法を用いた光受容タンパク質および光合成反応中心の構造と機能の解析

Chlide
chlide

reduction of Pchlide

light-dependent

oxidoreductase (LPOR) which utilizes light energy to promote the reduction,

and the other is light-independent (
Pchlide reduction irrespective of light.
homology

) Pchlide oxidoreductase (DPOR) which catalyzes
no sequence similarity to LPOR, and rather
.

In the DPOR system, Chlide is synthesized by the double-reduction/protonation of Pchlide
substrate that is linked to an enzyme protein complex (NB-protein). Single electron, provided by
another protein complex (L-protein) that works as an electron mediator, is
.
The

cluster has a special and unique ligand by aspartic acid (Asp) residue in addition to three

cysteine (Cys) lignads, in contrast to four Cys ligands of the conventional 4Fe-4S cluster. An EPR
signal of the native NB-cluster indicated the high spin state of S = 3/2. On the other hand, a mutant
NB-protein, in which the Asp ligand was replaced by a Cys ligand, exhibited an S = 1/2 EPR signal of
NB-cluster and lost its catalytic activity. The results suggest that the unique Asp ligand contributes
to the electronic structure of the cluster and produces the low redox potential necessary for the
reduction of Pchlide.
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Chlide is also synthesized from protochlorophyllide Pchlide

Pchlide, in which a double bond of ring-D in Pchlide is reduced as
indicated by blue and red arrows in Fig.II-3. Two different enzymes function separately to catalyze
the stereo-specific reduction: One is light-dependent Pchlide oxidoreductase (LPOR) utilizing light
energy, and the other is light-independent (dark-operative) Pchlide oxidoreductase (DPOR)
irrespective of light [2].

Primitive anoxygenic photosynthetic bacteria contain only DPOR.

In

contrast, oxygenic photosynthetic organisms including cyanobacteria, algae, and gymnosperms
(nonflowering plants) contain both DPOR and LPOR, and angiosperms contain only LPOR. Because
of the lack of DPOR, angiosperms are incapable of synthesizing Chls and BChls in the dark condition.

DPOR in the anoxygenic photosynthetic organisms utilizing BChl consists of
subunits, while that in the oxygenic photosynthetic organisms containing Chl involves similar subunits
called

. It should be noted that there is no sequence similarity between the

DPOR and the LPOR which is formed by a single protein.

On the other hand,

subunits of DPOR exhibit structural/functional similarities to
nitrogenase enzyme, respectively (Fig.II-4).
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the high spin state of S = 3/2. Meanwhile, a mutant NB-protein, in which the Asp
ligand was replaced by a Cys ligand, exhibited an S = 1/2 EPR signal of NB-cluster and lost of the
catalytic activity for the reduction of

.

The results suggest that the unique Asp ligand

contributes to the electronic structure of the cluster and produces the low redox potential necessary for
the

reduction reaction.



·

Chlorophylls (Chls) work for the solar energy capture and charge separation in photosynthesis.
In the biosynthesis of Chl a, dark-operative (light-independent) protochlorophyllide (Pchlide)
oxidoreductase (DPOR) catalyzes the stereo-specific reduction of C17=C18 double bond on the D-ring
of Pchlide [1,2], as shown in Fig. 1A.

The Pchlide reduction is the final step to give the

spectroscopic properties of Chl a, which plays crucial roles inside the photosynthetic protein
complexes of plants and cyanobacteria.

DPOR is widely distributed from anoxygenic photosynthetic

bacteria to cyanobacteria, algae, plants [2], and its function is replaced by light-dependent
protochlorophyllide oxidoreductase (LPOR) in higher plants.
DPOR is consists of two components, the L-protein (a BchL dimer) and the NB-protein (a
BchN-BchB heterotetramer) [3], as shown in Fig. 1B. The L-protein functions as an ATP-dependent
reductase that is specific for the NB-protein [4].

The L-protein carries a [4Fe-4S] cluster (the

L-cluster) between the protomers that is very similar to that of the nitrogenase Fe protein [5]. The
NB-protein provides the catalytic site for Pchlide reduction. The NB-protein also carries a [4Fe-4S]
cluster (the NB-cluster) that mediates electrons from the L-cluster to the Pchlide molecule [6]. A
recent X-ray structural analysis revealed that the NB-cluster is held between the BchB and BchN
subunits, ligated by one Asp from BchB and three Cys from BchN [7] (Fig. 1C).

All the ligating

amino acid residues of the cluster are conserved in all the BchB and BchN proteins [2]. The
enzymatic activity to reduce Pchlide was lost in a mutant D36C NB-protein, in which the Asp residue
was replaced by a Cys residue, indicating a crucial role of the Asp ligand in the Pchlide reduction [7],
although a conventional [4Fe-4S] cluster was formed (Fig. 1D) [7].
Although no inter-subunit [4Fe-4S] clusters such as the NB-cluster have been reported,
Asp-ligated intra-molecular [4Fe-4S] clusters have been reported in ferredoxins of hyperthermophilic
archaea, Pyrococcus furiosus [8] and Thermococcus profundus [9].

The electron paramagnetic

resonance (EPR) study indicated the unique feature of the [4Fe-4S] cluster of P. furiosus [10-12].
The redox potential of the [4Fe-4S] cluster of the archeal ferredoxin was a little deviated from the
typical [4Fe-4S] clusters [11,13]. The electronic structure of NB-cluster has not been characterized

well, although preliminary EPR studies of the NB-cluster suggested some anomalous features [6,14].
In this study, we identified an unusually broad EPR signal with a spin state of S = 3/2 of the
NB-cluster. The intensity of this signal increased markedly in the presence of the L-protein, ATP,
Chl c, and dithionite.

On the other hand, the signal changed to a rhombic one with S = 1/2 in the

NB-cluster of a D36C NB-protein with the loss of enzymatic activity, as reported in this study.
discussed the role of the Asp ligand in the spin state determination and function of the NB-cluster.

We

Materials and methods
Protein preparations
The NB-protein and the L-protein were prepared as reported [4,6].

A D36C variant of the

NB-protein was purified as reported [7]. The protein concentrations were determined using a protein
assay (Bio-Rad) with bovine serum albumin as a standard.

EPR measurements
EPR measurements were carried out using a Bruker ESP-300E X-band spectrometer (Bruker
Biospin, Germany) with a 100 kHz field modulation equipped with a liquid-helium flow cryostat
(CF935, Oxford Instruments, Oxford, UK).
legends.

The measurement parameters are described in the figure

Results and discussion
EPR signals of the L-cluster and the NB-cluster in DPOR
In previous work, we detected only a weak EPR signal of the NB-cluster under
enzyme-turnover conditions, where small amounts of the L-protein, ATP, and dithionite were added to
the NB-protein mixtures [6].

In this study, Chl c was added to the samples to trap and stabilize the

NB-cluster in the reduced state because it is a competitive inhibitor [7] of Pchlide. The DPOR
reaction is arrested at the Pchlide-reducing step in the presence of Chl c, and the reduced NB-cluster is
expected to accumulate.
Figure 2 shows EPR spectra measured at 5 K and 20 K of a mixture of the L-protein and Chl c
in the presence of ATP and dithionite (traces a and a’). The spectrum indicated a signal in a g = 2
region at both 5 K and 20 K.

The intensity became lower at 20 K.

A simulated spectrum (gray

solid line) calculated with assumed g-values of gz = 2.021 (with an 8 mT line width of a full width at
1/e maximum), gy = 1.948 (1 mT), and gx = 1.861 (6 mT) closely matched this spectrum.

The signal

shapes and g-values were almost the same as those reported for the L-cluster [4].

The result

indicated that the L-cluster was easily reduced by dithionite with ATP and Chl c.
Figure 2 traces b and b’ show an EPR spectrum of a mixture of the NB-protein and Chl c
without the L-protein. The NB-protein gave a broad signal in a g = 2 region with a negative peak at g
= 1.92 at 5 K. Additional narrow signals were detected at g = 5.1, 4.6, and 2.0. At 20 K, the broad
signal nearly vanished, while the narrow signals could still be detected.

Figure 2 traces c and c’ show

an EPR spectrum detected in a mixture of the NB-protein and Chl c in the presence of the L-protein,
ATP, and dithionite. The L-cluster gave a signal in the g = 2 region, and induced the larger broad
signal of the NB-protein. The L-cluster signal could be detected even at 20 K (trace c’) in contrast to
the complete disappearance of the broad signal at 20 K, as seen without the L-protein in trace b’.
Figure 3 shows the temperature dependency of the gz, gy, or gx peaks shown in Fig. 2, trace a (upper
panel) and the 1-6 peaks in Fig. 2, trace c (lower panel). The gz, gy, and gx peaks of the L-cluster
reached their maxima at 9 K.

Peaks 3 and 5 (black symbols) also reached their maxima at 9 K,

showing the same temperature dependence.

A narrow signal at g = 5.1 (cross symbols), which

exhibited a similar temperature dependence, was also detected in the absence of the L-protein (Fig. 2,
trace b), suggesting that the signal is derived from the NB-protein. The origin of another narrow
signal at g = 4.6 (Fig. 2, trace b) is unclear and might be an artifact.

The intensities of peaks 2, 4, and

6 (white symbols) declined sharply on warming and became too low to be detected above 15 K.

No

maxima appeared until 5 K. The common features of the three peaks suggest that these signals
originate from one species in the NB-protein. A dashed line in Fig. 2 trace c shows an assumed

spectrum obtained by connecting peaks other than those of the L-cluster.

It spreads over the

magnetic field at 100 - 450 mT, showing a negative peak at g = 1.92 and a narrow one at g = 5.1.
When Chl c was omitted from the mixture of NB- and L-proteins, the broad signal of
NB-cluster was no more detected, and only the signal from L-protein remained (data not shown).
The binding of the substrate or a substrate analogue is, therefore, necessary to reduce the NB-cluster.
The crystal structures of the NB-protein revealed a partial unwinding of the -helix of BchB upon the
binding of Pchlide [7]. The conformational change of the amino acid residues of this unwound motif,
which interacts extensively with the Pchlide molecule, might help the electron transfer from the
L-protein to the NB-cluster by optimizing the structure for the electron transfer and/or adjusting the
redox potential of the cluster.

We could detect a broad signal only in the presence of Chl c.

Although Chl c binds to the substrate-binding pocket in the NB-protein in place of Pchlide, the
C17=C18 double bond on the D-ring of Chl c is not reduced because of an acrylate at the C17 position
instead of a propionate, which is presumed to be the proton donor, in Pchlide [7]. The trapping of the
reduced state of the NB-cluster, which was realized in the presence of Chl c, thus, markedly increased
the broad EPR signal.

Spin state of the NB-cluster
An EPR signal assigned to the NB-cluster was very broad and is obviously different from the
S = 1/2 EPR signals of typical [4Fe-4S] clusters ligated by 4Cys ligands, as reported for ferredoxin I of
R. capsulatus [15,16], which exhibit anisotropic peaks at around g = 2.

The NB-cluster is

coordinated by one Asp from a BchB subunit and three Cys from a BchN subunit (Fig. 1C) [7].
Similar [4Fe-4S] clusters with an Asp ligand have been reported in ferredoxins of the
hyperthermophilic archaea P. furiosus [8] and T. profundus [9].

However, the Asp/Cys-ligated

cluster formed between the two subunits has not been reported so far except for the NB-cluster.
An EPR spectrum of the Asp-ligated [4Fe-4S] cluster in P. furiosus ferredoxin also had a broad
signal extending to the g = 5 to 2 region and was attributed to the Kramers doublets with a spin state of
S = 3/2 [10]. The NB-cluster also exhibits a broad signal in a similar region, showing a spin state of
S = 3/2. The spin relaxation of the narrow peak at g = 5.1 was slower than that of the other parts in
the broad signal (Fig. 3).

The slow relaxation seems to occur on a spin sublevel with S = 1/2 in the

doublets, and the faster one with S = 3/2 because the spin relaxation caused by the environmental
magnetic perturbation is expected to be faster with the increase of spin multiplicity.

A similar

behavior was observed in P. furiosus ferredoxin [10]. However, the g-values and the spectral shape
of the EPR spectrum of the NB-cluster were different from those of P. furiosus ferredoxin, indicating
different zero-field splitting parameters.

A unique binding motif seems to affect the electronic

structure of the NB-cluster. Figure 2 traces d and d’ show the EPR spectra of the D36C NB-protein

measured at 5 and 20 K without the L-protein. The S = 3/2 broad signal of the NB-cluster was not
detected at all. On the other hand, a rhombic EPR signal was detected at the g = 2 region both at 5 and
20 K, suggesting a slower spin relaxation rate compared to that of the wild-type NB-cluster. The
simulated spectrum (a gray solid line in Fig. 2 trace d’) calculated with g-values of gz = 2.050 (10 mT),
gy = 1.938 (6 mT), and gx = 1.885 (27 mT) fully reproduced the experimental signal. The signal in
the D36C NB-protein, thus, can be attributed to the [4Fe-4S] cluster with S = 1/2 state ligated by four
Cys residues.
The spin quantity estimated for the S = 1/2 signal was assumed to be comparable with that for
the S = 3/2 signal in Fig. 2 trace c, based on the rough simulation (not shown) of the latter spectrum
with tentative zero-field splitting parameters of P. furiosus ferredoxin [12]. Therefore, it is suggested
that the D36C NB-cluster can be reduced by dithionite even without the L-protein and that the Asp
ligand works to enhance the reducing power of the NB-cluster. Further studies are required to
estimate precisely the spin quantity and the redox potential value of the NB-cluster.

Similar changes

of the spin state and the redox potential (within 60 mV) were reported in the Asp-Cys mutated
[4Fe-4S] cluster of P. furiosus ferredoxin [11,13].

Although the 3D structures of the NB-clusters in

the wild-type and D36C variant appear to be almost the same (Fig. 1C, D), a slight structural distortion
seems to change the interaction between the Fe atoms in the NB-cluster to make the low-spin state to
be the ground state.
Some 4Cys-ligated [4Fe-4S] clusters have been reported to exhibit high spin signals as follows;
a high spin S = 3/2 state signal in 2-hydroxyglutaryl-CoA dehydratase from Acidaminococcus
fermentans [17]; mixed S = 1/2 and 3/2 signals in nitrogenase Fe-protein from Azotobacter vinelandii
[18-20]; S = 3/2 and 5/2 signals in ferredoxin from Thauera aromatica [21]; S = 1/2, 3/2, and 5/2
signals in glutamine phosphoribosylpyrophosphate amidotransferase from Bacillus subtilis [22]. A
4Cys-ligated cluster of a ferredoxin from A. vinelandii exhibited the same S = 1/2 spin signal both
before and after the Cys/Asp replacement of one ligand [23]. Similar Cys/Asp replacement was
applied to cluster FA in PsaC protein of photosystem I (PS I), in which the spin state of the cluster
turned from S = 1/2 to 3/2 as the dissociation of PsaC from PS I [24].

Solvent-dependent spin

crossovers between the low and high spin states of [4Fe-4S] cluster are also known [10,18-20].
Therefore, Asp ligand might not be essential to produce a high spin state of a [4Fe-4S] cluster.
The inter-subunit 4Cys-ligated [4Fe-4S] cluster between two identical proteins like that in
L-protein is known in nitrogenase Fe-protein, and in FX clusters in the reaction centers of heliobacteria
and green sulfur bacteria. Both S = 1/2 and 3/2 signals were reported (and are still debated) for FX
clusters of heliobacteria [25,26] and green sulfur bacteria [27,28]. The clusters in the homodimers
exhibited isotropic S = 1/2 EPR spectra ascribed to a symmetrical structure [18-20,25], although there
was an exception for that in green sulfur bacteria [27].

On the other hand, PS I heterodimer reaction

center forms only the low spin 4Cys-ligated FX cluster that shows an anisotropic S = 1/2 EPR spectrum
suggesting the asymmetrical electronic structure [29]. The D36C NB-protein, which is a heterodimer,
produced the considerably isotropic EPR signal comparable to that in homodimeric L-protein. The
electronic structure of the cluster seems to be uniform despite the asymmetric coordination.

Reaction of the NB-cluster
The redox potential of electron transfer cofactors in protein has been known to depend on
many factors, such as the ligand amino acid residues, protein or dielectric environment, solvent
accessibility, and/or hydrogen bonding around the cluster [30].

In the structure of the D36C

NB-protein, the 4Cys-ligated NB-cluster is located in the same position as in the wild type protein, and
the environment around the cluster appears to be almost the same.

Relative positions of the L-cluster

and the NB-cluster of the D36C NB-protein are not significantly different from those of the wild type
[7]. However, the Asp/Cys ligand alteration modified the properties of the NB-cluster. The D36C
NB-cluster was readily reduced by dithionite even without Chl c and L-protein, in contrast to the
wild-type NB-cluster, which was only partially reduced by dithionite alone. In addition, the D36C
NB-protein lost the enzymatic activity to reduce Pchlide [7]. Therefore, the redox potential of the
D36C NB-cluster seemed to have become more positive and the cluster was reduced more readily by
dithionite, compared to the wild-type NB-cluster. The positive shift of the redox potential, however,
will make the electron transfer to Pchlide more difficult.

We, therefore, assume that the Asp ligation

contributes to make the redox potential of the NB-cluster to be negative enough to accomplish the
two-electron reduction/conversion of the stable porphyrin ring to the chlorin ring. The Cys/Asp
replacement of ligand was reported to significantly decrease the redox potential of cluster FA in PsaC
of PS I from -440 to -630 mV [24], while the slight positive shift of the redox potential was induced
by Asp ligand in ferredoxins of P. furiosus [11] and A. vinelandii [23]. Asp ligand seems to tune the
redox potential of a [4Fe-4S] cluster to suit for the proper function.
The high reducing power in the NB-cluster, which was enabled by the Asp ligation, would be
the key to carry out the Pchlide reduction in a nitrogenase-like structure. However, the DPOR
system, as well as the nitrogenase system, has an intrinsic weakness under an oxygenic atmosphere,
namely, oxygen sensitivity [4]. The evolution in the ancient cyanobacteria have solved this problem
by the incorporation of a different reducing mechanism, LPOR, in which Pchlide is reduced by a
hydride from NADPH and a proton from a Tyr residue driven by light within the framework of the
short-chain alcohol dehydrogenase/reductase family [31,32]. The LPOR system that requires light
has introduced a new regulation step in the chlorophyll biosynthesis pathway in higher plants.

The

DPOR system, with the strong reducing power of the D36-ligated [4Fe-4S] cluster but dose not require
light, is used widely in cyanobacteria, algae, and most of plants still now.

(A) Pchlide reduction by DPOR and LPOR.
DPOR complex.

(B) A conceptual model of structure of

(C). Structures around the [4Fe-4S] cluster in the wild-type and D36C variant

NB-protein. The structures were drawn according to [7].

EPR spectra of the L-protein and the NB-protein under different reducing conditions at 5
K (left panel, traces a-d) and 20 K (right panel, traces a’-d’). EPR spectra were measured in the
mixtures of (a, a’) the L-protein and Chl c, (b. b’) the NB-protein and Chl c, (c, c’) the NB-protein, the
L-protein, ATP, and Chl c, and (d, d’) only the D36C variant of the NB-protein.
contained sodium dithionite (5 mM).

All mixtures

The gray solid lines represent simulated spectra.

A dashed

line in trace c shows an assumed spectrum of the NB-cluster made by omitting the signal peaks due to
the L-cluster. The NB-protein was 97 µM, and the L-protein was 6.4 µM in the DPOR assay mixture
[3] containing 100 µM Chl c. The D36C NB-protein was 100 µM in the HEPES buffer (100 mM
HEPES-KOH; pH 8.0, 8 mM DTT, 5 mM sodium dithionite).

Experimental conditions for the

measurements: microwave power, 20 mW; microwave frequency, 9.521 GHz; modulation amplitude, 2
mT at 100 KHz; time constant, 20 ms.

Temperature dependence of the intensity of EPR signals shown in Fig. 2.

The intensities

of the EPR signals at gz, gy, and gx values in trace a in Fig. 2, are plotted against the temperature in the
upper panel. The intensities at peaks 1 to 6 in trace c in Fig. 2 are shown in the lower panel.

The

intensities at the gy peak and at peaks 1 and 3 were evaluated on the basis of the second derivative
spectra.

