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Crystal Structure of Sulerythrin, a Rubrerythrin-Like Protein from a Strictly Aerobic
Archaeon Sulfolobus tokodaiStrain 7, Shows Unexpected Domain Swapping
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ABSTRACT. Sulerythrin is the first rubrerythrin-like protein to be isolated from an aerobic organism,
Sulfolobus tokodaistrain 7, and it lacks a C-terminal rubredoxin-like F&®main. The protein purified

from Sulfolobuscells was crystallized, and the crystal structure was determined at 1.7 A resolution. The
dimer of sulerythrin exhibited “domain-swapping” at the loop connectiBgand a.C, hybrid four-helix

bundles consisting aftA/B and aC/D being formed. The structure and atomic identity of the binuclear
metal center were determined by means of anomalous scattering analysis. The site contained 1.0 mol of
hexacoordinate Fe, 0.8M@.87 mol of tetracoordinate Zn, and 0-73.88 mol of putative @per monomer.

The metal ions were found at exchanged positions compared to those in the Fe/Zn-containing rubrerythrin
from Desulfaibrio vulgaris. The results demonstrate that the binuclear metal center of rubrerythrin-like
proteins is plastic in its ability to bind metal ions.

Rubrerythrin is a non-heme iron homodimeric protein with exogenous iron19—22). In the crystal structure of
containing both a hemerythrin-like binuclear iron cluster and oxidized (all-ferric) Rbr (2Fe Rbr,y; entry 1LKM in the
a rubredoxin-like FeScenter in each subunifi(2). It was Protein Data Bank), the binuclear metal center jg-axo
first found inDesulfaibrio vulgaris, and subsequently found  bridged di-iron site 21, 22). In the 2Fe-Rbrqy Structure
in other obligatory anaerobes, such @tostridium and (1LKO, reduced all-ferrous form), one of the Fe atom has
Porphyromonaspecies3—5). D. vulgaris contains asecond moved 1.8 A, and two waters are bound. Moreover, the
rubrerythrin-like protein, called nigerythriré( 7). Recent structure of the azide adduct of 2FBbr.y has been
genome analysis of other organisms revealed that rubreryth-determined. On the basis of these 2Rbr structures, a
rin-like proteins are present in both archaea and bacteriamechanism for hydrogen peroxide activity has been proposed
(Figure 1). However, all the sources are anaerobes excepf22). However, the metal content of the binuclear metal
for the Sulfolobusspecies andCyanophora Among the center of Rbr is controversial. Sieker et al. claimed that the
rubrerythrin-like proteins, rubrerythrin from the periplasmic native Rbr, as isolated fronD. vulgaris under aerobic
cellular fraction ofD. wulgaris (Rbr)t (8) has been exten-  conditions, contains Fe and Zn atoms in its binuclear metal
sively studied. A number of enzymatic activities of ru- center, and presented the crystal structure of the Fe/Zn form
brerythrin, such as inorganic pyrophosphata@g ferro- of Rbr (Fe/Zn-Rbrerq 1DVB) (23, 24). In a recent study,
oxidase 10), superoxide dismutas8)( and oxygen reductase the native Rbr structure, which was obtained under anaerobic
(12 activities, have been reported. Within the past few years, conditions (Fe/Zr Rbrnaers 1JYB), was found to have an
reduced (all-ferrous) Rbr (2F€Rbreg) has been implicated  Fe/Zn center with a zinc position differing from that of Fe/
as hydrogen peroxide reductase (peroxidase) in a novelZn—Rbrer (25). When the crystal was exposed to air, the
oxidative stress protection systerh2¢-14). However, the zinc atom moved, and the pyrophosphatase activity increased
reproducibility and physiological relevance of some of these gradually. Therefore, the binuclear metal center of Rbr was

activities remain to be considered, (L5—17). shown to be plastic in its ability to bind metals in at least
Several early studies indicated that the binuclear metal four different states without a large structural change.
center of both Rbr and nigerythrin, as isolated frém Recently, we isolated a rubrerythrin-like protein from a

vulgaris, is an oxo-bridged di-iron sitel( 7, 18). Many strictly aerobic and thermoacidophilic archae8njfolobus
subsequent biochemical and crystallographic studies on Rbriokodaii strain 7, and biochemically characterized it and
have been conducted on a recombinant protein reconstitutechamed it sulerythrinZ6). It was the first rubrerythrin-like
protein isolated from an aerobic organism. Sulerythrin is a

TThis work was supported by the National Project on Protein homodimer of 16 278 Da, which consists of the gene product
Structural and Functional Analysis, and the TARA (Tsukuba Advanced of the ORF, st2370 (144 aa), recently found on genome
Research Alliance) Sakabe Project. VSi ftf,w s Th, tein lacks a C-terminal

¥ The Brookhaven Protein Data Bank code is 1J30. ana ySIS(_) _e organis '(): e protein lac s a_\ -termina

* To whom correspondence should be addressed. PhoBg:35841  rubredoxin-like Fesdomain, and shows similar spectro-
5151. Fax:+81 3 5841 5337. E-mail: asfushi@mail.ecc.u-tokyo.ac.jp. scopic characteristics to “chopped” rubrerythrin (18 349 Da)

* Abbreviations: Rbr,Desulfasibrio wulgaris rubrerythrin; 2Fe- (26), which was artificially designed to delete the C-terminal
Rbry, all-ferric Rbr; 2Fe-Rbregy all-ferrous Rbr; Fe/ZfRbraero T - :
aerobically prepared Rbr containing Fe/Zn; FefRbranaers anaero- domain (residues 151220) of Rbr (24 387 Da/220 residues)

bically prepared Rbr containing Fe/Zn. (19). The metal content was determined to be 0.76 mol of
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Ficure 1: Amino acid sequence alignment of sulerythrin and rubrerythrin-like proteins. Residues liganded to metal centers and other
highly conserved residues are boxed and shown in bold, respectively. The numbering above the alignment is for the sulerythrin sequence.
The secondary structures and their designations are shown above sulerythrin and below Rbr; arrows and coils represertdbend
a-helices, respectively._Stokodaii_SulE, sulerythrin $ulfolobus tokodaiDRF st2370); SS0264&ulfolobus solfataricU©RF ss2642;
P__furiosus_rbr, Pyrococcus furiosu®RF pfl283; PAB0598Pyrococcus abys$DRF pab598; D vulgaris_ngr, Desulfaibrio vulgaris
nigerythrin; D_vulgaris_rbr, Desulfaibrio vulgaris rubrerythrin.

Fe and 0.34 mol of Zn per monomer in one preparation, and Research Organization (KEK), or with a R-axis'TVsystem
1.0 mol of Fe and 0.65 mol of Zn per monomer in another on a X-ray generator UltraX18 (Rigaku Corp.). All data were
preparation. Here we report the crystal structure of sulerythrin collected at 100 K. Diffraction images were indexed,
at 1.7 A resolution. integrated and scaled using the DPS/MOSFLM program suite
(28, 29) or CrystalClear 1.3 (Rigaku Corp.). The crystal
belonged to space grob; with unit cell dimensions o&

The sulerythrin protein was purified fro8. tokodaiistrain = b = 72.4 A andc = 98.2 A. The data collection and
7 cells as described previousl®6). A preparation of  processing statistics are given in Table 1. The data collected
sulerythrin containing 1.0 mol of Fe and 0.65 mol of Zn per gt the wavelength of 1.000 A were used for subsequent
monomer was used for this study. The crystals were grown molecular replacement and crystallographic refinement.
at 25°C in 1 day by the hanging-drop vapor-diffusion \jolecular replacement was performed with MOLREF®)(
method. A 10uL drop was made by mixing a reservoir i, ihe CCP4 program suite. ARP/WARBI] was used for
solution and a protein solution (50 mg/mL sulerythrin in 5 automatic model building. Model correction in the electron

mM T”S'HCL. pH 8'.0)' The drpp was equmbrateq against a density map was performed with the XtalView program suite
1 mL reservoir solution comprising 2.0 M ammonium sulfate (32). Refinement was performed with CNS 1.33[. The

nd 10 mM HEPESNaOH buffer, pH 7.5. Th lor of 5 . . : X
and 10 SNaGH buffer, p ° © color o refinement statistics are given in Table 2. The final model

the crystals was brown, and no change of the color was ) : .
observed after the data collection. Before data collection, of the sulerythrin crystal structure contains residues Asp3-

the crystals were transferred to a solution containing 20% CGly143 of chain A, Asp3-GIn139 of chain B, two Feons,
glycerol in addition to the reservoir solution. The concentra- tWo Zr#* ions, two Q molecules, and 351 water molecules.
tion of cryoprotectant was increased by 5% in each step, The figures were generated using ESPrgs)( XFIT in the
with equilibration for 3 min between the steps. The data were XtalView program suite, MOLSCRIPT13§), Raster3D §6),
collected with a CCD camera on the BL6A and BL18B and SPOCK 37). The molecular surfaces shown in Figure
stations of the Photon Factory, High Energy Accelerator 5 were calculated using SPOCK.

MATERIALS AND METHODS
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Table 1: Data and Wavelength Statistics

Table 2: Refinement Statistics

parameter data resolution range (A) 24.291.70
wavelength (A) 1.0000 1.5418 1.7391 no. of reflections used 32061
facility PF-BL6A R-axis PF-BL18B Refactor (%) 19.2
exposure time of each frame (s) 20 600 30 Rireé 22.3
no. of frames 90 112 180 no. of atoms
unit cell dimensions (A) protein 2195

a=b 72.4 72.4 72.4 solvent sites 351
c 98.2 98.0 97.9 heteroatoms 8
resolution limit (&) 24.25-1.70 38.58-2.02 33.96-2.75 average B-factor (3 19.6
last shell (A) 179170 2.09-2.02 2.96-2.75 Ramachandran plot (%)
no. of total reflections 171,729 65,643 65,582 most favored 96.6
no. of unique reflections 32,087 18,957 7,095 allowed 3.4
Riergé (%) 5.4 6.4 3.3 disallowed 0.0
of last shell 34.6 19.5 4.5 Rmsd from ideal values
lo(l) 10.1 9.3 16.3 bond length (A) 0.005
of last shell 2.2 35 151 bond angle) 11
completeness (%) 99.8 99.2 99.9 coordinate error(A) 0.18
of last shell 99.3 100.0 99.5

a Calculated using a test data set; 5% of total data randomly selected
from the observed reflectionsEstimated coordinate error from a
Luzzati plot.

aRmerge= DI D]D:VZD]D

RESULTS
subunits were related by a pseudo 2-fold axis of the

Crystallography and @erall Structure.The crystal struc- noncrystallographic symmetry. Automatic chain tracing and
ture of sulerythrin was solved by means of molecular building of side chains using the deduced amino acid
replacement, using the N-terminal four-helix bundle domain sequence of ORF st2370 were successfully conducted using
(Lys2-Arg140) of 2Fe-Rbr,y (PDB entry 1RYT). The two  the ARP/WARP program. At the automatic chain tracing step,
four-helix bundles in the asymmetric unit were bundled like domain swapping of the two chains of the sulerythrin dimer
in the case of the head-to-head dimer of the RA).(These was revealed (Figure 2). Helice®A (Lys8-Glu37) andaB

A

FiIGURE 2: Stereographic ribbon diagram of the domain-swapped sulerythrin dimer. Zn, Fe, and oxygen atoms of putatvdeQoted

by light gray, dark gray, and black spheres, respectively. Chains A and B are shown in dark and light gray. The N- and C-termini of both
chains are labeled. (A) Viewed from the “front” side. Binuclear metal center sites 1 and 2 are labeled. (B) The view is rétatedr2D

the perpendicular axis from that in panel A. The “front” and “back” sides of the molecules are labeled. The angle between the long axes
of the two four-helix bundles is about 120
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Ficure 3: Structures of the binuclear metal centers of sulerythrin and Rbr. Stereoviews of the binuclear metal centers in (A) sulerythrin,
(B) Fe/Zn—Rbrero (LDVB), (C) Fe/Zn-Rbranaero(1JYB), (D) 2Fe-Rbryy (LLKM), and (E) 2Fe-Rbreq (LLKO). Carbon atoms are yellow,
oxygen atoms and waters are red, nitrogen atoms are dark blue, iron atoms are orange, and zinc atoms are light blue.

(Pro40-Glu66) of one chain formed a hybrid four-helix in the crystal structure of sulerythrin by means of anomalous
bundle with helicexC (Leu81-Glu109) an@D (Prol13- scattering analysis, we collected data at three different
Gly142) of another chain. The electron density of the loop wavelengths (Table 1). A Bijvoet difference density map of
connectingaB andaC (Gly67-Gly80) was unambiguously the data collected at the wavelength of 1.0000 A showed
continued. The average temperature factors of this regionstrong peaks for both sites (Figure 4A,448nd 26 high).
(18.8 and 19.0 Afor chains A and B) were not greatly On the other hand, difference density maps of the data
different from that of the whole polypeptides (17.3)Ain collected at wavelengths above the absorption edge of Zn
this region,Sulfolobusproteins are shorter by-23 residues  showed a strong peak only for site B (1at1 = 1.5418 A
than those fronD. vulgaris Rbr and nigerythrin, and exhibit  and 3@ at4 = 1.7400 A), but site A showing greatly reduced
no similarity (Figure 1). In some structures of Rbr, the anomalous scattering ability (Figure 4B,C). This indicates
peptide between residues Gly78 and Ile79 in this region is that the metal sites of sulerythrin were inverted compared
in the cis conformation g2, 24). We designate the binuclear to those of Fe/ZaRbr,e, as to the positions of Fe and Zn.
metal center, which consists of helices/B of chain A and Although the oxidation state of Fe atom is not definitive yet,
heliceso.C/D of chain B, as site 1, and the other as site 2 we tentatively treated the atom as ferric ions3(Fealuring
(Figure 2A). The two chains, as well as the two sites, have crystallographic refinement, according to the brownish color
almost identical structures. As for the region of Leu4-Leul37 of the crystals. Crystallographic refinement of ferric ions
of chains A and B, the root-mean-square deviations far C (Fé**) and zinc ions (Z#&") revealed no unusual behavior of
atoms and all atoms were 0.19 and 0.85 A, respectively. the temperature factors for these atom assignments (Table
Therefore, we mainly describe site 1, unless otherwise noted.3A). The occupancies of the ferric ions were fixed at 1.0,
Helix aC was distorted at the position of GIn98 like in because the values did not change on the refinement. On
the case of Rbr. The four-helix bundle structure of sulerythrin the other hand, the occupancies of the zinc ions were refined
was a hybrid of two chains, but was very similar to that of to be 0.87 and 0.80 for sites 1 and 2, respectively. The O
Rbr, which consists of a single chain. The root-mean-squareatom of Glu92 is not liganded to the Zn atom, and the
deviations of @ atoms in the four-helix bundle domain electron density maps for the atoms in both chains were
between sulerythrin (264 and 84141 of different chains) ~ ambiguous (Figure 4E). The temperature factors of the Glu
and all Rbr structures (264 and 79-139) were all within 92 Cel atoms in chains A and B were significantly higher
the range of 0.680.78 A. The angles between the long axes than those of @ atoms of the same residues (Table 3A),
of the two four-helix bundles of the sulerythrin dimer and being 38.4 and 32.2Arespectively. The temperature factors
the head-to head dimer of Rbr were also similar, being aboutof the carboxylate atoms coordinating the Zn atoms were
120 (Figure 2B). The dimer interface mainly consists of slightly higher than those coordinating the Fe atoms (Table
two parts; a strong interface in the hybrid four-helix bundle 3A), probably because about 20% of the molecules in the
betweernA/B and aC/D, and a weak interface between the crystal do not coordinate the Znion.
two bundles. The latter mainly involves hydrophlllc inter- At the positions Corresponding to sites C and D of Rbr,
actions between the C-terminal half afA and the loop  electron density corresponding to two connected light atoms
connectingoB and aC. Five hydrogen bonds, Arg25A-  (such as carbon, nitrogen, and oxygen) was observed (Figure
Thr54B, Tyr29A-Arg62B, Arg26A-Arg71B, and Arg33A-  4D—F). We tentatively included anOnolecule at the site
Gly79B, are formed in this region. for the crystallographic refinement, because the sulerythrin
Metal Binding Site.From the first stage of the crystal- crystal was prepared aerobically throughout the purification
lographic refinement, two large peaks were observed at theand crystallization steps. The temperature factors and oc-
positions corresponding to the Fe and Zn sites of Fe/Zn cupancies of these putative, @toms were individually
Rbraera @nd also to the two Fe sites of 2FRbrq In the refined, but converged within ranges of-283 A2, and 0.73-
Fe/Zn—RbraeroStructure, the Fe site (designated as site A) is 0.88, respectively (Table 3A). The refined occupancies of
formed by Glu94 and His131, and the Zn site (site B) by putative Q atoms were not greatly different from those of
Glu20 and His56 Z4) (Figure 3B). To identify the metals Zn atoms. This suggests that only the ?Zgontaining
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Ficure 4: Electron density maps of sulerythrin at the binuclear metal center. Site 1 is show8) @ifference electron densitief~| —
|[F¢|). The final model, and labels for GIu20A, His56A, Glu92B, and His129B are shown. (A) Data collected at the wavelength of 1.0000
A contoured at 6. Labels A to D indicate the approximate positions of the sites defined i24€gB) Data collected at the wavelength of
1.5418 A contoured atd (C) Data collected at the wavelength of 1.7400 A contoured at (IB) |Fo| — |Fc| omit map for the putative
O, molecule of the final model contoured at.6E, F) Stereoviews of the final model an¢gFg — |Fc] maps contoured ats2 The view
in panel F is rotated 90around the horizontal axis from that in panel E.

molecules in the crystal can bind the ligand, if they are 2.2 A in average (Table 3B). Perhaps ar?FeO, adduct
composed of oxygen atoms or atoms with similar scattering formed in the crystal during the data collection, resulting
capabilities. from reduction of iron in the synchrotron beam. However,
However, there is another possibility that two water the color of the crystal did not appear to change before and
molecules or ions with partial occupancies are bound. The after the data collection. There is one more alternative
O—0 distance of putative Imolecules at sites 1 and 2 were possibility, namely, that partial reduction in the X-ray beam
refined to be 1.25 and 1.26 A, respectively, under the restraintformed a mixture of B¢ and F&*, resulting in two different
of 1.248 A. In the absence of restraint, the distances wereFe—O distances of bound water molecules. The distances
converged within a range of 1=1.6 A. The distance  between Fe and farther O atom (02) of the putative O
between Fe and O1 atom of the putative riolecule was molecule were 3.0 and 3.2 A in sites 1 and 2, respectively.
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Table 3: Metal Binding Sites of Sulerythrin

(A) Occupancies and Temperature Factors of the Metal and Ligand Atoms

site 1 occupancy B-factor G site 2 occupancy B-factor G
Fe401 1.09 16.3 Fe404 1.00 15.7
Zn402 0.87 26.3 Zn405 0.80 22.2
0,403 01 0.83 20.7 @06 O1 0.73 225
0,403 02 0.85 23.2 @06 02 0.88 21.3
GIu53A Ce1 1.0G 18.8 Glu53B @2 1.0G 19.0
Glu20A Ce1 1.0G 15.8 Glu20B @1 1.0G 17.8
GIlu20A G2 1.0G 23.2 Glu20B @2 1.0G¢ 125
Glul26B G2 1.0G 235 Glul26A @2 1.0G 24.4
His56A No1 1.0¢ 17.8 His56B N1 1.0¢ 14.4
Glu9zB &2 1.0G 24.8 Glu92A @2 1.0G 23.3
GIu53A G2 1.0G¢ 26.8 Glu53B @2 1.0G¢ 21.9
Glul26B G1 1.0G 25.0 Glul26A @1 1.0G 21.3
His129B Nv1 1.0G 16.4 His129A M1 1.0G¢ 12.4

(B) Distances (A) and Angleg$) of the Metal Binding Sites in Suleythrin and
Aerobically Prepate®. vulgaris Rubrerythrin Containing Fe/Zn (FeZn-Rhg
metal-ligand distances (A) metaligand distances (A)
sulerythrin site 1 site 2 rubrerythfin

Fe-01 (O) 212 2.35 Fe-O (water 196) 2.20

Fe—0el Glu53 211 2.06 FeOe2 Glu53 2.04

Fe—0el Glu20 2.38 2.36 FeOel Glu94 2.06

Fe—0e2 Glu20 2.15 2.07 FeOe2 Glu94 2.03

Fe—0e2 Glul126 1.98 1.95 FeOel Glu128 2.02

Fe—No1 His56 2.14 2.07 FeNo1 His131 2.18

Zn—0e2 Glu92 212 2.06 ZrnOe2 Glu20 2.10

Zn—0e2 Glu53 2.16 1.96 ZrnOel Glu53 2.10

Zn—0e1 Glul126 2.01 2.05 Zn0e2 Glul28 2.09

Zn—No1 His129 1.96 1.98 ZnNoJ1 His56 2.20

ligand—metal-ligand angles’) ligand—metal-ligand angles’)

01 (0;)—Fel193-0€l Glu53 91.7 86.3 O(water 196fe193-0Oe2 Glu53 75.5
01 (G;)—Fel93-0¢l Glu20 82.9 84.0 O(water 196Fe193-0O¢l Glu94 83.6
01 (0)—Fel193-0e2 Glu20 76.6 80.0 O(water 196fFe193-0e2 Glu94 79.6
01 (0)—Fel93-0¢2 Glul26 84.1 78.8 O(water 196fe193-O¢1 Glu128 93.4
01 (G)—Fel193-No1 His56 170.3 170.6 O(water 196fe193-No1 His131 166.5
Oel Glu53-Fe—0¢2 Glu20 145.0 141.8 € Glu53-Fe—0¢l Glu94 151.8
Oel Glu53-Fe—0¢2 Glu20 88.5 84.5 €2 Glu53-Fe—0¢2 Glu94 97.9
Oel Glu53-Fe—0¢2 Glul26 116.3 123.6 € Glu53-Fe—0¢l Glu128 102.0
Oel Glu53-Fe—Nd1 His56 96.9 99.4 €2 Glu53-Fe—No1 His131 91.7
Oel Glu20-Fe—0e2 Glu20 57.6 58.8 @l Glu94—Fe—0e2 Glu94 59.4
Oel Glu20-Fe—0e¢1 Glul126 95.6 88.5 €l Glu94-Fe—0e¢l Glul28 97.8
Oel Glu20-Fe—No1 His56 98.6 99.5 @l Glu94-Fe—No1 His131 109.9
Oe€2 Glu20-Fe—0e¢1 Glul126 152.3 145.3 € Glu94-Fe—0Oe¢l Glul28 156.5
Oe€2 Glu20-Fe—No1 His56 101.7 103.9 € Glu94-Fe—No1 His131 106.8
Oe€2 Glul26-Fe—No1 His56 88.1 91.9 @l Glu128-Fe—No1 His131 85.1
Oe€2 Glu92-Zn—0e2-Glu53 95.4 92.9 €2 Glu20-Zn—0e¢1 Glu53 107.3
Oe2 Glu92-Zn—No1 His129 103.6 112.9 € Glu20-Zn—No1 His56 97.8
O€2 Glu92-Zn—0el Glul26 113.8 119.0 € Glu20-Zn—0e2 Glu128 97.4
O€e2 Glu53-Zn—No1 His129 116.6 107.2 € Glu53-Zn—NJd1 His56 118.8
Oe€2 Glu53-Zn—0¢2 Glu126 121.9 130.3 €l Glu53-Zn—0¢2 Glu128 115.8
No1 His129-Zn—0e2 Glul126 104.4 94.7 Bl His56-Zn—0e¢2 Glu128 120.4

aNot refined.P Values taken from re4.

However, current crystallographic resolution is not high of the metal ions, metal-coordinating residues, and Glu95.
enough to confirm these possibilities. The distances between Glu 53 and Glu126 formed bridges between Fe and Zn
Zn and O2 atom of the putative,®nolecule were 2.7 and atoms by coordinating them, but angles of the carboxyl
2.5 Alin sites 1 and 2, respectivelyeDof Glu 95 was very planes of these residues were different from those in all Rbr
close to both O1 and O2 atoms of the putativenilecule structures (Figure 3). As a result, the®Féon was octa-
(2.6 A to both O1 and 02 in both sites 1 and 2)1Qof hedrally hexacoordinated in a slightly distorted manner, by
Glu92 was also close to O2 atom of the putativen@lecule Oel and Q2 of GIu20A, &1 of GIu53A, G2 of Glu 126,
(2.5 and 2.9 A in sites 1 and 2, respectively). These No1 of His56A, and the O1 atom of the,@nolecule. The
hydrogen-bonding distances indicate that either the Glu Zn?" ion was tetrahedrally coordinated by®of Glu53,
residue or the ligand atom is protonated. Because Glu Oe2 of Glu92, @1 of Glul26, and M1 of His129. Thus,
residues are unlikely protonated at pH 7.5, it is again the binuclear metal center of sulerythrin was asymmetric,
suggested that a disordered water is present. There was nanlike that of 2Fe-Rbr.q (Figure 3E) 22). The distances
interaction with the putative ©Omolecule other than those and angles formed by the metal and ligand atoms are shown
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artificially obtained domain-swapped oligomers, such as at
a nonphysiologically low pH, are reported8j. However,

the domain-swapped dimer of sulerythrin does not easily
dissociate, because strong interchain interactions are formed
in the hybrid four-helix bundles. Even with the high
ammonium sulfate concentration of the crystallization condi-
tions, the tightly bundled helicea A/B and aC/D, does not
seem to dissociate. Another four-helix bundled proteins,
ferritins show plasticity of the ferroxidase di-iron active sites
in the same protein family, but not by domain swappi8) (

In classical ferritins, the di-iron center is located in a four-
helix bundle core. IrListeria innocuaferritin, the di-iron
center is located at the interface between two subunits related
by 2-fold symmetry. The di-iron center is composed of only
two N-terminal helicesdA and aB), i.e., two C-terminal
helices @C andaD) are not involved. Despite the differences
in location, the di-iron centers of classical ahdinnocua
ferritins are chemically and structurally similar. The domain
swapping found in the sulerythrin structure may also be one
of the possible mechanisms for generating plasticity of
FIGURE 5: Molecular surface of sulerythrin, calculated using the protein active sites4Q). Four-helix bundled diiron proteins
SPOCK program with a probe radius of 1.4 A. According to the can be designed with units of two helices. De novo design
electrostatic potential, the surface is colored blue for positive and o5 5 hybrid protein consisting of two discreet monomers has
red for negative charges. The putative iBolecule is shown as a been reported4(l).

ball-and-stick model in dark red. g . o
Interestingly, the binuclear metal center of sulerythrin in

in Table 3B. The metal binding site of sulerythrin was similar this study was not similar to any known states of the site in
to that of Fe/Za-Rbr, except for the exchange of the Fe Rbr, but the metal sites were switched compa_red to those of
and Zn sites. Hydrogen bonds were formed between Glu20F&/Zn~Rbrer It has been suggested that the binuclear metal
and Tyr100 (2.6 A in both sites), and between Glu94 and Pinding site of Rbr is capable of binding di-iron or Fe/Zn
Tyr27 (2.9 and 2.7 A in sites 1 and 2). These hydrogen bonds Without undergoing large structural changes, with two states

with tyrosine residues are strictly conserved in all rubreryth- for each metal compositior2g, 25). Here we can suggest
rin-like proteins. His56 and His 129 of sulerythrin did not that the site is more flexible, the positions of Fe and Zn being

form a hydrogen bond atd2 atoms, unlike in the case of ~SWitched through the rotation of bridging Glu53 and Glu126
Rbr. In the Rbr structure, His568 is hydrogen-bonded with residues. The unusually high flexibility of the site explains
the main-chain carbonyl of Cys161 near the rubredoxin-like the many different activities ascribed to Rbr. .
FeS center of the next subunit across the *head-to-tail” dimer  1he characteristics of sulerythrin are comparable with to
interface, but this intersubunit interaction is absent in those of Fe/ZARbre, The occupancies of the Zn atoms
sulerythrin. The His131 residue of Rbr forms a hydrogen N the crystal structure of sulerythrin were considerably lower

bond with the side-chain carbonyl of GIn52, but the residue than those of the Fe atoms. In our previous study, the content
is replaced by glycine in sulerythrin (Figure 1). of Zn was shown vary in individual preparations, down to

0.34 mol per monomer2g), indicating that the Zn site is
labile. These results coincide with the report showing the
movement of the Zn site of Fe/ZRbr under aerobic
conditions 25). However, sulerythrin binds an undefined
ligand, and does not show inorganic pyrophosphatase activ-

Because of the distortion of helixC at Glu98, the two
metal binding sites of the sulerythrin molecule are solvent-
accessible through a crevice formed between hetig¢eand
oC, facing the same front side (Figure 2). Figure 5 shows

the molecular surface and the electrostatic potential of the. .
front side. An Q@ molecule can be seen depep inside the " unlike Fe/Zn-Rbrero (26). Although we observed Fe/

pocket-like cavity. This crevice is lined by mainly hydro- Zn binuclear metal binding site of sulerythrin crystals in this

phobic residues: Gly16, Gly19, and Ala23da, Ala73 and study, the protein solution shows similar UV absorption
Thr74 in the Ioo;.i) connéctingB ’andaC, and G’Iy91, Tyro4, spectrum to “chopped” rubrerythri2@), which has diferric-

Glu95, Met99, and Phe103 iC. The loop connectingB oxo bridged site. It is possible that there exist other soluble
and aé partly,covers the creviée, forming the upper lid of species than the present crystal structure. Difference of net

the crevice that can be seen in Figure 5. These residues incharge at the binuclear metal binding center could influence

aA and oC are relatively conserved among rubrerythrin- on crystal formation, although the site is not directly involved

like proteins. Although the crevice is hydrophobic, some 'tzr:g%\fr?/smls?ar?&”?' m th'ls Csttru?]ya::;?w'gc“ﬁ Véj’a:t "
water molecules existed in the cavity under the loop bin clesr);nae?alienterob te' deeit' 0ofthe mo%e?: Is: o?atom ¥
connectingaB andaC. inu , butidentity ule ( S)

is not confirmed yet. It was suggested that sulerythrin binds
DISCUSSION azide, on the basis of absorption specte®).( Further
investigation on the characteristics of the binuclear metal
The domain-swapped dimer structure of sulerythrin should binding site of sulerythrin is needed.
reflect the structure in vivo, because the sample is “as The domain swapping of sulerythrin may be the cause of
isolated” from S. tokodaiistrain 7. Several examples of the different properties of its binuclear metal center from
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those of Rbr. These properties may be caused also by the 17.

absence of a hydrogen bond at the2Natoms of the two

histidine ligands (His56 and His129). The GIn52 residue o

Rbr is not conserved in rubrerythrin-like proteins 9fil-
folobusand Pyrococcusspecies, or nigerythrin (Figure 1).

Therefore, the binuclear metal centers of these proteins may 20.

also have different properties from those of Rbr. Although

the

rococcusspecies are not available, these proteins, whose

crystal structures of rubredoxin-like proteins fréiy-

loops connectingxB and a.C are very short, are expected
not to be domain-swapped. As to 2Hebr..q intersubunit
electron transfer from the rubredoxin-like Re®nter to the

binuclear metal center across the
interface is suggested to be important for its hydrogen

“head-to-tail” dimer

peroxidase activityZ2). On the other hand, sulerythrin only

forms a “head-to-head” dimer and lacks the rubredoxin-like

FeS domain.
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