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Summary

A novel, 68 amino acid long flavoprotein called dodecin
has been discovered in the proteome of Halobacter-
ium salinarum by inverse structural genomics. The
1.7A crystal structure of this protein shows a dodeca-
meric, hollow sphere-like arrangement of the protein
subunits. Unlike other known flavoproteins, which
bind only monomeric flavin cofactors, the structure of
the dodecin oligomer comprises six riboflavin dimers.
The dimerization of these riboflavins along the re-
faces is mediated by aromatic, antiparallel = stag-
gering of their isoalloxazine moieties. A unique aro-
matic tetrade is formed by further sandwiching of the
riboflavin dimers between the indole groups of two
symmetry-related Trp36s. So far, the dodecins repre-
sent the smallest known flavoproteins. Based on the
structure and the wide spread occurrences in patho-
genic and soil eubacteria, a function in flavin storage
or protection against radical or oxygenic stress is sug-
gested for the dodecins.

Introduction

Protein adaptation to extreme environmental conditions
is a prerequisite for many prokaryotic organisms to
thrive in peculiar places such as hot vents, the deep
sea, or rocks. The ability to survive at very high salt
concentrations, called halophily, is unique compared to
extremophilies like thermo- or barophily, because it is
the chemical composition of the environment but not a
fundamental thermodynamic control quantity like tem-
perature that differs radically from mesophilic condi-
tions. In haloarchaea such as Halobacterium salinarum,
the proteins of the cytosol face KCI at almost saturating
concentrations [1]. Very early, it was found that these
halophilic proteins have a high proportion of acidic resi-
dues in their primary structure [2], which were implicated
in the structural stabilization of halophilic proteins due
to their high water binding capacity [3]. X-ray crystallog-
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raphy and NMR studies on a small set of halophilic
proteins [4-6] confirmed this notion. However, the prog-
ress toward a concise structural understanding of ha-
lophily is hampered by the unique difficulties encoun-
tered with the crystallization of soluble halophilic
proteins. For example, high salt concentrations very of-
ten fail to salt-out the protein of interest, but are needed
to keep the halophilic protein in its native state. Further-
more, the requirement of salt is often incompatible with
conventional crystallization strategies.

Among the prokaryotes, haloarchaeal organisms also
stand out by the unusually large number of genes that
were imported by horizontal gene transfer from eubac-
terial organisms. For the genome sequence of Halobac-
terium sp. NRC-1 [7] it was estimated that 384 genes,
about 15% of the genomic content, are not of archaeal
origin [8]. This tremendous uptake of eubacterial genes
cannot only be explained on the basis of habitat sharing,
as the hypersaline environment hosts much less eubac-
terial than archaeal life. Therefore, itis likely that a signifi-
cant number of these genes is needed to support the
lifestyle of Haloarchaea, namely aerobic, chemoorgano-
trophic growth.

Recently, we solved the crystal structure of one of
these lifestyle proteins of H. salinarum, a 12-mer ferritin,
which was discovered as a major cytosolic protein dur-
ing a pilot project in “inverse” structural genomics (S.
Offermann, B.B., L.-O.E., and D.O., submitted). This pro-
tein was suggested to contribute to the protection
against reactive oxygenic species by the sequestration
of free cytosolic iron species [9]. Now, using the same
approach, we have solved the 1.7 A crystal structure of
another protein associated with growth in an extreme
environment, the dodecin of Halobacterium salinarum.
With 68 amino acids and one riboflavin bound per poly-
peptide, it is the smallest known flavoprotein to date.
Although its function is unknown so far, its unique do-
decameric coassembly with flavins suggests a novel
role for countering the action of light, radicals, or oxy-
genic species.

Results and Discussion

Discovery by Inverse Structural Genomics

A light orange-colored crystal form was generated dur-
ing the course of an inverse structural genomics experi-
ment on halophilic proteins where the proteome of the
halophile Halobacterium salinarum was first fraction-
ated and then systematically screened for crystallizable
proteins (S. Offermann, B.B., L.-O.E., and D.O., submit-
ted). Microsequencing of the octahedrally shaped crys-
tals by Edman degradation and comparison of the partial
amino acid sequence with the genome sequence of H.
salinarum (see www.halolex.mpg.de; D.O. et al., unpub-
lished) showed that the crystallized protein was derived
from the open reading frame OE3073R. The hypothetical
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Figure 1. Overall Structure of the H. salinarum Dodecin

(A) Alignment of the amino acid sequences of dodecin orthologs. The alignment was performed by CLUSTALX [37] and includes the dodecin
sequences found in the genomes of Halobacterium salinarum (OE3073R), Sinorhizobium meliloti (CAC48468), Bordetella pertussis (unfinished
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gene product of OE3073R was found to correspond
closely to Vng1446h of the published genome sequence
of Halobacterium sp. NRC-1 [7]. However, the latter in-
cluded 10 additional residues at the N terminus due to
improper assignment of the translational start site.

The gene product of OE3073R is a very small, hydro-
philic protein of 68 amino acids and hitherto unknown
function (calculated MW of 7438 Da). Orthologs of this
gene were found by BLAST searches [10] in other, evolu-
tionary distant eubacterial organisms such as Mycobac-
terium tuberculosis, Chlorobium tepidum, and Sinorhi-
zobium meliloti (Figure 1A), but in none of the currently
known archaeal und eukaryotic genomes. The corre-
sponding ortholog in the M. tuberculosis strain H37Rv is
among the best expressed cytosolic proteins as recently
shown by a study on mycobacterial proteomes (EBP
database: www.mpiib-berlin.mpg.de/2D-PAGE/EBP-
PAGE/index.html). The occurrence in only one represen-
tative of the euryarchaeotes, H. salinarum, favors the
hypothesis that Haloarchaea gained the OE3073R gene
from a eubacterial organism by horizontal gene transfer
during evolution [8].

Overall Structure and Crystal Packing

The crystal structure of OE3073R was solved by multiple
isomorphous replacement at 1.7 A resolution. The fold-
ing unit of OE3073R has a simple 1-a1-32-33 topology
and comprises an amphipathic « helix (F16-T30) that is
partly enwrapped by the three-stranded, antiparallel 3
sheet. Despite the topological simplicity of this 45 X
20 x 17 A large domain (Figure 1B), the OE3073R fold
has no direct structural homolog in the protein database
with which it shares sequence similarity. However, a
similarity search using the DALI web server [11] showed
structural resemblance with several proteins that com-
prised truncated variants of the RNP module (Figure
1D). Canonical RNP domains are small RNA binding
domains of alength of about 80 amino acids and a (Ba).
topology [12]. The truncated forms miss parts of the
C-terminal secondary structure elements as exemplified
by the B8 domain of the phenylalanine-tRNA synthetase
[13]. This domain not only has the same topology as the
OE3073R monomer (rmsd 2.7 A for 54 C,, positions), but
also comprises a twisted, three-stranded B sheet that
is kinked by a B bulge at the same position in strand 2
(L727-L730) as in the OE3073R structure (V39-Q42). The
location of the a helix along the surface of the twisted
B sheet appears to be variable among the truncated RNP
modules (Figure 1D). Whereas the « helix is displaced by
about 6 A between the OE3073R Bapp fold and the B8

domain, its location is almost matched by the ribosomal
subunit L22 with a displacement of 1.5 A [14]. Two major
insertions in the L22 subunit, a short helix-turn-helix
motif and an extended B hairpin (Figure 1D), indicate
that the Bap fold is apparently a minimal scaffold that
mediates different context-dependent functions.

The OE3073R monomers assemble to dodecamers
with 23-cubic point group symmetry (Figure 1C). Hereby,
four protein trimers coassemble with six riboflavin di-
mers that reside along the 2-fold symmetric axes of the
dodecamer. The dodecin oligomer has a total molecular
weight of 89.3 kDa and adopts the overall shape of a
hollow sphere that has an inner and outer diameter of
23 and 60 A, respectively. Due to its ability to coassem-
ble with bound flavin cofactors to a dodecamer (see
below), we name the gene product of OE3073R “dode-
cin” (dodecamer and flavin).

The crystal contacts between the dodecin particles
employ only bridging via water molecules, but no direct
protein-protein interactions. A major contribution to the
contacts is made by a single magnesium ion that is
octahedrally coordinated to the side chain of E14 on
the outer surface. Three of its five coordinating water
molecules are hydrogen bonded to the side chains of a
symmetry-related dodecamer. Such a lack of protein-
protein interactions for crystal lattice formation was also
noted in previous crystal structures of halophilic pro-
teins [5]. Obviously, electrostatic repulsion between the
highly negatively charged protein surfaces enforces this
type of lattice formation, because the inner and outer
surfaces of dodecin carry large excesses of acidic
groups on their surfaces, a general hallmark of halophilic
proteins [3].

Quaternary Structure

The three-stranded B sheets of the subunits line the
interior of the dodecin dodecamer, while the « helices
face the outer side of the dodecin particle (Figure 2A).
The dodecin subunits are heavily involved in contacts
within the dodecamer, as 42% of the monomer surface
becomes buried in intersubunit contacts (1835 A2 of a
total of 4410 Az). Furthermore, each subunit is involved
in 18 intersubunit hydrogen bonds, of which 12 belong
to main chain-main chain interactions. Due to the 23-
cubic symmetry there are two kinds of 3-fold symmetric
faces in the dodecin particle: the dominant protein-pro-
tein contacts are found along the 3-fold symmetric face
I where 972 A? of each subunit (22%) are occluded upon
trimerization. Here, the three-stranded 3 sheet of each
monomer extends to a five-stranded, antiparallel g sheet

genome), Bordetella bronchiseptica (unfinished genome), Pseudomonas aeruginosa (B83641), Pseudomonas putida (NP 742256), Chlorobium
tepidum (NP 663103), Mycobacterium tuberculosis, and Geobacter sulfurreducens (unfinished genome). The secondary structure of the H.
salinarum dodecin is drawn beneath the alignment. Red, blue, green, and orange amino acid symbols indicate acidic, basic, apolar, and polar
residues, respectively. Crosses correspond to riboflavin-contacting residues, and (o) and (i) to residues that face the outer or inner surface,

respectively.

(B) Stereo diagram of the protein fold of dodecin. Selected residues are highlighted.

(C) Quaternary arrangement of the dodecin particle as viewed along the 2-fold symmetry axis.

(D) Structural comparison of the dodecin monomer (red) with the ribosomal L22 protein of the 50S ribosomal subunit (green), the B8 domain
of the B subunit of phenylalanine-tRNA synthetase (PheRS, blue), and an archaeal RBP7 homolog of the eukaryotic RNA polymerase Il (cyan).

Regions outside the truncated RNP motif are shown in gray.

Figures 1B-1D, 2, and 3 were prepared by MOLSCRIPT [35] and RASTERS3D [36].
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Figure 2. Protein-Protein and Protein-lon Interactions along the Three-Fold Symmetry Axes

(A) View along the 3-fold symmetric face | on the trimeric subassembly of dodecin. The chloride that is bound in channel | is shown as a

green sphere.
(B) Hydrogen-bonding pattern of the trimeric subassembly.

(C) The water/ion channel Il in the 3-fold symmetric face Il. The interatomic distances for the chloride and sodium ion ligands are indicated.
The inclusion of a Na* ion instead of a water molecule as a fifth chloride ligand was inferred from its regular bipyramidal-trigonal coordination
geometry and the high concentration in the crystallization buffer (>1 M). The B factors of the CI~ (27.1 A2) and the Na* (30.2 A?) ions are
similar to that of the amide group of Q59 (21.6 I:\z) and indicate full occupancies.

by local pairing of the B2 strand (V35-V39) of one mono-
mer with the B2 strand (Q42-146) of another monomer
(Figure 2B). In the 3-fold symmetric face Il, these B
sheets are continued throughout the whole dodecamer
by antiparallel main chain-main chain pairing between
F3-K5 (1) and L7-T9 (31). Besides this network of polar
interactions, there are a few stabilizing interactions in
the dodecin particle that appear to be unique for the
halophilic protein: the nonconserved residue R52 forms
three salt bridges to the acidic residues D21, D25, and
E28; three other, symmetric H bonds are made by the
side chains of Q42 along the 3-fold axis.

In the inner compartment of the dodecin particle, 372
water molecules and 12 magnesium ions could be local-
ized. The latter are only coordinated to water molecules

and the side chains of D41 (2.1 A). A chaperone-like
function of the inner compartment as a folding cage can
be excluded with certainty. Its volume is too small (6.3
nm?®) to accommodate other, unfolded proteins as done
by the 12- and 24-meric small heat shock proteins, which
also form hollow spheres of cubic symmetry [15, 16].
Likewise, the high sequence variability of residues ex-
posed to the inner surface indicates that the inner com-
partment is probably not taking part in another yet un-
known function, that is, sequestering of cations as done
by the 12- and 24-meric ferritins with their larger, inner
compartments, but merely plays a structural role like
the similarly sized cavity in the bromoperoxidase do-
decamer of Corallina officinalis [17].

The protein shell of the dodecin oligomer almost com-
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pletely shields the inner compartment from access to
the bulk solvent. The entry of ions and small solutes
into the inner compartment is hence restricted to two
narrow channels that run through the centers of the
3-fold symmetric faces | and Il. Interestingly, both chan-
nels are plugged by the binding of chloride ions. The
first chloride ion resides at the outer side of channel |
(Figure 2A). The binding of this chloride, which is fully
hydrated by bitrigonal coordination to five water mole-
cules, is apparently stabilized by ion-dipole interactions,
because the N termini of three surrounding « helices
closely encounter the chloride site with a distance of
5A (Figure 2C). A second chloride binding site was found
at the inner entrance of channel Il. Here, the chloride is
electrostatically stabilized by direct coordination to a
sodium ion (CI™-Na*: 2.60 A). In addition, the chloride
makes three H bonds to the side chains of the 3-fold-
related residue Q59 (CI- Q59NE2: 3.26 A). The sodium
ion is bitrigonally coordinated to four water molecules
(Figure 2C) and fills channel Il together with the chloride
and the water molecules WAT22, WAT36, and WAT100
in a single-file manner.

The Flavin Binding Site

A novel feature of the dodecin that was not observed
before in any other flavoprotein is its binding site for
dimeric riboflavin (Figure 3A). 2F,,s — F_,. simulated an-
nealing omit electron density maps [18] clearly showed
the binding of two 7,8-dimethyl isoalloxazine groups
along the 2-fold symmetry axes of the particle. The isoal-
loxazine rings contact each other via their re-faces (Fig-
ure 3B). The N5 atom of each riboflavin cofactor points
its lone electron pair into the interior compartment of
the dodecin oligomer where it forms a hydrogen bond
with WAT96 (3.2 A). Together with the presence of
methyl substituents at the C7 and C8 positions at the
isoalloxazine ring, it can be excluded that a deazaflavin
cofactor like F420 is bound to the dodecin decamer.
During the refinement of the dodecin structure, the ribityl
side chains clearly emerged at the N10 atom of the
isoalloxazine moiety in difference electron densities. The
conformation of the ribityl group is stabilized by an intra-
molecular H bond between the hydroxyl 04’ and the N1
atom of the isoalloxazine ring (2.9 A). Furtherinteractions
include H bonds from the ribityl hydroxyls to the side
chain of E45, the carbonyl oxygen of V35, and between
the O3’ and O5’ hydroxyls of the 2-fold-related ribofla-
vins (Figure 3A). No substituents were observed at the
05’ hydroxyl of the ribityl group that would indicate the
presence of either flavin adenine dinucleotide (FAD) or
flavin mononucleotide (FMN). However, due to the sur-
face exposure of the ribityl groups, it cannot be strictly
ruled out that FMN or FAD likewise bind to the dodecin
particle with the residual part of the cofactors remaining
disordered upon binding.

The observed riboflavin molecules are part of an aro-
matic tetrade, sandwiched between the indole groups of
W36, which were derived from two neighboring dodecin
subunits (Figure 3B). The coplanar side chain orientation
of W36 is hereby stabilized by putative charge-transfer
interactions to the isoalloxazine rings and a hydrogen
bond to the conserved residue E38 (W36NE1-E380E2:

2.8 A). The only other polar interactions between the
isoalloxazine rings and the protein moiety are two hydro-
gen bonds to the amide side chain of Q55. This unusual
aromatic tetrade consisting of the w-staggered indole
groups of W36 and the isoalloxazine moieties of ribofla-
vin (Figure 3B) dominates the interactions between the
trimers, as the only other stabilizing protein-protein con-
tact along the 2-fold axes is a salt bridge between K5
and E57 (2.8 A).

Dodecin is significantly smaller than the FMN binding
protein of Desulfovibrio vulgaris [19], the smallest known
flavoprotein thus far. The interfacial binding of riboflavin
dimers is certainly a minimal solution, as each dodecin
monomer contributes only 3 residues to the binding site,
W36, E45, and Q55. This binding mode contrasts sharply
to the binding sites of other flavoproteins, in which the
flavin nucleotides occur only as monomers. Interest-
ingly, flavin nucleotides have an intrinsic propensity to
form dimers and higher aggregates in aqueous solution
[20] or in the crystalline state. For example, in at least
five X-ray structures of (iso)alloxazine derivatives in the
Cambridge Structure Database (CSD, status February,
2001) m staggering and potential charge-transfer inter-
actions were likewise observed between the electron-
rich pyrimidine rings and the electron-deficient benzo
rings (Figure 3C). These dimeric assemblies are not re-
lated by a 2-fold axis along the atoms N5 and N10, as
in the dodecin particle (Figure 3C), but by a 2-fold axis
perpendicular to the ring system. As the prevalent di-
meric species of FMN in aqueous solution (Figure 3D)
also adopts a different staggering interaction [21], it
might be the specific dodecin-riboflavin interactions
that impose the observed dimerization mode on the
riboflavins.

Halophily and Comparison

to Mesophilic Dodecins

The H. salinarum dodecin exhibits the prominent fea-
tures of halophilic proteins that are adapted to the al-
most saturating KCl concentrations in the cytosol of
Haloarchaea: first, the sequence of the H. salinarum
dodecin comprises a huge compositional excess of
aspartates and glutamates (24%) over basic residues
(6%), which causes the very low pl of 3.8 for the H. s.
dodecin (Table 1). Thirteen acidic residues are exposed
on the outer surface, while 3 residues line the inner
compartment. The densities with which these acidic res-
idues are found on the outer and inner surfaces of the
dodecin particle (total areas: 20,898 A%, 4591 A? are
high, on average 1 acidic residue per 134 A2 and 128 A2,
respectively, of the protein surface area. For compari-
son, other halophilic proteins such as ferredoxin and
malate dehydrogenase from Haloarcula marismortui [4,
5] or the dihydrofolate reductase from Haloferax volcanii
[6] have surface densities of 153-231 A per acidic resi-
due. Likewise, an in silico analysis of 185 homology
models of the cytosolic H. salinarum proteins demon-
strated that an acidic residue occupies on average
246 A? of the surface of an halophilic protein, while for
other, nonhalophilic organisms, the surface densities
are significantly lower, with 350-400 A2 per acidic resi-
due (L.-O.E., unpublished data). The up to 3-fold surplus
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Q55

Figure 3. The Binding Site for Dimeric Flavins in the H. salinarum Dodecin Particle

(A) View along the 2-fold symmetry axis on the riboflavin binding site. Hydrogen bonds are shown as black, dotted lines.

(B) Schematic representation of the aromatic tetrade in the dodecin oligomer. The isoalloxazine moieties of the two riboflavins are off-rotated
by 31° along an axis perpendicular to the ring centroid (12° relative to ring plane of W36).

(C) Dimerization of (iso)alloxazine derivatives in five crystal structures. The superposition used the CSD entries BACMIB10, BFLANH10,

CPMIAL10, JUKMOX, and LUFAEP1.

(D) Dimerization of FMN in solution according to an NMR analysis by Kainosho and Kyogoku [21]. For clarity, substituents of the isoalloxazine

rings were omitted in (C) and (D).

of acidic residues in halophilic proteins is thought to
promote the tight binding of the hydration shell to the
protein [3], as the carboxylates of glutamate and aspar-
tate are strongly hydrated [22]. The alternative explana-
tion for the prevalence of acidic residues on halophilic
protein surfaces, electrostatic repulsion of polypeptides
to avoid protein aggregation by the salting-out effect
[23], might be ruled out for the dodecin as previously

for the halophilic ferritin (S. Offermann, B.B., L.-O.E.,
and D.O., submitted) because the surface of the inner,
occluded compartment has a similar negative charge
density as the outer surface (Table 1; Figure 4A).

A second way that halophilic proteins adapt to their
environment is the binding of cations and anions to their
protein surfaces [3]. In the structure of the H. salinarum
dodecin, the unusual Na*-Cl~ ion pair inside channel Il

Table 1. Exposure of Charged Residues on Dodecin Surfaces

Surface Charge Asp/Glu Arg/Lys His
Organism Residues pl Out In Out In Out In Out In
H. salinarum 68 3.6 —-132 -12 13 3 2 2 - -
M. tuberculosis 70 5.8 -18 +12 6 2 3 3 3 -
S. meliloti 69 6.1 0 +12 4 3 5 4 2 -
B. pertussis 71 5.7 0 0 7 3 5 3 4 -
P. aeruginosa 71 6.6 +6 +12 5 3 3 4 5 -
C. tepidum 70 6.1 -12 -12 6 4 4 3 2 -
G. sulfurreducens 72 7.5 6 +12 7 3 6 4 1 -

Sequence statistics for the protein surfaces of dodecins. The assignment, whether a residue is exposed to the outer surface (out) or the inner
surface (in), was based on the available structure of the H. salinarum dodecin. The estimation of overall surface charges for the intact 12-mer
particles assumed fully ionized states for Asp, Glu, Lys, and Arg, and 0.5+ charges per histidine.
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Figure 4. Comparison of the Surface Characteristics between Halophilic and Mesophilic Dodecins

(A) Electrostatic surface potential of the dodecin particle from H. salinarum and of the modeled dodecin particles from the mesophiles P.
aeruginosa and C. tepidum. The upper and lower surfaces show a view along the 3-fold from the outside and inside of the particle, respectively.
(B) Anomalous difference Fourier of the rubidium chloride soak calculated at 2 A resolution (contouring level 5 o). The electrostatic analyses
were done by GRASP [38] using a probe radius of 1.4 A and an ionic strength of 0.1 M and 1.0 M. For a better comparison between the
surfaces of the inner compartment, a dodecin trimer was removed prior to calculation, although this does not fully reflect the electrostatic

situation in a hollow sphere as given by the intact dodecin particle.

and the binding of a chloride on the entrance of channel
| presumably stabilize the quaternary structure of the
dodecin oligomer. This ion-mediated stabilization might
be quite common among halophilic protein oligomers,
as the “locking” of ClI~ or Na* ions in intersubunit faces
was also observed in the X-ray structures of the tetra-
meric malate dehydrogenase of H. marismortui [24] or
the 12-mer ferritin of H. salinarum (S. Offermann, B.B.,
L.-O.E., and D.O., submitted). Apart from the two magne-
sium sites, no further binding sites for cations could be
crystallographically defined in the structure of native H.
salinarum dodecin. However, anomalous and isomor-
phous difference Fourier maps of a dodecin crystal
soaked in 1 M rubidium chloride showed four additional
5 ¢ peaks at 2 A resolution (Figure 4B). Three of these
putative alkali binding sites are located along the outer
surface at the positions of WAT23, WAT34, and WAT56;
one site is in the inner compartment close to WAT47.
Therefore, the high charge density of the dodecin sur-
faces can be at least partly compensated by alkali ion
binding.

An increased number of surface-exposed salt bridges

might be the third form of halophilic adaptation. Each
dodecin monomer is involved in four intersubunit salt
bridges. Three of them involve the guanidinium group
of R52 that is in the midst of a cluster of acidic residues
from another monomer (D21, D25, and E28). This com-
plex interaction is similar to several salt-bridging net-
works on the intersubunit interfaces of the H. marismor-
tui malate dehydrogenase [4], which stabilize the
tetrameric assembly of this enzyme [25]. The fourth salt
bridge is between the side chains of K5 and E57. With
the exception of K5, none of the residues involved in
salt bridges is conserved in any other dodecin sequence
where small and polar residues prevail at the equivalent
positions (Figure 1A). Therefore, it is likely that these
interactions contribute significantly to the stabilization
of the H. s. dodecin oligomer at high salt concentrations.

Biological Implications
To date, the biological function of the dodecins is still

elusive. No clear phenotype has been found so far for
a dodecin-deficient H. salinarum strain (D.O., unpub-
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lished; data not shown), thus indicating that this gene
productis not required for general viability. According to
the X-ray structure of the H. salinarum dodecin, several
functions might be currently envisioned: first, a major
biological role of the dodecins might be just the binding
of flavin cofactors. Uncomplexed flavin cofactors are
known to be involved in side reactions in the cytosol;
for example, riboflavin and FMN induce the degradation
of aromatic amino acids in several proteins by photosen-
sitization [26]. The small size of the monomer and the
unusual interfacial binding of flavin cofactors would
make the dodecins, with 68 residues per bound cofactor,
amostly economic solution for sequestering flavins from
free solution while still keeping them in a bioavailable
state. By this, the dodecins might act as a buffer for
flavin-like cofactors, which are released upon increased
cellular demand.

A second function might be light harvesting or protec-
tion against UV radiation by the aromatic tetrade. How-
ever, excitational coupling, if any, between the ribofla-
vins would have to occur over rather long distances, as
the cofactor binding sites are 29 A away from each other
in the dodecin oligomer. Third, the dodecins and their
riboflavin dimers could participate in some sort of redox
reactions. However, due to the limited access to the
reactive N10 atoms in the inner compartment, only ionic
species or small compounds can be considered as sub-
strates. Furthermore, the conformation of a fully reduced
state of the flavin cofactors would be restrained by the
structure of the dodecin particle, because a “butterfly”-
like conformation along the N5 and N10 atoms of the
isoalloxazine rings that is observed in several other fla-
voprotein structures could hardly be accommodated in
the aromatic tetrade.

A role as an RNA binding protein as suggested by its
truncated RNP fold is not supported, due to a lack of
conserved sequence motifs in strands g1 and B3 [12].
Furthermore, the known RNA binding sites of RNP mod-
ules, which run along the surface of the B sheet, are
buried in the dodecin complex. Consequently, such an
RNA binding function might be only envisioned if the
dodecin dodecamer undergoes reversible dissociation
in vivo, that is, upon depletion of flavin cofactors. The
purification of the halophilic dodecin under low salt con-
ditions where many halophilic proteins lose their struc-
tural integrity indicated that the complex is rather stable.
Biochemical and structural data on the dodecin from
Thermus thermophilus also indicated that dodecin do-
decamers are present if the complex is partially depleted
of flavin cofactors (L.-O.E. and B. Meissner, unpublished
data).

The dodecin gene is not ubiquitous in the prokaryotic
world, but restricted to a few eubacteria and a haloar-
chaeon. A common characteristic of these organisms
that bear a dodecin ortholog is an increased exposure
to oxygen or radical stress. For example, the pathogenic
eubacteria listed in Figure 1A face the action of reactive
oxygen and nitrogen species that are released as a
host defense by macrophages and neutrophiles [27],
whereas nonpathogenic organisms have to tolerate radi-
cals that are formed either by photosynthesis (C. tep-
idum) or metabolism (G. sulfurreducens). Interestingly,
the second protein of H. salinarum that was crystallized

and solved by the inverse structural genomics approach
was a dodecameric ferritin (S. Offermann, B.B., L.-O.E.,
and D.O., submitted). This 23-symmetric protein oligo-
mer apparently mediates protection against oxidative
stress by sequestering free Fe?" species in the cytosol.
As for the dodecins, its occurrence in the proteome of
H. salinarum is unique in the archaeal kingdom and
might indicate that both genes were acquired as “life-
style” genes [8] from eubacterial organisms, namely to
support the aerobic growth of Haloarchaea under bright
light conditions.

Finally, the discovery of an unusual flavin binding pro-
tein by a procedure where crystals were first generated
before the crystallized proteins were further character-
ized is an alternative to conventional approaches in
structural genomics. Furthermore, dodecin is currently
not only the smallest known flavoprotein with its 68
amino acids, but also the smallest fold that forms 23-
symmetric protein shells. The latter feature might be
interesting for engineering highly symmetric protein
oligomers by fusing proteins of interest to this novel fold
or by using this protein shell as a delivery vehicle for
drugs or other bioactive compounds.

Experimental Procedures

Crystallization and Data Collection

The isolation of dodecin-containing samples from the cytosol of H.
salinarum followed the procedure described in (S. Offermann, B.B.,
L.-O.E., and D.O., submitted); the elution point for the dodecin frac-
tions was about 0.45 M NaCl during ion exchange chromatography
on a MonoQ HR10/10 column (Amersham Pharmacia). Octahedrally
shaped crystals of dodecin were grown at protein concentrations
of 10-15 mg ml~" by vapor diffusion at 18°C for 1-2 weeks using
30% PEG 400, 0.2 M MgCl,, 0.1 M HEPES (pH 7.5), 1.0 M NaCl as
crystallization buffer. The crystallized protein was initially identified
as OE3073R by Edman degradation of single crystals and subse-
quent comparison of the partial amino acid sequence with the ge-
nome sequence of H. salinarum (www.halolex.mpg.de) using the
BLAST option of the PEDANT genome interface [28]. The protein
sequence confirmed the absence of an N-terminal methionine in
the mature protein.

X-ray data were collected at 100 K with the mother liquor as cryo-
protection buffer. Heavy metal derivatives were prepared by soaking
the crystals in 10 mM GdCl; or trimethyl-lead acetate for 45-60 min.
Diffraction data for the gadolinium derivative were collected on a
CuK, rotating anode (Rigaku RU-200, 80 mA, 50 kV) with focusing
mirrors (Charles Supper) and a 30 cm imaging plate (MAR research).
Synchrotron data were collected at 1.7 A resolution from frozen
crystals at beamline ID14/3, ESRF, Grenoble using a MAR 165 mm
CCD detector and a wavelength of 0.933 A. For the RbCI soak, a
crystal was transferred to a solution where RbCl replaced the so-
dium chloride of the crystallization buffer. Data for the RbCI soak
were collected on a MAR CCD detector at beamline BW6, MPG-
ASF, Hamburg at the K-edge of rubidium (\ = 0.816 A). Diffraction
data of dodecin were indexed and integrated with DENZO (HKL
research) either in space group F4,32 (a = 142.6 A) or, due to better
computational performance during phasing, in the lower symmetry
space group 14,22.

Structure Determination and Refinement

The structure of dodecin was solved in space group 14,22 by multiple
isomorphous replacement (MIR) using the programs SOLVE [29]
and DM [30] to determine heavy atom positions and to perform
phase refinement. An MIR map that was calculated at 1.8 A resolu-
tion after phase extension allowed semiautomatic tracing and model
building by wARP [31]. Subsequently, the dodecin structure was
refined in the correct space group F4,32 using CNS 1.0 [32] until
the refinement converged at an R factor/R;.. of 0.180/0.208 for data
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between 15.0 A and 1.7 A (Table 2). As difference density peak
heights cannot discriminate between water molecules, or magne-
sium or sodium cations, only those difference density peaks were
assigned as cations where at least five coordination partners were
present or, in case of Mg?*, strict octahedral coordination geometry
was apparent. The crystals have a solvent content of 65% and
comprise one dodecin monomer (V2-Q68), one 5-ribityl-7,8-
dimethyl-1H-benzo[g]pteridin-2,4-dion (riboflavin), two magnesium,
one sodium, and two chloride ions, and 98 water molecules per
asymmetric unit. The final model consists of 645 atoms and exhibits
with an overall G factor of —0.1 good stereochemistry as analyzed
by PROCHECK [33]. Homology modeling of the putative dodecin
decamer of P. aeruginosa was performed by MODELLER4 [34].
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