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OsCnfU-1A is a chloroplast-type Nfu-like protein that consists of tandem repeats
sharing high sequence homology. Domain I of this protein, but not domain II, has a
C-X-X-C motif that is thought to assemble an iron–sulphur cluster. Herein we report
the solution structure of OsCnfU-1A domain I (73–153). Although OsCnfU-1A domain I
is structurally similar to OsCnfU-1A domain II (154–226), the electrostatic surface
potential of the 2 domains differs. Domain I has an acidic surface, whereas that
of domain II is predominantly basic. Chemical shift perturbation studies on OsCnfU-
1A domain I and domain II with ferredoxin revealed negligible chemical shift
changes in domain I, whereas much larger chemical shift changes were observed in
domain II. The residues with larger chemical shift changes were located on the basic
surface of domain II. Considering that ferredoxin is predominantly negatively
charged, we propose the following hypothesis: First, an iron–sulphur cluster is
assembled on domain I. Next, domain II interacts with the ferredoxin, thus tethering
domain I close to the ferredoxin. Finally, domain I transfers the iron–sulphur cluster
to the ferredoxin. Thus, domain II facilitates the efficient transfer of the iron–
sulphur cluster from domain I to the ferredoxin.

Key words: cell-free protein synthesis, Fe–S cluster, Nfu-like protein, NMR structure,
Oryza sativa.

Abbreviations: CnfU, C-termainal domain of NifU; [Fe-S], iron-sulphur; FNR, ferredoxin-NADPþ reductase;
HIRA, histone cell-cycle regulation defective homology A; HIRIP5, HIRA-interacting protein 5; HSQC,
heteronuclear single quantum correlation; IscU, iron-sulphur cluster assembly protein U; NOESY, nuclear
overhauser effect spectroscopy; RMSD, root mean square deviation; SiR, sulphite reductase.

Proteins containing iron–sulphur ([Fe–S]) clusters are
widely expressed in various organisms from lower bacteria
to higher eukaryotes, and are involved in a variety of cellular
processes, including regulation of gene expression, carbon
metabolism, respiration, nitrogen fixation and DNA repair
(1–3). In the nitrogen-fixing bacteria,Azotobacter vinelandii,
NifS, a L-cysteine desulphurase that catalyses the removal of
sulphur from L-cysteine, and NifU, an acceptor protein for
iron and sulphur, are known to be involved in the assembly of
[Fe–S] clusters. The [Fe–S] clusters are subsequently
transferred to a receptor protein (4).

NifU has a modular structure comprising three distinct
domains (Fig. 1), two of which are potential sites for [Fe–S]
cluster assembly. One is an iron–sulphur cluster assembly
protein U (IscU)-type domain at the N-terminus that
contains three conserved cysteine residues, and the other is
a Nfu-type domain at the C-terminus that has a conserved
C-X-X-C motif (5, 6). Both the N- and C-terminal domains
are capable of transferring the assembled [Fe–S] clusters

to apo-nitrogenase. However, the central domain contains
a permanent, redox-active [Fe–S] cluster ligated by four
cysteine residues and is thought to play a redox role in
recruiting Fe for cluster formation or in mediating the
cluster assembly/release processes.

Homologues of the N- and C- terminal domains of NifU
are found in various organisms. For instance, IscU-type
domains are found in A. vinelandii IscU, Haemophilis
infulenzae IscU (7) and Human IscU. Likewise, Nfu-type
domains are found in Arabidopsis thaliana Nfu-I/-III, A.
thaliana CnfU-IVa/-IVb/-V, Mouse HIRIP5, Oryza sativa
CnfU and cyanobacterial CnfU (Fig. 1).

In plants and cyanobacteria, Nfu-like proteins are
required for essential processes such as photosynthesis
and respiration. All of these proteins have sequences
similar to the C-terminal domain of NifU, and demon-
strate strict conservation of the C-X-X-C motif, which is
the predicted site for [Fe–S] cluster assembly. The
A. thaliana has five Nfu-type proteins that are classified
into two types, mitochondria-type (AtNfu-I/-III) and
chloroplast-type (AtCnfU-IVa/-IVb/-V), with a target
signal to each organelle (6). In vitro analysis demon-
strated that AtCnfU-V could assemble the [Fe–S] cluster
and transfer it to apo-ferredoxin (8). Plant-type
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ferredoxin has one [Fe–S] cluster per molecule and
functions mainly in photosynthesis through the distribu-
tion of electrons from Photosystem I, the membrane-
bound protein complex, to various ferredoxin-dependent
enzymes, such as ferredoxin-NADPþ reductase (FNR)
and sulphite reductase (SiR) (9). A mutant Arabidopsis
that lacks AtCnfU-V exhibits a dwarf phenotype with
faint pale-green leaves and impaired ferredoxin accumu-
lation in the chloroplast (8).

The chloroplast-type Nfu-like proteins have two unique
tandem NifU C-terminal-like domains, domain I and
domain II, downstream of the chloroplast target signal
sequence (Fig. 1) (6, 10). Although the amino acid
sequences of domain I and domain II are very similar
(30–40% similarity), only domain I contains the C-X-X-C
motif. Thus, domain I is thought to work as a scaffold for
[Fe–S] cluster assembly, whereas the functional role of
domain II remains unknown.

In our previous article, we reported the NMR structure
of domain II of chloroplast-type Nfu-like protein OsCnfU-
1A isolated from O. sativa [OsCnfU-1A (154–226)] (11).
Herein we report the NMR structure of domain I of
that protein [OsCnfU-1A (73–153)]. The structures of
domain I and domain II may provide the key to reveal
the functional role of each domain in the biosynthesis of
ferredoxin.

MATERIALS AND METHODS

Sample Preparation by Cell-Free System—OsCnfU-1A
domain I was expressed in a cell-free system using
Escherichia coli S30 extract. S30 extract was prepared
according to the previous reports (12, 13). A mixture of
20 13C/15N-labeled amino acids was purchased from

Spectra Stable Isotopes (Columbia, MD). Creatine
kinase, creatine phosphate and E. coli total tRNA were
obtained from Roche (Basel, Switzerland). The plasmid
pET21d containing the gene encoding His-tagged
OsCnfU-1A domain I was used as a template.

For the cell-free reaction, we designed a new reaction
vessel to improve the efficiency of both the dialysis and
sample collection. The reaction vessel consists of upper
and lower parts that are screwed together to form a cap
for a 15 ml tube. The dialysis membrane is set between the
two parts and, thus, the screw cap works as a dialyser. Up
to 2 ml of the reaction mixture can be applied and, after
incubation, the internal reaction mixture can be collected
by centrifugation to minimize its loss. A comparison of
thioredoxin yield using the present reaction vessel and a
commercially available vessel (Spectra/PoreTM) showed
that the yield for the former was twice that of the latter.
OsCnfU-1A domain I was prepared using the reaction
vessel with 1 ml of reaction mixture, which was dialysed
against 10 ml of buffer solution following a previously
reported protocol (14). The cell-free protein synthesis was
carried out for 20 h at 30 8C After incubation, 1 ml of the
reaction mixture was centrifuged at 3,500 rpm for 10 min
and the supernatant was diluted with 3 ml of binding
buffer (20 mM sodium phosphate buffer at pH 7.4 contain-
ing 500 mM NaCl and 15 mM imidazole), applied to a 1-ml
HisTrap column (GE Healthcare) and then washed with 5
column volumes of binding buffer. The protein was eluted
with 3 column volumes of elution buffer (20 mM sodium
phosphate buffer at pH 7.4 containing 500 mM NaCl and
500 mM imidazole). The eluted protein was applied to a
HiLoad 16/60 Superdex 75 pg (GE Healthcare) equilibrated
with 20 mM sodium phosphate buffer at pH 7.0 containing
150 mM NaCl, 1 mM dithiothreitol (DTT) and 0.05% NaN3.
The protein was then equilibrated against an appropriate
buffer and concentrated for further experiments using
Vivaspin 15R (Sartorius). The final yield of OsCnfU-1A
domain I from 1 ml of reaction mixture was 1.3 mg.
NMR Spectroscopy and Structural Calculations—2D

and 3D NMR experiments were carried out using Varian
UNITY inova spectrometers operating at 800 and
600 MHz. The NMR sample contained 0.6 mM
13C/15N-labeled OsCnfU-1A domain I in 20 mM sodium
phosphate (pH 7.0 or pH 7.5), 150 mM NaCl, 10 mM
DTT, 10% D2O and 0.05% NaN3. The 1H, 13C and
15N resonance assignments were carried out using
the following set of standard spectra measured at
pH 7.5 and 25 8C; 1H-15N HSQC, 1H-13C HSQC,
HNCO, HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH,
HNCAHA, HBHACONH, CCH-TOCSY, HC(C)H-TOCSY,
HBCBCGCDHD and HBCBCGCDCEHE. The 1H, 13C,
15N chemical shifts were referred to DSS according to the
IUPAC recommendation. Inter-proton distance restraints
for structural calculations were obtained from 13C-edited
NOESY-HSQC and 15N-edited NOESY-HSQC spectra
with a 150 ms mixing time at pH 7.0 and 25 8C.
Spectra were processed by NMRPipe (15). Data analysis
was assisted by the Olivia program developed in our
laboratory (Yokochi et al., http://fermi.pharm.hokudai.
ac.jp/olivia/).

The structures were calculated using the CYANA
software package (16) based on the inter-proton distance

AtNfu-I/III

MmHIRIP5

AtCnfU-IVa/IVb/V

OsCnfU-1A

AvIscU

HiIscU

AvNifU IscU-type Nfu-type

HsIscU

SyCnfU

Fig. 1. Schematic representation of NifU/Nfu-like proteins.
Schematic domain structures of Azotobacter vinelanddii NifU
(AvNifU), Azotobacter vinelanddii IscU (AvIscU), Haemophilus
influenzae IscU (HiIscU), Human IscU (HsIscU), Mouse HIRIP5
(MmHIRIP5), A. thaliana Nfu-I/-III (AtNfu-I/-III), A. thaliana
CnfU-IVa/-IVb/-V (AtCnfU-IVa/-IVb/-V), O. sativa CnfU-1A
(OsCnfU-1A) and cyanobacterial CnfU (SyCnfU) are shown,
respectively. The grey-coloured domain represents the IscU-type
domain that has three conserved cysteine residues and can
assemble the transient [Fe–S] cluster. Nfu-type domains with
the C-X-X-C motif are coloured black and those without the C-X-
X-C motif are coloured white. The striped box represents domain
N (6). The dotted box represents the domain with a permanent
Fe–S cluster. The white and grey sticks represent mitochondria
and plastid targeting sequences, respectively.
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restraints from the NOESY spectra and the angular
restraints from the TALOS program (17). One hundred
structures were calculated individually using
10,000 steps of simulated annealing, and a final
ensemble of 20 structures was selected based on
CYANA target function values. The atomic coordinates
and structural restraints for the OsCnfU-1A domain I
structure have been deposited in the Protein Data Bank,
www.pdb.org (PDB ID code 2JNV).
Chemical Shift Perturbation Experiment—OsCnfU-1A

domain I and domain II were titrated with Equisetum
Arvense ferredoxin I, respectively. The titration experi-
ment was carried out in 20 mM sodium phosphate
(pH7.0) containing 100 mM NaCl, 10 mM DTT, 10%
D2O and 0.05% NaN3. Unlabeled ferredoxin was added
to 15N-labeled OsCnfU-1A domain I/domain II at molar
ratios (ferredoxin/OsCnfU-1A) of 0, 0.5, 1.0 and 2.0.
Chemical shift perturbations in OsCnfU-1A domain I and
domain II were monitored in 2D 1H-15N HSQC
experiments. The weighted-average of chemical shift
variations was calculated according to the formula:
�(p.p.m.)¼ [(�dHN)2

þ (�dN/5)2]1/2.

RESULTS AND DISCUSSION

NMR Spectroscopy and Structural Calculation—The
1H-15N HSQC spectra of OsCnfU-1A domain I at pH 7.0
and pH 7.5 are shown in Fig. 2A and B, respectively.
A greater number of cross peaks than expected for domain
I were observed in the 1H-15N HSQC spectrum at pH 7.0,
suggesting that two or more components are present at pH
7.0. At pH 7.5, an appreciable number of cross peaks that
corresponded to the signals possibly derived from the
unstructured components were found to disappear from
the 1H-15N HSQC spectrum. However, due to the fast
amide proton exchange with water protons, neither a
sufficient number nor sufficient S/N of NOESY peaks for
structural calculation was detected at pH 7.5. Thus, we
assigned the OsCnfU-1A domain I main- and side-chain
resonances independently at pH 7.5 and pH 7.0, using a
suite of NMR measurements in order to confirm the
resonance assignments for the globular component of
domain I at pH 7.0. Main chain assignments yielded two
sets of assignments for the C-terminal region (Ile138-
Glu151) of OsCnfU-1A domain I. TALOS predicted that
one set corresponds to a b-strand and the other corre-
sponds to a random-coil. The truncation of domain II may
lead to instability of the C-terminus of domain I, resulting
in equilibrium between the b-strand and the random-coil.

Finally, we calculated the three-dimensional structure
of the globular component of OsCnfU-1A domain I using
a total of 1347 distance restraints and 102 dihedral
restraints (Table 1). Figure 2C shows the 1H-15N HSQC
spectrum of OsCnfU-1A domain I at pH 7.0 with the
assignments of the globular component.
The Structure of OsCnfU-1A Domain I—The overlay of

20 structures with the lowest CYANA energy is shown in
Fig. 3A. These structures have an average backbone
RMSD of 0.52 Å for the structured region (Ala77-Ala115
and Ser122-Glu145) and they present no distance viola-
tions of40.2 Å or angle violations larger than 38 (Table 1).
The ribbon model of the lowest energy structure of

OsCnfU-1A domain I is shown in Fig. 3B. The structure
of OsCnfU-1A domain I has two a-helices (a1: Ala77-Asp94
and a2: Ser122-Lys137) and an anti-parallel/parallel
b-sheet comprised of three strands (b1: Ala99-Ile103, b2:
Val107-Lys111 and b3: Ala143-Glu145). This protein has
an a–b sandwich structure containing two a-helices located
on one side of the b-sheet. The loop region between b2 and
a2, where the conserved C-X-X-C motif is located, has low
structural convergence (Fig. 3A) as residues in this region
had very weak or no cross-peaks in the 1H-15N HSQC
spectrum.
Structural Comparison among Nfu-like Proteins—The

structure of OsCnfU-1A domain I was compared with
those deposited in the Protein Data Bank using the Dali
search engine (19). The most similar structures were
those of OsCnfU-1A domain II (PDB code 1TH5,
Z score 7.2) and an Nfu-type protein with PDB code
1VEH (Z score 3.8), the C-terminus domain of mouse
HIRA (Histone cell-cycle regulation defective homology
A) -interacting protein 5 (HIRIP5). The overlays of
OsCnfU-1A domain I with domain II and HIRIP5 are
shown in Fig. 4A and B, respectively. These proteins
have common a–b sandwich architectures with a kink at
a1 of the proline residue that overlap well; however,
major differences are found in the regions surrounding
the loop between b2 and a2, where the C-X-X-C motif
exists in both OsCnfU-1A domain I and HIRIP5 (shown
in the stick models in Fig. 4A and B).

Amino acid sequences of OsCnfU-1A domain I/II,
AtCnfU-IVa domain I/II, AtCnfU-V domain I/II, cyanobac-
terial CnfU and HIRIP5 were aligned based on informa-
tion from the structure of OsCnfU-1A domain I/II and
HIRIP5 (Fig. 4C). Hydrophobic residues (a1: Val80, Val83,
Leu84, Val87, Pro89, Leu91, b1: Val98, Leu100, Ile103, b2:
Val107, Val108, Leu110, Leu112, a2: Ile126, Ile130,
Leu134, Ile138, Pro139, b3: Val141, Val144, Val147) are
either well conserved or type-conserved. Except for Pro89,
Val107, Pro139 and Val147, all these residues form a
hydrophobic core that is surrounded by two a helices and a
b-sheet (Fig. 4D), showing that the Nfu-type domain is
actually a conserved structural domain. It should be noted
that the two conserved residues, Arg88 and Pro89, exist in
the kink at a1.
Electrostatic Surface Potential of Nfu-like Proteins—

The electrostatic surface potential of OsCnfU-1A
domain I, OsCnfU-1A domain II and HIRIP5 was
calculated using APBS tools from the PyMOL program
(http://www.pymol.org). Although these proteins have
similar scaffolds, their electrostatic surface potentials
are quite different from each other, as shown in Fig. 5.
Notably, OsCnfU-1A domain II has an extensive basic
surface comprised of Arg202, Arg205, Lys210, Arg213
(a2) and Lys186, Lys191 (b-sheet), whereas domain I has
Ile124 and Met135 instead of the Arg202 and Arg213 in
domain II, respectively (Fig. 4C). In addition, Glu131 and
Glu145 are located on the surface of OsCnfU-1A
domain I. The positive electrostatic potential of Arg109,
Lys127, Arg128 and Arg132 is suppressed by the neutral
electrostatic potential of Ile124 and Met135 and by the
negative electrostatic potential of Glu131 and Glu145.
Thus, the corresponding surface of domain I is acidic. In
HIRIP5, the basic surface residues on a2 of OsCnfU-1A
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Fig. 2. 2D 1H-15N HSQC spectra of OsCnfU-1A domain I at
different pH conditions. (A) 1H-15N HSQC spectrum at pH 7.0,
600 MHz and 258C. (B) 1H-15N HSQC spectrum at pH 7.5,

600 MHz and 258C. (C) The assignments of the backbone amide
groups of OsCnfU-1A domain I labelled on the 2D 1H-15N HSQC
spectrum at pH 7.0, 600 MHz and 258C.
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domain II are replaced by neutral residues except for
Lys165; however, there are five acidic residues in the
C-terminal region (Glu178, Glu180 and Glu183) and on
the b-sheet (Glu142 and Glu143) that cover the surface
so that the electrostatic surface potential of HIRIP5 is
strongly acidic. Thus, although Nfu-type domains have a
common scaffold, it is the differences in their electro-
static surface potential that provide these domains with
specific functional roles.
Chemical Shift Perturbation Study of OsCnfU-1A

Domain I and Domain II with Ferredoxin—In order to
clarify the interactions of OsCnfU-1A domain I and
domain II with ferredoxin, we carried out a chemical
shift perturbation study on OsCnfU-1A domain I and
domain II with ferredoxin. Small chemical shift pertur-
bations were observed upon the addition of ferredoxin
to OsCnfU-1A domain I even at a molar ratio of 2.0,
whereas larger chemical shift perturbations were
observed for domain II at a molar ratio of 0.5. The
results of the chemical shift perturbation studies for
domain I and domain II are summarized in Fig. 6A
and B, respectively. Although domain I showed negligible
small chemical shift perturbation effects, larger
chemical shift changes were observed for the backbone
amides of Tyr171, Gly187, Ile206, Lys210, Gln223
and Leu225 followed by Ile168, Thr195, Ala198, Ala207,
Ser209, Leu224 and Ser226 (Fig. 6B–D), which are
located on the basic side of OsCnfU-1A domain II
(Fig. 6E). It should be noted that the titration
experiment on OsCnfU-1A domain II with domain I
indicated no specific interactions between them (data
not shown).

In the above titration experiment, we used holo-
ferredoxin and apo-OsCnfU-1A domain I, which are at
variance with the physiological conditions in which the
[Fe–S] cluster is transferred from holo-OsCnfU-1A to the
apo-ferredoxin. Though the 1H-15N HSQC spectrum of
apo-ferredoxin showed an increased number of signals
that corresponded to the random-coiled structure, most of
the signals were similar to those of the holo-form that
were assigned to the b-sheet backbone structure
(Teshima, K., unpublished data), showing that
apo-ferredoxin possesses the same core structure as

holo-ferredoxin except for the region around the [Fe–S]
cluster binding region. Thus, we expected that apo-
ferredoxin retained an acidic surface similar to that of
holo-ferredoxin and the present results can also be
applied to holo-OsCnfU-1A–apo-ferredoxin binding.
It should be noted that apo-ferredoxin was unstable
and was precipitated within 12 h (Teshima, K., unpub-
lished data).
Residues of Nfu-like Proteins Responsible for

Ferredoxin Binding—AtCnfU-V and cyanobacterial
CnfU, a Nfu-like protein from cyanobacterium
Synechocystis PCC6803, were both reported to transfer
[Fe–S] clusters to ferredoxin in vitro (8, 20). Thus, the
amino acid residues that comprise the basic surface of
the OsCnfU-1A domain II were compared with those of
cyanobacterial CnfU, AtCnfU-V and its minor homo-
logue, AtCnfU-IVa (Fig. 4C). Three basic residues of
OsCnfU-1A domain II, Lys191, Arg205 and Arg213, are
identical in domain II and are type-conserved in
cyanobacterial CnfU, whereas one of these basic residues
is replaced by a neutral residue in domain I. In addition,

Table 1. Structural statistics of OsCnfU-1A domain II.

NOE distance constraints 1347
Short range (intra-residue and sequential) 717
Medium range (2�|i� j|�4) 265
Long range (|i� j|44) 365

Restraint violations
Distance restraints violated by 40.2 Å 0
Torsion angle restraints violated by 438 0

RMSD of structural coordinates
Backbone atoms 0.52 Å
All heavy atoms 0.92 Å

Ramachandran plot
Most-favoured regions 79.0%
Additionally allowed regions 21.0%
Generously allowed regions 0.1%
Disallowed regions 0.0%

Fig. 3. Calculated structure of OsCnfU-1A domain I.
(A) Ensemble of the 20 lowest energy structures displayed in
stereo. The structural models were aligned for the backbone
atoms of A77-A115 and S122-E145. Two a-helices composed of
A77-D94 and S122-K137 are shown in red, and three b-strands
composed A99-I103, V107-K111 and A143-E145 are shown
in blue. The structures are drawn using the program
MOLMOL (18). (B) Ribbon model of the lowest energy structure
of domain I displayed in stereo. The cysteine side chains on the
C-X-X-C motif are shown in a stick model.
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two acidic residues of OsCnfU-1A domain I, Glu131 and
Glu145, are conserved in domain I and cyanobacterial
CnfU, whereas they are replaced by neutral residues in
domain II. Thus, these three basic residues seem to be
important for the interaction with ferredoxin, and the
two acidic residues appear to inhibit their interaction. In
fact, the backbone amide groups of domain II that
showed larger chemical shift perturbations in the titra-
tion experiment with ferredoxin are mostly located in
the region close to these basic residues. Notably,
the hydrophobic patch composed of Leu224 and Leu225
is located on this surface. (Fig. 6D and E). Thus,
OsCnfU-1A domain II uses the positively charged surface

formed by Lys191, Arg205 and Arg213 and the neigh-
bouring hydrophobic patch for the interaction with
ferredoxin.

Ferredoxin is known to transfer electrons to FNR or
SiR (21, 22). The crystal structure of the complex
between ferredoxin and FNR (23), and biochemical and
NMR experiments on ferredoxin and SiR (24–26) reveal
the electrostatic interaction between ferredoxin and
FNR, or ferredoxin and SiR, utilizing acidic residues
from ferredoxin and basic residues from FNR and SiR.
From these facts, it is reasonable to assume that
OsCnfU-1A domain II interacts with ferredoxin using
its basic surface.

Fig. 4. Overlay of the backbone structure of OsCnfU-1A
domain I with those of proteins with the most similar
structures. (A) Overlay of the backbone structure of OsCnfU-1A
domain I (blue) with OsCnfU-1A domain II (pink) (PDB code:
1TH5). (B) Overlay of the backbone structures of OsCnfU-1A
domain I (blue) with mouse HIRIP5 C-terminal domain (yellow)
(PDP code: 1VEH). The cysteine side chains on the C-X-X-C motif
of OsCnfU-1A domain I and HIRIP5 are shown in a stick model.
(C) Alignment of the amino acid sequences of OsCnfU-1A domain
I/II, AtCnfU-IVa domain I/II, AtCnfU-V domain I/II, cyanobac-
terial CnfU (SyCnfU) and HIRIP5 based on the structural
information. Amino acid sequences are first aligned using
GENETIX (Cosmo Bio Co., LTD), and then modified based on

the two pairs of overlaid structures shown in (A) and (B). Acidic
residues and basic residues are shaded red and blue, respectively.
Hydrophobic residues are shaded yellow. The six basic residues
of OsCnfU-1A domain II, K186, K191, R202, R205, K210 and
R213, and the corresponding residues of OsCnfU-1A domain I,
AtCnfU-IVa domain I/II, AtCnfU-V domain I/II and cyanobacter-
ial CnfU (SyCnfU) are boxed in blue. The two acidic residues in
OsCnfU-1A domain I, E131 and E141, and the corresponding
residues of OsCnfU-1A domain II, AtCnfU-IVa domain I/II,
AtCnfU-V domain I/II, cyanobacterial CnfU (SyCnfU) are boxed
in red. (D) Ribbon model of OsCnfU-1A domain I with its
hydrophobic residues comprising the structural core in stereo.
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A Model for the Iron–Sulphur Cluster Transfer—There
are several chloroplast-type Nfu-like proteins containing
a tandem repeat of two Nfu-type domains in which
domain I, but not domain II, has a C-X-X-C motif.
However, the role of domain II in the [Fe–S] cluster
assembly process has remained elusive. Here, we solved
the structure of chloroplast-type Nfu domain I and
domain II from O. Sativa, thereby revealing the role of
domain II from a structural basis. As domain I does not
have any specific interaction with ferredoxin whereas
domain II interacts with ferredoxin through its unique
predominantly positively charged surface, we proposed
that the [Fe–S] cluster is assembled and transferred to
ferredoxin according to the following scheme: First, the
[Fe–S] cluster is formed on domain I; second, domain II
interacts with the ferredoxin thus tethering domain I
close to the ferredoxin and, finally, domain I transfers
the [Fe–S] cluster to the ferredoxin. Thus, domain II
woks as a scaffold to link domain I and ferredoxin and to
facilitate the efficient transfer of the [Fe–S] cluster from
domain I to the ferredoxin. Considering that AtCnfU-V
exists as a dimer in its holo-form (8), it is possible that
full-length OsCnfU-1A also forms a dimer in the first
step of this process.

Cyanobacterial CnfU was shown to transfer the [Fe–S]
cluster to ferredoxin in vitro, though cyanobacterial CnfU
is composed of a single domain lacking a positively
charged domain II (20). The three basic residues of
OsCnfU-1A domain II are type-conserved in cyanobacte-
rial CnfU (Fig. 4C). However, the acidic residues of
OsCnfU-1A domain I are also conserved in cyanobacte-
rial CnfU as well as in domain I of AtCnfU-IVa/-V, thus
providing a partially acidic surface on cyanobacterial
CnfU similar to that of OsCnfU-1A domain I. It can,
therefore, be said that cyanobacterial CnfU possesses the
properties of both domain I and II necessary to bind
ferredoxin and transfer the [Fe–S] cluster to the
ferredoxin.

In addition to the interaction with ferredoxin, it
has been reported that chloroplast-type Nfu-like proteins
have other binding proteins, such as subunits of
photosystem I (8, 27). Although the direct
interaction between them has not yet been proven,
domain II may be involved in the interaction with
these proteins, as well as with ferredoxin. Further
experiments will be required to elucidate our present
hypothesis together with the other proposed functions
of domain II.
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Fig. 5. Electrostatic surface potential of OsCnfU-1A
domain I (A), OsCnfU-1A domain II (B) and mouse
HIRIP5 C-terminal domain (C). Top panel: ribbon model of
three proteins. Middle panel: electrostatic surface potential
presented in the same orientation as in the top panel.

Lower panel: Rotation by 1808 along the axis. Positive and
negative surface potentials are coloured blue and red, respec-
tively. The structures are drawn using the program PyMOL with
APBS tools (http://www.pymol.org/).
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