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The myxomycete Physarum polycephalum expresses a calcium-independent nitric oxide (NO) synthase (NOS)
resembling the inducible NOS isoenzyme in mammals. We have now cloned and sequenced this, the first
nonanimal NOS to be identified, showing that it shares < 39% amino acid identity with known NOSs but
contains conserved binding motifs for all NOS cofactors. It lacks the sequence insert responsible for calcium
dependence in the calcium-dependent NOS isoenzymes. NOS expression was strongly up-regulated in
Physarum macroplasmodia during the 5-day starvation period needed to induce sporulation competence.
Induction of both NOS and sporulation competence were inhibited by glucose, a growth signal and known
repressor of sporulation, and by L-N6–(1-iminoethyl)-lysine (NIL), an inhibitor of inducible NOS. Sporulation,
which is triggered after the starvation period by light exposure, was also prevented by
1H-[1,2,4]oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ), an inhibitor of NO-sensitive guanylate cyclase. In
addition, also expression of lig1, a sporulation-specific gene, was strongly attenuated by NIL or ODQ.
8-Bromo-cGMP, added 2 h before the light exposure, restored the capacity of NIL-treated macroplasmodia to
express lig1 and to sporulate. This indicates that the second messenger used for NO signaling in sporulation of
Physarum is cGMP and links this signaling pathway to expression of lig1.
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Physarum polycephalum is a plasmodial slime mold or
myxomycete and is also classified as Mycetozoa (Baldauf
and Doolittle 1997). It has a life cycle involving both
mobile and stationary stages (Raub and Aldrich 1982;
Wick and Sauer 1982). Macroplasmodia are giant, single
multinuclear cells. They live in the dark on moist or-
ganic matter, feed by phagocytosis, and move by creep-
ing. The nuclei undergo naturally synchronous mitosis
without cell division. On maturation or when food be-
comes limited, macroplasmodia differentiate into spo-
rangia, a process that depends on migration toward light.
After meiosis, the sporangia release haploid spores,
which germinate into flagellated myxamoebae. Myx-
amoebae—usually from different plasmodia, thus allow-
ing for genetic recombination—can fuse into a zygote,
which grows into a new plasmodium. Alternatively, in
response to adverse environmental conditions, Physa-
rum plasmodia can encyst into dormant multinucleated
macrocysts (or sclerotia). These remain viable for several
years. In vitro, plasmodia grown in shaken liquid culture
instead of on solid surfaces form so-called microplasmo-
dia, which differentiate into microsclerotia or spherules,
analogous structures to the naturally occurring sclerotia.

Plasmodia can also reversibly fragment within 5 h when
challenged with low temperatures (Kakiuchi and Ueda
1999).

Because nuclear division in the plasmodium is un-
coupled from cell division and the unicellular state can-
not be overcome, Physarum is considered a ‘lower eu-
karyote’, although it is clearly more complex than pro-
tists. Molecular phylogenetic studies place Physarum
together with the cellular slime mold Dictyostelium dis-
coideum and other members of the Mycetozoans among
the multicellular eukaryotes, representing a group more
closely related to the animal-fungal clade than green
plants (Baldauf and Doolittle 1997).

In the developmental cycle of Physarum, the different
stages clearly involve differential expression of genes,
some of which have been characterized (Bailey 1995;
Kroneder 1999). In higher animals, one signaling mol-
ecule that has been found to have roles in proliferation,
apoptosis, differentiation, and development is nitric ox-
ide (NO; Peunova and Enikolopov 1995; Peunova et al.
1996; Beck et al. 1999; Kim et al. 1999). In previous work,
we detected NO synthase (NOS) activity in Physarum
and showed that this organism has biosynthetic activi-
ties for the production of folic acid as well as of 5,6,7,8-
tetrahydrobiopterin (H4-biopterin; Werner-Felmayer et
al. 1994), an essential cofactor of all known NOS isoen-
zymes (Mayer and Hemmens 1997). Biochemically, pu-
rified Physarum NOS shares a number of features with
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inducible NOS (NOS 2) from mammals, the most promi-
nent one being independence from exogenous calcium
(Werner-Felmayer et al. 1994). In the present study, we
aimed to clarify whether the observed biochemical simi-
larity of the Physarum NOS to the inducible NOS iso-
enzyme from mammals reflected a high degree of mo-
lecular conservation during evolution of this protein. We
also wished to define conditions inducing Physarum
NOS and, if possible, to identify a biological role for en-
dogenous NO formation.

Results

Analysis of Physarum NOS sequences

Scaling up the purification protocol for Physarum NOS
(Werner-Felmayer et al. 1994) allowed the internal pep-
tide sequences to be determined, and primers were de-
signed to recognize either nucleotide sequences deduced
from these peptide sequences or consensus regions of
other available NOS sequences from mammals, birds,
insects, and a mollusc. A 600-bp probe for Physarum
NOS was generated by polymerase chain reaction (PCR)
and was used for screening a Physarum cDNA library
(detailed in Materials and Methods). Two NOS cDNAs,
designated physnosa and physnosb, were isolated. Both
clones contained complete reading frames for NOS: The
3571-bp physnosa clone (GenBank accession no.
AF145041) encoded a 1055 amino acid protein with a
calculated molecular mass of 118,180.89 Da; the 3316-bp
physnosb clone (GenBank accession no. AF145040) en-
coded a 1046 amino acid protein of 117,566.52 Da. This
agrees with results obtained by denaturing-gel electro-
phoresis of Physarum NOS purified according to the op-
timized protocol, which ran at about 120 kD (see Mate-
rials and Methods). Physnosb lacked amino acids at po-
sitions 726, 1040–1043, and 1050–1055 of physnosa but
otherwise shared 82% amino acid identity with phys-
nosa. Northern blot analysis showed that both mRNA
species were similarly expressed during cell cycle,
spherulation, and sporulation of Physarum (data not
shown).

A PILEUP of the deduced protein sequences with con-
sensus sequences of the three NOS isoenzymes (Fig. 1A)
shows that like mammalian inducible NOS, both Physa-
rum NOS proteins lacked the spacer sequence respon-
sible for the calcium dependence of neuronal and endo-
thelial NOS from mammals (Salerno et al. 1997). The
established binding motifs of mammalian NOSs for
FMN, FAD, NADPH, calmodulin (Bredt et al. 1991),
heme (Chen et al. 1994), H4-biopterin (Cho et al. 1995;
Crane et al. 1998), zinc (Raman et al. 1998; Fishmann et
al. 1999), and caveolin (Garcia-Cardena et al. 1997; Crane
et al. 1998) were all conserved in both Physarum NOS
proteins. The conserved binding domains for physnosa
are shown in Figure 1B. Of the 27 residues reported to be
in contact with heme, H4-biopterin, and arginine (closer
than 3.6 Å; Fischmann et al. 1999), 24 (89%) were con-
served in both Physarum NOS cDNAs. One of the re-
placements, T157, was conservative, leaving only two

nonconservative replacements (L393 and P406; Fig. 1B).
The overall identity to NOS protein sequences from

other species, however, was less than 39%. In accor-
dance with this low degree of identity, antisera raised
versus mammalian endothelial, neuronal, or inducible
NOS did not stain purified Physarum NOS in Western
blots (data not shown). Transient transfection of Sf9 cells
by baculovirus carrying the physnosa cDNA, modified at
the Kozak motif (see Materials and Methods), yielded a
specific activity (measured as formation of 3H-citrulline)
of 517 pmol/(mg•min) versus 28 pmol/(mg•min) found
in mock-transfected cells. This verifies that the phys-
nosa cDNA encoded a functional NOS.

Despite the lack of the spacer sequence responsible for
calcium dependence, Physarum NOSs were similarly re-
mote from all three NOS isoenzymes of higher eukary-
otes. Phylogenetic tree analysis of a 295-amino-acid,
highly conserved region of the oxygenase domain of NOS
protein sequences by the DISTANCES program placed
Physarum NOS on an individual branch evolving from a
low position of the tree (Fig. 2). The distance of Physa-
rum NOSs to NOSs from other species was comparable
to the one observed for the not further characterized
reading frame designated YflM from Bacillus subtilis,
which is homologous to the NOS oxygenase domain (Ya-
mamoto et al. 1997).

NOS expression is induced during achievement of
sporulation competence

To make them competent for sporulation, Physarum
macroplasmodia were starved for 5 d in the dark. During
this period, NOS mRNA levels (Fig. 3A) and activity, as
determined by accumulation of nitrite plus nitrate (Fig.
3B) were strongly induced from 0.1 mM to 9 mM at the
end of the starvation phase (120 h), the time at which the
light pulse was set, which then triggered formation of
sporangia within the following 14 h. Thus, Physarum
NOS is an inducible isoenzyme.

We also checked the mRNA expression of GTP cyclo-
hydrolase I, the enzyme of pteridine biosynthesis that
can limit the supply of the H4-biopterin cofactor for
NOS. In mammalian cells, GTP cyclohydrolase I is in-
duced in parallel with NOS (for review, see Werner et al.
1998). In contrast, mRNA levels of GTP cyclohydrolase
I mRNA decreased during starvation of Physarum (Fig.
3A). Intracellular H4-biopterin amounts also declined,
from 1.7 nmol/mg of protein to about 500 pmol/mg (Fig.
3B). However, even this final amount is higher than the
maximal level reported for induced cytokine-activated
mammalian cells (Werner et al. 1998) and, thus, is more
than sufficient for NO synthesis.

L-N6–(1-iminoethyl)-lysine (NIL), a selective inhibitor
of inducible NOS (Moore et al. 1994), efficiently inhib-
ited NOS activity (Fig. 3B) without affecting NOS
mRNA expression or pteridine biosynthesis (Fig. 3A,B).
The concentration causing half-maximal inhibition was
200 µM both for NOS activity in homogenates and ac-
cumulation of nitrite plus nitrate in supernatants from
intact macroplasmodia (data not shown).
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Glucose is a repressor of NOS induction and
of sporulation

For the Physarum isolate used in this study, starting
starvation to obtain sporulation competence in presence
of reduced nutrients (see Materials and Methods), in-

stead of completely removing nutrients (Daniel and
Rusch 1962a), turned out to yield optimal sporulation
ratios. Nitrite plus nitrate levels in supernatants started
to increase ∼ 30 h after beginning starvation and reached
7 mM at 120 h in the experiment shown in Figure 4. The
7.8-mM glucose present at the beginning of sporulation

Figure 1. Physarum nitric oxide synthase (NOS) sequences do not contain the spacer sequence conferring calcium dependence and
show high conservation of various binding domains. (A) Alignments of Physarum NOS forms a [AF145041] and b [AF145040] with
inoscons (consensus sequence of inducible NOSs from man [L09210], rat [L12562], mouse [M87039], guinea pig [AF027180], and
chicken [U56540]), with nnoscons (consensus sequence of neuronal NOSs from man [L02881], mouse [D14552], rat [X59949], and
rabbit [U91584]), and with enoscons (consensus sequence of endothelial NOSs from man [M95296], mouse [ U53142], bovine [M89952],
and pig [U59924]) have been created using the PILEUP program. Only the region containing the spacer conferring calcium dependence
and the FMN-binding domain is shown. A postscript file of the complete alignment of physnosa and physnosb with the three
isoenzyme consensus sequences is available on request (gabriele.werner-felmayer@uibk.ac.at). Amino acids in inverse mode are
conserved in more than three of the compared sequences. Similar amino acids are painted gray. Similarity is assumed for all pairs with
positive elements in the amino acid substitution matrix (Henikoff and Henikoff 1992). Capital letters in consensus sequences denote
conserved amino acids; small letters, amino acids conserved in a majority of the sequences; and x, a nonconserved amino acid. (B) Parts
of the amino acid sequence of physnosa are shown, and conserved residues are displayed as detailed for A. The motifs were assigned
according to Bredt et al. (1991) for the reductase domain (downstream position 425). Motifs in the oxygenase domain (upstream
position 425) were assigned on the basis of NOS oxygenase domain crystal structures (Crane et al. 1998; Raman et al. 1998; Fischmann
et al. 1999). The arrows indicate the 27 residues, which in the NOS oxygenase domain crystal structures are closer than 3.6 Å to the
functional groups zinc, heme, H4-biopterin (H4bip), and/or L-arginine (Fischmann et al. 1999). cav denotes the caveolin binding region
(Garcia-Cardena et al. 1997).
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experiments was completely consumed within 48 to 72
h (Fig. 4A). Maintaining glucose levels at 62.4 mM, the
usual concentration for promoting growth, effectively
inhibited NOS activity (Fig. 4A) by suppressing induc-
tion of NOS mRNA expression (Fig. 4B). In contrast,
GTP cyclohydrolase I mRNA expression was strongly
induced by glucose (Fig. 4B).

cGMP is the second messenger used for NO signaling in
lig 1 mRNA expression and in sporulation of Physarum

We then were interested to see whether the strong in-

duction of NOS during development of sporulation com-
petence was functionally linked to sporulation and
whether cGMP was used as a second messenger. We
therefore studied the effect of different drugs interfering
with NO/cGMP signaling on sporulation rates of mac-
roplasmodia, as well as on lig1 mRNA expression. Lig1 is
a recently discovered early gene expressed during phyto-
chrome-controlled sporulation. Its expression level cor-
relates positively with the probability to sporulate (Kro-
neder et al. 1999). In addition, we tested the effect of
glucose, a physiological repressor of sporulation (Daniel
and Rusch 1962a).

Macroplasmodia treated with NIL were no longer able
to sporulate (Fig. 5). Also, lig1 mRNA expression was
strongly reduced in NIL-treated plasmodia compared
with untreated control plasmodia (Fig. 5). Macroscopi-
cally, NIL-treated cultures looked identical to untreated
cultures, and activity of glucose-6-phosphate dehydroge-
nase remained unaffected by NIL, indicating that the
lack of sporulation is not caused by possible toxic side
effects of NIL (data not shown). Inhibition of sporulation
was only observed if NIL was added at the beginning of
starvation. Addition of the inhibitor at 45 h and 118 h
(i.e., 2 h before exposing the cultures to the sporangia-
inducing light stimulus) could not prevent sporulation

Figure 3. Nitric oxide synthase (NOS) and GTP cyclohydrolase
I expression during starvation and sporulation of Physarum in
absence or presence of NIL. (A) Northern blots for NOS, GTP
cyclohydrolase I (GTP-CH I), and the ribosomal protein S11 at
different times in absence or presence of 5 mM NIL. (B) Data on
nitrite plus nitrate accumulation in supernatants and intracel-
lular H4-biopterin levels at different times. Closed symbols
with a full line indicate untreated controls; open symbols with
a dashed line, results in presence of 5 mM NIL.

Figure 2. Phylogenetic tree of nitric oxide synthases (NOSs). A
295– amino acid– long, highly conserved region, including the
heme-binding domain, was aligned using PILEUP, and this
alignment was used to calculate phylogenetic distances using
Kimura’s method (Kimura 1983) with the DISTANCE program.
From the calculated distances, a tree was assembled by
GROWTREE. The following sequences (species, accession num-
ber) have been included (ordered alphabetically by abbreviation;
i is for inducible; n, neuronal; and e, endothelial): ANOPHNOS
[Anopheles stephensi, AF053344] CANiNOS [Canis familiaris,
AF077821], CAViNOS [Cavia porcellus, AF027190], CYPiNOS
[Cyprinos carpio, AJ242906], DROSNOS [Drosophila melano-
gaster, U25117], GALiNOS [Gallus gallus, U46504], HOMe-
NOS [Homo sapiens, M95296], HOMiNOS [Homo sapiens,
L09210], HOMnNOS [Homo sapiens, L02881], LYMNOS [Lym-
naea stagnalis, AF012531], MANDNOS [Manduca sexta,
AF062749], MUSeNOS [Mus musculus, U53412], MUSiNOS
[Musmusculus, M87039], MUSnNOS [Musmusculus, D14552],
ORYnNOS [Oryctolagus cuniculus, U91584], PHYSNOSa
[Physarum polycephalum, AF145041], PHYSNOSb [Physarum
polycephalum, AF145040], RATiNOS [Rattus rattus, L12562],
RATnNOS [Rattus rattus, X59949], RHODNOS [Rhodnius pro-
lixus, U59389], SUSeNOS [Sus scrofa, U59924], YflM [Bacillus
subtilis, D86417]. The inserted scale shows the distance of 10
Kimura units.
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(data not shown). Complete (100%) inhibition of sporu-
lation was caused by 250 µM NIL. With 100 µM of NIL,
three of 15 cultures (20%) sporulated. Aminoguanidine
(1 mM), another NOS inhibitor preferentially affecting
inducible NOS (Misko et al. 1993), also inhibited sporu-
lation (two of 19 cultures [10%] sporulated).

Complete (100%) inhibition of sporulation and a
strong decrease of lig1 mRNA levels were also caused by
150 µM ODQ, a selective inhibitor of NO-sensitive gua-
nylate cyclase (Fig. 5; Garthwaite et al. 1995). In the pres-
ence of 100 µM ODQ, nine of 28 cultures (32%) sporu-
lated.

8-bromo-cGMP (500 µM), a nonhydrolysable cGMP
analog (Francis et al. 1988), added to NIL-treated macro-
plasmodia at 118 h of starvation (2 h before the light

pulse) effectively reversed inhibition of sporulation by
250 µM NIL (Fig. 5). Also lig1 mRNA levels were clearly
restored (Fig. 5). Adding only 250 µM of 8-bromo-cGMP
to cultures treated with 250 µM NIL resulted in sporu-
lation of four of 11 macroplasmodia (36%). 8-Bromo-
cGMP could not trigger NIL-treated macroplasmodia to
sporulate when added 12 h before or immediately at the
beginning of the light pulse. Also, addition of 8-bromo-
cGMP at the end of the 4 h of light treatment, or 6 h or
12 h thereafter, could not reverse inhibition of sporula-
tion by NIL (data not shown). Furthermore, 8-bromo-
cGMP had no effect on sporulation or lig1 mRNA ex-
pression of otherwise untreated macroplasmodia (Fig. 5)
and could not accelerate sporulation when added on day
2 or 4 of the starvation period (data not shown).

Macroplasmodia were unable to sporulate and to ex-
press lig1 mRNA in presence of glucose (Fig. 5). The
effects of 250 µM NIL, 150 µM ODQ, and 500 µM
8-bromo-cGMP in presence of 250 µM NIL and of glu-
cose on sporulation (shown in Fig. 5) are highly signifi-
cant as determined by Kruskal-Wallis analysis (calcu-
lated using SPSS for Windows 9.0.1): P is <1.0 × 10−14 for
NIL versus controls and for ODQ versus controls,
4.43 × 10−9 for 8-bromo-cGMP plus NIL versus NIL
alone, and 2.25 × 10−14 for glucose-treated versus starved
plasmodia. Also, the attenuation of lig1 mRNA expres-
sion by NIL, ODQ, or glucose (P<0.0001), as well as the
reversal of the NIL effect by 8-bromo-cGMP on lig1
mRNA expression (P<0.001) shown in Figure 5, were
highly significant (Student’s t-test).

Figure 4. Effects of glucose on nitric oxide synthase (NOS) and
GTP cyclohydrolase I expression. (A) Accumulation of nitrite
plus nitrate in cultures supplemented with glucose (left panel)
and glucose levels (right panel) during the starvation period in-
ducing sporulation competence. Macroplasmodia were inocu-
lated in sporulation medium containing 7.8 mM glucose. At the
time points labeled by arrows (24, 48, 72, 96 h), glucose was
added to half of the cultures to 62.4 mM, the concentration used
in growth medium. At 0 and 24 h as well as 24 h after each
glucose addition (48, 72, 96, 120 h), nitrite plus nitrate (left
panel) and glucose (right panel) were measured in supernatants
from both control and glucose-supplemented cultures. Data
from control cultures are shown in filled circles with solid lines;
data from glucose-treated cultures, in open circles with dotted
lines. Values are means of three independent cultures. (B) NOS
and GTP cyclohydrolase I mRNA expression in starved or glu-
cose-treated cultures. Macroplasmodia were harvested for RNA
extraction at the times indicated. In the case of glucose treat-
ment, RNA was extracted 24 h after each glucose addition (com-
pare with A). Northern blots were hybridized with probes for
NOS, GTP cyclohydrolase I (GTP-CHI), and the ribosomal pro-
tein S11. Figure 5. Manipulation of sporulation and lig1 mRNA levels

in Physarum polycephalum by drugs affecting nitric oxide
(NO)/cGMP signaling and by glucose. Macroplasmodia were in-
oculated in sporulation medium without further supplements
(A) or were supplemented with NIL (an inhibitor of iNOS, 250
µM) (B) or ODQ (an inhibitor of soluble, NO-sensitive guanylate
cyclase, 150 µM) (C). 8-Bromo-cGMP (a cGMP substitute, 500
µM) was added to NIL-treated cultures (D) or to control cultures
(E) at 118 h, which is 2 h before the light pulse triggering for-
mation of mature sporangia. Some cultures were supplemented
with glucose to 62.4 mM at 24, 48, 72, and 120 h (F). Sporulation
(gray bars) is shown as percentage of the cultures sporulating
(left y-axis), number of cultures tested were 72 (A), 36 (B), 35 (C),
16 (D), 21 (E), and 24 (F). Lig1 mRNA levels (black bars, right
y-axis) were quantified using real-time PCR (Taqman technol-
ogy). Values show lig1 mRNA levels at 8 h after setting the light
pulse and are means from triplicate PCR reactions of one of
two similar experiments (for details, see Materials and Meth-
ods).
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Discussion

For mammals, the biological significance of endog-
enously formed NO as a signal molecule in vasodilation
(Moncada and Higgs 1995), neurotransmission (Bredt
1996), gene regulation (Hentze and Kuhn 1996; Beck et
al. 1999), and development (Peunova et al. 1996; Kim et
al. 1999), as well as its janus-faced role as a cytotoxic/
cytoprotective agent in host defense, is well established
(Nathan 1997; Kim et al. 1999). In recent years, NOS has
been discovered in a variety of nonmammalian animals,
including birds (Lin et al. 1996), fish (Laing et al. 1996,
1999; Saeij et al. 2000), insects (for review, see Müller
1997), and molluscs (Korneev et al. 1998). There is also
evidence that NOS is not restricted to the animal king-
dom; NOS or NOS-like activity has been detected in
slime molds (Werner-Felmayer et al. 1994; Ninnemann
and Maier 1996; Tao et al. 1997), fungi (Ninnemann and
Maier 1996), plants (Ninnemann and Maier 1996; Delle-
donne et al. 1998; Durner et al. 1998), and parasitic pro-
tists (Ghigo et al. 1995; Paveto et al. 1995; Basu et al.
1997). NOS also seems to occur in bacteria (Chen and
Rosazza 1995; Morita et al. 1997; Sari et al. 1998). How-
ever, until now, full-length NOS sequences have only
been reported for animals.

Here, two distinct cDNA clones encoding calcium-in-
dependent NOS with similar size and characteristics
sharing 82% amino acid identity were isolated from
Physarum; this is a similar degree of difference as exists
between human and canine inducible NOSs. Parallel oc-
currence of two types of the same NOS isoenzyme has
not been described for other species. Interestingly, the
plasmodium-specific mRNA hapP from Physarum,
which encodes for a protein of unknown function, occurs
in two forms differing by 9.6% (predicted amino acid
sequence), which were traced to two alleles of the same
gene. Both heterozygous plasmodia expressing both
forms and homozygous plasmodia were identified
(Lépine et al. 1995). Although it remains to be deter-
mined whether the two NOS sequences observed in the
diploid Physarum isolate used in this work are products
from two differing alleles of the same gene, such a hy-
pothesis is supported by the observation that the two
NOS forms of Physarum are not differentially regulated
during cell cycle, spherulation, and sporulation. Also,
protein sequencing data indicated that NOS purified
from Physarum macroplasmodia was a mixture of phys-
nosa and physnosb. Neither cDNA analysis (this study)
nor enzyme purification (Werner-Felmayer et al. 1994)
yielded any hints of additional NOS isoenzymes, that is,
calcium-dependent NOSs in Physarum.

The N terminus of the proteins encoded by the two
Physarum mRNAs corresponded to position 75 of mam-
malian inducible NOSs. Still, it extended 30 amino acids
upstream of the fully conserved zinc binding motif (Ra-
man et al. 1998; Fischmann et al. 1999). As can be con-
cluded from investigations on the oxygenase domain of
mammalian inducible NOS, where catalytic properties
of deletion mutants lacking amino acids 1–65 were
equivalent to the wild-type protein (Ghosh et al. 1997),

Physarum NOS contains all sequence sections essential
for function.

Phylogenetic tree analysis places Physarum NOSs on
an individual and low branch distant from mollusc, in-
sect, bird, and mammalian NOSs. In fact, B. subtilis
YflM, a characterized sequence homologous to the oxy-
genase domain of mammalian NOSs (Yamamoto et al.
1997), and the same region of Physarum NOSs are com-
parably distant from NOSs of other species. However, in
line with our finding that the biochemistry of Physarum
NOS is strikingly similar to that of mammalian induc-
ible NOS (Werner-Felmayer et al. 1994), motifs and resi-
dues essential for NOS function are highly conserved in
Physarum NOS despite a comparatively small overall
homology to NOS from other species. Data from mo-
lecular phylogenetic analysis group Physarum and other
Mycetozoa, including D. discoideum among the eukary-
ote crown taxa between fungi and green plants (Baldauf
and Doolittle 1997). Thus, the Physarum NOS se-
quences might provide a link to a still hypothetical NOS
from green plants, in which endogenous NO has been
identified as a signal in host defense (Delledonne et al.
1998; Durner et al. 1998; Hausladen and Stamler 1998).

In D. discoideum (Tao et al. 1997), as well as in Neu-
rospora crassa (Ninnemann and Maier 1996), endog-
enous NO and NO gas in Dictyostelium or sodium ni-
troprusside in Neurospora inhibited differentiation. In
contrast, NO is a differentiation-promoting signal in
nerve growth factor–induced differentiation of PC12
cells into neurons (Peunova and Enikolopov 1995). In
Physarum, we found that NO is formed during differen-
tiation of macroplasmodia into the sporulation compe-
tent state, a process that includes growth arrest, conden-
sation of cellular material, a mitosis, migration, and de-
velopment of light-sensitivity. The light pulse triggering
sporulation is processed by a phytochrome-type photo-
receptor (Starostzik and Marwan 1995). Stimulation of
this photoreceptor induces expression of several genes,
of which one, lig1, has been characterized recently (Kro-
neder et al. 1999). Thus, we performed experiments to
see if the NO was playing a signaling role and checked
for a possible link to lig1 expression. We manipulated
NOS activity and endogenous cGMP levels during this
differentiation process using NIL, an inhibitor of induc-
ible NOS, by ODQ, a selective inhibitor of NO-sensitive
soluble guanylate cyclase; by 8-bromo-cGMP, a nonhy-
drolysable analog of cGMP; and by glucose, a physiologi-
cal repressor of Physarum sporulation. A schematic
summary of our results and conclusions is shown in Fig-
ure 6.

Macroplasmodia are obtained by fusion of microplas-
modia grown for 3 d in the dark and under optimal
growth-promoting conditions. Under limiting glucose in
the dark, these macroplasmodia develop from a giant cell
into a characteristic plasmodial net within 5 d. Sporangia
formation is accomplished 14 to 16 h after setting the
essential light pulse. Refeeding with glucose, but not
with other nutrients such as tryptone or tryptone plus
yeast extract has been shown to inhibit sporulation
(Daniel and Rusch 1962a). As we found here, NOS
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mRNA expression and activity were inversely linked,
and GTP cyclohydrolase I mRNA expression directly
linked, to the available glucose concentration. Con-
sumption of glucose during the 5-d starvation period that
induces sporulation competence resulted in strongly up-
regulated NOS and down-regulated GTP cyclohydrolase
I. In Physarum, GTP cyclohydrolase I is essential for
biosynthesis not only of H4-biopterin but also of folic
acid (Werner-Felmayer et al. 1994). Growth arrest and
physical condensation of macroplasmodia are prerequi-
sites for obtaining sporulation competence (Daniel and
Rusch 1962a). It is therefore conceivable that GTP cy-
clohydrolase I is down-regulated to limit the supply of a
cofactor essential for cell proliferation (i.e., folic acid),
while still providing enough H4-biopterin for NOS to
function (see Results). Only starved but not glucose-fed
plasmodia expressed lig1 mRNA and sporulated in re-
sponse to the light pulse. Inhibition of endogenous NO
or cGMP formation throughout the starvation period im-
paired light-induced lig1 mRNA expression and pre-
vented sporulation. When added 2 h before the light
pulse, 8-bromo-cGMP restored the capacity of NIL-
treated macroplasmodia to express lig1 mRNA and to
sporulate. These findings support the hypothesis that
NO-mediated cGMP formation is functionally linked to
processing the light signal, which then triggers phyto-
chrome-induced lig1 expression and sporulation.

In higher plants, cGMP mediates phototransduction
by modulating gene expression of phytochromes (Bowler
et al. 1994), prominent partners in a complicated net-
work of photoreceptors (for review, see Mustilli and
Bowler 1997). In a not yet understood way, sugar-depen-
dent signaling pathways interact with phytochrome-
regulated pathways (Mustilli and Bowler 1997). Future
work will analyze how NO/cGMP contribute to phyto-
chrome-dependent phototransduction in sporulation of
Physarum, a process that involves NOS induction by

glucose limitation and phytochrome-dependent expres-
sion of lig1.

Materials and methods

Conditions for growing Physarum vegetative states and for
inducing sporulation

Microplasmodia of P. polycephalum strain M3b, a Wis 1 isolate,
were cultured in submersed shake-culture in semi-defined me-
dium (Daniel and Baldwin 1964), supplemented with 0.013%
(w/v) hemoglobin instead of hematin. Macroplasmodia were
prepared by coalescence of exponentially growing microplasmo-
dia and were cultured in the same medium as microplasmodia
but grown in plastic dishes on filter paper supported by glass
beads. Both micro- and macroplasmodia were grown in the dark
at 25°C.

Sporulation is achieved by reduction of nutrients at low pH
and strictly depends on addition of niacin and a daylight pulse
(Daniel and Rusch 1962a,b). As a modification, macroplasmodia
prepared by coalescence (3 h) from microplasmodia grown for 72
h (Affolter et al. 1979) were directly put into sporulation me-
dium, a salt solution of pH 4.6 supplemented with peptone from
meat (10 g/L), yeast extract (1.5 g/L), and glucose (7.8 mM), as
well as 0.01% (w/v) nicotinamide, 0.1% (w/v) CaCO3, and 0.14
mM CuCl2. In some experiments, glucose was added to 62.4
mM, the growth medium concentration, at 24, 48, 72 and 96 h
of the starvation period. After 120 h in the dark at 25°C, cul-
tures were exposed to daylight (OSRAM L8W/12) for 4 h. About
12 to 14 h after the light treatment, sporangia were formed and
differentiation was completed when the spores had developed
their characteristic dark melanin color.

Treatment of macroplasmodia with NOS inhibitors, ODQ
and 8-bromo-cGMP

NIL (0.1 to 5 mM), aminoguanidine (1 mM), and ODQ (100–250
µM), all obtained from Alexis Corporation, were added at time
0 of the starvation phase necessary for inducing sporulation
competence. 8-bromo-cGMP (10 to 500 µM) (Sigma) was added
2 h before the light pulse, that is, 118 h after starting starvation

Figure 6. Schematic presentation of mor-
phological and biochemical changes during
sporulation of Physarum polycephalum. Star-
vation of macroplasmodia in the dark for 5 d
induces sporulation competence. During this
phase, the plasmodium develops into a net of
condensed cellular matrix. Biochemically,
this phase is associated with glucose limita-
tion which caused induction of nitric oxide
synthase (NOS) and repression of GTP cyclo-
hydrolase I (GTP-CH I). Although intracellu-
lar H4-biopterin levels were still high enough
to support NOS activity, this repression of
GTP cyclohydrolase I might affect prolifera-
tion via decreasing folate availability. Having
attained sporulation competence at the end of
the 5 d starvation period, a light pulse then
induces formation of sporangia, a process par-
alleled by phytochrome-dependent induction
of lig1. NIL and ODQ interfere with NO/
cGMP signaling by inhibiting NOS and NO-
sensitive guanylate cyclase, respectively. NIL

and ODQ as well as glucose, which prevented NOS induction, suppressed both sporulation and lig1 expression. 8-Bromo-cGMP
counteracted the inhibitory effect of NIL on sporulation and lig1 expression.
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and addition of NIL. In some experiments, 8-bromo-cGMP was
added 12 h before, at the beginning of, and at the end (4 h) of the
light treatment, and 6 and 12 h afterwards.

Purification of NOS

To obtain enough purified Physarum NOS for sequencing, the
purification protocol detailed in Werner-Felmayer et al. (1994)
was scaled up and modified as follows: Microplasmodia were
disintegrated by means of a French press (16,000 psi). A 50,000 g
supernatant was prepared by centrifugation and precipitated by
50% (w/v) ammonium sulfate. The precipitate was dissolved in
50 mM Tris.HCl (pH 8.0), containing 10% (v/v) glycerol, 1 mM
phenylmethanesulphonyl fluoride, 5 mM 1,4-dithioerythritol,
10 µM H4-biopterin, 50 µM L-arginine, and 10 mM 2-mercap-
toethanol, subjected to affinity chromatography with 2�-5�-
ADP-Sepharose 4B (Amersham Pharmacia Biotech) and eluted
with 10 mM NADPH. This was followed by gelfiltration with
Sephacryl S-300 HR (28 × 540 mm, Amersham Pharmacia Bio-
tech) and ion exchange chromatography with Q-Sepharose (fast
flow, 10 × 100 mm, Amersham Pharmacia Biotech). The protein
was eluted with a gradient of 0 to 0.5 M NaCl. Active fractions
were concentrated with Amicon 100 filters (Amicon Inc.),
supplemented with 25% (v/v) glycerol and stored at −80°C. The
purification factor achieved by this modified protocol was about
16,000-fold. In one run, about 15 µg (∼ 125 pmol) of NOS could
be isolated from 1200 mL of microplasmodia, corresponding to
∼ 10 g of total protein. As observed before (Werner-Felmayer et
al. 1994), the protein ran as a double band in 7.5% denaturing
polyacrylamide gels. The size of the more abundant larger band
was estimated to be approximately 120 kD from comparison
with a 116-kD protein marker (Sigma C3312, 29 to 205 kD). The
smaller band was most likely a degradation product of the 120-
kD band, because it occured in varying amounts in different
preparations and because two internal peptide sequences were
identical to those identified for the 120-kD band (WITA se-
quencing service). Furthermore, the two bands showed an iden-
tical isoelectric point of 6.6, as determined by isoelectric focus-
ing with a pH gradient of 3 to 10. A similar double band, in
which the smaller band turned out to be a proteolytic degrada-
tion fragment from the intact enzyme, was also observed for
inducible NOS from murine macrophages (Vodovotz et al.
1995). From the 120-kD band, eight internal peptide sequences
were obtained from custom sequencing at the Harvard Micro-
chemistry Facility (Harvard University). Four of these could be
unambigously aligned to NOS consensus sequences from other
species and were therefore used for primer design. The N ter-
minus of Physarum NOS is blocked, and therefore, no N-termi-
nal sequence could be identified. The purified protein was sub-
jected to Western blot analysis, according to standard proce-
dures using the ECL Plus detection system (Amersham
Pharmacia Biotech). Antisera raised to mouse inducible NOS (a
kind gift from Q. Xie and C. Nathan, Cornell University), re-
combinant neuronal NOS from rat, and recombinant endothe-
lial NOS from man (kindly provided by B. Mayer, University of
Graz) were tested, and cell extracts from interferon-�/lipopoly-
saccharide-treated RAW264.7 mouse macrophages, recombi-
nant neuronal NOS from rat, or recombinant human endothe-
lial NOS were used as positive controls.

Cloning of Physarum NOS

To obtain poly-A+ RNA, S-phase macroplasmodia were ground
in liquid nitrogen, total RNA was isolated using the RNeasy
Plant Mini kit from Qiagen, and mRNA was isolated using the
Oligotex mRNA kit from Qiagen. A library was produced by
ligation of oligo-(dT)-primed cDNA into the Lambda ZapII vec-

tor (digested with Eco RI and dephosphorylated) using the Gi-
gapack II packaging kit from Stratagene.

The amplified library had a titer of 2.7 × 109 plaque-forming
units/mL. For screening, a NOS-specific probe was generated by
PCR using degenerate primers. The primers that succeeded
were directed to the nucleotide sequence deduced from one of
the internal peptide sequences identified from purified NOS
(sense primer termed pnos30B) and to a consensus sequence
from all available NOS sequences (antisense primer termed
pnos31D). Primer pnos30B was designed for the nucleotide se-
quence of peptide P6 (TGTYFQTIEEL) in the sense direction
and had the sequence 5�-ACIGGIACNTAYTTCCAAAC-3�.
Primer pnos31D bound to the nucleotide sequence correspond-
ing to the consensus amino acid sequence GWYMGT in the
antisense direction and had the sequence 5�-GTGTCCATR
WACCATCC-3�. PCR conditions were 40 cycles of denatur-
ation at 94°C (30 sec), annealing at 50°C (1 min), and extension
at 72°C (1 min), with an initial step at 95°C for 10 min to
activate AmpliTaq Gold DNA polymerase (Perkin Elmer) and a
final step of 7 min at 72°C using a GeneAmp9600 PCR instru-
ment from Perkin Elmer. Reverse transcribed (SuperScript
RNase H− reverse transcriptase, Life Technologies) poly-A+

RNA (500 ng in a final volume of 50 µL) was used for PCR,
which was performed in presence of 5% (v/v) of dimethylsulf-
oxide. A 600-bp fragment was amplified, and sequence analysis
clearly showed that it was a partial NOS sequence. Using this
probe, two types of Physarum NOS were isolated and termed
physnosa and physnosb (see Results). The abundance of Physa-
rum NOS in the cDNA library was about 1 in 2 × 105 clones, as
estimated from various rounds of screening. As it turned out,
the 600-bp fragment was part of the physnosb type that cross-
reacted with physnosa. Nucleotide sequencing and primer syn-
thesis were performed by custom service (Microsynth). Analysis
showed that the NOS probe bound to a region from nucleotides
587 to 1188, corresponding to amino acids 91 to 291 of the
physnosa clone.

Sequence analysis

Sequences were analyzed using the Wisconsin Sequence Analy-
sis Package version 9.1 from the Genetics Computer Group.

Functional expression of Physarum NOS

The physnosa cDNA was cloned into the pFastBac1 vector
(GIBCO BRL) using the SalI and XbaI restriction sites. An op-
timized Kozak sequence (GCCATGG) was introduced by PCR-
based mutagenesis (QuickChange, Stratagene). The plasmid
was then transformed into baculovirus using the Bac-to-Bac ex-
pression system (GIBCO BRL), and the transposition was con-
firmed by PCR. Sf9 cells grown in TC100 (Sigma) were trans-
fected with baculovirus, according to the manufacturer’s in-
structions. After 72 h, cells were harvested and assayed for NOS
activity by the 3H-citrulline assay, essentially as outlined in
Werner-Felmayer et al. (1994).

Northern blot analysis

Total RNA was isolated from macroplasmodia at different
times during sporulation experiments and on different treat-
ments. Samples frozen in liquid nitrogen were ground and ho-
mogenized using the RNeasy Plant Mini kit from Qiagen. Ten
or 20 µg of total RNA were resolved in 1% agarose/6% formal-
dehyde gels, vacuum-blotted onto Duralon-UV nylon mem-
branes (Stratagene), and cross-linked using ultraviolet irradia-
tion (Stratalinker, Stratagene). Blots were hybridized overnight
with 106 cpm/mL of 32P-dCTP-labeled probes at 65°C, according
to standard protocols, and exposed to PhosphoImager Screens.
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For detection of NOS mRNA, blots were hybridized with the
600-bp PCR fragment generated as detailed above. To discrimi-
nate between physnosa and physnosb, PCR fragments from the
untranslated 3�-ends of the two types of Physarum clones,
which differed considerably, were generated. Primers physnosa1
(5�-CCATCCAAGAAAGCCGATGC-3�, sense) and physnosa2
(5�-CAGGAATTCCGGTGGTACAG-3�, antisense) amplified a
157-bp fragment of physnosa. Primers physnosb1 (5�-CCTAAA
TAGGTTCGGCTAGGC-3�, sense) and physnosb2 (5�-CTTTG
CAAGGTCTGGAGTGG-3�, antisense) amplified 168 bp of
physnosb. Two nanograms of plasmid DNA from physnosa and
physnosb, respectively, were used in a final volume of 50 µL.
PCR conditions were: 2 min at 94°C, 30 cycles of 30 sec at 94°C,
1 min at 57°C, 1 min at 72°C, and a final step of 7 min at 72°C.

GTP cyclohydrolase I mRNA was detected by a PCR-gener-
ated 282-bp probe that was obtained using consensus primers 3
(sense) and 8 (antisense) for GTP cyclohydrolase I from different
species (Maier et al. 1995). PCR was done by 30 cycles of 30 sec
at 94°C, 1 min at 55°C, and 1 min at 72°C, with an initial
denaturation step at 94°C for 2 min. Having verified that the
PCR fragment is homologous to GTP cyclohydrolase I from
other species, this probe was also used for cloning the full-
length Physarum GTP cyclohydrolase I sequence from the
cDNA library that was functionally active as was verified by
recombinant expression in baculovirus-transfected Sf9 cells
(Golderer et al. 2001). The sequence was deposited to the Gen-
Bank (accession no. AF177165).

For use as a control, a 500-bp cDNA fragment with high ho-
mology to ribosomal protein S11 (63% amino acid sequence
identity with S11 from Xenopus laevis [GenBank accession no.
X78805]) was amplified. The putative Physarum S11 sequence
is available from GenBank (accession no. AF177283).

Quantification of lig1 mRNA levels using real-time PCR

Total RNA was isolated from macroplasmodia at the beginning
and at the end of the 4-h light treatment and 4, 8, and 12 h
thereafter using the RNeasy Plant Mini kit from Qiagen (see
above). Because of condensation of the plasmodium, cellular
material is very limited at this stage of the experiment. It there-
fore was pooled from 5 plasmodia treated in parallel. Further, 5
to 10 parallel cultures were used to determine sporulation rates.
Random hexamer-primed cDNAs were prepared from 500 ng of
total RNA using Superscript II RNase H− reverse transcriptase.
Real-time PCR analysis was performed using the Taqman tech-
nology (AbiPrism 7700 sequence detector, Applied Biosystems)
and the Brilliant Quantitative PCR Core Reagent kit from
Stratagene. Probes (5�-FAM/3�-TAMRA label) and primers, both
synthesized by Microsynth, were selected using the Primer Ex-
press software (Applied Biosystems). Sequences (5�-3� direction)
of probes and primers were as follows: lig1 probe, TGGCGCA
AGCGTGAATCTATTATTCGA; lig1–136F (sense), GATGGC
ATGCAGGTTTGGA; lig1–212R (antisense), CCATTGTTCA
AACTCTCTATTCTGTACTC; 19 S probe, CCCGTGTTGAG
TCAAATTAAGCCGCA; 19S-1273F (sense), ACGGAAGGG
CACACAAAGCG; 19S-1350R (antisense), CGTGTATCCGG
ACCTGGTG. Lig1 mRNA levels were related to 19 S ribosomal
RNA levels. In accordance with previous work (Kroneder et al.
1999), lig1 mRNA levels increased up to 50-fold at 8 and 12 h
after setting the light pulse as compared to the levels found at
the beginning of the light treatment.

Determination of intracellular H4-biopterin and of nitrite
plus nitrate in supernatants

Intracellular H4-biopterin was quantified as detailed before
(Werner-Felmayer et al. 1994; Werner et al. 1997) by high per-

formance liquid chromatography (HPLC) after oxidation with
iodine in acidic (total biopterin) or alkaline (7,8-dihydrobiop-
terin plus biopterin) media. The amount of H4-biopterin is given
in pmol per mg of protein. Nitrite plus nitrate was determined
in supernatants as outlined previously (Werner-Felmayer et al.
1994). Briefly, samples were applied to reversed phase HPLC and
eluted with 5% NH4Cl (pH 7.0). Nitrate was reduced to nitrite
using a cadmium reactor. Nitrite was quantified by measuring
ultraviolet absorption at 546 nm after post-column mixing with
the Griess-Ilosvay reagent from Merck.

Determination of glucose

Glucose in supernatants at different times of sporulation experi-
ments was determined using the glucose/GOD-Perid kit from
Boehringer Mannheim (Roche Diagnostics).
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