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Flavins are employed to transform physical input into biolog-
ical output signals. In this function, flavins catalyze a variety of
light-induced reactions and redox processes. However, nature
also provides flavoproteins with the ability to uncouple the
mediation of signals. Such proteins are the riboflavin-binding
proteins (RfBPs) with their function to store riboflavin for fast
delivery of FMN and FAD. Here we present in vitro and in vivo
data showing that the recently discovered archaeal dodecin is an
RfBP, and we reveal that riboflavin storage is not restricted to
eukaryotes. However, the function of the prokaryotic RfBP
dodecin seems to be adapted to the requirement of a monocel-
lular organism. While in eukaryotes RfBPs are involved in traf-
ficking riboflavin, and dodecin is responsible for the flavin
homeostasis of the cell. Although only 68 amino acids in length,
dodecin is of high functional versatility in neutralizing ribofla-
vin to protect the cellular environment from uncontrolled flavin
reactivity. Besides the predominant ultrafast quenching of excited
states, dodecin prevents light-induced riboflavin reactivity by the
selective degradation of riboflavin to lumichrome. Coordinated
with the high affinity for lumichrome, the directed degradation
reaction is neutral to the cellular environment and provides an
alternative pathway for suppressing uncontrolled riboflavin
reactivity. Intriguingly, the different structural and functional
properties of a homologous bacterial dodecin suggest that dode-
cin has different roles in different kingdoms of life.

Flavins are a major class of cofactors that are able to accept
and donate electrons as well as to absorb visible light. Flavins
consist of a nonconserved aliphatic moiety, covalently linked to
a conserved aromatic isoalloxazine ring (Fig. 1 and supplemen-
tal Fig. 1). The distribution of flavins in nature correlates with
the complexity of the aliphatic chain. Although FMN (phos-
phoribityl chain) and FAD (ADP-ribityl) are widespread among
flavoenzymes, a function of riboflavin (RF,? ribityl) as a catalyt-
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ically active compound has not been reported to date (1);
instead, RF acts as the direct precursor for FMN and FAD in
flavin biosynthesis.

In all flavins, the catalytically active unit is the isoalloxazine
substructure (2—4). To handle the reactivity of the isoalloxazine
ring, FMN and FAD are tightly bound to flavoenzymes. Finely
tuned binding restricts the reaction spectrum of FMN and FAD
to discrete, beneficial reaction pathways, preventing harmful
side reactions. Reported functions of flavoenzymes include
transferring electrons from and to reactive centers (e.g. respira-
tory chain) as well as employing light for the induction of radi-
cal reactions (e.¢. DNA-photolyase) or conformational changes
(e.g phototropin) (5-8). In the biosynthesis, the full catalytic
power of flavins has already formed at the stage of the FMN and
FAD precursor RF (see Fig. 1). As RF is not used as an enzymat-
ically active compound, it is, different to FMN and FAD, not
integrated into flavoenzymes. To avoid a negative impact of
uncontrolled flavin reactivity by free RF, nature established
sequestering devices termed riboflavin-binding proteins
(RfBPs). These proteins have been shown to store and distrib-
ute RF in eukaryotes, ensuring a fast supply of FMN and FAD
(9, 10).

The small flavoprotein dodecin from the archaeon Halobac-
terium salinarum was reported to bind RF with high affinity
and to extensively quench flavin fluorescence, thus exerting the
key functions of RfBPs (11). Additional affinity for lumichrome
(LCR) could moreover characterize dodecin as a protein with a
dual binding mode (12-14). Based on sequence conservation,
dodecins cluster in an archaeal and a bacterial subgroup. The
majority of dodecins occur in bacteria, some among pathogenic
organisms such as Mycobacterium tuberculosis or Pseudomo-
nas aeruginosa. Here we present data that identify dodecin
from H. salinarum as an RfBP. By storing RF in micromolar
amounts during growth-limiting conditions, and providing it
for the biosynthesis of FMN and FAD at high metabolic activi-
ties, the archaeal dodecin acts as an RF buffer, balancing the
total flavin concentration during the H. salinarum life cycle.
Analysis of the 40% sequence-identical bacterial dodecin from
H. halophila reveals different structural and functional proper-
ties and excludes an RF binding and storing function. Although
the archaeal dodecin represents the first RfBP described in pro-
karyotes, the role of the bacterial dodecin remains speculative.

EXPERIMENTAL PROCEDURES

Preparation of Vectors and Strains and Purification of
Proteins—Cloning, purification, refolding, and reconstitution
of proteins HhDod®, HsDod®, and HsDod***** were per-
formed as described earlier (13). H. salinarum strains R1Adod
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FIGURE 1. Flavin biosynthesis. GTP and ribulose 5-phosphate are the educts
in flavin synthesis. The key step in flavin biosynthesis is the dismutase reac-
tion catalyzed by riboflavin synthase (a), building the tricyclic heteronuclear
organic ring isoalloxazine. RF is further converted into FMN by riboflavin
kinase (b) and subsequently transformed into FAD by FAD synthase (c). The
catalytically active isoalloxazine is highlighted by a gray rectangle in the RF
chemical structure. For a more detailed description of the flavin biosynthesis
see supplemental Fig. 1.

and R1dodHis™ are derivatives of the H. salinarum strain R1
(DSM 671) and were generated by a blue-red selection strategy,
based on the PMKK100 vector (15), and on the base of the
pBPH-M vector, respectively (16).

Light Stability of Riboflavin and Spectroscopic Characteriza-
tion—For the determination of RF stability, free and dodecin-
bound RF were illuminated with a high pressure mercury lamp
at 800 milliwatt/cm” radiation energy. A 3-mm KGl filter was
used to absorb light of short (<300 nm) and long (>700 nm)
wavelength from the light source. The decomposition was
monitored with absorption spectroscopy and fluorescence
detection of chromatographically separated samples. Oxygen-
free conditions were achieved by several cycles of degassing the
reaction solution under argon atmosphere. Femtosecond
pump/probe experiments were performed as described else-
where (17).

Western Blotting and RT-PCR—For determination of the
dodecin expression profile, samples of lysates (volumes of sam-
ples related to the optical density of the cell culture) were sep-
arated using SDS-PAGE and immobilized on polyvinylidene
difluoride membranes. Dodecin was detected using polyclonal
IgY anti-dodecin antibodies. RT-PCR was performed as
described elsewhere (18).

Quantitative Analysis of Riboflavin and Lumichrome—For
analysis of the intracellular flavin concentrations, a cell lysate of
H. salinarum was treated with ethanol at 80 °C. After centrifu-
gation, the supernatant was chromatographically separated on
areversed phase column, and flavins were monitored by simul-
taneous detection at wavelength couples 381/464 and 450/520
nm. For analysis of LCR, a sample of the lysate was additionally
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treated with acetonitrile. Nickel-chelating chromatography
was used for determination of ligands bound to His-tagged
dodecin.

Crystallization of HhDod® and HsDod*****—Diffracting
crystals of HhDod® grew in 0.4 M NH,H,PO, and 0.1 M ectoin at
18 °C by the vapor diffusion technique. HsDod***** was crys-
tallized under identical conditions as HsDod” (13). The struc-
ture of HhDod® was solved by molecular replacement methods,
using the atomic coordinates of HsDod” (Protein Data Bank
code 2ccb) as a search model.

For detailed information see supplemental Experimental
Procedures.

RESULTS

Structural Comparison of Dodecin from H. salinarum
(HsDod") and H. halophila (HhDod®)—The crystal structure of
dodecin from H. salinarum (HsDod”; superscript A for
archaeal) revealed a highly symmetric, hollow-spherical shaped
protein with an outer diameter of about 65 A. The 7.4-kDa
monomers of simple BlaB283 topology are assembled into
dodecamers composed of a 3-sheet corpus with the a-helices
exposed on the outside. Binding pockets for dimers of flavin
and flavin-like ligands are located between the trimer substruc-
tures of the dodecameric assembly. Crystal structures of
HsDod* with the ligands LCR, lumiflavin, RF, FMN, and FAD
allowed the analysis of the dodecin-binding site in detail.
HsDod* binds RF (K, of 36 nm) and the small ligand LCR (10
nm) with high affinity by using slightly different binding modes
(13). When the ligand binding properties of a homologous pro-
tein from Halorhodospira halophila (HhDod®, superscript B
for bacterial) were analyzed, the affinities for RF and LCR were
found to be significantly lower (K, of 2.5 and 20.4 uM, respec-
tively) as compared with HsDod®. To investigate the differ-
ences between the archaeal HsDod” and its bacterial HhDod®
counterpart, the crystal structure of HhDod® was determined
to a resolution of 2.6 A (see supplemental Table 1).

In line with the overall 40% amino acid sequence identity, a
structural comparison between the archaeal HsDod* and the
bacterial HhDod® revealed a strong conservation of the dode-
cin monomer fold, with an overall root mean square deviation
of 0.65 A (59 C-a atoms), as well as the conservation of the
dodecameric hollow spherical assembly (Fig. 2, A and B). How-
ever, despite their high similarity, the architecture of the flavin-
binding site and the flavin-binding mode of HhDod® was strik-
ingly different compared with HsDod". Whereas HsDod"
binds dimers of flavins with the re-sides of the isoalloxazine
rings associated, HhDod® incorporated RF via si-si stacking
(Fig. 2C).

As shown in Fig. 2D, the reduced size of the flavin-binding
pocket due to the altered main chain conformation of the
nearby 2 strand gives an explanation of the inverted binding
mode of HhDod®. The backbone conformation of the Thr**—
Ile* peptide stretch is not only caused by changes in the imme-
diate HhDod” sequence. In the HhDod® structures, a pheny-
lalanine side chain of a neighboring dodecin monomer (Phe*°)
wedges between (2 and the amphipathic helix, forming an
edge-face interaction to a highly conserved aromatic residue
(Trp®’). The main chain shift narrows the binding pockets of
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FIGURE 2. Comparison of HsDod” and HhDod?®. A, superposition of the C-« traces of HsDod” (red) and HhDod® (blue) as separate monomers and as monomers
part of the dodecameric assembly (superposition on the HsDod” C-« trace in gray with bound riboflavins in color code of monomers). View 1 shows dodecin
oriented along a 3-fold axis and view 2 along a 2-fold axis. HsDod” labels are in black and HhDod® in gray. B, structure-based sequence alignment and C-« root
mean square deviation between the archaeal HsDod” and the bacterial HhDod®. The largest structural deviations in C-« atoms between HsDod” and HhDod®
involve residues 47-52 (5055 of HhDod®). This peak corresponds to differences in the loop between the 82 and 83 strands. G, inverted binding of RF in HsDod”
(red) and in HhDod® (blue). Trp>® (W36) and GIn>> (Q55), clamping and aligning the isoalloxazine rings in tetrade arrangements, are shown (HsDod” numbering).
In contrast to HsDod*, the glutamine in HhDod® binds the flipped flavin of the dimer-related monomer. In both structures, the distance between the indole and
the isoalloxazine aromatic rings is about 3.3 A. D, deviation in the main chain architecture to meet the different requirements of ligand incorporation. The
widened pocket of HsDod” allows accommodation of the dimethylated benzene ring in the re-re arranged aromatic tetrade (see minor peakin Fig. 2B between
residues 42 and 46). Arg*® (R46) of HhDod®, highly conserved in bacterial dodecins, accounts for hydrogen bonding to the isoalloxazine moiety. This isoallox-
azine-protein interaction is missing in HsDod”. For clarity, side chains of HsDod" are omitted, and the binding pocket is reduced to the 2-fold related part.

HhDod® structure, promoting the tilted conformation of the
si-si-stacked isoalloxazine moieties over the re-re-stacked con-
formation seen in the HsDod*.

Recently, FMN incorporation into the dodecin homolog
from the bacterial thermophile Thermus thermophilus
(TtDod®) was shown to be similar to RF binding to HhDod®
(19). Mutation of arginine, corresponding to Arg*® in HhDod?,
forming H-bonds to the C-4=0 and N-5 of the isoalloxazine,
does not influence the mode of FMN binding. Supporting the
impact of the main chain conformation of the B2-strand,
TtDod® narrows the binding pocket and forms edge-face inter-
actions (Phe®?/Tyr>®), similarly as found in HhDod®.

Light-induced Degradation of RF—The light stability of free
and dodecin-bound RF was determined by illuminating RE-
dodecin complexes with light from a high pressure mercury
lamp. Absorption spectra were recorded at various time points,
and concentrations of RF and the degradation product LCR
were monitored by fluorescence detection of chromatographi-
cally separated samples (Fig. 34 and supplemental Fig. 2, A and
B). Similar to the free compound, HhDod®-bound RF decom-
posed into various fluorescent degradation products (see traces
HhDod"_ii and _iii in Fig. 3A), but the half-life (¢1,) of 32 s for
the unbound RF was 45-fold increased to 24.7 min in the bound
state (Fig. 3B).

RF incorporated into HsDod* showed slightly lower stabili-
zation as RF bound to HhDod® (RF/HhDod®) (t,0f 19.7 min)
but in contrast was efficiently transformed into LCR. Even after
4 h of illumination, no other compound was detected at both
wavelength couples (see traces HsDod*_ii and _iii in Fig. 34).
As depicted in Fig. 3C, 74% of the initial RF could be detected as
either the LCR product (~67%) or intact RF (~7%). Free and
dodecin-bound LCR did not show a change in absorption char-
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acteristics during illumination, supporting that LCR is a rather
stable end product of light-induced RF degradation (20).

Spectroscopic Analysis of Free and Dodecin-bound RF—To
analyze the quenching competence of dodecin, time-resolved
UV-visible spectroscopy was carried out using RF-reconsti-
tuted dodecins (RF/HsDod* and RF/HhDod®). The excited
state dynamics of RF was recorded by exciting at three different
spectral positions, inducing different electronic transitions, and
providing different excess vibrational energies. Pulses centered
at wavelengths of 476 nm (S,/S, transition), 388 nm (S,/S, tran-
sition, low energy wing), and 345 nm (S,/S, transition, high
energy wing) were used to excite RF. Typical pulse energies
were about 100 nJ. Probe pulses in the spectral range of 450 —
750 nm were generated in a sapphire crystal as single filament
white light. Transient absorbance changes for the different
pump wavelengths did not show any significant differences,
which suggests that the S,/S; transition is faster than the time
resolution of the experiment. Discussion of the time resolved
data is thus restricted to the 388 nm excitation, yielding data
with the best signal to noise ratio.

As illustrated by the transient absorbance changes seen in
Fig. 4A, free and dodecin-bound RF showed entirely different
spectral and dynamic characteristics. (a¢) While the excited
state lifetime of free RF was longer than the maximum delay of
the experiment (1.5 ns), bound RF displayed excited state life-
times dramatically shortened to a few picoseconds. (b) The pat-
tern of stimulated emission (SE, blue), ground state bleach (GB,
blue) and excited state absorption (ESA, red) was strongly
changed, as e.g. the extensive SE at 520 - 600 nm observed for
free RF in aqueous solution was missing in both RF-dodecin
complexes (21).
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FIGURE 3. Light-induced degradation of free and dodecin-bound RF. 4, illumination of free and dodecin-bound RF. Chromatographic profiles of RF/HsDod*
(HsDod"_i-HsDod" _iii) and RF/HhDod® (HhDod®_i-HhDod®_iii) at 0 min and after 4 h of illumination with light. Fluorescence detection is performed at 520 (i, ii)
and 464 nm (iii). Chemical structures for RF (O) and LCR ([J) are shown as insets in fluorescence lanes. Note that the EU scale is different in lanes i-iii. B, molar
concentrations of RF fitted to a first order decay; HsDod” (black circle, solid line) and HhDod® (gray circle, gray solid line) and free RF shown in inset. Half-lives were
determined to be 32 + 1.4 s (free RF), 1180 = 180 s (19.7 min; HsDod") and 1480 = 230 s (24.7 min, HhDod®), respectively. G, light stability of dodecin-bound
RF (in air). Concentrations of RF and LCR incorporated into HsDod” (@/M) and HhDod® (O/[J) and the respective overall concentrations (A/A) are shown.

However, differences in spectra were also observed between
RF bound to HsDod” and HhDod?®. (a) The broad excited state
absorption signal of RF/HsDod* did not extend into the long
wavelength region, as seen for the bacterial RF/HhDod?® as well
as for free RF. (b) Excited state lifetimes of RF bound to HhDod®
were slightly longer than of RF bound to HsDod*. Respective
individual transients are shown in Fig. 4B.

Flavin Concentrations during H. salinarum Growth—Flavins
were extracted from H. salinarum R1 (wild type) strain cells,
chromatographically separated, and quantified by fluores-
cence. Recorded peak areas were correlated to the internal cell
volume, calculated from the optical density of the cultures
(ODyg,g) at the respective day (Fig. 5A4). The following strains
and culture conditions were examined: H. salinarum wild type
strain in the light (R1_l) and in the dark (R1_d), and a dodecin-
deficient strain in the dark (R1Adod_d). Cells of the wild type
strain, cultivated in the dark (R1_d) as well as in the light (R1_1),
showed much higher FMN and FAD concentrations in the
exponential growth phase (day 4 and 6) than in the stationary
phase (Fig. 5B). In contrast, RF concentrations were low in the
exponential and early stationary phase and high in the late sta-
tionary phase. RF regulation was most pronounced in R1_d
cells, where values reached 18.2 uMm in the late stationary phase
(day 23).

In the deletion strain R1Adod, FMN and FAD concentra-
tions resembled levels of the wild type strain R1. However, a
dramatic influence of the deleted dodecin could be seen in the
concentrations of RF; 18.6 um in the wild type inoculation
culture grown in the dark (R1_d) is opposed by 1.2 um in
the corresponding dodecin-deficient R1Adod pre-culture
(R1Adod_d). This difference was significantly decreased at day
4 but appeared again when the cultures ran into the late station-
ary phase (see also supplemental Table 2).
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LCR Concentrations during H. salinarum Growth—In paral-
lel to the quantitative analysis of flavins also the LCR cellular
concentrations were determined during H. salinarum growth.
As shown in Fig. 5C, concentrations at day 4 were low in cells of
the wild type and the dodecin deletion strain. However, starting
at day 6, LCR concentrations in the wild type cells cultured in
light (R1_l) were increased to about 20 um, whereas cells cul-
tured in the dark (R1_d and R1Adod_d) kept LCR molarities at
low levels of 5.4 um at highest (R1_d, day 35, see also supple-
mental Table 3).

Ligand Analysis of Homologously Expressed HsDod*—The
strain R1dodHis™ homologously expresses His-tagged dode-
cin. After extraction from the H. salinarum cytosol by a nickel-
chelating resin, ligands bound to His-tagged dodecin in vivo
were quantitatively determined by chromatographic separation
and fluorescence detection. No FMN and FAD could be
detected as natural ligands. As presented in Table 1, values for
the RF cellular concentrations measured at the end of the expo-
nential growth phase (day 7), in the middle (day 13), and the late
stationary phase (day 21) correspond well to values of the H.
salinarum wild type strain R1 (supplemental Table 3). Concen-
trations of dodecin-bound RF are in the range of the total cel-
lular RF and suggest that in H. salinarum all RF is sequestered
by dodecin.

Expression of Dodecin during H. salinarum Growth—West-
ern blot analysis of H. salinarum cultures revealed that dodecin
is regulated during growth. As seen in Fig. 64, dodecin expres-
sion was generally induced upon transition into the exponential
growth phase, irrespective of the presence of light. After induc-
tion of dodecin expression, the protein level varied slightly
under both conditions. The copy number of dodecininan R1_d
culture at the stationary phase was determined to 8000, corre-
sponding to a concentration of 9.2 uM (see supplemental Fig.
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FIGURE 4. Time-resolved spectroscopic characterization of free and
dodecin-bound RF. A, excitation of RF (panel i), RF incorporated in HsDod*
(RF/HsDod") (panel ii), and in HhDod® (RF/HhDod®) (panel iii) performed at
388 nm with sapphire white light as the probing pulse. Positive absorbance
changes are shown in red and negative in blue. B, transient absorbance
changes at451 nm. Free RF is shown as a dashed line in black, the correspond-
ing RF/HsDod” and RF/HhDod® complexes in black and gray solid lines,
respectively.

4A). RT-PCR was employed to quantitatively monitor the reg-
ulation of dodecin at the mRNA level during the time period of
the relatively constant dodecin expression. The mRNA levels at
day i (ACtxi) were related to the starting level at day 4 (ACtx1).
Increasing values indicate that dodecin was slightly up-regu-
lated at the transcriptional level during growth (Fig. 6B). Com-
parison of dodecin mRNA levels in cells grown in light (ACt,/)
and in the dark (ACtd) revealed that dodecin was not regulated
by light at the transcriptional level. For a discussion of the out-
lying dodecin mRNA levels at day 9, see supplemental Experi-
mental Procedures and supplemental Fig. 4B.
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LCR Concentrations under Laboratory Conditions and in the
Native Environment—Table 2 lists the LCR concentration in
non-inoculated fresh medium, either stored in light or in dark
for several weeks, and in waters taken from hypersaline ponds,
an environment where Haloarchaea occur in high numbers.
Whereas in the H. salinarum growth medium LCR was found
to be present in high nano- to low micromolar amounts, the
concentration of LCR in the natural environment was 10>°~103-
fold lower.

DISCUSSION

Dodecin Buffers the Flavin Concentration during H. salina-
rum Growth—The analysis of the flavin metabolism revealed
that cellular RF concentrations were significantly dependent on
dodecin. As illustrated in Fig. 5B, the RF level was 4-16-fold
higher in H. salinarum wild type cells (R1_d) as compared with
the dodecin-deficient strain (R1Adod_d), indicating the influ-
ence of dodecin. The nature of dodecin as a rigid, dodecameric
RF-binding particle does not suggest a direct regulative role in
flavin biosynthesis. The increased RF concentrations in wild
type cells most likely occur from indirectly influencing the fla-
vin metabolism by depleting the cytosol of RF and suppressing
a down-regulation of flavin synthesis (22-24). Data from RF
extractions of the dodecin overexpression strain R1dodHis™,
which demonstrated that the all cellular RF can be sequestered
by dodecin, are in line with the assumption that the impact of
dodecin on the flavin biosynthesis results from its capacity to
store RF (see Table 1).

The benefit of creating a reservoir of RF is connected to the
expression profile of dodecin and is illustrated in Fig. 7A.
Induced during exponential growth (stage 1), dodecin is consti-
tutively expressed and stores RF, increasing in concentration
during the stationary phase (stage 2). If the environment
changes toward favorable growth conditions, simulated by re-
inoculation into rich culture media, dodecin is down-regulated
(see Fig. 6A), and the collected RF subsequently becomes avail-
able for the synthesis of FMN and FAD (stage 3). This regula-
tion of dodecin enables a fast response of H. salinarum to
changing environmental conditions.

Working Mode 1, Ultrafast Quenching of Excited RF—X-ray
structural investigations revealed that the isoalloxazine of
bound RF is deeply buried in the protein interior (see Fig. 2D).
Theloop L3, connecting HsDod* strands 82 and 33, represents
the most flexible part of the structure and has been proposed to
seal the binding pocket and shield the isoalloxazine ring from
the environment (13). Although protection of the isoalloxazine
substructure from chemical activation can easily be achieved by
steric restrictions, the protection from light-induced reactions
is more demanding.

The key step in flavin photochemistry is the photoexcitation
of the isoalloxazine electronic system into an excited singlet
state, which is generally accompanied by a subsequent intersys-
tem crossing into the triplet state. Excited singlet and triplet
state energies can be released in intra- and intermolecular reac-
tions, constituting the flavin photochemistry. Although unable
to inhibit the initial step of the photoinduced formation of the
excited state, proteins can efficiently suppress light-induced
reactivity. As has been shown for the chicken RfBP, binding
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FIGURE 5. Flavin and LCR concentrations during H. salinarum growth. A, growth curves of H. salinarum strains R1 (wild type) and R1Adod (dodecin deleted).
The color code of growth phases (exponential, yellow; early stationary, orange; late stationary, red) is used in Band C, and Fig. 7A. B, flavin concentrations during
H. salinarum growth. Quantitative analysis of intracellular flavin reveals similar FMN (star) and FAD (A) concentrations in wild type cells cultured in the dark
(R7_d, black) and in the light (R7_I, red), as well as in the deletion strain R1Adod in the dark (R7Adod_d, gray). Concentrations of RF (O) show major differences
with respect to light and dodecin. C, LCR concentrations during H. salinarum growth. LCR molar concentrations are about 10-fold increased in the H. salinarum
wild type strain R1 grown in light (R7_I, red) as compared with cells grown in the dark (R7_d, black) or depleted in dodecin (RTAdod_d, gray). LCR concentrations

were below the detection limit (<0.5 um) in the R1Adod_d inoculation culture and at day 4 in cultures R1_d and R1Adod_d.

TABLE 1 TABLE 2
RF concentrations in cultures of R1dodHis™ LCR concentrations in H. salinarum media and in the natural habitat
Day Dark Light Fresh medium” Old medium” hﬁ;;:l:tild
Bound RF Total RF Bound RF Total RF
Dark Light Dark Light Sample 1 Sample 2
Y pun
7 0.88 = 0.12 1.50 £ 0.03  1.16 = 0.05 1.11 £ 0.11 wm um v
13 1.89 +0.05 157+015 134 +027 116 £ 0.12 LCR 0.3 +0.02 2.1+001 1.58*+0.1 0.17*+0.01 0.011 0.0034
21¢ 17.98 = 1.25 19.38 + 1.11  8.06 + 0.91 11.57 = 0.72

“ Values were generated in an individual experiment.

A

El — — e 4 —

o

! e —— — -

oo 2 3 4 5 8 12
B i

3 3
—_— R
g 2 / e oo 188
1) A ,’.\ .- .—"’ ! '
N Rl S e N

1 .X\A/A\\\ N / \‘ QS 11

o 7 = |
0 e {0
5 10 15

time [d]

FIGURE 6. Dodecin protein and mRNA levels during growth of H. salina-
rum. A, Western blot analysis of dodecin in R1 wild type strain grown in the
dark (R7_d) andin light (R7_1). B, analysis of the dodecin mRNA levels in cells of
R1_d (M), R1_| (@, dashed line), and R1Adod_d (gray triangle) in the time
period of the rather constant dodecin expression observed in A. A
2 AACHK x4 yalye of 1 means no difference in the dodecin mRNA level at the
respective day compared with reference day 4; /> and 2, a 2-fold down-
regulation and up-regulation, respectively. 222U~ yaluyes illustrate the
differences in dodecin mRNA levels when cells grown in light (R7_/) and in
dark (R7_d).

pockets, clamping the isoalloxazine ring between aromatic
moieties, can strongly modify RF photochemistry by efficiently
shortening the lifetime of the RF excited state (11, 25). Herein,
the indole moiety of the tryptophan, holding the isoalloxazine
ring of RF, quenches the excited state lifetime by the ultrafast
transfer of electrons onto the excited flavin, creating a short-
lived RF/tryptophan radical pair.

MAY 8, 2009+VOLUME 284 +NUMBER 19

“ Freshly prepared media were kept for 2 days in the dark or in the light.

? Media of H. salinarum cultures were grown to the late stationary phase.

¢ Extraction of two independent water samples were from the solar salterns in Eilat,
Israel.

@ Values were determined by standard addition method.

Time-resolved spectroscopy performed on the dodecins
RF/HsDod” and RF/HhDod® recorded ground state recovery
within a few picoseconds, and thus demonstrates a similarly
efficient depopulation of RF excited states as reported for
chicken RfBP. Based on the similar architecture of the chicken
RfBP and the dodecin binding pockets, we suggest also that in
the dodecins HsDod” and HhDod® the indole moieties of the
adjacent tryptophans transfer the electron for RF quenching.
Considering the tryptophan-isoalloxazine distances of 3.3 A in
the HsDod* and the HhDod® binding pockets, which are
shorter than the respective distances of tryptophan (Trp'*°)-
isoalloxazine (3.7 A) and tyrosine (Tyr”®)-isoalloxazine (3.7 A)
in the chicken RfBP, electron transfer can be estimated to take
place within the sub-picosecond time scale (26, 27).

It has to be mentioned that the current view on the dodecin
quenching characteristic is based on the extrapolation from
similar proteins. At present, it can just be speculated to which
extent electronic interactions between the stacked RF dimers
increase the complexity of the photochemical behavior.

Working Mode 2, Directed Degradation of Excited RF—When
incorporated into HsDod”, we found that RF was protected
from fast degradation but also from unspecific decomposition.
Whereas the enhanced stability of RF is the result of the ultra-
fast recovery of the RF ground state, the almost quantitative
transition of RF to LCR could be recognized as the key charac-
teristic of an alternative working mode coupled to RF storage.
As this directed degradation is coordinated with the high affin-
ity of dodecin for LCR, HsDod" allows an overall compartmen-
talized reaction, which is neutral to the cellular environment,
and establishes an alternative pipeline for the depopulation of
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FIGURE 7. Working scheme of the archaeal dodecin on the cellular and on the protein level. A, dodecin cycle. Dodecin expression is induced in the
exponential phase. Although present, the uptake of FMN and FAD is prevented by their low affinity (stage 7). In the stationary phase, RF (orange) from
degradation of flavins and/or biosynthesis is sequestered by dodecin, establishing a flavin buffer (stage 2). Stored RF is available for biosynthesis of FMN and
FAD when favorable condition induced metabolic activity (early exponential growth phase, stage 3). Intracellular flavin concentrations are given in insets.
Attached schemes abstract the interplay of free RF, bound RF (RF/HsDod”), and converted RF (FMN/FAD). B, working modes of HsDod”. Shown is a model for
the nondestructive quenching (working mode 1, green) and the destructive dealkylation reaction (working mode 2, red) as parallel reactions. Photoreduction
and photodealkylation are reported to lead to LCR as a degradation product. Because of the high affinity of HsDod” for LCR, LCR is kept captured in the binding
pocket. The intermediate state in working mode 1 is shown as a charged radical pair prior to a putative protonation/deprotonation step.

RF excited states. A rationale for installing a destructive deal-
kylation of RF as a second reaction might be the possibility to
prevent unspecific reactivity of RF, leading to reactive (degra-
dation) species that could not be controlled by protein ligand
binding. The alternative working mode constitutes an emer-
gency pathway for relaxation of light-activated RF, which might
be of particular relevance for Haloarchaea that generally occur
in bright light environments. Recently, directed flavin degrada-
tion was also reported for the FMN-binding protein BluB from
Sinorhizobium meliloti. In contrast to dodecin, which sacrifices
RF for the cellular integrity, BluB degrades FMN to deliver a
cobalamin building block (28, 29).

Reaction Control in Dodecins—As illustrated in Fig. 7B, non-
invasive ultrafast quenching of RF excited states and destruc-
tive dealkylation are considered as parallel reactions down-
stream of the excited RF. Ultrafast quenching is the primary
process and is responsible for the increased lifetime of dodecin-
bound RF.

The high selectivity of the degradation reaction is likely sup-
ported by the extensive decrease in RF excited state lifetime, as
only reactions that proceed within the narrow time window of
picoseconds can compete with ultrafast quenching. Such com-
peting ultrafast processes require a reaction partner in close
proximity that is fulfilled for the intramolecular reaction mode.
Mechanistically, the strictly intramolecular photodealkylation
and the intramolecular mode of photoreduction can be envi-
sioned as routes to lumichrome. Both reactions were reported
to proceed from the excited singlet state, and thus in the time
range of the excited state lifetime of dodecin-bound RF (4).
Moreover, both pathways pass a six-membered cyclic transi-
tion state that is pre-organized in RF bound to HsDod* (N1-
C10a-N10-C1'-C2'-H2') and could well represent the struc-
tural base for the selection of RF dealkylation (4, 30 -32). This
view is supported by the even higher selectivity of RF dealkyla-
tion in the E45A mutated dodecin (HsDod*F*54). The lack of
Glu*® mediated ribityl chain bonding, and the enhanced con-
formational flexibility might allow fine-tuning the geometry of
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the transition state. For a short description of RF binding in
HsDod****# and the degradation of RF bound to HsDod*/F*>4
see the supplemental material. The coordination of the ribityl
chain influences the degradation spectrum (see supplemental
text and supplemental Fig. 5, A and B).

As illustrated in Fig. 4A, transient absorption changes
recorded for RF/HsDod” and RF/HhDod" revealed significant
differences in the electronic landscapes of the respective RFs. In
particular, the recovery of the RF ground state, critical for sup-
pressing the RF light-induced reactivity, was faster for the
archaeal dodecin. A satisfactory global fit analysis of the two
data sets obtains two time constants similar for both proteins
(HsDod*, 0.9 and 6.6 ps; HhDod?, 2 and 9.8 ps). The individual
weights and the spectral characteristics in the corresponding
amplitude spectra are, however, clearly different, indicating dif-
ferent reaction channels for excited state quenching in the
archaeal and the bacterial dodecin.

It cannot be stated that the spectral behavior is the only
determinant of the unspecific photodegradation of RF bound to
HhDod®. Considering the low affinity of HhDod® for RF (K}, 2.5
uM versus 36 nM for RF/HsDod*), a decomposition of RF in the
unbound state of a dynamic binding rebinding process cannot
be ruled out.

Dodecin Working Mode 2 Leads to the Accumulation of LCR—
Although the catalytic properties of flavins are widely used,
only a few examples of the physiological importance of LCR
have been reported (33, 34). Instead, LCR is known as a toxic
substance, transferring light energy to substrates (photosen-
sitization type 1) and oxygen (photosensitization type 2),
creating reactive compounds like singlet state oxygen (35).
Accordingly, we found a sharp decrease of cell density when
H. salinarum was grown in the light and in the presence of 40
uM LCR. In the dark, LCR did not effect cell growth (see
supplemental Fig. 3B).

In our experiments on H. salinarum cells grown under labo-
ratory-rich conditions, we found intracellular concentrations
of LCR in the low micromolar range, even when cells were
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FIGURE 8. Rampp plot of dodecin homologous sequences. 107 sequences
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bright spot along the diagonal (for a list of organism see supplemental Fig. 6
and Fig. 7).

Dodecin homologs 1

grown in the dark where light-induced degradation of RF was
prevented. Analysis of non-inoculated H. salinarum growth
medium revealed LCR concentrations of 0.3 um in fresh and 2.1
pMm in light-incubated medium (see Table 2), suggesting that the
high levels of internal LCR are the result of the amphiphilic
nature of LCR, which allows this compound to enter the cell
interior via passive diffusion across the cell membrane. A con-
centration of 200 pwm, as reported for LCR in seawater (36), and
concentrations of 2 and 10 nw, as recorded in samples from the
natural environment (see Table 2), imply that different from
laboratory conditions H. salinarum is not exposed to high
exogenous levels of LCR under native conditions. The LCR
binding capacity of dodecin can therefore rather be regarded as
a functional element that acts to keep LCR sequestered, gener-
ated by the dodecin working mode.

While reflecting non-native conditions, tracing the LCR
concentrations under laboratory conditions illustrates how
H. salinarum deals with the accumulation of LCR. Even non-
physiologically high internal levels of 12.8 um, as detected in
the R1 inoculation culture, were decreased within a few days
to concentrations lower than 0.5 um (day 4 in dark; 1.8 uM in
light). This seems to be achieved by releasing LCR during
down-regulation of dodecin in early exponential growth and
the dilution of the diffusible LCR to the concentration level
of the habitat. Temporarily enhanced LCR concentrations
might thereby be tolerated in cells undergoing high meta-
bolic activity.

Dodecins in Archaea Versus Dodecins in Bacteria—As shown
in Fig. 8, protein alignments reveal that dodecins cluster in an
archaeal and bacterial subgroup. Whereas widely distributed
within bacteria, archaeal dodecins are only found in the phylum
Haloarchaea (see also supplemental Figs. 6 and 7). We initially
assumed that the haloarchaeal dodecin clade reflects the adap-
tation of these species to hypersaline conditions (37). However,
as reported here, the structural analysis of HsDod* and
HhDod® revealed that the archaeal and the bacterial species
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have a different architecture of their RF-binding sites. Biophys-
ical analyses also indicated fundamentally different spectro-
scopic properties, and light degradation experiments showed
entirely different degradation spectra (see Figs. 3 and 4).
Although our data clearly suggest that the function of the
archaeal dodecin is to store RF, the role of the bacterial dodecin
is not clear at present. The structurally and functionally char-
acterized bacterial dodecins from H. halophila (HhDod®) and
T. thermophilus (TtDod®) show binding spectra different from
that of H. salinarum (HsDod"), supporting the flavins FMN
and FAD in a functional role (13, 19). Recently, the crystal struc-
ture of the NADH:FMN oxidoreductase (EmoB) has been pub-
lished, revealing FMN dimers bound as si-si-stacked dimers,
similar as found in the bacterial dodecins (38). However,
whereas dodecin provides two identical binding positions
deeply buried in the protein interior, EmoB binds the FMN
molecules of a stacked dimer differently and exposed at the
protein surface, promoting a ping-pong mechanism in catalysis.
For a more detailed view on a putative function of the bacterial
dodecin see supplemental text and supplemental Fig. 8.

Concluding Remarks—We have shown that RF storage for
fast delivery of FMN and FAD is not restricted to higher orga-
nisms but also operates in prokaryotes. The function of
HsDod” is to sequester RF under growth limitation and to
release this compound into the biosynthesis of FMN and FAD,
when the metabolic activity is induced by favorable conditions,
thus maintaining an elevated level of flavin throughout the H.
salinarum life cycle. Because of the high reactivity of flavins,
storage of RF bears a risk for the cellular integrity. To prevent
uncontrolled reactions with potent molecules, HsDod* binds
RF with high affinity and encapsulates the isoalloxazine rings at
the bottom of binding pockets that are sealed with flexible
loops. Protection from light-induced reactivity is achieved by
ultrafast quenching of RF excited state lifetimes, putatively by a
similar pathway as has been described for eukaryotic RfBPs.
Quenching is assisted by an emergency relaxation of dealkylat-
ing the excited RF to LCR. By coordinating this directed degra-
dation with the affinity for LCR, the reaction proceeds in the
nanospace of the HsDod” binding pocket and is neutral to the
cellular environment.
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