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Abstract

Membrane-associated NADPH oxidase complexes catalyse the production of the superoxide anion radical from oxygen and NADPH. In
mammalian systems, NADPH oxidases form a family of at least seven isoforms that participate in host defence and signalling pathways. We
report here the cloning and the characterisation of slime mould Dictyostelium discoideum homologs of the mammalian heme-containing
subunit of flavocytochrome b (gp91°"*%) (NoxA, NoxB and NoxC), of the small subunit of flavocytochrome b (p22°"°*) and of the cytosolic
factor p67°1°*. Null-mutants of either noxA, noxB, noxC or p22P"°* show aberrant starvation-induced development and are unable to produce
spores. The overexpression of NoXA > in nox4 null strain restores spore formation. Remarkably, the gene alg-2B, coding for one of the
two penta EF-hand proteins in Dictyostelium, acts as a suppressor in noxA, noxB, and p22”"°* null-mutant strains. Knockout of alg-2B allows
noxA, noxB or p22°"** null-mutants to return to normal development. However, the knockout of gene encoding NoxC, which contains two
penta EF-hands, is not rescued by the invalidation of a/g-2B. These data are consistent with a hypothesis connecting superoxide and calcium

signalling during Dictyostelium development.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In mammalian neutrophils and other professional phag-
ocytes, the NADPH oxidase (cytochrome 5558) catalyses
the production of the superoxide anion radical from oxygen
and NADPH [1]. Chronic granulomatous disease (CGD) is
characterised by the absence of NADPH oxidase activity
[2]. Cytochrome 5558 is a 1:1 heterodimer comprising two
subunits, the catalytic core gp91P"* and p22P"** [3]. The
enzyme is dormant in resting cells and its activation from
the resting state results from the assembly of cytosolic
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regulatory proteins p47°", p67°"°* and Racl/2 with the
membrane associated cytochrome 5558, upon cell stimula-
tion by pathogens or receptor-mediated stimuli (for reviews,
[4-6]). Other protein components are also known to be
associated with the NADPH oxidase, such as p40P"* [7,8]
and the EF-hand containing calciproteins SI00A8/A9, also
known as MRP8/MRP14 [9,10]. In vitro, oxidase activity
can be elicited by incubating membrane cytochrome 5558
and cytosolic components in the presence of anionic
amphiphiles [11].

The Nox family (for NADPH oxidase) has been
broadened recently with the discovery of new isoforms
[12]. Seven homologs of the neutrophil gp91°"°* have been
described up to now in non-phagocytic mammalian cells, all
showing the four histidine ligands for two heme groups
embedded within the membrane and the conserved regions
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characteristic of NADPH and FAD binding sites (for
reviews, see [13—15]). Among these homologs, NoxlI,
Nox3 and Nox4 have a size similar to that of gp91P"°*
(Nox2), while the others have N-terminal extensions,
containing four Ca?"-binding EF-hands for Nox5 [16], and
two EF-hands and a large peroxidase domain for both
Duox1 and Duox2 [17]. Duox1 and Duox2 are involved in
the H,O, production associated with thyroperoxidase in the
thyroid [17,18]. Similarly to Nox2 in myeloid cells, Nox5
generates large amounts of superoxide in response to a
cytosolic Ca®" increase [19]. Some Nox isoforms are
aberrantly expressed in several human cancers, with Nox4
being the isoform most frequently reported. Nox1 displays a
very low superoxide-producing activity, unless activated by
two cytosolic factor homologs of p67°™* (NOXAI) and
p47°"% (NOXO1) [16,19-21]. The overexpression of Nox1
is associated to tumorigenesis, in particular through the
activation of angiogenesis [22,23].

Plant cells exposed to pathogens produce an oxidative
burst, and genes coding for respiratory burst oxidase
homologs (rboh) have been characterised in Arabidopsis
thaliana and in other plants [24]. These all show an N-
terminal extension, with one or two EF-hand motifs
[25,26]. Accordingly, superoxide production is stimulated
by Ca®" [27]. Apart from their involvement in the defence
response, plant NADPH oxidases participate in cell death
signalling [26] and in Ca”"-dependent root elongation
[24].

It has been suggested that the appearance of Nox genes
accompanies the emergence of multicellular structures
providing signalling systems that ensure harmonious devel-
opment [28]. Dictyostelium discoideum is an appropriate
biological organism to test this hypothesis, as this social
amoeba is at the boundary between unicellular and multi-
cellular life [29]. In addition, D. discoideum is a profes-
sional phagocyte in its vegetative stage, feeding efficiently
on bacterial preys [30-32]. Whether or not a functional
NADPH oxidase is needed for this process is an additional
question that triggered our interest.

In this work, we have identified NADPH oxidase
components in D. discoideum, including three flavocyto-
chrome 5558 large subunit isoforms (NoxA, NoxB, and
NoxC) with the six transmembrane pillars and the four
histidines coordinating the two hemes characteristic of
mammalian gp91P"* (Nox2). NoxC shows an N-terminal
extension, with two EF-hand motifs. Furthermore, we have
characterised amoebal homologs of p22P"°*, the flavocyto-
chrome 5558 small subunit, and of p67°™, an essential
cytosolic activation factor in mammals. The inactivation of
the genes coding for Dictyostelium p22°™*, NoxA, NoxB,
and NoxC leads to developmental defects. We also report
the rescue of the noxA, noxB and p22P"* knockout by the
disruption of the penta EF-hand protein ALG-2 (Apoptosis-
linked gene-2) implying a potential cross-talk between
superoxide and Ca®" signalling in Dictyostelium cell differ-
entiation decisions.

2. Materials and methods

2.1. Cloning and sequencing D. discoideum noxA, -B, -C,
p22°"% and p67°"* genes

Oligonucleotide primers were designed on the basis of
relevant clones in the Dictyostelium genomic database (http:/
dictybase.org, [33]). Coding sequences were obtained by a
combination of RT-PCR and 5’'- and 3’-RACE experiments on
whole RNA. The full-length genomic sequences were
derived from PCR experiments on genomic DNA. The
sequences for Dictyostelium noxA, -B, -C, p22”"°* and
p67°"°* have been deposited at GenBank ™ under accession
numbers AF123275, AY221173, AY224390, AY221170/
AY221171 and AY221172/AY224389, and they are now
referenced in dictyBase (http://dictybase.org, [33]) as
DDB0191274, DDB0191445, DDB0191391, DDB019134
and DDBO0191152, respectively.

2.2. Generation of mutants and plasmid constructs

The single noxA4, -B, -C and p22ph°x null mutants
were produced in JH10 (a thymidine auxotrophic strain
derived from KAx-3), by inserting the blasticidin S
cassette bsr [34] at positions 1028 (noxA), 1518 (noxB),
964 (noxC) and 443 (p227"°%) of the genomic DNAs,
respectively. To obtain the double knockout nox4 /
noxB~, a noxA-deficient strain was first generated in
the JH10 strain using the thy! selection cassette [35], and
then invalidated in the noxB gene, using the bsr cassette
as described above. For the double knockout mutants alg-
2B /noxA—, alg-2B~ /noxB~, alg-2B~ /noxC~ and alg-
2B~ /p22°"°*= the bsr cassette insertions were done in an
alg-2B null JHI10 strain constructed using the thyl
selection cassette as described previously [36]. Trans-
formants were cloned by plating cells on SM-agar plates
in the presence of Klebsiella aerogenes. The existence of
potential gene knockout clones was confirmed by South-
ern blot.

The alg-2B and noxA overexpression constructs were
produced in pEXP4" (neomycin resistance neo") using the
actl5 promoter to control the expression of full-length
ALG-2B or full-length NoxA protein tagged at the C-
terminus with a double myc epitope (NOXA ).

2.3. Cell culture and development

The JH10 strain was grown in an axenic medium containing
100 pg/ml thymidine. JH10-derived knockout strains were
grown in suspension in a HL5 medium, without added
thymidine when the thy! selection cassette was used and in
the presence of 7.5 pg/ml blasticidin when the bsr selection
cassette was used. The ALG-2B and NoxA,,y.> overexpress-
ing strains were grown in a medium containing G418 (20 pg/
ml). Growth curves for the various knockout mutants were
determined in axenic medium or on K. aerogenes plates.
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Development was monitored by plating cells on non-nutritive
Na/K—Pi-buffered agar plates, after the removal of nutritive
medium.

2.4. Gene expression during development

The expression of the various genes during development
was assessed using RT-PCR on whole RNA isolated from
vegetative amoebae and from cells that had been filter-
developed on non-nutritive Na/K—Pi-buffered agar plates for
4,8, 12, 16, 20 or 24 h, or spores and stalks [37]. One-step
RT-PCR was performed using the QIAGEN kit as suggested
by the manufacturer, and, whenever possible, using primers
spanning intron/exon boundaries (Table 1). The number of
PCR cycles was adjusted so as to obtain a non-saturating
response.

2.5. Cell type separation

JH10 amoebae were allowed to develop on non-nutritive
Na/K—Pi-buffered agar plates until mature fruiting bodies
were obtained. Mature spores were harvested by shaving
spore heads with a glass slide. Remaining stalks were then
scraped from the plates and washed free of remaining spores
on a fritted filter (40—100 pm porosity). Spores and stalks
were washed in PBS buffer.

2.6. Expression of cell type specific genes

Cells carrying the SP60/lacZ, SpiA/lacZ, and ecmA/lacZ
reporter constructs were left to develop on nitrocellulose
filters laid on non-nutritive agar plates and subjected to 3-
galactosidase staining [38,39].

2.7. Activity measurements

In vitro reconstitution of an active oxidase complex was
assayed in a cell-free assay [40,41]. Briefly, membranes (30
pg of protein) were mixed with the cytosol (300 png of
protein) in a medium for oxidase reconstitution containing
40 uM GTP«S, 5 mM MgCl,, and a variable quantity (40—
100 nmol) of anionic amphiphiles, either arachidonic acid or
lithium dodecyl sulfate, in a final volume of 100 pl. After
incubation for 10 min at 25 °C, the solution was transferred
to a photometric cuvette filled with 100 uM cytochrome c,
150 uM NADPH, PBS buffer in a final volume of 900 pl.
Superoxide production was determined as the superoxide
dismutase-sensitive portion of cytochrome ¢ reduction
recorded at 550 nm (extinction coefficient 21,000 M~
cm ™ '). As an alternative, the reduction of tetrazolium dyes
by whole cells was monitored using nitroblue tetrazolium
(NBT) [23], or 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT).
The XTT assay was conducted as described previously [42]
using 10 mM Tiron to determine the degree of reduction
which was due to the superoxide. The quantity of super-

Table 1

Primer sequences for RT-PCR analysis

mRNA

Expected
size (bp)

786
550
457
389
361
406

Reverse primer

Forward primer

-ATCCTCCTCGGGTGCTGATGT
-TGGATGCCACTCATGGTATGC

-CTCTACAGGGATTGGGAAAGA
-TCGTTGGTGAAGCGTTAGATA

-GTTTGGATCCAGATGAAGATTGAATTGAAGAAGATGTTGC

-TGGTTTAACATCTCTATGCATGATACCGTT

-GCATTTGTTTACACATTTGTTCATTATTAT
-TGTACAATTATTCATTGGGTTGGT

5
5
5

-GATAAAATTTTAATGGAGAGTTTAAAAGAAAATGAG

-GATATATAGCAATCTATTCAATTTGTGTTG
-TCATATGAATTCAGAGTTAAATCATGC

5

-GAACTATGAAGCTTTAAATGTTAAATGGGAAACTC

5
5

NoxA
NoxB

NoxC

5
5
5

p22phox

p67phox

Casein kinase 11

201
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oxide produced was calculated using the molar extinction
coefficient 21,600 M~ ! cm™ ! at 470 nm.

3. Results

3.1. Dictyostelium is endowed with three
superoxide-generating NADPH oxidase flavocytochrome
large subunit homologs, but a single NADPH oxidase small
subunit homolog

The capacity of Dictyostelium to phagocytose bacteria
prompted us to explore whether amoebae use NADPH
oxidase homologs in this process. RACE-, genomic- and
RT-PCR experiments allowed us to fully sequence the genes
coding for three NADPH oxidase homologs, noxA, noxB
and noxC genes. All three homologs contained the canon-
ical features of Nox proteins and sequence alignments [43]
showed that regions proposed as binding sequences for
flavin and pyridine nucleotides are highly conserved
between human Nox2 (gp917"°%), the NADPH-oxidase
prototype, and Dictyostelium NoxA, -B and -C. The full
length NoxA, and the NADPH-oxidase core of NoxB and
NoxC, as defined in Fig. 1A, are 38% (66), 34% (67) and
25% (55) identical (homologous) to the Nox2 protein,
respectively. The third and fifth predicted transmembrane
segments, as proposed in the gp91°"** model [3], contained
the conserved histidines that serve as ligands for the two
hemes. All amino acids the mutation of which leads to CGD
(X+) (R54, A57, H303, P304, H338, P415 and D500) are
conserved in the three Dictyostelium Nox sequences (for
review, [44]). In NoxC, a 560-residue N-terminal extension
(Fig. 2A) is present that harbours two EF-hands (aa 466—
494 and aa 510-538), a feature also found in plant NADPH
oxidases [26]. NoxC EF-hands belong to the calcineurin B
subgroup and their alignment with human Nox5 EF-hands
[16] is shown in Fig. 2B. In the phylogenetic tree generated
with the Nox amino acid sequences trimmed to the Nox2
core (Fig. 2C), Dictyostelium NoxC branched close to
human Nox5, an indication that in addition to the presence
of EF-hands in both proteins, the core sequences contain
additional signal(s) of relatedness.

Three sites of interaction with p47°"* have been mapped
on gp91P"°* using peptide inhibition of the active oxidase
assembly (S87 to L94, F451 to L458 and E555 to F564)
[45]. Dictyostelium Nox isoforms lack two of the three sites
of interaction with p47°"* and the remaining site corre-

sponds to a peptide with a very low inhibitory potency [45],
suggesting that amoebal Nox isoforms may not be able to
interact with p47°"°*.

The identification of three large subunits of the catalytic
core of Dictyostelium NADPH oxidases encouraged us to
search for the other components of the phagocyte flavocy-
tochrome complex. We have cloned a gene coding for a
Dictyostelium homolog of mammalian p227"°* and
sequence alignment [43] with human p22P"°* is shown in
Fig. 1B. The observed overall identity (similarity) match is
significant, as it comprises 41 identical and more than 40
similar residue pairs. Noteworthy features in Dictyostelium
p22P"°* are the absence of a central 18-amino acid stretch
(human p22P"°* aa 56-73) and of the C-terminal-proline-
rich tail, two regions implicated in the binding of the
cytosolic factor p47P"°* [46,47].

3.2. Cytosolic factor complement in Dictyostelium is
restricted to a p67°"°* homolog

We have also cloned a homolog from Dictyostelium of
the cytosolic factor p67°"°* (Fig. 3A). Domain analysis
showed the characteristic N-terminal 4-tetratricopeptide
repeats (TPR1-4), a central PB1 region framed by several
proline-rich motifs and a C-terminal WW domain (Fig. 3A—
B). Taking into account the functional analogy between
WW and SH3 domains [48], the overall Dictyostelium
p67°"°* domain arrangement is quite similar to that found in
mammalian p67°"°* and in the Nox activator 1 (NOXAI)
[20,21,49]. This suggests a possible intramolecular inter-
action between the WW domain and an upstream PPSY
sequence (Fig. 3B). Comparative protein modelling per-
formed on the SWISS-MODEL server (http:/swissmodel.
expasy.org/), using the human p67°"°* (aa 1-213) structure
[50] as a template, showed a very satisfactory adjustment
(Fig. 3C). Noteworthy in Fig. 3C is the high degree of
conservation of the 20 amino acid hairpin insertion between
TPR3 and TPR4, involved in the interface between Rac and
p67°"°* [51]. Dictyostelium Arg-101 and Asp-107 corre-
spond to human Arg-102 and Asp-108, respectively,
identified as playing key roles in p67°™* complex formation
with Rac. Other residues contributing to the interface, such
as Ser-36 and Asp-66 [51], are conserved as well.
Conversely, all the residues of Rac involved in the interface
with p67P"°* [51] are present in Dictyostelium RaclA, -1B
or -1C, which are the members of Rac GTPase subfamily
[52,53] showing the greatest homologies to neutrophil Rac2.

Fig. 1. Multiple amino acid sequence alignment of the D. discoideum Nox proteins with human Nox2, and the D. discoideum p22°"** homolog with human
p22PP°X (A) D. discoideum NoxA, NoxB (aa 168-698), NoxC (aa 583—1142), and human Nox2 (gp91P"°%) were aligned using CLUSTAL W 1.7 software [43];
Dd, D. discoideum; Hs, Homo sapiens. The position of the six putative transmembrane domains (TM1-6), and the sequences involved in the binding of the two
cofactors FAD and NADPH, are boxed. Grey shading was used at positions where amino acids were found to be identical at least in three out of the four
sequences. The four conserved histidines in TM3 and TMS5 acting as ligands for the two hemes are highlighted on a black background. The three Nox2
sequences in the first intracellular loop linking TM2 and TM3 and in the C-terminal domain involved in p47°"* binding [45] are underlined. (B) D. discoideum
(Dd-p22P"°%) and human p22 (Hs-p22P"°*) were aligned (see above). The predicted transmembrane domains (TM1-3) are boxed, identical amino acids are
highlighted by grey shading and the polyproline domain by black shading. The two regions of human p22P"* involved in p47°"* binding are underlined. Dd,

D. discoideum; Hs, H. sapiens.
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Fig. 2. Domain organisation and phylogenetic tree of Dd-Nox homologs. (A) Schematic organisation of Dictyostelium Nox proteins, showing the N-terminal
extension in Dictyostelium NoxB and -C, the six predicted transmembrane domains (grey boxes) and the two EF-hands (Pfam 00036) in Dd-NoxC (black
boxes). (B) Alignment of the EF-hand motifs from Dictyostelium NoxC and human Nox5; Dd, D. discoideum; Hs, H. sapiens. The residues that contribute to
the pentagonal bipyramidal calcium co-ordination are labelled X, Y, Z, -Y, -X, and -Z. The water molecules that co-ordinate the calcium ion are indicated by a
dash (position-X in all EF-hands and position Y in the non-canonical EF-hand). Identities between the proteins are boxed, and homologies are indicated on a
grey background. (C) Phylogenetic relationship between Nox proteins. The Dd- and human Nox sequences were trimmed to the stretch common to all
sequences (Nox2 length) and aligned [43]. The generated phylogenetic tree was visualised with NJ-plot software. GenBank ™ accession numbers are the
following: Nox1, AF127763; Nox2, NM-000397; Nox3, AF190122; Nox4, AF254621; Nox5, AF353089; Duox1, AF213465; and Duox2, AF267981. Dd, D.

discoideum; Hs, H. sapiens.

The search in the Dictyostelium genome for other
potential NADPH oxidase cytosolic components, namely
p47°"°% and p40P"°*, was unsuccessful.

3.3. NADPH-oxidase components display distinct
developmental regulation and cell type specificity

In Dictyostelium, starvation initiates a developmental
cycle. Starved amoebae chemotax towards cAMP secreted
by surrounding starving cells. The formed aggregate
develops into a migrating slug and fruiting body. The
spores of the fruiting body are resistant to adverse
conditions and eventually germinate into single amoebae

under better conditions. To determine the steady state
mRNA levels of the three D. discoideun NADPH oxidase
genes, p22”"°* and p67°"°*, RT-PCR analysis was per-
formed with total RNA extracted from various develop-
mental stages of the D. discoideum life cycle (Fig. 4A) and
normalised to casein kinase II mRNA expression [54] (not
shown, see Fig. 4B). The mRNA expression of nox4 was
found at a maximal level in vegetative amoebae, and
decreased slightly (about 20%) during development. The
level of noxB transcript increased during aggregation then
showed a marked reduction in fruiting bodies. These data
for noxA and noxB are in general agreement with the
published results [55,56] showing a constant expression of
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Fig. 3. Analysis of D. discoideum p67°™* homolog. (A) The four N-terminally localised TPR (tetratricopeptide repeat, Pfam 00515) units are underlined by a
solid line and the central PB1 (Phox and Bem1, Pfam 00564) and the C-terminal WW domain (Pfam 00397) are underlined by dashed lines. Low complexity
serine-rich stretches are localised on both sides of PB1. Several proline-rich motifs are highlighted in black. (B) Schematic domain arrangement of
Dictyostelium p67™°* (Dd-p67°"°%), human p67°"°* (also known as NCF2 or NOXA2) and mouse NOXAI. In human p67°"*, the C-terminal SH3 domain
interacts with the proline-rich domain (PRD) upstream of the first SH3 domain. An analogous intramolecular interaction is suggested in Dictyostelium p67°",
through the possible binding of the C-terminal WW domain by an upstream WW-binding sequence (PPSY). (C) A homology structure of Dictyostelium
p67°"°* N-terminus was calculated by Swiss Model and visualised with Deep View Swiss-PDB using the structure of the 192 N-terminal residues of human
p67°"°* (1HHS) as a template [50]. The fit of helix Al of the first TPR motif of Dictyostelium p67°" to the corresponding element in human p67°™ was not
accurate enough to be visualised. The structure was coloured according to secondary structure succession, with a transition from blue to red from the N-
terminus to the end of the fragment. (D) The human p67°™* N-terminus structure (1HHS) is shown for comparison [50].

NoxA and NoxB along the developmental cycle, except for
a transient 5-fold increase in NoxA messenger at 2 h into
development. The differences in expression might possibly
reflect strain differences between JH10 (this work) and AX4
(in the database). The transcript of noxC was present in low
amounts in vegetative cells, increasing progressively during

aggregation to reach a maximal level of expression during
the final stages of morphogenesis. p22°"* and p67°"~
transcripts were found in vegetative cells and decreased
rapidly after the vegetative stage.

To test possible cell-type specificity in the expression of
the various NADPH oxidases, RT-PCR was performed on
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Fig. 4. Temporal and cell-type specific expression of the genes encoding the NADPH oxidase components in D. discoideum. (A) cDNA was synthesised by
reverse transcriptase, starting from total RNA from vegetative amoebae or cells filter-developed on non nutritive Na/K Pi-buffered agar plates for 4, 8, 12, 16
and 24 h. Genes of interest were then amplified in a second step of the RT-PCR with a couple of specific primers. (B) RT-PCR reaction on total RNA from
vegetative amoebae (V), stalk cells (St) or spore cells (Sp). The constitutively expressed casein kinase gene (CK) was used as control for equal loading.

RNA purified from stalk and spore subpopulations. nox4
was expressed mostly in spores, noxB and noxC mostly in
stalk cells (Fig. 4B).

3.4. Superoxide production by Dictyostelium Nox isoforms

The production of superoxide by intact vegetative
Dictyostelium amoebae was measured by the standard
ferricytochrome ¢ assay. Compared with neutrophil and
phagocyte NADPH oxidase (Nox2), no significant super-
oxide generation could be detected. Attempts to develop a
cell-free reconstituted system using isolated membranes
plus cytosol together with anionic amphiphiles such as
arachidonic acid or lithium dodecylsulfate gave inconclu-
sive results in view of the high reductase activity associated
with Dictyostelium cytosol, a feature reminiscent of the
phenomenon described in mammalian systems [57]. To
obviate this handicap, heterologous activity measurements
were performed with human cytosol and Dictyostelium
membranes. The reconstituted oxidase activity was low and
approximately less than 5% of that measured with the
neutrophil system (data not shown). With intact cells, NBT
assays on the parental and nox-null mutant strains (see
below) were not statistically different. XTT assays showed
reduced activities in noxB- and noxA/noxB-null strains, but
the other mutants had activities similar to parent type JH10,
as shown in Table 2. More sensitive assays using either
dihydroethidine or luminol showed no evidence of NADPH
oxidase activity.

Measurement of the superoxide production was also
performed in developed cells [58]. For this, cells were pulsed
for 4 h with low concentrations of cAMP (30 nM), followed
by the addition for 1 h of 1 mM cAMP. Assaying protein
samples from cells treated this way did not reveal any
modulation of their NADPH oxidase activity (not shown).

3.5. NADPH oxidase null strains multiply normally

To investigate the physiological function of NADPH
oxidases in D. discoideum, the three Nox genes and the

p22P"°* gene were individually invalidated by homolo-
gous recombination in JH10 cells to obtain the single
noxA, -B, -C or p22P"°* null strains. The double knockout
of the 2 isoforms expressed in vegetative conditions,
noxA~ /noxB~, did not alter the viability of the mutants
obtained, an indication that the genes being considered
are not essential genes. Growth of the mutants by
macropinocytosis of axenic medium or by phagocytosis
of K. aerogenes lawns was identical to that for parental
JH10 (data not shown).

3.6. NADPH oxidase mutants are arrested in their develop-
mental program

The single disruptants nox4 , noxB~ and noxC~ and
p22~ were plated on non-nutritive agar plates to follow their
multicellular development. The aggregation of individual
cells proceeded at a rate comparable to that of parent type
cells. Past the aggregation stage, the mounds formed single
or multiple finger-like protrusions and failed to generate
wild-type-looking fruiting bodies. No spores were ever
produced (Fig. 5B, D-Q). Interestingly, the same block, in
terms of timing and final phenotype, was observed for
noxA~, noxB~, noxC~, and p22”"*-null strains and the
noxA ™~ /noxB~ double knockout strain. In the case of nox4 ™

Table 2
XTT assay of superoxide generation

Strains and relevant genotypes XTT reduction

(pmol/min)
JH10 (parent type, thy ) 244+14
noxA~ (thy") 18.8+3.2
noxA~ (thy™, bs") 282+1.4
noxA noxB~ (thy", bs") 45+23
noxB™ (thy ™, bs") 9.7+28
noxC~ (thy~, bs") 19.4+3.7

p22°PRO% (thy ™, bs") 20.8

bs": resistance to the antibiotic blasticidin S. Tiron-sensitive XTT reduction
was measured at a cell density of 2x107/ml [42]. The data are the
means + S.E. of three experiments, except for p22P™*~ (one experiment).
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Fig. 5. Developmental morphology of mox and p22¢"°* null strains.

Development of the various knockout mutants was determined in non-
nutritive Na/K—Pi buffered agar plates. Photographs (x24) were taken on a
Nikon SMZ-U dissecting microscope equipped with a Sony 3CCD camera
after 30 h of development. (A) Parent, (B) nox4~, (C) noxA~ over-
expressing NoxXApyea, (D) 1n0xB~, (E) noxC~, (F) p22”"*~ and (G)
noxA~ /noxB™ .

mutant, the overexpression of NoxA,,yc>, under the control
of the actl5 promoter, lead to the final differentiation of
fruiting bodies containing viable spores able to germinate
(Fig. 5C).

To assess the impact of the nox4 /noxB~ knockout on
cell type differentiation, we examined the expression of the
reporter lacZ gene under the control of the prestalk-specific
promoter ecmA, the prespore-specific promoter SP60 and
the spore-specific promoter Spid. The noxA™ /noxB~ mutant
carrying the constructs SP60/lacZ, SpiA/lacZ and ecmA/
lacZ, stained with X-Gal, showed only expression of
prestalk genes (Fig. 6A-D). These results demonstrate an
early block in the differentiation pathway, with a major
effect on prespore gene expression and a lesser effect on
stalk differentiation.

3.7. The developmental defect of NADPH oxidase
component-null strains is cell autonomous and not
rescued by exogenous H,0,

The products of the NADPH oxidase activities are the
highly diffusible but short-lived ROS, eventually yielding
H,0,. To test whether these reaction products were
necessary second messengers in the Dictyostelium devel-
opmental program, we performed chimera experiments.
noxA~/noxB~ cells carrying the actl5/lacZ reporter con-
struct were mixed with parental cells and tested for their
ability to participate in development. In the mound (Fig.
6E), noxA /noxB "~ cells essentially distributed as clusters at
the prestalk—prespore boundary. Null cells stayed at the

Fig. 6. Expression of developmental-specific-genes and chimeric organism
analysis of nox4™ /noxB~ strain. The noxA™ /noxB~ double knockout (A)
was transformed with the reporter gene /acZ under the control of the
prestalk-specific promoter ecmA (B), the prespore-specific promoter SP60
(C) and the spore-specific promoter Spid4 (D). The final structures (B-D)
were stained as described in Materials and methods. Double knockout
noxA~ /noxB~ cells carrying the reporter constructs actl5/lacZ were
allowed to coaggregate in a 1:3 ration with parental cells to form chimeric
organisms. Aggregates were stained at different developmental stages
corresponding to mound (E), culmination (F, G) and fruiting body (H).
Photographs were taken on a Nikon SMZ-U dissecting microscope
equipped with a Sony 3CCD colour video camera.
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basis of the second finger (Fig. 6F—G) and were excluded
from the mature fruiting body, leaving patches of blue
stained cells on the substratum (Fig. 6H).

With the same areas of investigation in mind, we tested
the effect of adding H,O, to the developing null strains. The
addition of increasing concentrations of H,O, to the agar
layer on which nox4~ cells were spread did not rescue
development, but H,O, at a concentration of 6 mM
inhibited aggregation (data not shown). These results
strongly suggest that the altered development of the mutant
cells is not due to the absence of a diffusible morphogen
such as H,0,.
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Fig. 7. Suppression of the nox~ developmental phenotype by the alg-2B
knockout. Null mutants of noxA4, noxB and noxC were constructed using
the JH10 alg-2B null strain as parent [36]. ALG-2B, under the control of
the actl5 promoter, was overexpressed in the pEXP4" vector in the double
knockout strain noxA4 ™ /alg-2B~. The various strains were developed on
non-nutritive Na/K—Pi buffered agar plates and pictures were taken after 30
h of development (x24) on a Nikon SMZ-U dissecting microscope,
equipped with a Sony 3CCD camera. (A) alg-2B~, (B) alg-2B™ /noxA~,
(C) alg-2B~ /noxB~, (D) alg-2B~ /p22""**~ (E) alg-2B~ /noxC~, and (F)
alg-2B~ /noxA~ overexpressing ALG-2B.

3.8. Disruption of alg-2B suppresses the developmental
phenotype of noxA, noxB and p22°"°* knockouts

The cross-talk between ROS and calcium signalling
pathways observed in plants [24] prompted us to test the
effect of the ablation of the penta EF-hand calciprotein,
ALG-2B, [36,59] in nox and p22°"°* null mutants. The
ALG-2A/B proteins are non-essential and alg-24 and alg-
2B null strains display a normal developmental phenotype
[36]. In contrast to the developmentally arrested noxA
noxB~ and p22°"°*~ strains, the double knockout strains
alg-2B ™ /noxA™ and alg-2B ™ /noxB™~, as well as alg-2B~/
p227"* showed a restored developmental phenotype (Fig.
7B-D). Furthermore, the overexpression of alg-2B in these
double knockout strains led to the initial altered phenotype
observed for noxA~ (Fig. 7F) noxB~ and p22”"*~(not
shown). These results demonstrate that ALG-2B inactiva-
tion acts as a suppressor of noxA, noxB and p22°"
mutations. In contrast, the ablation of ALG-2B in the
noxC~ (Fig. 7E) strain did not rescue the developmental
defect of the noxC null mutant.

4. Discussion

In this work, we report the cloning of three homologs of
the large subunit of NADPH oxidase (NoxA, -B, -C), a
homolog of the small subunit p22P"* and a homolog of the
cytosolic factor p67°"°*. The three Dictyostelium nox genes
code for proteins from different subfamilies, one closely
resembling human Nox2 and two with N-terminal exten-
sions, among which one had two calcium-binding domains
of the EF-hand type. The p22P"* homolog, although
lacking the polyproline region found in the human protein
and implicated in p47°"°* binding, exhibits a strong
sequence homology and shares the secondary structure of
the human p22P™* A possible function would be to
stabilise the gp91P"* subunit as previously suggested [6].
Dictyostelium p67°™* is longer than human p67°"* or
NOXAL, but the overall domain structure of the protein is
conserved. One main difference between mammalian and
Dictyostelium p67°™* is the absence of the activation
domain (L199-D212) required for phagocyte oxidase
activation [60], but recently a p67°™* without functional
activating domain was shown to remain effective in
activating the human isoform Nox3 [61]. These five
proteins, NoxA, -B, -C, p22P"* and p67°"°*, may constitute
minimal catalytic complexes in D. discoideum.

Up to now, we have no evidence to show whether the
p22P"°* and p67P"°* subunits interact with all three Nox
isoforms in D. discoideum. No homolog for p47°"°* or
NOXOI could be found, and the absence of this cytosolic
factor in D. discoideum is accompanied by the absence of its
binding domains on the large and small NADPH oxidase
subunits and on p67°"°*. However, the absence of two out of
three p47°"* binding sequences on a Nox isoform may not
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be a sufficient indication for the absence of interactions with
that cytosolic factor. Indeed, in human Nox1 that lacks the
same p47°"* binding sequences as Dictyostelium Nox
proteins is still able to interact with the p47°"* homolog
NOXO1 [49]. The third cytosolic factor p40P™* is also
missing. The small G protein Rac plays a capital regulatory
role in the activation of neutrophil Nox2 [11,62]. Dictyos-
telium possesses six members of the Rac GTPase subfamily
[52,53,63], with RaclA, -B and -C showing the greatest
homology with Rac2 in neutrophils. All of the Rac residues
that are involved in the interface with p67°"°* are conserved,
suggesting that the same activation process might occur in
D. discoideum .

The presence of three NADPH oxidase isoforms in a
simple eukaryote such as D. discoideum might appear
striking. Several reasons for the multiplicity of isoforms
may be proposed. First, the isoforms belong to two
subfamilies, the activity of which is differently regulated,
with NoxA and NoxB resembling Nox2/Nox4 homologs
and NoxC resembling the calcium-activated Nox5 homolog.
Second, their patterns of expression vary temporally and
spatially during differentiation, with NoxA being expressed
throughout the developmental cycle, and preferentially in
spores, NoxB and -C being expressed late, and preferen-
tially in stalk cells. The expression pattern of p22P™* and
p67°"* early during the developmental cycle might provide
an additional level of complexity, depending on which Nox
isoform they interact with.

In order to obtain insight into the function of NADPH
oxidases in D. discoideum, we have used homologous
recombination to generate null mutants in the genes coding
for the three Nox proteins and the small p22P™* subunit.
The fact that such mutants could be obtained indicates that
the genes coding for the components of the NADPH
oxidases are not essential genes. Dictyostelium Nox activity
measurements, performed on parental and null strains, gave
no significant results, with tests based on cytochrome ¢ or
NBT reduction on whole cells and reconstituted complexes,
indicating that amoebal NADPH oxidases do not follow the
paradigm established for neutrophil Nox2, but resemble the
oxidase of Epstein Barr virus immortalised B lymphocytes
[64], and human Nox homologs that exhibit modest
superoxide-generating activities. Perhaps a too high level
of superoxide generation would lead to cytotoxic effects.
Assays based on luminol or dihydroethidine were negative,
confirming the reported absence of luminol-enhanced
chemiluminescence in Dictyostelium [65]. The generation
of superoxides by D. discoideum cells is disclosed by the
reduction of XTT, as described in a recent work [42]. The
activity generating superoxide is very low and the origin of
superoxide anions to NADPH oxidases is only partially
validated through the use of Nox mutants, pointing to a
specific role for NoxB (Table 2). The absence of a NoxC-
associated NADPH oxidase activity in vegetative cells is not
surprising, as noxC is expressed only late in development.
The absence of a clearly attributable NoxA activity, when

the disruption of its gene generates a developmental
phenotype, might suggest that NoxA is activated during
development by a still unknown mechanism. Conditioned
D. discoideum growth medium contains a heat-labile factor
that stimulates superoxide production [42]. Whether and
how Nox activities are regulated by this factor remains to be
established.

The vegetative functions of rox-null mutants and, in
particular, axenic growth did not display any remarkable
defect. The bacterial phagocytic capacity of D. discoideum
is a potential mechanism in which the Nox proteins might be
implicated. It is noticeable that whatever the missing
component of the NADPH oxidases (NoxA, -B, -C, and
p22°"°%) the growth of D. discoideum on bacterial lawns
was unaffected. Feeding on live bacteria represents an
integrated mechanism dependent on prey capture, killing
and digestion. Our data indicate that none of these
parameters, together with D. discoideum proliferation, is
regulated in any detectable way by the functioning of Nox
enzymes.

Starvation of D. discoideum amoebae induces a devel-
opmental program that leads to the formation of a multi-
cellular structure comprising dead stalk cells supporting a
mass of dormant spores awaiting for optimal conditions to
germinate. Peroxide and superoxide species are produced
during the early stages of Dictyostelium development and
superoxide has been involved in development [42,65].
Indeed, major defects in development and morphogenesis
are observed in D. discoideum null strains for components
of NADPH oxidase isoforms, defects that compromise the
formation of mature fruiting bodies. A striking observation
is that the developmental phenotypes of all of our null-
mutants (noxA~, noxB~, noxC~, noxA /noxB~, and
227" are very similar, with tiny fingers extending from
a mound-shaped aggregate. Although this phenotypic
similarity might suggest a block in a single pathway, the
suppression effect of the calciprotein ALG-2B (see below)
on some nox-null strains (nox4~ and noxB ™) and not others
(noxC™) indicates that this is not the case. The function of
Nox proteins restricted to the multicellular phase of D.
discoideum life supports the recently proposed idea that
NADPH oxidases are indeed enzymes specifically involved
in intercellular signalling processes [28], and we show here
that the superoxide-producing NADPH oxidases participate
in the signalling for proper differentiation. Interference of
ROS production and development has previously been
inferred through the overexpression of the scavenging
enzyme superoxide dismutase, which produces aggrega-
tion-deficient cells when plated at low cell density [42]. The
defect revealed by the disruption of D. discoideum Nox
isoforms is subsequent to the aggregation phase. These two
sets of results point to several sites in development where
ROS could be implicated.

The proportioning of cell types is strongly affected in the
noxA knockout, expression of prestalk-specific ecmA gene
being correlated with the absence of the expression of
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prespore- and spore-specific genes. The application of a
hydroxamic acid derivative as an inhibitor of the mitochon-
drial alternative oxidase induces the formation of cell
aggregates comprising dead stalk cells; this result has been
taken as an argument in favour of the scavenging
mitochondrial ROS from an alternative respiratory chain
functions [66] and the involvement of ROS in the program
leading to the death of stalk cells [67]. These observations
might suggest that ROS are able to deliver different signals
leading to the expression of either pre-spore or pre-stalk
genes and later in development, to the death of stalk cells.

Mixing parental and mutant cells or adding H,O, to the
developing mutant cells does not rescue a normal phenotype
of development, so it is therefore impossible to pinpoint the
nature of the mediator (superoxide, H,O,) used in the cell-
fate signalling process. At high concentration, H,O,
inhibited cell aggregation, but the effect was most probably
due to the rapid killing of cells by this high concentration of
H,0, [68].

As with A. thaliana [24] and Aspergillus nidulans [69],
D. discoideum represents an additional species in which
NADPH oxidases control development. In plants, all
NADPH oxidase isoforms contain EF-hands, indicating a
direct regulatory function of Ca®" on these enzymes,
possibly through the direct activation mechanism proposed
recently for Nox5 [16]. Furthermore, ROS regulate plant
growth by activating Ca®*-channels [24]. The likelihood of
there being a role for intracellular calcium in the regulation
of D. discoideum development has been demonstrated in
experiments showing that overexpression of the plasma
membrane calcium pump induces an arrest in develop-
ment, with the formation of aberrant finger-like structures
[70]. Interestingly, the developmental phenotype is similar
to the phenotypes observed here for the nox-null mutants,
supporting the hypothesis of an interplay between ROS
and Ca®'-signalling pathways. Among the three D.
discoideum Nox isoforms, only NoxC harbours 2 EF-
hands, while a knockout of any of the three isoforms leads
to the same arrest of the developmental cycle. This means
that Ca*" cannot directly regulate the activity of all three
Dictyostelium Nox proteins. Nevertheless, its intracellular
concentration might be controlled by the availability of
these Nox isoforms, possibly through an action on Ca®'-
channels (for review, [71]).

The cross-talk between ROS and Ca®" signalling path-
ways is further illustrated in a suppressor experiment, where
the ablation of the penta EF-hand calciprotein ALG-2B
rescues the development of noxA-, noxB- and p22°"**-null
strain, but not of noxC-null strain. This could mean that
ALG-2B acts as an inhibitor of a downstream effector of the
Nox signalling pathway, and that the physiological func-
tioning of NoxA- and -B leads to the relief of this inhibition,
possibly by inducing a Ca*"-dependent heterodimerisation
with ALG-2A, subsequent to an increase in the concen-
tration of this ion [36]. In the absence of the two Nox
proteins, the removal of ALG-2B could then lift the

inhibitory block and, as a consequence, development could
proceed normally. Signalling by NoxC that possesses its
own calcium-binding EF-hands does not converge with the
ALG-2B calciprotein pathway. We are currently undertaking
a more detailed exploration of how ROS production and
calcium signalling pathways are interlaced.
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