pJN3. The bchL coding region was amplified from the
R. capsulatus genomic DNA with the primers bchLf2 (5 0-GTGGTAC-
CAAGCCCGCGCGACGATATTCC-3 0) and bchLr2 (5 0-ACGG-
TACCTCAGTCGAATCCCAGAAGTTC-30), and ligated into the
KpnI site of pJN3, yielding pJN3L. Plasmid pJN4L was constructed
as follows. Primers, bchLf3 (5 0-AGTTCGAGAAGTCGGGGGT-
GAGCCCGCGCGACGATATTCC-3 0) and bchLr2, were used to am-
plify the bchL coding region with an extension for the second PCR cycle.
Another 2 kb chimeric DNA fragment containing the spectinomycin
cartridge and the puc promoter was amplified [2]. The second PCR reac-
tion was followed by amplification with the primers ‘‘pBBRT7f1’’ [2]
and ‘‘bchLr2’’. The amplified 3 kb fragment was ligated into the KpnI
site of pBBR1MCS2, yielding pJN4L. The plasmids pJN3L and pJN4L
were introduced into R. capsulatus DB176 cells by triparental mating [6].
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Fig. 1. (A) Plasmids for overexpression of 6 · HN- and Strep-BchLs in
R. capsulatus. The plasmids pJN3L and pJN4L were constructed to
overexpress BchL as fusion proteins with 6 · HN- and Strep-tags,
respectively. (B) SDS–PAGE of purified Strep-tag and 6 · HN-tag
BchLs. BchLs with 6 · HN-tag (lane 4) and Strep-tag (lane 2) were
purified from the crude extracts of DB176 with pJN3L (lane 3) and
pJN4L (lane 1) by Ni-NTA and Strep-Tactin affinity columns,
respectively.
2.3. Purification of L-proteins
Crude extracts were prepared as described previously [6]. All proce-

dures for L-protein purification were carried out in an anaerobic cham-
ber (model A, Coy Laboratory Products, Grass Lake, MI). The oxygen
level was kept less than 1 ppm in the chamber. Sodium dithionite (final
1.7 mM) was added just before use to remove residual oxygen [2,5,6].
BchL with 6 · HN-tag was purified as follows. About 15 ml of the
crude extract was loaded onto a Ni-NTA Sepharose column (1 ml of
Ni-NTA Sepharose in a 0.9 cm · 2.2 cm column, QIAGEN) that was
equilibrated with the wash buffer (20 mM sodium phosphate (pH
8.0), 20 mM imidazole, 500 mM NaCl, 10 mM dithiothreitol). After
the column was washed with 5 ml of wash buffer, 6 · HN-tag BchL
was eluted with the elution buffer (20 mM sodium phosphate (pH
8.0), 500 mM imidazole, 500 mM NaCl, 10 mM dithiothreitol).
Strep-tag BchL was purified as described previously [2]. Protein con-
centrations were determined using Protein Assay (Bio-Rad) with bo-
vine serum albumin as a standard.
2.4. Assay of L-protein activity
L-protein activity of crude extracts and purified L-protein was deter-

mined by mixing with complementary crude extracts containing over-
expressed NB-proteins with the respective tags in DPOR assay
mixtures (20 lM Pchlide) as described [6]. Assays were carried out at
34 �C for 7 min, and the amount of formed Chlide was estimated from
the absorption spectra of hexane-extracted acetone phase [6].
2.5. Absorption spectra, EPR measurements, and determination of
metals and sulfide

UV–visible absorption spectra of reduced form were obtained using
an air-tight screw capped cuvette using a Jasco V550 spectrophotome-
ter (Jasco, Hachioji, Japan). EPR spectra were recorded on a X-band
spectrometer (model E500, Bruker) equipped with a liquid helium flow
cryostat (model ESR900, Oxford). The modulation amplitude was
0.5 mT and microwave was at 20 mW. Metal content of purified L-
protein was measured by using an inductively coupled plasma (ICP)
analyzer, IRIS (Nippon Jarrell-Ash Co. Ltd., Kyoto, Japan). Wave-
lengths used for the assay of Co, Cu, Fe, Mn, Mo, Ni, V and Zn were
228.6, 327.3, 271.4, 191.5, 203.8, 341.4, 309.3, and 202.5 nm, respec-
tively. As the standard for each metal, 10, 20, 30 and 40 nM solutions
were used (Wako Pure Chemical Industries, Osaka, Japan). Sulfide
content was determined according to the protocol [9].
2.6. Oxygen sensitivity
Crude extract containing L-protein (6 · HN) were exposed to air on

a piece of Parafilm (Pechiney Plastic Packaging, Chicago, IL). Aliquots
were recovered from the drop and the L-protein activity was assayed as
described above. L-protein with 6 · HN was purified as above in a buf-
fer without sodium dithionite. The preparation of purified L-protein
was exposed to air by mixing with an air bubble in a syringe. Aliquots
were recovered from the syringe and mixed with an excess amount
of sodium dithionite. L-protein activity was assayed as described
above.
3. Results and discussion

3.1. Overexpression and purification of affinity-tag L-proteins in

R. capsulatus

To facilitate the purification procedure of L-protein, we con-

structed two plasmids to overexpress BchL as N-terminal

fusion proteins with 6 · HN-tag and Strep-tag under the con-

trol of the puc promoter (Fig. 1(A)) [2,6]. Both affinity tag

BchL proteins were purified by a one-step procedure with

affinity columns, to be almost single bands in SDS–PAGE

(Fig. 1(B)). The specific activities of purified L-proteins were

estimated to be 96 and 100 nmolChlide min�1 mg�1
protein for

strep-tag and 6 · HN-tag L-proteins, respectively. Thus,

purified Strep-tag and 6 · HN-tag L-proteins were charac-

terized.
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3.2. Absorption spectra, EPR spectrum and determination of

metals and sulfide of L-protein

Fig. 2(A) shows the UV–visible absorption spectra of re-

duced and oxidized L-proteins. The reduced L-protein exhib-

ited a broad absorption between 390 and 650 nm with no

distinctive peaks (Fig. 2(A), trace a). Upon exposure to air,

absorption increased and showed a pronounced shoulder at

about 410 nm (Fig. 2(A), trace b). These spectral characteris-

tics were similar to those of nitrogenase Fe proteins from var-

ious sources [10,11].

The probable iron–sulfur center present in L-protein was

characterized by recording EPR spectra of dithionite-reduced

purified L-protein (Fig. 2(B)). L-protein exhibited a rhombic-

type signal with g-values of 2.03, 1.94, and 1.86, which are typ-

ical of a [4Fe–4S] cluster. The g-values of this signal are almost
Fig. 2. (A) Absorption spectra of reduced (trace a) and oxidized (trace
b) forms of Strep-tag L-protein. (B) EPR spectrum of the reduced L-
protein. Purified Strep-tag L-protein was concentrated by ammonium
sulfate precipitation (60% saturation). After centrifugation at
260,000 · g for 30 min, L-protein was dissolved in Tris buffer (Tris–
HCl (pH 8.0), 10 mM dithithreitol, 10 mM b-mercaptoethanol and
1.7 mM sodium dithionite). EPR spectrum was recorded at 20 K with
microwave frequency 9.403 GHz and modulation frequency 100 kHz.
Relevant g-values are indicated.

Table 1
Metal and acid labile sulfur contents of purified L-protein (Strep-tag)

Co Cu Fe Mn

L-protein ND 0.244 2.53 0.131

Metal and acid labile sulfur contents are shown as molar ratio to L-protein
aAcid labile sulfur content was determined by a colorimetric method [9].
the same as those in various nitrogenase Fe proteins with slight

shift of g = 2.03 and 1.86 values [12].

Metal and sulfide of purified L-protein were determined

(Table 1). Only iron was reproducibly detected in a significant

amount (more than 1 per BchL-dimer) among eight kinds of

metal examined (Co, Cu, Fe, Mn, Mo, Ni, V and Zn), while

the other metals were not detected (Co and Mo) or very close

to the detection limit (Cu, Mn, Ni, V and Zn). The iron con-

tent was 2.5 mol per L-protein (BchL-dimer). Sulfide content

was also determined to be 3.1 mol per L-protein. The iron

and sulfide contents are slightly less than 4.0, which is the the-

oretical value for iron and sulfide of a [4Fe–4S] cluster, sug-

gesting that the preparation of purified L-protein contained a

significant amount of apo-forms of L-protein.

Absorption spectral changes in the redox states and the EPR

signal of the reduced form indicated that L-protein has a [4Fe–

4S] cluster similar to nitrogenase Fe protein. The homodimeric

structure of L-protein ((BchL)2) [6] and the conservation of

two Cys residues in BchL (Cys131 and Cys165) are consistent

with the presence of the nitrogenase Fe protein-type cluster.

3.3. Oxygen stability of purified L-protein

To address the sensitivity of L-protein to oxygen, we ex-

posed the crude extracts and purified L-protein to air for var-

ious periods, and then measured the activity (Fig. 3). L-protein

activity of crude extracts diminished with a half-life of about

40 min (Fig. 3(A)), and the activity of purified L-protein was

more quickly lost upon the exposure to air with a half-life of

about 20 s (Fig. 3(B)). When the same procedures were carried

out under an anaerobic environment, L-protein activity of the

crude extracts and purified L-protein was kept constant in the

time periods we examined. This result indicates that L-protein

is very sensitive to oxygen. Taken together, it is suggested that

L-protein carries an oxygen-sensitive [4Fe–4S] cluster as well

as nitrogenase Fe protein. The half-life of purified L-protein

is similar to those of Fe proteins reported [10–15]. The Fe–S

cluster of Fe protein is exposed to the solvent and is quickly

damaged by oxygen causing irreversible denaturation of Fe

protein. The similar oxygen sensitivity of L-protein to Fe pro-

tein including the location of Fe–S cluster, suggests that L-pro-

tein has an overall structure similar to that of Fe protein.

L-protein activity in crude extracts was much more stable in

air than the purified L-protein (Fig. 3). A similar phenomenon

is known as ‘conformational protection’ of nitrogenase in Azo-

tobacter. Nitrogenase activity in the crude extracts of Azoto-

bacter chroococcum was much more stable to oxygen than

purified nitrogenase components. Half-lives of activities of

crude extracts and purified components were 24 min and

30 s, respectively [16], which are similar to those of DPOR

activity of crude extracts and purified L-protein (Fig. 3). A fer-

redoxin-like protein with a [2Fe-2S] cluster called FeSII (Shet-

hna) protein mediates the conformational protection [17]. The

longer half-life upon oxygen inactivation of L-protein in crude
Mo Ni V Zn Sa

ND 0.067 0.209 0.031 3.1

(BchL-dimer). ND: not detected.
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Fig. 3. Oxygen sensitivity of L-protein. Crude extracts containing
overexpressed L-protein (6 · HN-tag) (A) and purified L-protein
(6 · HN-tag) (B) were exposed to air (solid circles) or to anaerobic
atmosphere (in the anaerobic chamber; white circles) for various time
periods. After exposure, aliquots were recovered and the L-protein
activity was assayed. Theoretical decay curves with half-lives of 40 min
and 20 s are shown as dashed lines in panels (A) and (B), respectively.
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extracts implies that L-protein of DPOR is also protected from

oxygen by a similar protein in the crude extracts. A [2Fe-2S]

ferredoxin (fdxC, [18]; fdxD, [19]) shows the highest similarity

to FeSII protein among six ferredoxins in R. capsulatus. Which

protein(s) is involved in the probable conformational protec-

tion for DPOR remains as a future research project.
4. Conclusion

This is the first report demonstrating that the metallocenter of

DPOR L-protein is an oxygen-sensitive [4Fe–4S] cluster, which

is very similar to the [4Fe–4S] cluster of nitrogenase Fe protein.

The amino acid sequence of BchL from R. capsulatus shows

29.0% identity to that of NifH from A. vinelandii, including

the two Cys residues for Fe–S cluster chelation and ATP-bind-

ing motif. This relatively low level of sequence identity seems

to be sufficient to maintain the structure and function as the

ATP-dependent reductase component. The results of this study

suggest that the ATP-dependent electron transfer mechanism

common to nitrogenase operates in a diverged enzyme DPOR.
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