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Summary

Sponges (phylum: Porifera) react to external light or mechanical signals with contractile or metabolic reactions and are
devoid of any nervous or muscular system. Furthermore, elements of a photoreception/phototransduction system exist
in those animals. Recently, a cryptochrome-based photoreceptor system has been discovered in the demosponge. The
assumption that in sponges the siliceous skeleton acts as a substitution for the lack of a nervous system and allows light
signals to be transmitted through its glass fiber network is supported by the findings that the first spicules are efficient light
waveguides and the second sponges have the enzymatic machinery for the generation of light. Now, we have identified/
cloned in Suberites domuncula two additional potential molecules of the sponge cryptochrome photoreception system, the
guanine nucleotide-binding protein 3 subunit, related to B-transducin, and the nitric oxide synthase (NOS)—interacting
protein. Cryptochrome and NOSIP are light-inducible genes. The studies show that the NOS inhibitor L-NMMA impairs both
morphogenesis and motility of the cells. Finally, we report that the function of primmorphs to produce reactive nitrogen
species can be abolished by a NOS inhibitor. We propose that the sponge cryptochrome-based photoreception system,
through which photon signals are converted into radicals, is coupled to the NOS apparatus. (] Histochem Cytochem
61:814-832, 2013)
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Introduction competence to react to light (Leys et al. 2002) and other

cues (reviewed in Rivera et al. 2012). Before understand-
ing light signal recognition in sponges, on a molecular
level, the first neuronal receptor was cloned in the
demosponge Geodia cydonium (Perovi¢ et al. 1999). The
metabotropic glutamate/GABA-like receptor has been

It is an inherent property of any living entity to respond to
signals, stimuli, and cues from the environment with an
adaptation of its internal metabolism and reactions. This
circle is seen in unicellular systems (Luria and Delbriick
1943; Demerec 1950) as well as in multicellular organisms
(Fregly and Blatteis 1996). Focusing on animals, already
the earliest descendants of the hypothetical ancestor of all
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metazoans, the urmetazoan, the sponges (Miiller et al.
2004), are provided with the main structural and functional
molecules to maintain multicellularity. Sponges are lack-
ing any extracellular muscles or any neuronal nexuses
(Hyman 1940) but show, especially the larvae, the
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found to undergo sensitization to the excitatory amino acid
glutamate, resulting in an increase in the intracellular cal-
cium concentration [Ca2+]i. As a first molecule involved in
light recognition in sponges, the cryptochrome has been
cloned and functionally analyzed in the demosponge
Suberites domuncula (Miiller et al. 2010). This protein is
different from the DNA photolyase that has been identified
and characterized in the hexactinellid Aphrocallistes vas-
tus (Schroder et al. 2003). Searches in sequence databases,
including expressed sequence tags (ESTs) from S. domun-
cula (SpongeBase 2010) or genomic tags from the demo-
sponge Amphimedon queenslandica (Srivastava et al.
2010), revealed that the opsin-based light sensory appara-
tus is missing in sponges, even though the covalently
bound cofactor retinal is synthesized in S. domuncula
(Miiller, Binder, et al. 2011). Likewise, the master control
gene, Pax6, for eye development in bilateria (Gehring and
Seimiya 2010), has not been found in sponges. In turn, we
proposed that, in sponges, the cryptochrome represents the
(major) photoreceptive system (Miiller et al. 2010), a find-
ing that has been corroborated recently in the sponge 4.
queenslandica (Rivera et al. 2012). The experimental data
gathered indicate that it is blue light that is most sensitively
perceived by the cryptochrome system; this light spectral
range is generated by the sponge luciferase system (Miiller
et al. 2009) and also exists in the marine twilight zone,
where sponges live. The bioluminescence emission spec-
trum of the S. domuncula luciferase (at pH 8.0) ranges
between 480 and 620 nm. The spicules from siliceous
sponges allow the transmission of light within the wave-
length ranges from 600 to 1300 nm (Miiller, Wendt, et al.
2006); hence, the proposed coupling of luciferase-gener-
ated light to the spicules occurs within the “white light
spectrum.” The expression of the cryptochrome gene is
correlated with the light-dark cycle and is highest during
the light phase (Miiller et al. 2010). In the S. domuncula
and also the 4. queenslandica systems (Miiller et al. 2010;
Rivera et al. 2012), cryptochrome, with its flavin-based
cofactor, is coupled to the siliceous spicular system. In
S. domuncula, the skeletal elements, the monaxonial tylo-
styles, comprise dimensions of about 200 um in length and
5to 10 um in diameter. These siliceous spicules have been
proven to act as light waveguides (Cattaneo-Vietti
et al. 1996; Aizenberg et al. 2005; Miiller, Wendt, et al.
20006), allowing blue light to pass through. In sponges, the
individual spicules are connected either by spongin-like
fibrous molecules or DUF protein (Wang et al. 2010) (as in
demosponges) or are even fused together, like in hexacti-
nellids (see Wang et al. 2012). Our recent studies revealed
that calcareous spicules, fabricated with silicatein from
siliceous sponges, are characterized by exceptionally sta-
bile and flexible properties (Natalio et al. 2013). These
observations suggest that sponges can react to both exoge-
nous light (environmental day light) and endogenous light

(via the luciferase system; Miiller et al. 2009). The latter
reactivity was deduced from the finding that, in complete
darkness, the sponge S. domuncula is flashing light, ema-
nating from luciferase reactions (Miiller et al. 2009), in a
characteristic wave pattern (Wiens et al. 2010).

The available studies suggest that the cryptochrome not
only exists intracellularly but also in the extracellular
matrix (Miiller et al. 2010). Studies with animals in vivo
revealed that in the sponge Tethya aurantium, light is
transmitted via the spicules into the central part of the ani-
mals (Briimmer et al. 2008). Under the supposition that
sponge cryptochrome molecules are directly involved in
photon harvesting, after passing of the photons through
the spicules, a membrane-associated form must be postu-
lated. Therefore, we approached this question by asking
which molecules/proteins become associated with crypto-
chrome. Co-immunoprecipitation experiments presented
here show that the S. domuncula cryptochrome becomes
associated with a G protein 3 subunit (B-transducin) and
one regulatory molecule of the nitric oxide synthase
(NOS) pathways (the NOS-interacting protein).

The published data with S. domuncula (Miiller et al. 2010)
and A. queenslandica (Rivera et al. 2012) suggest that cryp-
tochrome is the signal/photon receiver (photoreceptor),
especially for blue light in sponges, like in plants and perhaps
also in other, higher animal species (Lian et al. 2011). The
subsequent question arises: By which mechanism do the
light-absorbing cryptochromes, with their cofactor(s), transmit
the primary environmental cues to the effector cells in sponges
(phototransduction)? Photoreception/phototransduction should
be fast and temporary to become effective. Surely, the reac-
tions of the sponges to environmental stimuli are compara-
tively slow with respect to the signal transmission along the
neuronal system. In sponges (e.g., Tethya wilhelma),
mechanical stimuli spread over the surfaces with a velocity
of 12.5 ym s ' (Nickel 2004). In comparison, nerve conduc-
tion velocity, along some myelinated neurons, is much faster
at speeds up to 120 m s™' (Andrew and Part 1972). In turn, it
can be assumed that the conversion of a photon signal of the
light into a first step of the light transduction cascade might
not involve electrochemical signals but rather hormone-like
molecules or radicals (nitric oxide [NO]). These two latter
signal transmission systems are substantially slower than
neural impulses coupled to synaptic transmission (Pribyl et
al. 2003; Utsumi et al. 2003). Cell biological evidence has
been presented that both neurohormones (e.g., serotonin)
(Weyrer et al. 1999) and also NO®-radical generating sys-
tems (Miiller, Ushijima, et al. 2006) exist in sponges. We
obtained the latter result with primmorphs, a special three-
dimensional (3D) cell culture system, prepared from the
demosponge S. domuncula (Miller et al. 1999).

In our previous report, we showed that, in primmorphs,
NO°® is synthesized by UV-B/HZOZ-treated cells with the
consequence of the induction of apoptosis (Miiller,
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Ushijima, et al. 2006). This effect could be abolished by the
NO-specific scavenger PTIO (2-phenyl-4,4,5,5-tetramethy-
limidazoline-1-oxyl 3-oxide) (Lakshmi and Zenser 2007)
and ethylene (Krasko et al. 1999). Nitric oxide is synthe-
sized in metazoans by nitric oxide synthases (NOSes),
which are divided into three isoforms (reviewed in
Forstermann and Miinzel 2006; Benarroch 2011): the NOS
neuronal NOS (nNOS, NOS 1), inducible NOS (iNOS, NOS
1I), and endothelial NOS (eNOS, NOS III). Although nNOS
and eNOS are constitutively expressed and produce only
low levels of NO, iNOS is inducible by cytokines and gen-
erates high NO levels. Besides being regulated at the gene
expression level, NOS activity, especially eNOS and nNOS,
is regulated via the nitric oxide synthase—interacting protein
(NOSIP) (Dedio et al. 2001; Dreyer et al. 2004). NOSIP is
a 34-kDa protein that interacts with eNOS and subsequently
translocates eNOS from the cell membrane to the cell inte-
rior (Dedio et al. 2001). Through a similar molecular mech-
anism, NOSIP translocates nNOS from the cell membrane
to the cytoplasm with functional consequences (Dreyer et al.
2004). In turn, NOSIP modulates both nNOS and eNOS
activity (Dreyer et al. 2004; Yu et al. 2012). The NOSIP
contains a RING finger domain through which it binds via
zinc atoms to proteins (Borden and Freemont 1996), among
them also to nNOS (Dreyer et al. 2004). Furthermore,
NOSIP is an inducible protein (Yu et al. 2012).

The studies reported here show that, after light expo-
sure, the primmorphs respond with an increased produc-
tion of NO®. Parallel to this process, the membrane-bound
cryptochrome is associated with NOSIP, suggesting that
the cryptochrome pathway is coupled to the NO synthase
signaling cascade. As initially described by us (Miiller et al.
2010) and subsequently confirmed (Rivera et al. 2012),
light response of the sponge cryptochrome results in a
photoreduction, the photoresponsiveness of the flavopro-
tein, under formation of FADH, (reduced flavin adenine
dinucleotide) from flavin adenine dinucleotide (FAD).
The reoxidation process of FADH, to FAD is not yet
understood in animals. In plants (Arabidopsis thaliana),
experimental evidence has been presented that suggests
that the reoxidation of the flavin involves molecular oxy-
gen and an intermediate spin-correlated FADH-superoxide
radical pair (FADH® and O,"") (Weber et al. 2010; Miller
and Ahmad 2011). Essentially, this reaction also takes
place in the modular eukaryotic NOS isoforms that are
composed of (/) the C-terminal reductase domain that
binds reduced nicotinamide adenine dinucleotide phos-
phate (NADPH), flavin mononucleotide (FMN), and FAD
and (2) the N-terminal oxygenase domain (see Forstermann
and Miinzel 2006). The latter domain carries a prosthetic
heme group (reviewed in Forstermann and Miinzel 2006;
Ghosh et al. 2006) that provides an electron for reducing
O,. On the basis of this evidence, we propose that
the cryptochrome photoreduction/photoresponsiveness is

intimately coupled to the NOS system via the FADH-
superoxide radical in the S. domuncula system.

In the present study, we provide new evidence that, in
S. domuncula, the cryptochrome system is coupled not
only to the NOS pathway but also to G protein—coupled
signal transduction. Transducin is the linker molecule
between the photochemical reaction, cis-trans retinal
isomerization by light, and the downstream signaling cas-
cade. In mammalian systems, activation of the trimeric
G protein transducin is initiated by the receptor-stimulated
replacement by GTP of GDP bound to the a subunit in con-
cert with the By heterodimer (Rondard et al. 2001). In addi-
tion to its function to dissociate dynamically from the inner
cell membrane, the 3 subunit of transducin contributes not
only to the activation of GTP hydrolysis but is also involved
in the binding of the heterotrimeric G protein to the cell
membrane (Gospe et al. 2011). In an earlier contribution,
we showed that the trimeric G proteins are highly con-
served within the metazoan kingdom from Porifera to
mammals (Seack et al. 1998).

Materials and Methods

Chemicals, Materials, and Enzymes

The sources of the materials used for this study were pro-
vided previously (Miiller, Wang, et al. 2011; Wang et al.
2013).

Sponges and Primmorphs

Specimens of the marine sponge S. domuncula (Porifera,
Demospongiae, Hadromerida) were collected in the Northern
Adriatic near Rovinj (Croatia). They were kept in aquaria in
Mainz (Germany) at a temperature of 17C for more than 12
months (LePennec et al. 2003).

Primmorphs, the 3D cell aggregates, were prepared from
single cells of S. domuncula (Miller et al. 1999). They were
cultivated (at 19C) for up to 6 days in natural secawater
(Sigma; Taufkirchen, Germany) supplemented with organic
nutrients (0.2% RPMI 1640 medium; Gibco BRL,
Eggenstein, Germany). After 2 days in culture, the cells
formed 0.8- to 1-mm aggregates; they increased in size over
the following 4 days. If not mentioned otherwise, the exper-
iments described were performed with 6-day-old
primmorphs.

Where indicated, the primmorphs remained in complete
darkness or were illuminated with 30 lux, using a 15-watt
Cool White fluorescent light (spectrum: 420-740 nm;
Westinghouse Electric, Hamburg, Germany).

Total extracts of primmorphs were obtained by adding
an equal amount (v/w) of 20 mM Tris-HCI buffer (pH 7.5;
containing 100 mM KCl, 5 mM MgClz, 5% v/v glycerol,
and 10 pl/ml of the protease inhibitor mixture cOmplete
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ULTRA [Roche, Mannheim, Germany; 1 tablet/10 ml]) to
the primmorphs. After two cycles of freezing and thawing,
followed by homogenization (Downs homogenizer), the
suspension was centrifuged (10,000 x g, 4C; 5 min) and the
supernatant was collected (1.5 mg protein/ml ™).

Permissions: No specific permits were required for the
described animal studies (locations/activities). The location
of the collection site is not privately owned or protected in
any way. The studies did not involve endangered or pro-
tected species.

NOS Activity

NOS activity in a living system was determined as described
(Chiou et al. 1997) by applying the fluorimetric detection
system FCANOS-1 (Sigma). Primmorphs were prepared
and remained 6 days in the dark. Then the aggregates were
incubated for 24 hr in the dark or exposed to 30 lux of white
light. Samples of primmorphs were taken at time zero or
after 3, 12, or 24 hr. The FCANOS-1 detection system was
used to assay the NOS enzymatic activity in the cells
according to the instructions of the manufacturer (Sigma).
After incubation, the fluorescence intensity (caused by tri-
azolofluorescein) was determined at the wavelength of
excitation/emission (485 nm/530 nm). Parallel samples
were used for determination of the DNA content of the cells
in the assays. The data are given in relative fluorescence
units (RFU) and were normalized to 1 pg of DNA. The
compound N®-methyl-L-arginine (L-NMMA) acetate salt
(M7033; Sigma), a competitive inhibitor of all three iso-
forms of NOS (eNOS, iNOS, and nNOS; Achike and Kwan
2003), at a concentration of 10 pM, was used as an inhibitor
of the NOS activity (Akarid et al. 1995).

Time-Lapse Analysis of Aggregate Formation

The dynamics of primmorph formation was studied in rect-
angular well plates. The dissociated cells were suspended at
a density of 2 x 10° cells/ml in 2-ml assays; the assays were
exposed to 30 lux. After 1 day in culture, one series remained
in the absence and the parallel series in the presence of the
NOS inhibitor L-NMMA (10 uM). Time-lapse microscopy
was conducted using a Wild binocular microscope M11-
59316 (Wild, Heerbrugg, Switzerland), equipped with a
Nikon D4 camera (Nikon; Tokyo, Japan). Photomicrographs
were taken every 20 min.

NO Quantification

The method applied uses the Griess detection system
(Chiou et al. 1997; Miranda et al. 2001). The primmorphs
(6 days) were incubated in 96-well plates (Greiner;
Frickenhausen, Germany) in 150 pl culture medium in the
dark or exposed to light. After the indicated period (0 hr or

after 3, 12, or 24 hr), 100-ul aliquots were removed and
added to the Griess reagent (G441; Sigma) and the absor-
bance was measured at 540 nm in a microplate reader. NO
production was calculated from a standard calibration
curve (Amano and Noda 1995).

S. domuncula NOSIP Protein

The S. domuncula sponge database (SpongeBase 2010)
contains several ESTs, comprising almost the complete
coding region for the NOSIP, the NOS interacting protein.
The complete complementary DNA (cDNA) spanning the
putative NOSIP was obtained by application of the 3'- and
S'-racing technique using the CapFishing Full-length cDNA
Premix Kit (Seegene; Rockville, MD) as described (Simkin
et al. 2004). The 1074-nt-long cDNA without the poly(A)
tail, termed SDNOSIP-r, comprised between nt o and
nto o top) the complete open reading frame (ORF) for the
deduced polypeptide, termed NOSIP-r_SUBDO.

S. domuncula TBLR-Related Protein

The ¢cDNA, encoding the sponge transducin B-like protein
(TBLR protein), was likewise extracted from the sponge
database (SpongeBase 2010). The EST tags were again
completed by the racing technique. The nt sequence com-
prising the complete ORF for the TBLR protein, a guanine
nucleotide-binding protein subunit B (GNB), was termed
SDGNB-Trans. This cDNA is 1599 nt long. The ORF of the
deduced TBLR protein, termed GNB-Trans SUBDO, spans

nt, tont ... within the cDNA.

Sequence Analyses

Similarity searches were conducted through servers at the
European Bioinformatics Institute (Hinxton, UK) and the
National Center for Biotechnology Information (NCBI;
Bethesda, MD; http://www.ncbi.nlm.nih.gov/BLASTY/).
The multiple alignments were run with ClustalW version
1.6 (Thompson et al. 1994), and the resulting phylogenetic
trees were constructed by applying the neighbor-joining
method to distance matrices with the Dayhoff PAM matrix
model (Dayhoff et al. 1978; Saitou and Nei 1987). The
degree of support for internal branches was assessed by
bootstrapping (Felsenstein 1993). The graphical output of
the bootstrap figures was produced through the “Treeview”
software and GeneDoc (Nicholas and Nicholas 1997).

Preparation of Recombinant NOSIP and TBLR
Protein and Antibodies
The recombinant proteins were obtained by expression of

the complete ORF in the Gateway System from Invitrogen
(Karlsruhe; Germany). The cDNAs, SDNOSIP-r and
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SDGNB-Trans, were amplified by standard polymerase
chain reaction (PCR) as described (Natalio et al. 2010).
The attB PCR products, together with the atth recombina-
tion sites, were purified from the gel using the “NucleoSpin
Extract II” (Macherey-Nagel; Diiren, Germany) according
to the instruction of the manufacturer. The BP recombina-
tion reaction was performed with the obtained attB PCR
products (including the respective cDNA fragment) and
using the pDONR 221 entry vector (Invitrogen). This con-
struct was used to transform TOP10 cells (Invitrogen).
Positive clones were transformed into competent
Escherichia coli BL21 Al One Shot cells (Invitrogen).
The cells were incubated in LB medium with 50 pg/ml
carbenicillin (Roth; Karlsruhe, Germany) at 37C, and the
recombinant protein was produced (Miiller et al. 2012).
Analyses of the recombinant proteins, r-NOSIP-r SUBDO
and r-GNB-Trans SUBDO, were performed by 12%
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE). The recombinant proteins had a purity
of >95%, as checked by SDS-PAGE.

Polyclonal antibodies (PoAb) were raised in female rab-
bits (White New Zealand) as described (Miiller et al. 2005;
Wiens et al. 2007) and using --NOSIP-r SUBDO or r-GNB-
Trans SUBDO as antigens. The titer of the two produced
PoAb sera (termed PoAb-r-NOSIP-r_SUBDO and PoAb-r-
GNB-Trans_ SUBDO) was determined and found to be
>1:5000. As controls for the western blot analyses and the
immunoprecipitation studies, adsorbed antibodies were
used. Those samples were prepared as described (Schroder
et al. 2006). PoAb sera (100 pl), both r-NOSIP-r SUBDO
and r-GNB-Trans SUBDO, were incubated with 20 ug of
the respective recombinant antigen (r-NOSIP-r SUBDO or
r-GNB-Trans SUBDO) for 1 hr (4C). Then the samples
were centrifuged (10,000 x g, 4C; 5 min), and the adsorbed
antibodies were collected. These preparations failed to rec-
ognize the antigen as analyzed by western blotting or by
immunofluorescence studies (not shown). As further con-
trols, preimmune sera were used and showed no antibody-
antigen signals.

Antibodies against S. domuncula Cryptochrome

Recombinant S. domuncula cryptochrome was prepared in
E. coli and used as antigen to raise PoAb (PoAb-r-CRY
SUBDO) as described (Miiller et al. 2010).

Immunohistology

Tissue slices were prepared as described (Miiller et al. 2005).
Slices of 8 um were fixed in paraformaldehyde. After wash-
ing with phosphate-buffered saline (PBS), unspecific bind-
ing was blocked with 2% (v/v) goat serum (Invitrogen).
Subsequently, the specimens were incubated with the pri-
mary antibodies, rabbit anti-cryptochrome (PoAb-r-CRY _
SUBDO), anti-NOSIP (PoAb-r-NOSIP-r SUBDO), or

anti-GNB-Trans (PoAb-r-GNB-Trans SUBDO), diluted by
1:1500 in blocking solution and incubated while shaking at
4C overnight. As controls, the adsorbed sera were used.
Unbound antibodies were removed by washing four times
with PBS prior to the incubation with fluorescently labeled
(CyS5 [red] or Cy3 [green] fluorescent) (Dianova; Hamburg,
Germany) secondary antibodies (dilution 1:3000). Parallel
slices were stained with DAPI (4',6-diamidino-2-phenylin-
dole; Sigma). Then, the slices were inspected with an
Olympus AHBT3 microscope (Olympus Europa, Hamburg,
Germany), where indicated specimens were inspected under
immunofluorescent light at an excitation light wavelength of
546 nm (Cy3-stained structures) or 490 nm (DAPI).

SDS-PAGE and Western Blot Analysis

SDS-PAGE was performed as described (Laecmmli 1970;
Schroder et al. 2006). Samples of 5 to 8 pg of protein were
mixed with loading buffer (Roti-Load; Roth), boiled for 8
min, and subjected to SDS-PAGE (12% acrylamide and
0.1% SDS). The gels were stained with Coomassie brilliant
blue. The protein size standard “Dual Color” (Roth) was
used to estimate protein sizes. For western blot analyses,
size-separated proteins were transferred to PVDEF-
Immobilon membranes (Wiens et al. 1998). Subsequently,
the membranes were blocked at room temperature with
blocking solution (Roche; 1% [v/v] in TBS-T buffer; 20
mM Tris-HCI [pH 7.6], 137 mM NaCl, and 0.1% [v/v]
Tween-20). Then, the blots were incubated with PoAb-r-
NOSIP-r SUBDO  or  PoAb-r-GNB-Trans SUBDO
(1:5000 dilution in TBS-T, supplemented with 0.1% [v/v]
blocking solution), followed by alkaline phosphatase (AP)—
conjugated species-specific secondary antibodies (1:4000
dilution) and 4-nitro blue tetrazolium chloride (NBT)/5-
bromo-4-chloro-3-indolyl phosphate (BCIP) (Invitrogen).

Co-immunoprecipitation

The co-immunoprecipitation experiments were performed
as described (Wang and Elion 2003; Schroder et al.
2006). Primmorph samples were homogenized (1:1 w/v) in
20 mM Tris-HCI buffer, containing the protease inhibitor
mixture cOmplete ULTRA. The extract was centrifuged at
low speed (1300 x g, 4C; 3 min) and the supernatant was
collected. The particle-free supernatant (100 pl) was sub-
jected to 10 pl PoAb-r-GNB-Trans SUBDO coupled to
Protein A/G Plus agarose beads (Pierce-Thermo Fisher
Scientific; Rockford, IL). These beads were prepared by
incubating (2 hr; 4C) them in undiluted PoAb-r-GNB-
Trans SUBDO serum. The suspension of the anti-GNB-
Trans antibodies, coupled to Protein A/G beads, was
incubated for 2 hr (4C) and then centrifuged (2000 x g; 5
min; 20 sec); the bound proteins were eluted from the beads
with 4x SDS-PAGE sample buffer and analyzed by
immunoblot.
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Cell Membranes

Cell membranes were prepared from primmorphs following
a described procedure (Warren et al. 1966; Leyhausen et al.
1983). Six-day-old primmorphs were used for the experi-
ments; they remained in the dark the last 3 days prior to the
experiment. Then these 3D aggregates were exposed to
light for up to 8 hr. After gently breaking the cells, the
membranes were centrifuged (60,000 x g, 2 hr; Beckman
Allegra 64R; Beckman Coulter, Brea, CA) through a
sucrose step-gradient and collected on the 50% sucrose
layer. Membranes were suspended in 20 mM Tris-HCI buf-
fer; the samples had a protein content of approximately 150
pg/ml. The membrane-free, soluble fraction was taken from
the surface of the 10% sucrose upper layer (=100 pg/ml of
protein). Aliquots (10 pl) of those samples were then ana-
lyzed by 12% SDS-PAGE, with the exception that samples
were not boiled prior to gel loading. Proteins were visual-
ized with Coomassie blue staining (Rath et al. 2009). Then
the proteins were transferred onto the membrane and sub-
jected to western blot analysis.

Quantitative Real-Time RT-PCR (qRT-PCR)

The (absolute) steady-state expression levels of the genes
encoding for GNB-Trans (SDGNB-Trans), NOSIP
(SDNOSIP-r), and cryptochrome (SDCRYPTO) were deter-
mined by quantitative real-time RT-PCR (qRT-PCR) as
described (Miiller et al. 2010; Wiens et al. 2010). In short,
after extraction of RNA and its treatment with DNAse to
eliminate genomic DNA, first-strand cDNA synthesis was
performed using SuperScript III Reverse Transcriptase in a
reaction mixture containing 5 pg of total RNA, dNTPs,
oligo(dT) 1 and reverse transcriptase buffer (Invitrogen) at
42C for 1 hr. Then the reverse transcriptase was inactivated
(65C, 15 min) and the reactions were diluted; 2 pl of those
dilutions was used as a template for the 30-pl reaction for
gPCR. They were run in an iCycler (Bio-Rad; Miinchen,
Germany) using 1/10 serial dilutions in triplicate as
described (Livak and Schmittgen 2001). Each reaction con-
tained “Absolute Blue SYBR Green” master mixture
(ABgene; Hamburg, Germany) and 5 pmol of each primer
pair. All reactions were run with an initial denaturation at
95C for 10 min, followed by 40 cycles each at 95C for 20
sec, then 60C for 20 sec, and 72C for 35 sec. The following
primers were used for amplification:

SDGNB-Trans: forward, 5'-GCTTTGTGGCTTGTGGT
GGTCTG-3" (nt,, to nt_ ), and reverse, 5-ACA
AGACGAGAGGTAGCCAGTGTG-3' (nt tont ),
with a PCR product size of 119 bp

SDNOSIP-r: forward, 5-CATCGTGTCCAAGCCAA

TCAACCC-3' (nt375 to ntm), and reverse, 5'-AGATC

492 to nt469)’

GTTGATCTTCTGCCGACCC-3' (nt
with a PCR product size of 118 bp
SDCRYPTO (accession number FN421335): forward
5 -GGATGACCCGACTAGAAAAGCA-3' (nt,
) and reverse, 5'- CATTGTTGCTCTCCCAA
GGTAG 3" (nt . to nt oo ), with a PCR product size
of 68 bp

As a reference housekeeping gene, we have used the
S. domuncula glycerol 3-phosphate dehydrogenase
(SDGAPDH; AM902265.1) and the following primers: for-
ward, 5-TCCAAACCAGCCAAGTACGATG-3' (nt,  to

), and reverse, 5-AGTGAGTGTCTCCCCTGAA
GTC-3' (nt,, tont ), with a fragment size of 130 bp. After
qRT-PCR, the threshold position was set to 50.0 RFU above
the PCR-subtracted baseline for all runs. Mean C, values
and efficiencies were calculated by the iCycler (Bio-Rad)

software. Relative expression level was calculated by

E C{GAPDH /E C{SDGNB-Trans(SDNOSIP-r,SDCRYPTO)
GAPDH SDGNB-Trans(SDNOSIP-r,SDCRYPTO) >

where E is the PCR efficiency and C, is the threshold cycle.

Further Methods

For quantification of protein the Bradford method (Compton
and Jones 1985), Roti-Quant solution (Roth) was used.
Statistical analysis was performed with the paired Student’s
t-test (Sachs 1984).

Results

S. domuncula and Its Primmorphs

The in vitro 3D cell culture system (primmorphs) was used
to determine the effect of light on the metabolic response in
sponges. The primmorphs were prepared from single cells
(Fig. 1A). Three days after starting aggregate formation, the
primmorphs grew to ~1 mm (Fig. 1B) and increased to ~2
to 3 mm during a total incubation period of 6 days (Fig. 1C).

Total NOS Activity in Cells of Primmorphs
Dependent on Light Exposure

Primmorphs were allowed to be formed during a 6-day
incubation period in the dark. Then samples remained in
the dark for the subsequent 0 to 24 hr of incubation or
were exposed to light (30 lux, white light) for the same
periods. The NOS activity in these aggregates was deter-
mined by application of the fluorimetric detection system.
The primmorphs were incubated with the cell-permeable
diacetate derivative of 4,5-diaminofluorescein, and the
fluorescence was measured. The relative values obtained
were subsequently correlated to the DNA content in the
samples to obtain absolute values. The data revealed that
during the selected incubation period of 24 hr, no statistically
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significant change of the intracellular NOS activity was
seen; values around 0.14 RFU/pug DNA were measured
(Fig. 2). The intracellular NOS activity was abolished by
70% after incubating the aggregates for 24 hr with 10 uM
of the NOS inhibitor L-NMMA (Fig. 2).

Increased NO Production by Primmorphs during
Incubation in the Light

The accumulation of NO in the culture medium of 6-day-
old primmorphs kept in the dark was low compared with
those that had been exposed to light. In the dark (time: 0 hr),
the NO level increased from <1 nmol/ug DNA only to 2.2 =
0.4 nmol/pg at 3 hr and finally to 4.7 + 0.9 nmol/pg after the
24-hr incubation period (Fig. 3). However, if the aggregates
were kept under light, a significantly higher NO level was
seen even after an incubation period of 3 hr with 4.1 £ 0.9
nmol/pg, a value that strongly and significantly further
increased to 24.3 £+ 4.8 nmol/ug (Fig. 3).

- dark .|:| light
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Figure 2. Determination of total nitric oxide synthase (NOS)
activity in primmorphs, kept under dark (dark) or in the
light (light). Six-day-old primmorphs that were formed in the
dark remained for the subsequent 24 hr in the dark or were
transferred to light. Then the total intracellular NOS activity
was determined, as described in the Materials and Methods.
In one control series, primmorphs were kept for 24 hr in the
light and additionally exposed to 10 uM of the NOS inhibitor
L-NMMA (light/L-NMMA). Results are means (+ SD) from six
separate experiments. RFU, relative fluorescent units.

Figure |. Primmorph formation from
single cells of the sponge Suberites
domuncula. Single sponge cells (A; scale
bar = 50 um) form after 3 days irregularly
shaped primmorphs (B; scale bar =
| mm) that round to more spherical
aggregates after a total incubation period
of 6 days (C; scale bar = | mm).

Effect of LLNMMA on the Motility of Cells:
Time-Lapse Analysis of Aggregate (Primmorph)
Formation

NO°® is known to display a modulating effect on morphoge-
netic processes (Diwan et al. 2010). During sponge prim-
morph formation, the cells migrate to each other, then
adhere to each other to form functionally active aggregates
(Miiller et al. 2000). To elucidate if the NO® signaling mol-
ecule has a related function in the sponge primmorph sys-
tem, the aggregating cells were exposed to the NOS inhibitor
L-NMMA (10 uM) one day after starting the experiments.
In the experiment shown in Fig. 4, dissociated cells were
allowed to form aggregates during a 24-hr period. Then one
series remained in the absence of the NOS inhibitor for the
subsequent 200 min, while the parallel aggregates were
supplemented with 10 uM L-NMMA. The photomicro-
graphs show that, in the absence of the inhibitor, the cell
aggregates migrated to each other, forming up to 0.6-mm
primmorphs (Fig. 4A-J, left panel). In contrast, if the
aggregates were treated with L-NMMA, a distinct retarda-
tion of primmorph formation was seen (Fig. 4A-J, right

1 (o= dark [3]c= ignt

NO production (nmol/pg DNA)

*
L ] ]
0 3 12 24
Incubation period (h)

Figure 3. Time-dependent increase in NO® in supernatants of
primmorph culture. The 6-day-old aggregates were incubated for
0, 3, 12, or 24 hr either in the dark or in the light. Subsequently,
the culture supernatants were collected and nitric oxide (NO)
was quantified by the Griess detection system. Results are means
(x SD) from six separate experiments; *p<0.05.
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— +

Figure 4. Delayed formation of primmorphs in the presence of
the nitric oxide synthase (NOS) inhibitor L-NMMA (10 pM). One
day after starting the reaggregation of dissociated cells (performed
under 30 lux of light), the assays, performed in parallel, were
started in rectangular well plates; one series remained in the
absence of the inhibitor, while the second one was supplemented
with 10 pM L-NMMA, as indicated. Photomicrographs were taken
every 20 min. Scale bar = | mm.

panel). Only infrequently were primmorphs seen larger than
0.3 mm during the incubation period.

Cloning of the S. domuncula NOSIP Protein

The complete polypeptide for the NOSIP protein was
deduced from the corresponding S. domuncula cDNA
SDNOSIP-r. The 304—amino acid (aa)-long deduced pro-
tein (NOSIP-r SUBDO) has a calculated size of 33.9 kDa
and a theoretical pl (isoelectric point) of 9.06. Between
aa 48 and aa 278, the conserved “modified RING finger

domain” (U box) exists, which shows a high similarity to
the RING consensus sequences (Aravind and Koonin 2000)
with an “expect value” E = 4.80e *® (Coligan et al. 2000).
Members of the U-box family of proteins have been reported
to interact with chaperones, suggesting that the function of
those proteins is to control degradation of unfolded/mis-
folded proteins (Hatakeyama et al. 2004). At least one
hydrophobic cluster exists within the conserved parts of the
protein (aa 161 to aa 173), which is conserved in the meta-
zoan NOSIP sequences and is likewise predictive for dock-
ing to membrane protein structures (Bordner 2009) (Fig. 5A).

High sequence similarity of the sponge NOSIP-r_
SUBDO exists for the related sequences from all metazo-
ans listed in the databases. Some selected sequences have
been included in the alignment and the tree. The phyloge-
netic tree separates the sequences of the Protostomia (e.g.,
Culex quinquefasciatus, which has identical/similar aa of
49%/66%) from the Deuterostomia (e.g., a human sequence
of 51%/66%). From the protostomians, the two poriferan
sequences branch off (Fig. 5SB).

Sponge GNB-Trans/TBLR-Related Protein

The complete [ subunit of transducin, GNB-Trans_
SUBDO, was deduced from the isolated cDNA SDGNB-
Trans. The 340-aa-long polypeptide has a size of 37.1 kDa
and a pl of 5.75. The highest sequence similarity was found
for the metazoan transducin B-like proteins (TBLR pro-
teins), with an identical/similarity score of >78%/89%. This
high sequence relationship is demonstrated by the align-
ment of the sponge polypeptide with the related proteins
from humans and the American lobster Homarus america-
nus (Fig. 6A). The WD or B-transducin repeat within the
sponge sequence is found between aa 45 and aa 340 with an
E value = 2.8¢ '; as expected, the six Trp-Asp (WD) repeat
profile segments are interspersed within the B-transducin
repeat (Gilman 1987; Seack et al. 1998).

The phylogenetic analysis was performed with selected
metazoan sequences and the yeast (Saccharomyces cerevi-
siae) and plant (Arabidopsis lyrata) GNB-Trans-related
polypeptides (Fig. 6B). Again, a distinct separation of the S.
domuncula branch from the protostomian and deuterosto-
mian GNB sequences was resolved.

Recombinant Proteins and Antibodies

Recombinant sponge proteins were obtained by heterolo-
gous expression of the complete ORF of the respective
cDNA (SDNOSIP-r and SDGNB-Trans) in E. coli, as
described in the Materials and Methods. The proteins
(r-NOSIP-r SUBDO and r-GNB-Trans SUBDO) were
isolated and purified to >95%, as assessed by SDS-PAGE.
Then polyclonal antibodies were raised in rabbits; the two
PoAb sera samples, PoAb-r-NOSIP-r SUBDO and PoAb-
r-GNB-Trans_ SUBDO, had a titer of >1:5000. Primmorph
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Figure 5. The Suberites domuncula nitric oxide synthase—interacting protein (NOSIP) (NOSIP-r_SUBDO). (A) The deduced sponge
NOSIP is aligned with related sequences from Culex quinquefasciatus (NOSIP_CULEX; accession number XP_001865022.1), Ciona
intestinalis (NOSIP_CIONA; XP_002122091.1), and human (NOSIP_HOMO; NP_057037.1). The U box consensus (~~~) and the
predicted membrane docking segment of the protein (hydrophobic) are marked. Residues conserved (similar or related with respect to
their physicochemical properties) in all sequences are shown in white on black, and those in at least three sequences in black on gray. (B)
These four sequences are compared with the related sequences from Equus caballus (NOSIP_EQUUS; XP_001492183.1), the bird Anolis
carolinensis (NOSIP _ANOLIS; XP_003222746.1), the fishes Esox lucius (NOSIP_ESOX; ACO13473.1), and Danio rerio (NOSIP_DANIO;
NP_001007435.1), as well as to NOSIP from Xenopus laevis (NOSIP_XENLA; NP_001084604.1), then Branchiostoma floridae (NOSIP_
BRAFL; XP_002608258.1) and Strongylocentrotus purpuratus (NOSIP_STROPU; XP_790354.2), the insects Ixodes scapularis (NOSIP_
IXSCA; XP_002434038.1) and Tribolium castaneum (NOSIP_TRICA; XP_966634.1), and the sequences from Nematostella vectensis
(NOSIP_NEMVE; XP_001632123.1) and Amphimedon queenslandica (NOSIP_AMPHI; XP_003385646.1). The plant sequence from
Arabidopsis thaliana (NOSIP_ARATH; NP_564781.1) was used as an out-group to root the tree. The scale bar indicates an evolutionary

distance of 0.1 amino acid substitutions per position in the sequence.

extracts were prepared and subjected to western blot analy-
sis to identify the wild-type NOSIP and TBLR protein. The
extracts were size separated (Fig. 7A, lane b), the proteins
were blotted, and the membranes were probed with either
PoAb-r-NOSIP-r SUBDO (Fig. 7B, lane a) or PoAb-r-
GNB-Trans SUBDO (Fig. 7C, lane a). The results show
that the anti-NOSIP-r SUBDO antibodies recognized a
34-kDa polypeptide, matching the size of the protein
deduced from the respective cDNA. The antiserum against
GNB-Trans_ SUBDO recognized the 37.5-kDa polypep-
tide, again as expected from the cDNA SDGNB-Trans. The

adsorbed antisera did now show any signal after blotting.
Likewise, the preimmune sera showed no signals on the
blots (data not shown).

In Situ Localization of Cryptochrome, GNB-
Trans, and NOSIP

Using the antibodies developed here, together with those
raised earlier, the localization of the molecules under dis-
cussion within tissue or primmorphs was determined. In
accordance with the data given earlier (Miiller et al. 2010),
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Figure 6. The Suberites domuncula putative transducin 3 subunit (GNB-trans_SUBDO). (A) The deduced sponge polypeptide GNB-
Trans_SUBDO was aligned with the related GB-subunit from human (GNB-Trans_HOMO; AAA35922.1) and the American lobster
Homarus americanus (GNBI-Trans_HOMAM; O45040.1). Residues conserved (identical or similar with respect to their physicochemical
properties) in all three sequences are shown in white on black; those that share similarity to at least two residues are shown in white
on gray. The regions spanning the f-transducin repeats (B-transducin) are marked. (B) These three proteins were compared with the
related Gp-subunits from the fish Danio rerio (GNBI-Trans_DANIO; NP_997774), insect Drosophila willistoni (GNB-Trans_DROWI;
XP_002075419.1), nematode Caenorhabditis elegans (GNBI-Trans_CAEEL; NP_001254312.1), sea urchin Strongylocentrotus purpuratus
(GNBI-Trans_STROPU; XP_001176793.1), and yeast Saccharomyces cerevisiae (GNB_YEAST; AAA35114.1). The protein, from the
plant Arabidopsis lyrata (GNB_ARALY; XP_002867119.1), was used as an out-group to root the tree. Scale bar indicates an evolutionary

distance of 0.1 amino acid substitutions per position in the sequence.

cryptochrome (using the PoAb-r-CRY_SUBDO as a tool)
was localized around the spicules and especially around
those localized in the surface pinacoderm region within the
sponge tissue (Fig. 8A,B). Adsorbed antibodies failed to
show a signal (Fig. 8C). The reactivity of the antibodies,
raised in the present study against GNB-Trans and NOSIP,
was determined in primmorphs. According to the immuno-
fluorescence images, the highest antigen levels were found
around the spicules (Fig. 8F, I); those images were com-
pared with a bright-field (Fig. 8D, G) and DAPI-stained
(Fig. 8E, H) photomicrograph to discriminate between spic-
ules and cells. In controls, using adsorbed antibodies, it was

established that the antibody-antigen reactions were spe-
cific for the anti-GNB-Trans (Fig. 8J) and anti-NOSIP anti-
bodies (Fig. 8H) used.

Spicules as Light Waveguide

The monaxonial tylostyles, the skeletal elements of the sili-
ceous sponge S. domuncula, comprised a length of 150 to
320 pum and an average diameter of 6 pm. After orienting a
white light beam toward the end of the spicules, the light
was guided through the longitudinal axis of the spicules
(Fig. 8L).
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Figure 7. Detection of wild-type nitric oxide synthase—
interacting protein (NOSIP) and TBLR protein in extracts,
prepared from primmorphs. (A) Proteins were extracted from
6-day-old primmorphs and were size-separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE); the gels
were stained with Coomassie brilliant blue (lane a). (B) The wild-
type NOSIP protein was detected by western blotting (VWB) using
PoAb-r-NOSIP-r_SUBDO antibodies. The 34-kDa polypeptide
was detected (lane a); no antigen-antibody signals are seen if the
membranes are incubated with adsorbed (ads) antibodies (lane b).
(C) The transducin B-subunit (GNB) was identified in the extract
as a 37.5-kDa polypeptide using the PoAb-r-GNB-Trans_SUBDO
antiserum (lane a); the adsorbed sample showed no reaction
(lane b). In A, lane a, the size marker used is shown.

Influence of Light on the Expression of GNB-
Trans, Cryptochrome, and NOSIP

Dark-adapted primmorphs were exposed to light. After 0, 1,
2, and 4 hr of light exposure, the primmorphs were col-
lected and RNA was extracted. Using these samples, the
steady-state expression of GNB-Trans, cryptochrome, and
NOSIP was determined by qRT-PCR (Fig. 9). The expres-
sion values were normalized for the expression of the tran-
scripts of the housekeeping gene GAPDH. As shown in Fig.
9, the expression level of GNB-Trans did not change sig-
nificantly during the 0 to 4 hr of light exposure. In contrast,
the expression levels of the cryptochrome and NOSIP genes
were low immediately after termination of the dark period;
for cryptochrome, the level was determined to be 0.019 +
0.005 with respect to GAPDH, and the level for NOSIP was
0.005 +0.001. These levels significantly increased after the
short incubation period of 1 hr and reached expression lev-
els of 0.031 £ 0.007 for cryptochrome and 0.012 £+ 0.003 for
NOSIP. These values increased further during the 4-hr light
exposure period (Fig. 9).

Co-immunoprecipitation Analysis

Based on the data summarized in the previous paragraph, it
is reasonable to assume that the steady-state transcript
level of GNB-Trans is not extensively and significantly
different in the dark or during light exposure. Therefore,
we selected this molecule as a “reference protein” for
co-immunoprecipitation.

Extracts were prepared from 6-day-old primmorphs that
were kept for the last 3 days in the dark. The particle-free
supernatants were obtained and subjected to A/G agarose
beads and coated with anti-GNB-Trans antibodies. After
incubation, the beads were collected by centrifugation, the
proteins were eluted from them, and the polypeptides were
identified by using sponge anti-GNB-Trans antibodies
(PoAb-r-GNB-Trans_ SUBDO), anti-cryptochrome anti-
bodies (PoAb-r-CRY_SUBDO), or anti-NOSIP antibodies
(PoAb-r-NOSIP-r SUBDO). As expected, all extracts from
primmorphs, kept for 6 days (last 3 days in the dark), or
from aggregates, cultivated in the dark (time 0) or exposed
for 1 or 2 hr under light (time 1 or 2 hr), gave strong signals
for wild-type GNB-Trans (Fig. 10, upper panel). In contrast,
only faint signals were seen with both anti-cryptochrome
(Fig. 10, middle panel) and anti-NOSIP sera (Fig. 10, lower
panel) at time 0; increasing antigen signals for crypto-
chrome and NOSIP were seen after exposure of the prim-
morphs for 1 hr and were even stronger after 2 hr of white
light.

From these data, we conclude that GNB-Trans coexists
with cryptochrome and NOSIP after the relatively short
light exposure of >1 hr.

Association of Cryptochrome, NOSIP, and GNB-
Trans to Membranes

To clarify the membrane-binding status of the GNB-Trans,
cryptochrome, and NOSIP during different exposure times
with white light, the membrane fraction as well as the solu-
ble fraction was prepared from a primmorph extract. The
samples were then size-separated by SDS-PAGE and sub-
sequently subjected to western blot analysis. A representa-
tive Coomassie brilliant blue—stained SDS-PAGE image
from a membrane fraction is shown in Fig. 11A. The mem-
brane and the soluble cytosolic fraction were, after gel size
fractionation, blotted onto membranes and reacted with
antibodies directed against GNB-Trans, cryptochrome, or
NOSIP to detect the respective wild-type proteins GNB-
Trans (Fig. 11B), cryptochrome (Fig. 11C) and NOSIP
(Fig. 11D).

The data reveals that the membranes from dark-adapted
primmorphs showed a distinct signal for the 37.5-kDa
GNB-Trans, which increased in intensity in membranes
from primmorphs exposed for 2 hr to white light
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Figure 8. Localization of cryptochrome, GNB-Trans, and nitric oxide synthase—interacting protein (NOSIP) in tissue of Suberites
domuncula in the area around the spicules. The sections through the tissue or the primmorphs are stained with antibodies or reacted
with DAPIL. (A, B) The highest levels of cryptochrome within the sponge tissue are found in the surface (s) region of sponge tissue, the
pinacoderm (p). (A) Slices through this region show the (B) highest immune signals coming from the reaction between the cell’s antigen
and anti-cryptochrome antibodies. The antibody-antigen complexes are stained with Cy3-labeled secondary antibodies. (C) Immune
staining with adsorbed antibodies did not result in a significant lighting up. (D—F) Reaction of slices through primmorphs. (D) Bright-field
image through a primmorph; (E) the same region is stained with DAPI to highlight the nuclei. (F) Distinct staining of the areas around the
spicules after immune staining with antibodies against GNB-Trans (a Cy5-labed secondary antibody was used). The same region around
a spicule (> <sp) is marked. (G-I) Reactivity within primmorph toward anti-NOSIP (detection with Cy5-labed secondary antibodies).
(G) Slices (bright-field image) were incubated with (H) DAPI or (1) anti-NOSIP antibodies. Again, the areas framing spicules are highlighted
(one spicule is marked: > <sp). (J, K) Controls were performed with adsorbed antibodies against GNB-Trans (J) or NOSIP (K). (L) Light
transmission guided through isolated tylostyles, monaxonal spicules from S. domuncula; they had been illuminated with a white light beam.
(A—C) Scale bars = 100 pm; (D-K) scale bars = 10 pm; (L) scale bar = 100 pym.

(Fig. 11B, lanes a and b). In contrast, membranes from a). However, after an exposure time for 2 hr or longer,
dark-adapted primmorphs showed no strong signals for  distinct strong signals were seen for cryptochrome or
cryptochrome (Fig. 11C, lane a) or NOSIP (Fig. 11D, lane ~ NOSIP.
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Figure 9. Effect of light on the steady-state expression of
the genes encoding for sponge GNB-Trans (SDGNB-Trans),
cryptochrome (SDCRYPTO), and nitric oxide synthase—interacting
protein (NOSIP) (SDNOSIP-r). Six-day-old primmorphs, kept for
the last 3 days in the dark, were exposed to light for 0, I, 2, or 4
hr. Then, RNA was isolated and quantitative real-time PCR was
used to determine the steady-state expression levels of SDGNB-
Trans (closed bars), SDCRYPTO (hatched bars), SDNOSIP-r (open
bars), and SDGAPDH. The latter ones were used as reference for
normalization. Each data point represents the messenger RNA
(mRNA) level of the respective expressed gene normalized to
the amount of GAPDH transcripts, and results are means + SD
(five experiments per time point); p<0.05.
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Figure 10. Co-immunoprecipitation of wild-type cryptochrome,
nitric oxide synthase—interacting protein (NOSIP), and GNB-
Trans by protein A/G agarose beads, coated with anti-GNB-
Trans antibodies. Extracts from primmorphs were prepared from
either 6-day-old primmorphs, kept for the last 3 days in the dark
(time 0), or from those primmorphs that had been exposed for |
or 2 hr to white light (time | and 2 hr). Then the samples were
subjected to immunoprecipitation with anti-GNB-Trans beads.
After centrifugation, the bound proteins were eluted from the
beads and the supernatants were processed by western blotting
using the polyclonal antibodies to GNB (upper panel), Cry (middle
panel), and NOSIP (lower panel). Further details are given in the
Materials and Methods.

Discussion

In the present study, we show that, during light exposure
of primmorphs from S. domuncula, cryptochrome becomes
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Figure I 1. Association of the cell membranes from primmorphs
with the wild-type GNB-Trans, cryptochrome, and nitric oxide
synthase—interacting protein (NOSIP) protein. The 6-day-old
primmorphs, which were kept for the last 3 days in the dark,
were then exposed to white light for 0 to 4 hr, as indicated.
Then the membrane fraction (m) was separated from the soluble
fraction (s) by sucrose step-gradient centrifugation. From both
fractions, aliquots of 20 pl were subjected to SDS-PAGE. (A) One
sample was stained with Coomassie brilliant blue (M/PAGE). The
proteins were then blot-transferred and the membranes were
reacted with (B) anti-GNB-Trans, (C) anti-cryptochrome, or
(D) anti-NOSIP antibodies to identify the respective proteins,
GNB-Trans (GNB), cryptochrome (Cry), and NOSIP, by western
blotting.

associated with GNB-Trans and also NOSIP. These three
molecules are membrane associated in the light-exposed
state. These data support the hypothesis that cryptochrome
is causatively involved in both photoreception and photo-
transduction. A schematic outline of the role of crypto-
chrome during these processes is sketched in Fig. 12. The
property of cryptochrome to act as a molecule involved in
photoreception in sponges had been experimentally estab-
lished in previous studies (Miiller et al. 2010; Rivera et al.
2012). The cofactor within the cryptochrome FAD under-
goes reduction to FADH, during light exposure. A fine,
more detailed analysis of whether this process is restricted
only to exogenous daylight as proposed (Miiller et al.
2010; Rivera et al. 2012) or is also proceeding during
endogenous luciferase-generated light emission (Miiller
et al. 2010) remains to be studied.

Alike previously reported for cryptochrome (Muller
et al. 2010; Rivera et al. 2012), also the deduced protein
GNB-Trans and NOSIP, described in the present study,
share the highest similarities to the related mammalian
polypeptides. As expected (Seack et al. 1998), the GNB-
Trans protein, the newly described [ subunit of
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Figure 12. Schematic outline of the light—cryptochrome photoreception/phototransduction system in sponges. It is established that
sponges can react to exogenous and, very likely, also endogenous light via the cryptochrome photoreceptor. Spicules might act as
waveguides for the transmission of photons. Bound to cell membranes and likely in concert with the G protein 3 (GNB-Trans),
cryptochrome transforms photon signals into spin-correlated FADH-superoxide radical pairs (FADH" and O_"). This complex is linked
with the nitric oxide synthase (NOS) system via the nitric oxide synthase—interacting protein (NOSIP) protein. Finally, it is proposed
that a further signal transformation occurs in the NOSes under generation of electrical signals. The verification of the latter reaction,
the generation of electrical signals, remains to be experimentally approached.

transducin, likewise shows the characteristic six Trp-Asp
(WD) repeat profile segments (Gilman 1987). Also, the
sponge NOSIP protein in the phylogenetic tree forms the
basis for all metazoan NOSIP proteins with its character-
istic U-box family domain (Functional RNA Project
Databases 2012). These two sponge proteins, GNB-Trans
and NOSIP, are substantially accumulated around the
spicules within S. domuncula, suggesting a functional role
in this area.

The role of cryptochrome in phototransduction in sponges
is proposed in the present study. All metazoan cryptochromes
are localized intracellularly in the nucleus, or they shuttle
between the cytoplasm and nucleus to exert their circadian
transcription loop (reviewed in Sancar 2000) or also possibly
in cell membranes (Solov’yov et al. 2010). Cryptochrome is
described as a molecule that shuttles in a controlled structure-
associated manner between the “soluble” and the “membra-
nous” state, allowing a radical pair-based magnetoreceptor/
magnetotransduction reaction (Solov’yov et al. 2010) or sig-
nal transduction (Partch et al. 2005). In turn, cryptochrome,
as the “second photoactive pigment” in sponges, should pref-
erentially be coupled with cell membrane-associated
photoreceptor(s), such as rhodopsin, that might transduce the
light signal through intermediate molecules to cryptochrome
(Sancar 2000). Systems that couple and convert light-absorb-
ing molecules (photoreception) to signal transduction or with
chemical energy reactions (phototransduction) are rare in
nature (Presti and Delbriick 1978). Earlier studies have sug-
gested that cryptochrome undergoes a direct conformational

rearrangement upon light exposure (Partch et al. 2005). In
vertebrates, transducin, as a heterotrimeric G protein, is
expressed in retina rods and cones and mediates phototrans-
duction (Lerea et al. 1986). The data given here underscore
that cryptochrome is linked to the GNB-Trans molecule, a
switching molecule functionally acting during light signal
exposure of mammalians (Danciger et al. 1992). In mam-
mals, (retina) transducin is linked to the photoreceptors, the
rods and cones, that convert light (electromagnetic radiation),
or photons, into signals that cause a change in cell membrane
potential, resulting in phototransduction (Hecht et al. 1942).
In sponges, no evidence is available that indicates the exis-
tence of any opsin membrane-bound G protein—coupled
receptors (Shichida and Matsuyama 2009). It is well estab-
lished that, in mammalian eyes, light is captured by opsin.
After absorption of photons, G protein/transducin is acti-
vated, a reaction during which the activated Ga is bound to
the cyclic nucleotide phosphodiesterase, causing a modula-
tion of the cGMP-gated channels and, in turn, a change in a
hyperpolarization of membranes. In view of data that indi-
cate that, at least in yeast, G proteins are not always coupled
membrane receptors (Cismowski et al. 1999), we hypothe-
size that, in sponges, the GNB-Trans molecule is contribut-
ing to the conformational change of the cryptochrome
(Kondoh et al. 2011).

As outlined earlier, FAD undergoes photoreduction,
and during the subsequent reoxidation process of FADH,
to FAD, most likely an intermediate spin-correlated
FADH-superoxide radical pair (FADH® and O,*") (Weber
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et al. 2010; Miiller and Ahmad 2011) is formed. Hence,
during this photochemical reaction, a conversion of pho-
tons to radical pairs takes place. Data support the view
that the NOS system is contributing with the heme
domain, existing within the NOS molecule, to the regen-
eration of FAD. During this process, molecular oxygen is
taking up an electron.

In 1990, NO® had been proposed to comprise a novel
signal transduction mechanism for transcellular communi-
cation (Ignarro 1990) and mediate recruitment of cells to a
functional unit. At present, the effect of NO® has been
implicated in only a few reaction mechanisms related to
those described during neurotransmission or neuromodula-
tion (reviewed in Benarroch 2011).

On the basis of our earlier finding that showed that, in
sponges, NO*® is synthesized during exposure to UV light
(Miiller, Ushijima, et al. 2006), a process that is inhibited by
the NO-specific scavenger PTIO, we investigated the effect
of light on NO® production. The data revealed that the over-
all NO® production in sponge cells is not dependent on light.
However, the level of NO® can be significantly suppressed
by the NOS inhibitor L-NMMA. The latter result prompted
us to study the level of NOS in the presence and absence of
light. In this series of experiments, a strong increase in NOS
activity was observed. The NOS system is known to affect
the migration properties, especially of endothelial cells
(Murohara et al. 1999), and also directs distinct morphoge-
netic processes (e.g., during angiogenesis) (Kashiwagi et al.
2005). Therefore, we studied the effect of the NOS inhibitor
L-NMMA on the formation of primmorphs of S. domuncula
cells. During this process, the cells undergo proliferation and
differentiation (Miiller et al. 1999) to 3D cell aggregates,
comprising a channel system (Wiens et al. 2003). The time-
lapse analyses show that those processes of cell differentia-
tion and migration in primmorphs are significantly inhibited
by this NOS inhibitor.

Quantitative PCR studies revealed that, during the ini-
tial phase of light exposure, a strong upregulation of the
genes encoding for cryptochrome and NOSIP occurs,
while the expression of GNB-Trans remains unaffected.
From earlier studies with sponge systems, it is known that
cryptochrome is an inducible gene (Miiller et al. 2010;
Rivera et al. 2012). The same property has been described
for the mammalian NOSIP (Yu et al. 2012). On the basis
of this result, we performed co-immunoprecipitation
experiments by applying sponge-specific antibodies
against cryptochrome, NOSIP, and GNB-Trans and could
identify that these three proteins become associated in
response to light exposure. This association is significant,
since (almost) no cryptochrome or NOSIP is seen to be
associated with GNB-Trans during the dark phase. The
functional interaction between these three molecules dur-
ing light exposure is also supported by the demonstration
that, only in the presence of light, can cryptochrome and

NOSIP be detected in the membrane fraction; the cyto-
solic cryptochrome as well as NOSIP fraction cannot be
detected with the methods applied here. This finding cor-
roborates our hypothesis that cryptochrome, as a photore-
ceptor, also acts as a molecule that comprises a role in
phototransduction (Fig. 12).

In conclusion, previous studies have established that
sponge tissue reacts both to exogenous daylight and to
endogenous light, emitted after chemical reaction and likely
also via luciferin/luciferase (Miiller et al. 2010; Rivera et al.
2012), with an increased expression of cryptochrome (Fig.
12). According to the available data, it must be proposed that
the photons are transmitted in both cases via the spicules to
the cryptochrome photoreceptor, a process during which
FAD undergoes reduction to FADH2. During the subsequent
reoxidation phase, FADH-superoxide radical pairs (FADH®
and 02”) are assumed to be formed. Based on the proposed
functional parallelism between cryptochrome expression
and NO® production, a close relationship between the reoxi-
dation of FADH, and an interaction between cryptochrome
and NOS is proposed. Since cryptochrome is coexpressed
and co-localized with NOSIP, it is plausible to assume that
NOSIP acts as a linker between cryptochrome and NOS.
This view would imply that cryptochrome acts as a photore-
ceptor, perhaps in conjunction with GNB-Trans, under con-
version of photons to FADH-superoxide radical pairs. The
latter process might proceed together with the heme domain
of NOS. Interdomain electron transfer processes are key
steps in NO® synthesis by coupling reactions between the
NOS domains (Feng et al. 2010). This transfer is facilitated
by calmodulin, which controls the intersubunit binding of
FMN to heme. Heme is a switchpoint during the synthesis of
NO°® from arginine/N-hydroxy-L-arginine under consump-
tion of oxygen and NADPH and the release of L-citrulline
(see Sabat et al. 2013). Since NO, as a diffusible molecule,
can act as a retrograde diffusible messenger in the brain and
can promote long-term potentiation through glutamatergic
transmission, it appears to be promising to study the inter-
relationship between NO® production and channel gating,
resulting in depolarization via Nav channels followed by
activation of cell Cav channels as described (Figueroa et al.
2007) (Fig. 12). The next step in our research is the identifi-
cation of the NOS(es) in the S. domuncula system.

Sequences

The following sequences have been deposited (EMBL/GenBank):
the cDNA for the S. domuncula nitric oxide synthase—interacting
protein (SDNOSIP-1 gene) under the accession number HF678443
and the cDNA from S. domuncula transducin PB-like protein
(SDGNB-Trans) under the accession number HF678444.
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