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ARTICLE INFOS ABSTRACT

Keywords: In phagocytes, superoxide anion (O2"), the precursor of reactive oxygen
NADPH oxidase, species, is produced by the NADPH oxidase complex to kill pathogens.
phagocyte, Phagocyte NADPH oxidase consists of the transmembrane cytochrome bsss
PLB-985, (cyt bssg) and four cytosolic components: p40Phox, p47rhox pe7rhox and Racl/2.
lipid-protein interaction, The phagocyte activation by stimuli leads to activation of signal transduction
GUV, pathways. This is followed by the translocation of cytosolic components to the
protein complex assembly membrane and their association with cyt bsss to form the active enzyme.

To investigate the roles of membrane-interacting domains of the cytosolic
proteins in the NADPH oxidase complex assembly and activity, we used giant
unilamellar phospholipid vesicles (GUV). We also used the neutrophil-like cell
line PLB-985 to investigate these roles under physiological conditions. We
confirmed that the isolated proteins must be activated to bind to the membrane.
We showed that their membrane binding was strengthened by the presence of
the other cytosolic partners, with a key role for p47°"*, We also used a fused
chimera consisting of p47P"**(aa 1-286), p67°"*(aa 1-212) and Rac1Q61L, as
well as mutated versions in the p47P"* PX domain and the Rac polybasic region
(PB). We showed that these two domains have a crucial role in the trimera
membrane-binding and in the trimera assembly to cyt bsss. They also have an
impact on Oz.- production in vitro and in cellulo: the PX domain strongly
binding to GUV made of a mix of polar lipids; and the PB region strongly
binding to the plasma membrane of neutrophils and resting PLB-985 cells.

1. Introduction consequence of a tightly controlled and complex

) ) activation mechanism [1-3]. The control of superoxide
Phagocyte cells destroy pathogens using various  4pion formation is mainly achieved by keeping separate
molecules and mechanisms. The main microbicidal  he various proteins of the NADPH oxidase complex in
mecham.sm starts with the enzymatic productlon.of different subcellular localization. Thus, the NADPH
superoxide anion, the precursor of other reactive  yidase complex only assembles in response to specific
oxygen species such as H,0; and HOCI. The NADPH signals. The formation of an active NADPH oxidase
oxidase enzyme, which catalyzes the superoxide anion  ¢p7ume can be divided into three steps. First, a series
production, is a multimeric enzyme. It is composed of o “ogt-translational modifications of the soluble
two transmembrane proteins, Nox2 and p22°"** forming proteins occurs, such as phosphorylation of serine
the flavocytochrome bssg (cyt bsss), and four cytosolic residues, 10 have been identified on p47°* [4, 5],
proteins, p40P">x, p47PM%, p67°**, and Racl or Rac2.  (hreonine such as thr233 for p67°* [4, 6, 7], GDP-GTP
Superoxide anions are genqrated in phagocytes iny in exchange on Rac [8, 9] inducing conformational
response to soluble stimuli or upon phagoeytosis that  ;hanges that make accessible protein binding sites [10,
activate signaling pathways. Despite the availability of 11] and lipid binding sites [12, 13]. These changes
all the necessary components: NADPH, Oz and the  jncjyde the detachment of a GDI protein from Rac that
proteins forming the NADPH oxidase complex, no  ajjows the prenyl group present on Cys189 to bind to
superoxide is produced in the resting cells as a  (he membrane. Second, the phospholipid membrane
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composition is modified mostly by phosphorylation of
phosphatidylinositol-4phosphate and
phosphatidylinositol-(4,5)bisphosphate [14, 15] and an
increase in phosphatidic acid proportion [16-18].
Simultaneously, all the cytosolic proteins migrate to the
membrane [19-21] and assemble through a first series
of protein-protein and protein-lipid interactions. Third,
the assembly of the complex creates a second series of
conformation changes of proteins induced by new
protein-protein interactions, leading to a fully active
complex. /n vitro, these conformational changes in
p47Phox p67Phox and probably in cyt bsss are induced by
the addition of amphiphilic molecules such as SDS,
LiDS [22], or some fatty acids [23] such as the all-cis-
arachidonic acid used here. Arachidonic acid has been
shown to cause conformational changes similar to those
of serine phosphorylation, as seen by circular dichroism
[24] or pull-down experiments [25].

During the formation of the NADPH oxidase complex,
the binding of each of the three cytosolic proteins
p47°% p67Pho% and Rac, to Nox2-p22°Ph°X is stabilized
by the presence of the other cytosolic proteins; their
dissociation constant for cyt bssg is strongly decreased
[26, 27]. Moreover, it has also been shown that both the
protein-protein and protein-lipid interactions
contribute to the stabilization of this membrane protein
complex. Three of the cytosolic proteins contain lipid
binding domains, a PX domain in p40Ph°* [28] and
p47Phx[12, 13, 29], and a polybasic (PB) region in Rac
[8, 30]. These three lipid-binding domains are
important for the translocation of the cytosolic proteins
to the cyt bsss at a specific localization, depending on
the lipid compositions, either to the plasma membrane
or to the phagosome [30]. These domains are also
important for the assembly of the complex [31]. The PX
domain of p47P"°* has two binding pockets, one specific
for phosphatidyl inositol 3,4 bisphosphate (P13,4P2),
the other for phosphatidyl serine (PS) and phosphatidic
acid (PA) [29]. The PX domain of p40P"* specifically
binds to phosphatidylinositol-3phosphate (PI3P)
present in endosome and phagosome membranes [32,
33]. The Racl and Rac2 polybasic region (PB) consists
of 6 or 3 positively charged residues, respectively. The
interaction of this region with the membranes cytosolic
leaflet is solely electrostatic with the negatively
charged head groups of the phospholipids. It has been
shown that Rac binding on membranes depends on the
number of positive charges in the PB domain: the most
positively charged PB binds to the most negatively
charged membrane [34, 35]. In neutrophils, the PB
region of Racl-GTP directly targets the plasma
membrane due to its high positive charge content while
the PB region of Rac2-GTP targets endomembranes
such as endosomes and phagosomes [36, 37]. The
present work has two objectives: i) Study the
recruitment behavior of p67°"*, p47Ph°* and Rac to a
membrane ii) Further investigate the role of two

phospholipid-binding domains, the PX domain of
p47°"°% and the PB domain of Racl, on recruitment to
membranes and on the stabilization and activation of
the phagocyte NADPH oxidase complex. To fulfill
these aims, experiments have been realized in vitro and
in living PLB-985 cells. In vitro, an original
biomimetic membrane system, composed of giant
unilamellar vesicles (GUV), was generated to directly
visualize the protein localization and protein-lipid
interactions under confocal fluorescence microscopy.
In addition to experiments on separated p67Pho,
p477"*and  RaclQ61L  proteins, the trimeras
constructed by Berdichevsky et al. [31] were used to
focus on phospholipid interactions, independently of
the activation step of the cytosolic proteins and to keep
their relative stoichiometry 1:1:1 on cyt bsss. The
prototype trimera is composed of the truncated p47°ho
(the PX domain and the two SH3 domains), the
truncated p67°"* (four TPR domains with the
activation domain) and mutated Rac1Q61L, to gain an
active state of the three proteins. Three mutated
trimeras have been used in this work. The p47°"* APX
trimera consists of the deletion of the PX domain,
therefore p47°'°* is reduced to only the two SH3
domains; the other two mutated trimeras have changes
located in the polybasic region of Rac. In the Rac-
mutated trimera called Tri-Racl1-PB2, the Racl PB
region composed of six contiguous positive charges
(KKRKRK) is replaced by the Rac2 PB region
composed of three positive charges (RQQKRA). In the
Rac-mutated trimera called Tri-Racl-PB6Q, the six
positive charges were replaced by six Gln. This
construct has the advantage of allowing the removal of
one domain of a protein and keeping all the others,
making it possible to study the loss of only one part of
each protein. With the isolated proteins, the loss of the
p47°hx PX  domain inhibits the assembly of the
remaining part of p47°h°% to cyt bssg.

2. Materials and Methods
2.1 Materials

Cis-Arachidonic acid, Dulbecco Phosphate buffer
saline (DPBS, ref D8537); phorbol 12-myristate 13-
acetate (PMA), poly-L-lysine hydrobromide was
purchased from Sigma-Aldrich (ref P1399, St Quentin,
France); NADPH (ref 328742500) from Acros
Organics (France); AlexaFluor647-maleimide,
phosphate buffer saline (PBS, BP2944-100) from
Fisher Scientific (France), Soybean Polar Lipid Extract
(ref 541602C) from Avanti Polar Lipids.

2.2 Invitro studies

2.2.1  Plasmids construction



The construction of the plasmid pProEx-Cherry-
RaclQ61L coding for the Cherry-RaclQ61L fusion
protein was obtained by ligation of two inserts into the
pProEx vector after digestion with EcoR1 and Kpnl
leading to the SGLRSRD linker between the two
proteins. The first insert was obtained by PCR
amplification of the gene coding for the red Fluorescent
Protein variant Cherry from the red mCherry-C1 vector
(Clontech) using the primers forward
TAGAATTCATGGTGAGCAAGGGCGAGGAG and
reverse TACTCGAGATCTGAGTCCGGAC. The
second insert was obtained by PCR amplification of the
plasmid coding for the GST-RaclQ61L using the

primers forward
ATCTCGAGATCAGGCCATCAAGTGTGTGGTGG
and reverse

TGAGGTACCTTACAACAGCAGGCATTTTCTC.
The pProEx-turq-p67 plasmid coding for the
Turquoise-p67°"°* fusion protein was a generous gift
from Pr. M. Erard (ICP, France) [38]. The plasmids of
the prototype and mutants GFP-trimera were
generously donated by Pr. E. Pick (Tel Aviv University,
Israel) [39]. The trimeras used in this paper consist of
the fused proteins GFP, p47°" (aa 1-286), p67°ho* (1-
212) and Racl (1-192) in which the punctual mutation
Q61L confers a constitutively active form, and the three
mutants GFP-trimera p47°"* APX domain (aa -286),
Racl ->Rac2 and Racl 183Q-188Q described in [39].
For simplification and clarity, the mutants have been
called Tri-p47APX, Tri-Racl-PB2 and Tri-Racl-
PB6Q, respectively. All the constructs have been
sequenced (Beckman Genomics, UK) to confirm their
identity.

2.2.2  Expression, purification and labelling of

cytosolic proteins.

The Turquoise-p67°"* protein, the cherry-Rac1Q61L
and p47°"* proteins were expressed in E. coli BL21
using the protocol described in [40], except that the
bacteria were incubated for 4 hours at 30 °C before
IPTG induction and at 20 °C overnight after 0.5 mM
IPTG addition. It is important to note that the
recombinant Rac proteins (isolated and present in
trimera) produced in E. coli do not contain a prenyl
group. The proteins were purified using ion exchange
and Ni-sepharose chromatography as described in [27
]. The proteins were protected from light by aluminum
foil during the purification. The purity of protein
solutions was evaluated by migration in 10 % BisTris-
NuPAGE SDS gels (Invitrogen), stained with
Coomassie Brilliant Blue. The expression and
purification of the trimeras were performed as
previously described in [39]. p47Ph°* was labeled with
Alexa Fluor™ 647 Maleimide (Invitrogen) by
incubation with a ratio of 1:1 mol:mol of the protein
with the Alexa in the ice and in the dark for 8 h. The

solution was then dialyzed against 5 L of phosphate
buffer saline solution (PBS) in the cold room and in the
dark for 12 h and stored at -80 °C until use.

2.2.3  Activity measurements in cell free system

The superoxide production rate was measured by
spectrophotometry, following the NADPH
consumption at 340 nm using an extinction coefficient
of 6.22 mM'-cm!. Human neutrophil membrane
fractions prepared as described in [41] (4 nM cyt bsss,
evaluated by differential UV-Vis absorption
spectrophotometry [42]) and 300 nM of trimera were
incubated in PBS buffer supplemented with 10 mM
MgSO4, with varying concentrations of arachidonic
acid (AA) at 25 °C for 1 min. The reaction was initiated
by the addition of 200 uM NADPH. All data is the
average of at least 3 independent measurements. The
activities have been plotted in “equivalent mol of O,™.
s”!. mol of cyt bssg! . This means that the measured rate
of NADPH oxidation has been multiplied by a factor 2.
A control in presence of 25 unit/mL of catalase has
been performed in order to check the absence of effect
of H>O, produced by the enzyme on activity
measurement.

2.2.4  GUYV formation

Giant unilamellar vesicles (GUV) were prepared using
a modified method from [43]. The method consists
briefly of dissolving natural polar lipids (Soybean polar
lipid extract, Avanti Polar) in chloroform (typically 3
mg in 300 uL CHCl;) and drying them (4-5 hours under
vacuum) in a glass flask (30 mL balloon) to form a thin
film of lipid. The film is then rehydrated with Tris-
phosphate buffer (Tris-base 5 mM, K;3;POs4 30 mM,
KH2PO4 30 mM, MgSO,; 1 mM, EDTA 0.5 mM, pH
7.4; 10-fold volume relative to the lipid solution)
overnight, then added with glycerol (a 100-fold lower
volume than the Tris-buffer) and subsequently
sonicated in a bath (Branson 2800) to generate a mix of
small unilamellar and multi-lamellar vesicles. The
suspension was stored in small aliquots at -18 °C.
Before each experiment, 5 uL of the liposome solution
was deposited onto a glass cover slip, dried under
vacuum at room temperature during 30 min, and
rehydrated with 200 pL of PBS. The lipid film
reorganized into lipid blobs on which giant liposomes
(10-50 pm diameter) swell (15 min-duration process).
The buffer solution containing GUVs and blobs was
transferred using a 1000 pL pipette to a poly-L-lysine
coated coverslip that was placed into a chamber for
observations (Ludin Chamber Type 1). When
necessary, the volume was increased to 1400 pL with
Tris-phosphate buffer to allow a washing of
immobilized GUVs using a peristaltic pump. The



GUVs were stable for at least one hour in these
conditions.

Two methods have been used to expose GUV
membranes to NOX proteins. The first method consists
of local micro-injections under microscope with
micropipettes made from pulled glass capillaries (WPI,
TW100-f4; capillary puller Narishige, PC-10; Heat
level of 80, 3 weights). The micropipettes were filled
with the protein solutions at 300 nM protein using
Eppendorf micro-loader tips, then mounted on the
holder of a micro-injector (Eppendorf, Femtojet) and
manipulated on the microscope platform with a piezo
micromanipulator (Burleigh, PCS5000). To nebulize
GUVs with protein solutions, the micropipette (few
micron-diameter) was brought at about 10 pm distance
from the GUV membrane and a flush of the solution
was injected for a few tens of seconds in the membrane
vicinity. The imaging of the process was performed in
real-time. All the injected solutions contained 0.91 %
ethanol. For the second method, 10 pL of GUVs
suspension was gently mixed with PBS buffer (10-15
uL) containing trimera at a final concentration of 3 pM.
With this method it was necessary to use a tenfold
higher concentration of protein than with the previous
method to perfectly visualize the interaction. Indeed,
with the prior method, the GUV-protein interaction was
visualized at the scale of a single GUV. In the second
experiment, the solution of GUVs and the proteins were
incubated together to image GUV-protein interaction
on several GUVs. Finally, arachidonic acid (45 uM),
when indicated, was added and gently mixed with the
solution. The final volume was 30 pL. Imaging was
performed after sedimentation of vesicles on the glass
slide and steady-state of interactions was reached.

2.2.5  Confocal microscopy

The images were collected with a laser scanning
confocal microscope (Leica SP5), using a 20-x
objective (N.A. 0.6). Only one fluorophore was excited
at a given time. Turquoise fluorescence was excited at
458 nm and detected with a photo-multiplier within a
471-623 nm window. Cherry fluorescence was excited
at 543 nm and detected with a 557-709 nm window,
and Alexa Fluor 647™ was excited at 633 nm and
detected with a 643-795 nm window. To avoid
excessive exposition and photo-bleaching of the
sample, images were collected sequentially under non-
continuous exposition. The acquired images were
displayed using a pre-defined color look-up (LUT)
table to highlight the fluorescence variations. The
quantification was done with the software Leica LAS
AF Lite and signal was considered as positive when the
signal-to-noise ratio was greater than 1.5. The value of
the signal was calculated by the mean of the
fluorescence of the pixels along the membrane while

the noise was the mean of the fluorescence of the pixels
outside the GUV on the microscope field. Imaging of
experiments with trimera was performed on a confocal
microscope (Nikon) with a spinning-disk confocal
system (Yokogawa CSU-X1-Al, Yokogawa Electric,
Tokyo, Japan) associated with a Prime 95B sCMOS
camera (Photometrics, Tucson, USA coupled with an
ORCA-Flash 4.0 LT sCMOS camera (Hamamatsu,
Japan).

2.3 In cellulo studies
2.3.1  Plasmid construction for PLB-985 cell
transfection

The Citrine protein was obtained by introducing the
Q69M mutation in the Yellow Fluorescent protein in
the pEYFP-C1 plasmid (Clontech), the plasmid
obtained was called pECitrine-C1. The cDNA of the
four trimera were amplified by PCR using the

following forward primer
TTAAAGCTTCGATGGGGGACACCTTCATC

except for APX mutant
TTAAAGCTTCGATGGACATCACCG and  the
following reverse primer
TTAGGTACCTTCTTACAACAGCAGGC. The

products were digested with Kpnl and HindIII as well
as the pECitrine-Cl plasmid and ligated. All the
constructs were checked by sequencing (Beckman
Genomics, UK) to confirm their identity.

2.3.2 Cell culture, differentiation and transfection

The human myeloid leukemia cell line PLB-985 WT
and PLB-985 KO, with a targeted disruption of the gene
coding for the catalytic subunit Nox2 of the NADPH
oxidase [44], were grown in RPMI 1640 supplemented
with 2 mM (4 %) L-Glutamine, 100 U/mL penicillin G,
100 pg/mL streptomycin, 250 ng/mL amphotericin B
and 10 % of heat-inactivated fetal bovine serum. PLB-
985 cells were differentiated into neutrophil-like cells
by the addition of 1.25 % dimethyl sulfoxide (DMSO)
for 6 days. Differentiated PLB cells were transiently
transfected using the 4D-Nucleofector (Lonza,
Switzerland) according to the manufacturer’s protocol.
For each protocol, 2x10% to 4x10° cells were
transfected with 1 pg of vector and incubated in a
culture medium without antibiotics using the SF Cell
Line Kit (Lonza, Switzerland) and the EH-100
program. The PLB-985 WT cells were transfected with
plasmids harboring the gene coding for the prototype
trimera and the three mutant trimera (Tri-p47APX, Tri-
Rac1-PB2 and Tri-Racl-PB6Q), while PLB-985 KO
cell line was transfected only with a plasmid containing
the gene coding for prototype trimera. The transfection
was followed by 5 hours of incubation at 37 °C, then



the cells were counted, the transfection efficiency was
measured and the cells were used for microscopy or
ROS production measurements. The cell viability was
evaluated by trypan blue coloration.

2.3.3  Flow-cytometry

Transfection efficiency was estimated by cytometry
with a CyFlow flow cytometer (Partec/Sysmex)
equipped with the Flomax software. For the
measurement of transfection efficiency, Citrine was
excited at 488 nm and detected with a 536/40 nm
bandpass filter. Non-transfected cells were used for
background calibration (see figure S1).

2.3.4  Microscopy

To visualize the cell cytoplasm, the transfected cells
were incubated with 2 pM calcein blue AM
(Invitrogen, France) for 10 min in Hank’s Buffer Salt
Solution (HBSS, Sigma), washed twice and
resuspended in HBSS. For confocal microscopy
imaging, cells were seeded on p-Slide 8 well glass
bottom chamber IBIDI and we used a spinning-disk
confocal system (Yokogawa CSU-X1-Al, Yokogawa
Electric, Tokyo, Japan). All the experiments were
performed at 37 °C. Citrine was excited at 491 nm using
a 0.3 s laser illumination and the fluorescence was
detected with a 525/50 nm emission bandpass filter
(Chroma, Olching, Germany). For confocal imaging, a
series of 14-20 confocal z-planes (0.5 um thickness
each) were collected for each sample field.

2.3.5 Activity measurement

ROS production was measured using an L-012-based
chemiluminescence assay. 2x105 transfected PLB-985
cells were plated in white polypropylene 96-well plates
using a SynergyH1 plate reader (Biotek, USA). The
assay was performed in an HBSS buffer at 37 °C. 100
uM L-012 (Wako Chemicals) and Horseradish
Peroxidase (20 U/mL) were mixed and added to the
wells and the record of the ROS production started. The
ROS production was quantified by integrating the
detected luminescence over time (5 hours) and the
amount of luminescence of the PLB-985 KO
transfected with the prototype trimera was subtracted.
Each condition was performed in duplicate and three
independent experiments have been realized. The
measurements are expressed in relative luminescence
units (RLU).

2.3.6 Image analyses and statistics

Image analysis was performed using Image J software.
Graphpad prism8 software (GraphPad Software, USA)
was used for the statistical analyses.

3. Results

3.1 Binding of separated cytosolic proteins on GUV
with or without the activator AA

The binding experiments of the three proteins
individually p47°h°* p67°°* and RaclQ6IL to a
phospholipid membrane were performed with giant
unilamellar vesicles (see lipid composition table 1).
The aim here was to evaluate the potency of
combinations of these three proteins to bind to the
membrane containing only phospholipids, without
membrane proteins and notably in absence of cyt bsss.
Proteins were labeled with different fluorophores
displaying well-separated excitation and emission
wavelength bands. Rac1Q61L was labeled at the N
terminal position with Cherry fluorescent protein (FP)
and annotated Cherry-Rac and p67°"** with Turquoise
FP, also at the N terminal position and annotated turg-
p67. The Citrine fluorescent protein that was first fused
with p47°"°% turned out to be sticky on glass and
triggered protein aggregation in these conditions.
Consequently, after some tests we chose the Alexa
Fluor 647 maleimide to label cysteine residues of
p47P"x, the labeled protein being annotated A-p47. In
our conditions, the autofluorescence from the
membrane lipids was found to be negligible. The
visualization of the protein solutions under the
microscope showed that the presence of arachidonic
acid (AA) tended to aggregate the 47°M°* and p67Phox
proteins in the micropipette and in the solution. This
phenomenon has been described when the cell-free
system was settled [45]. AA is known to activate the
cytosolic proteins by inducing conformation changes at
around 40 uM, which allow protein-lipid interactions
and protein-protein interaction with cyt bssg leading to
superoxide production [22].

Origin of | Lipid composition

membranes

Neutrophil [18] | 34.8% PC, 32.6 PE, 11.3% PS,
[46] | 3.1 P, 0.2% PA (18% nd)
[16] | 30% PC, 28.4% PE, 10.3 PS

2.6% PI, 12.9% SM, 15.5%
chol

30.2 % PC, 33.6 %PE, 10.7
%PS, 4.4%PI, nd PA, 0.9%
PG, 19.3% SM

33.6 % PC, 21.9% PE, 5.7%
PS, 5.8% PI, 17.1% PA, 1%
PG, 13.8% SM

Macrophage [16]

Soybean lipid | 46 % PC, 22% PE, 18 % PI, 7
extract 45% ref | % PA, 7% unknown
541602C (Avanti)

Table 1: PPL composition of neutrophil membranes,
macrophage membrane and soybean extract used in this
paper. Abbreviations used: PC phosphatidyl choline, PE
phosphatidyl ethanolamine, PS phosphatidyl serine, PI
phosphatidyl inositol, PA phosphatidic acid, PG phosphatidyl
glycerol, SM sphingomyelin, Chol Cholesterol, SPE soybean
polar lipid extract, nd not determined.

The results presented in figure 1A show that, in absence
of AA, when a mix of A-p47, turq-p67 and Cherry-Rac
proteins was flushed toward the GUV, none of the three
proteins bound on the vesicle membrane. Similarly, no



binding was observed when solutions containing one or
two proteins without AA were used (data not shown).
In the presence of arachidonic acid, no binding was
observed when only turq-p67 or only Cherry-Rac, or

resulting in heterogeneous fluorescence and suggesting
heterogeneous binding patterns of A-p47. In the
presence of turq-p67, A-p47 effectively binds the
membrane with a homogeneous distribution on its

both were present (fig 1C and 1D, left boxes).
However, A-p47 was able to bind to the GUV
membrane alone or in presence of Cherry-Rac (fig 1C
and 1D, middle boxes). In these two cases, fluorescent
proteins accumulation appeared with increased
injection time toward the surface of the membrane,

surface, as well as for p67°"* (fig 1C, right box). When
a mixture of the three proteins activated by arachidonic
acid was used, a homogeneous and strong fluorescence
at the membrane, stable over a few minutes, was easily
seen.
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Figure 1: Representative laser-scanning confocal fluorescence microscopy images of cytosolic protein solutions binding on
GUVs. Cytosolic solutions containing : (A,B), a mix of turq-p67°"* (annotated Tp67 in the Figure), Alexa-p47P"* (annotated
Ap47 in the Figure) and Cherry-RaclQ61L (annotated ChRac in the Figure) proteins, (A) in absence or (B) in the presence of
AA; (C), a mix of turq-p67°"* and Cherry-Rac (on the left) or a mix of Cherry-Rac and Alexa-p47°"°* (in the middle) or a mix
of turq-p67°"°* and Alexa-p47°"* proteins (on the right), in the presence of AA; (D) a solution containing only turq-p67°"** (on
the left) or only Alexa-p47°"* (in the middle) or only Cherry-Rac protein (on the right) in presence of AA, were flushed towards
GUYV. On the right, representative fluorescence intensity graph is shown of one of the fluorescent proteins along the line drawn
in the images. The concentration of each protein was 300 nM, and of AA was 50 uM. The GUVs have been prepared as
described in material and methods section 2.2.4. The white scale bars correspond to 25 um. The excitation wavelengths of the
Turquoise FP, Cherry FP and Alexa 647 were 458 nm, 543 m and 633 nm, respectively, with emission wavelengths 468-795
nm, 553-795 nm and 643-795 nm, respectively. All the GUV observed in these experiments are associated with a lipid reservoir
where proteins tend to accumulate and where lipid unspecific autofluorescence may be seen.



These results also showed that the binding of the three
proteins mixed together was possible on a membrane
made solely of phospholipids, in the presence of AA.
This suggests that the presence of cyt bssg embedded
into the membrane was not required for this interaction.
Moreover, A-p47 was the only protein to be able to bind
to the membrane on its own and was required to trigger
the membrane binding of turq-p67 and Cherry-Rac.
This set of experiments showed the importance of
protein-protein interactions involving p47°"* in the
formation and stability of the p47-p67-Rac heterotrimer
at the membrane. These experiments also enhanced the
importance of AA as an activator of these proteins.
However, the stoichiometry of the formed complex is
unknown. To partially solve this issue, we have used in
the following the chimeric proteins called trimera
described above.

3.2 Binding of trimera on GUVs with or without
activator

The results on isolated proteins showed that they all
bind to the GUV membranes when they translocate
together in presence of AA. The membrane binding of
these proteins occurs through interactions between
some phospholipids (PA, PS, PI3,4P2) and the two
lipid-binding sites, PX for p47°'°* and PB for Rac [12].
To investigate the importance of these lipid-binding
sites in modulating the binding of the cytosolic

proteins, we used four different trimeras fused to a
green fluorescent protein (GFP), constructed in Pr. E.
Pick’s laboratory [39]. The trimera prototype was
designed to preserve all essential interactions of the
cytosolic proteins necessary to form the active state of
the enzyme: i.e. interactions between p67°"* and Rac,
p67°"°% and Nox2, p47°"* and p22P"*, and importantly
for this study Rac and p47°"* with lipids [31, 39]. This
chimeric protein ensures the formation of NADPH
oxidase complex with the right stoichiometry in
cytosolic proteins: 1:1:1 for p47°"% p67P"x and Rac. It
has also been found to be much more stable than the
separated proteins that dissociate faster after dilution
[31]. Three variants of the prototype were used in this
work: p47°hoc APX, Racl-PB2 and Racl-PB6Q
trimeras. p47°°* APX trimera was deleted for the
phospholipid interacting domain PX of p47°"*, Tri-
Racl-PB2 and Tri-Rac1-PB6Q were mutated in the
phospholipid interacting polybasic domain of Racl,
leading to a loss of the six charges (Tri-Rac1-PB6Q) or
the exchange of the polybasic region of Racl with the
one of Rac2 (Tri-Rac1-PB2) (see figure S2). It has been
shown that Racl and Rac2 bind differently to
membranes, depending on the variation in PB
composition and lipid composition, leading to different
subcellular localization [47].
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Figure 2: Spinning disk confocal fluorescence microscopy images of prototype or mutated GFP trimera binding to giant
liposomes membranes. GUVs were incubated with a prototype or mutated GFP trimera solution as indicated on the top of the
image and as described in material and methods section 2.2.4, in absence or in presence of 45 uM AA. Representative image
of each condition is shown and fluorescence intensity graph of the trimera along the line drawn in the images. The
concentration of GFP-trimera was 3 uM. The white bars correspond to 5 um.



As seen in figure 2, the prototype was able to bind on
the GUV membrane in absence of AA, as well as Tri-
Racl-PB2 and Tri-Racl1-PB6Q but the p47°'* APX
mutant did not. This result suggests that the prototype,
Tri-Rac1-PB2 and Tri-Rac1-PB6Q take a conformation
that makes the PX domain of p47P"* accessible for
interacting with lipids. When the p47°"* PX domain
was missing, no trimera was able to attach to the GUVs
strengthening the suggestion that p47°h°* through its PX
binding domain constitutes a driver of the trimera to
bind on this membrane. The decrease of charges in the
PB region had little effect since the trimera were still
tightly bound through the PX domain.

In the presence of 45 uM AA, (figure 2) no significant
difference was observed on the fluorescence signal on
the GUV between the prototype and the mutants. All
variants could bind on vesicle membranes showing that
both domains could tightly bind to the model
membrane. Furthermore, as with the separated proteins,
the presence of AA generated the formation of
fluorescent aggregates that could consist of a mixture
of arachidonic acid micelles and trimera, or precipitated
trimera. An increase in AA concentration (100-160
uM) decreased the fluorescence level on the GUV
membrane and increased the amount of aggregates
(data not shown).

3.3 Binding of the trimera prototype and mutants on
unstimulated PLB-985 cell membranes

Next, the localization of the four trimera constructions
was studied in myeloid PLB-985 cells differentiated
into neutrophil-like cells. The PLB-985 KO deleted for
the Nox2 gene has also been used to distinguish
between an effect of the mutation on the interaction
with phospholipids and a decrease in their binding
abilities to cyt bssg. The confocal microscopy images
(figure 3) show that, as previously observed in COS7
cells [48 ], the prototype GFP-trimera was almost
entirely localized on the plasma membrane regardless
of whether Nox2 was present (top line and bottom line,
figure 3), whereas the localization of the three mutated
citrine-trimera was more dispersed. The use of calcein
blue, which labels the cytoplasm and the nucleus of
cells, allowed us to draw a ratio between trimera and
calcein fluorescence to highlight the membrane
localization of the trimeras. The Tri-p47APX variant
was mainly localized to the plasma membrane, while
the Tri-Rac1-PB2 and the Tri-Rac1-PB6Q were mainly
localized in the cytoplasm. The trimeras were not
detected in the nucleus.

3.4 Invitro NADPH oxidase activation by GFP-
trimeras

The NADPH oxidase complex needs to be activated in
vitro and in vivo for its assembly and for superoxide

anion production. To better determine the influence of
the protein-lipid interactions on the formation of active
NADPH oxidase complex, the GFP-trimera prototype
and the mutants were used in a cell-free assay to
activate Nox2 in plasma membrane fractions of human
neutrophils. Thus, AA-dependence experiments have
been performed in the presence of 300 nM trimera, a
protein concentration similar to those used with
separated cytosolic proteins [27, 42]. As previously
described with macrophage plasma membranes [31],
the trimera prototype and mutants still required the
addition of amphiphilic molecules such as arachidonic
acid to activate cyt bsss (figure 4). The arachidonic acid-
dependence of the NADPH oxidase activity with the
prototype GFP-trimera followed the typical bell-shaped
curve generally observed with the cytosolic proteins. It
shows an increase of the enzyme activity from 0 to
about 40 uM AA, followed by a decrease of the activity
above 40 uM AA that is likely due to protein
denaturation, complex dissociation or membrane
disruption. The optimal concentration of AA, about 40
uM, leading to the maximal activity was also found
close to that obtained with the separated cytosolic
proteins. The mutant Tri-p47APX showed slightly
lower activity whereas the two mutants Tri-Rac1-PB2
and Tri-Rac1-PB6Q displayed a big decrease in activity
and greater sensitivity to AA deactivation. This higher
decay could be due to a lower stability of the complex.
The same experiment has been performed using
membrane fractions prepared from PLB-985 cells. As
with neutrophil membranes, we obtained an activation
and deactivation phase as a function of the AA
concentration with an optimal concentration of about
30 uM (figure S3). However, two observations were
different: first, a substantial activity (20-40 % of the
optimal value) was observed when trimeras were added
to PLB cell membrane fractions in the absence of AA;
this lack of AA requirement suggests that trimeras per
se can partly bind and activate cyt bsss. Secondly, the
effect of the mutations of the two lipid binding sites was
different since the complex of Nox2 with p47°"* APX
trimera showed low activity compared to the prototype
whereas the Rac1-PB2 trimera lead to activities similar
to the prototype. To determine if this general decrease
of activity of the GFP-trimera mutants relative to the
prototype may be explained by a decrease of affinity for
cyt b588, a dependence of activity as a function of GFP-
trimera variants concentration was studied. The results
reported in figure 5 show that the three modifications
have weakened the capacities of the protein to bind on
Nox2 since the EC50 of the mutants were increased by
5-6-fold compared to the prototype. The mutants kept
similar abilities to activate the enzyme except for Racl-
PB6Q, which showed a 20 % decrease in Vpax.
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Figure 3 Spinning-disk confocal fluorescence microscopy images of PLB-985 (WT and KO) cells expressing Citrine-trimera
prototype and mutants. Representative images are shown for each condition. From left to right: images of calcein blue staining
(cytosol and nucleus), Citrine-trimera, merge images of both and fluorescence ratio Citrine/calcein. The graph on the right
shows the fluorescence intensities of the trimera and the calcein blue along the line drawn in the merge images. In the merge
images, calcein staining is in blue and Citrine-trimera constructs fluorescence is in green levels. White scale bars equal 5 um.

3.5 Superoxide anion production measurements of
PLB-985  cell expressing  Citrine-trimera
prototype and mutants

The four trimera constructions fused with the Citrine
FP have been expressed in PLB-985 cells differentiated
in neutrophil-like cells. As seen in figure 6A, the
transfected level of the trimera was greater than 50 %
and very close for the four proteins indicating that
similar levels of Citrine-trimera were expressed in all
transfected cells. As a reminder, in the resting state, the
endogenous NADPH oxidase proteins are in a non-
assembled inactive state, therefore the non-transfected
cells do not produce superoxide anion. With the
transfected cells, a constitutive superoxide anion
production was measurable in the resting state (Figure
6B and C). The superoxide anion production in resting
PLB-985 cells expressing Citrine-trimera, was in the
same order as the one measured with PLB-985 cells

activated with PMA (figure 6C and D) and due to
endogenous phox proteins. These results show that the
Citrine-trimera constructs were able to activate
constitutively the NADPH oxidase enzyme in PLB-985
cells, in an equivalent manner to the endogenous
cytosolic proteins but without the need for an activator.
This data agrees with our previous results obtained with
COS7 cells [48] and with the observation of Citrine-
trimeras constitutively located at the plasma membrane
as presented in Figure 3. Besides, a strong decrease in
superoxide anion production was observed for the two
Citrine-trimera variants involving mutations in the PB
region of Racl, which also correlated with their main
localization in the cytoplasm. The continual high level
of ROS production causes acidification of the
intracellular pH, triggers apoptosis and leads to local
peroxidation of lipids in the membrane. These local
damages are correlated to a distribution in cluster of
Nox2 and trimera [38].
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Figure 4: AA-dependence of NADPH oxidase activation by
GFP-trimeras in cell-free assays. The capacity of GFP-trimera
prototype and mutants to activate the NADPH oxidase in the
presence of arachidonic acid was assayed by mixing
neutrophil MF at a concentration equivalent to 4 nM
cytochrome bssg, with 300 nM of the following trimera:
prototype trimera (m); p47°hox APX trimera (A ); Racl-PB2
trimera (@); Racl-PB6Q trimera (¥ ) and an increasing
concentration of AA. Superoxide anion production was
initiated by the addition of NADPH (200 uM). Measurements
were performed as described in the Material and Methods
section 2.2.3. Each point is the mean of the results obtained
from 3 different membrane fractions. The standard error
corresponds to about 10 % of rate values.

4 Discussion

4.1 Arachidonic acid effect on the translocation of
isolated cytosolic proteins and trimera on
membrane in vitro

In dormant cells, 100 % of the three cytosolic proteins
p47Phox p67Phox and Rac are found in the cytosol [19-
21, 49]. These proteins must undergo posttranslational
modifications to bind to the membranes (figure 7). The
experiment presented in figure 1 shows the cytosolic
proteins p47°h°% p67°°* and RaclQ61L interacting
with GUV membranes. These model membranes are
made of a natural polar lipid mix (table 1). In vitro,
arachidonic acid triggers an opening of the protein
structures, thus they will be able to interact with
phospholipids and to other proteins of the complex
[50]. We observed that the cytosolic proteins p47P°x,
p67°t* and Rac1Q61L bind to the membrane only in
the presence of AA, especially when the three proteins
were present together. This result confirms that the
p47°"% and p67P"* cytosolic proteins must adopt an
open conformation to interact with a membrane. The
removal of the autoinhibitory domains of p47°"%, the
PB1 and SH3 domains of p67°"* and their fusion with
RaclQG61L gives to the prototype trimera the ability to
bind to the model membrane in absence of AA. This

A
£
B ’ ” = Protein c:gr:’cen:ratia:[a:MJ " o
Trimera Vmax (€q. mol ECso (nM)
0y".s'.mol ™)

Prototype 154 £4.28 31.9+5.81
P47 APX 165+ 5.02 151 +£16.7
Racl-PB2 154+ 8.3 187+ 33.5

Racl-PB6Q | 121 +3.71 188 £19.1

Figure 5 Kinetic parameters for GFP-trimera prototype and
mutants using Michaelis-Menten equation in presence of
AA. (A): Activity in function of trimera concentration. The
assay mixtures consisted of trimera (prototype trimera (m);
GFP-trimera p47Phox APX (A ); GFP-trimera Racl-PB2 (e);
GFP-trimera Racl-PB6Q ( #)) at varying concentrations
(from 0 to 1200 nM) and membrane fractions of human
neutrophils (4 nM cyt bssg) to which were added 40 uM AA.
The superoxide formation was measured as indicated in
Materials and Methods. (B): The ECso values and Vmax values
are an average of three independent measurements + SD.

fused protein is also capable of binding to the plasma
membranes of PLB-985 and COS7 cells and to
constitutively produce ROS [48] showing that the
trimera is expressed in the open conformation in vitro
and in vivo.

It is important to note that these translocations to the
membrane (with GUVs but also in PLB 985 and COS7
cells) occur in the absence of cyt bsss. Our experiment
leads to the surprising conclusion that Nox2 is not
mandatory for membrane binding of cytosolic proteins
p47°"% p67°"* and Rac1Q61L. The binding of Rac to
the membrane in the absence of Nox2 has been
described previously [19, 51], which is not the case for
p47°"°%[20]. The binding of the cytosolic proteins may
suggest that in activated phagocyte cells, the cytosolic
proteins bind to the phospholipids before the assembly
on cyt bssg. This assembly would then stabilize the
binding of each protein on the membrane. This
hypothesis may be linked to the observation in the cell-
free assay that the cytosolic proteins must be incubated
quickly with membrane fractions and in presence of
arachidonic acid for a fully functional NADPH oxidase.
Then, the assembled protein complex to the membrane
fractions is stable for at least 90 minutes without
activity loss at 25 °C [42]. The fusion of these three
proteins would thus render this lipid binding step more
stable than when compared to the isolated and full-
length proteins.
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Figure 6 Measurement of ROS
production in PLB-985 cells expressing
Citrine-trimera prototype and mutants.
(A) Transfection rate of PLB-985 cells for
the Citrine-trimera prototype and mutants
measured by cytometry as described in the
Material and Methods section and in figure
S1. (B) Production of ROS using L-012
based chemiluminescence assay. The ROS
production was quantified as integrated
luminescence over time (5 hours, at 37 ° C)
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and the amount of integrated luminescence
of the PLB-985 KO transfected with the
prototype trimera was subtracted. The zero
time corresponds to the addition of L-012.
The results were normalized to the value
found with the prototype. Each condition
was performed in duplicate and three
independent  experiments have been
realised. Statistical analysis comes from a
Kruskal-Wallis test followed for B by a
Dunn’s test for multiple comparisons. *
and *** correspond to a p value < 0.05
and < 0.005 respectively. (C) Example of

Time (min)

ROS production as function of time in PLB WT cells expressing Citrine-trimera prototype (green) or Citrine-trimera Racl PB6Q (dark
blue) and in PLB KO cells expressing Citrine-trimera prototype (light blue). In the insert caption: kinetics of ROS production in PLB WT
cells expressing Citrine protein activated by 200 nM PMA. (D) Same as B except that the values were not normalized. The PLB WT Citrine
cells were activated by 200 nM PMA. The zero time corresponds to the addition of PMA.

4.2 Beneficial effect of the presence of the cytosolic
partners for the translocation to membranes of p4 77",
p677"°* and Rac

It has been demonstrated that p67°h°* needs the formation of
the p47P"*-p67PM°x dimer to migrate to a membrane. This was
attributed to a lack of a lipid binding site in p67°"* [20]. The
results presented in figures 1B and 1C, are in agreement with
this observation since p67°"°* alone could not bind to GUV.
As soon as p47Ph°* was present, p67°"°* was found at the
membrane surface. The same situation was observed for Rac.
Thus, Rac and p67°"* are stabilized by p47°h°* on this
membrane.

On the other hand, p47°"* was always found at the
membrane when activated by arachidonic acid, but appeared
as possible large oligomerization patches at the surface of the
membrane when alone. This was no longer the case when
p47Phox was associated with p67°"°* since the fluorescence
signal appeared homogenous. Therefore, the interaction with
p67°h°* can be considered beneficial for a homogeneous
membrane binding of p47°*, A similar but less pronounced
observation was seen in presence of Rac that was not
significantly found on the membrane in presence of p47P"°x,
In cells, Rac has been found to translocate independently (it
does not bind to p47Ph%-p67P"X in the cytosol) [19] but
simultaneously to p47P"°*-p67P"°* heterodimer translocation
[21]. The lack of binding of Racl alone on GUV and the
formation of oligomerization in absence of p67°'°* may
suggest a slight interaction between p47°h°* and Racl that
may not exist in physiological conditions. Concomitant
translocation of the three proteins avoided the formation of
oligomerization and helped Racl to bind more firmly
through its interaction with p67°"*. Since RaclQ61L is
produced in E. coli which lacks the prenylation machinery, a

second possibility is that the absence of prenylation on
Cys189 in vitro partly impairs the binding capacity of Rac
compared to in vivo [39]. This renders Racl binding more
dependent on the presence of p67°"* and p47°h°% jn vitro. To
summarize, the presence of the three proteins in an active
state stabilizes them at the membrane since a homogeneous
and rather good fluorescence signal-to-noise ratio was
observed on the surface of GUVs in this case. This
phenomenon was also observed for kinetic measurements by
the high increase of affinity of each cytosolic protein for the
Nox2 membrane protein in the function of the two other
proteins concentration [26, 27] and the previous observation
showing the need for concomitant binding of the three
cytosolic proteins on cyt bsss for the formation of a fully
activated NADPH oxidase complex [27].

4.3 Comparison of prototype trimera interaction with
neutrophil, PLB-985 cells and GUV membranes

Since the in vivo and in vitro translocation of the three
isolated proteins p47°PM°x p67Px  and Rac occurs
simultaneously and in a very dependent way, the use of a
fused p47Pho*-p67PMox_Rac protein proved to be very suitable
to test different membranes. Several publications have
shown that cytosolic proteins do not bind to all types of
membranes even in their activated state. These membranes
must contain specific phospholipid (PPL) compositions
including anionic PPL providing enough negative charge
content [31, 36, 37, 39]. The results presented in this paper
show that the prototype trimera bind differently on the
membrane of neutrophils, PLB-985 cells and GUV. In vitro,
AA is required to activate trimeras for superoxide production
by the MF of neutrophils, macrophages [31, 39] and PLB-
985. Thus, the PPL composition of the plasma membrane
from resting neutrophils does not allow the binding of the
trimera. A slight activation in absence of AA has been found



with MF of PLB-985 cells (figure S3), suggesting a
difference in membrane composition. On the other hand, in
vivo, the trimera interacted extremely well with the plasma
membrane of resting transfected PLB-985 (this work) or
COS7 cells [48]. This difference in trimera membrane
binding ability, between in vitro and in vivo conditions, could
be due to the prenylation of Rac, a posttranslational
modification that occurs in cells and not in in vitro systems
that has been found to greatly favor the binding of the trimera
on macrophage MF [39]. The binding of the prototype
trimera observed in absence of AA on GUV (figure 2) and
on macrophage membrane vesicles enriched with anionic
phospholipid [31] suggests that the PPL composition of
GUVs from soybean polar lipid extract constituted a
favorable platform for trimera interaction, mainly with its PX
domain. In terms of charges, the membranes of neutrophils,
macrophages and GUVs have about 15 %, 30 % and 25 %
(w:w) of negatively charged PPL, respectively (table 1).
Thus, neutrophil and macrophage membranes seem to have
globally enough charges for trimera binding. However, their
repartition is known to be asymmetric between the inner and
outer leaflet and different for the plasma membrane, the
phagosome and endosomes. In terms of membrane
phospholipid composition, the major differences between
neutrophils, macrophages and GUVs are the percentage of
phosphatidic acid (PA), a PPL important for the binding of
the PX domain. This is absent in neutrophils but present in
macrophages (17 %). Phosphatidylinositol (PI) is present at
18 % in GUVs compared to 3-4 % and 5.8 % in neutrophils
and macrophages respectively. Phosphatidylserine (PS) is
totally absent in these GUV membranes whereas it is highly
present in the inner leaflet of neutrophils. A well-defined
PPL composition of the cell studied seems important in
resting and activated state, for the plasma and phagosome
membrane. Then a screening of liposomes with
compositions close to the one determined with and without
membrane proteins would be necessary to better understand
the interactions of the isolated proteins. Nevertheless, the
PPL composition comparison performed herein suggests that
AA acts mainly by modifying the close environment of
Nox2, thus hindering the positive patches of the membrane
proteins. It could also act by inducing a conformation change
of the trimera for a better binding rather than through an
increase of the negative charge amount at the surface of these
membranes.
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Figure 7: Scheme of NADPH oxidase enzyme in resting and
activated state of cells, and in presence of prototype trimera.

4.4 Role of the PB anchor on the interaction of the trimera
on membrane and Nox2; Racl versus Rac2 story

The results obtained on the trimera binding properties show
that the prototype has sufficiently similar characteristics
compared to the active form of the cytosolic proteins. No
supplementary activation was necessary for the prototype
trimera to bind on GUV and PLB-985 cells but also for
superoxide anion production in cellulo. In the mutant Tri-
Racl-PB6Q, the loss of Racl polybasic region induced in
cellulo (figure 6) and in vitro (figure 5) a decrease in ROS
production. This decreased activity is accompanied by a
strong decrease of the membrane binding on membrane
fractions from neutrophils (an increase of ECsg of the trimera
for Nox2) or on PLB-985 cells (figure 3). A similar effect of
the Racl-PB6Q trimera was described on macrophage
membranes [31]. Thus, the interaction between the PB
region of Racl and the membranes plays a large part in the
binding of the trimera in these different cells. However, we
observed that this mutated trimera can bind to GUV
membranes in the absence of cyt bssg and AA. This might be
attributed to the particular PPL composition of soybean
GUVs. The PB region was not as essential for the trimera
binding relative to the PX domain as with the other
membranes tested. Berdichevsky et al [31] have shown the
requirement of anionic phospholipids (PA, PG, PS or PI) for
a trimera binding on liposomes. From our work, we conclude
that the anionic PPLs present in resting macrophages,
neutrophils or PLB-985 cells (see table 1) are not sufficient
for the binding of this mutated trimera through the remaining
PX domain, but those present on GUV membranes are
adequate enough.

Rac2 expression is restricted to hematopoietic cells and is
predominant in neutrophils (75-90 %) [52] whereas Racl is
ubiquitously expressed. It has been shown that the PB region
is responsible for the isoform-specific targeting mechanism
of Rac. In neutrophils, Rac2 is involved in superoxide
production at the phagosomal membrane whereas Racl
accumulates at the plasma membrane which is more
negatively charged [37, 53, 54]. In macrophages and
monocytes, Racl 1is the isoform most implicated in
superoxide production during phagocytosis. In Raw 264.7
macrophages, it has been found that, in resting state, Racl-
RhoGDI was localized in the cytoplasm and nucleus and
Rac2-RhoGDI in the cytoplasm and Golgi [30]. Then, during
FCIIR mediated phagocytosis Racl accumulates strongly at
the membrane in opposite to Rac2 and this difference was
due to the PB region. In the PLB-985, neither the trimera
harboring the PB of Racl (prototype) nor of Rac2 (Tri-Racl
PB2) seems to accumulate in the nucleus. This is probably
due to the size of the trimera or the presence of the other
domains. We expected that the mutant Tri-Rac1-PB2 used in
our work would display the phospholipid binding
characteristics of Rac2. Indeed, this mutated trimera has kept
more capacities to activate cyt bsss embedded in neutrophil
membranes than it did from macrophages. This mutated
trimera binds moderately on the PLB-985 plasma membrane
and showed a 55 % decrease in activity, suggesting that the
role of the PB region is of lower importance compared to
neutrophils and macrophages. Effectively, Rac2 participates
in phagosomal ROS production in these cells [36].
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4.5 Role of the PX anchor on the interaction of the trimera
on membrane and Nox2

It is well described that the target of p47°"°* is mainly the
plasma membrane of activated cells. We observed a 5-fold
increase of ECso of Tri-p47APX for neutrophil cyt bssg
compared to the prototype trimera, a good binding on the
resting PLB-985 cell plasma membrane and no binding on
the GUV membrane in absence of AA. A 2-fold increase of
ECso for macrophage membrane had also been seen. These
results show that the binding of the p47°"* PX domain
depends on the membranes, with a stronger participation in
trimera binding on neutrophils than macrophage membranes
[31]. This may be due to the lower concentration of negative
charges in neutrophil than in macrophage membranes. The
very little binding of Tri-Rac1-PB6Q on the PLB-985
plasma membrane suggests that the remaining PPL binding
site, the PX domain, plays a small role in the binding affinity
of the trimera on this plasma membrane. In the opposite case,
the deletion of the PX domain, and not the mutation of the
PB region, prevents the binding of the trimera on GUV
membranes suggesting an important role of the PX domain
in this PPL composition.

4.6 Conclusion

In agreement with previous statements, our results show that
the lipid-protein interactions are crucial for the assembly of
the NADPH oxidase proteins. The presence of prenyl on Rac
is important but not sufficient for a good membrane
interaction, the two other membrane anchors (PB and PX)
participate largely in maintaining the trimera on the plasma
membrane because they have a strong involvement in the
ECso values. Previously we had shown that the loss of
interaction between p67°"* and p47°h°* (deletion of the PRR
of p47°hox) had little impact on p67°"** binding for Nox2 [27].
The N-p47°ho* (aa 1-286) and N-p67°h°* (1-212) proteins also
retained good abilities to form active NADPH oxidase [55,
56]. Moreover, the fusion of the three proteins has a high
impact on the stability of the NADPH oxidase complex
formed [31, 57]. The lower stability of the enzyme with the
isolated cytosolic proteins is probably physiologically
necessary for the ending of the anion superoxide production,
but also continuous translocation [36, 58].

The three isolated proteins mixed together were all able to
bind to the model phospholipid membrane in presence of AA
and thus cyt bssg was not always required for this interaction.
Moreover, p47°™* was the sole protein able to bind to the
membrane on its own, and is required to trigger the
membrane binding of p67°"°* and non-prenylated Rac. This
first set of experiments showed the importance of protein -
protein interactions in the formation and the stability of the
heterotrimer of the individual p47P"*, p67P"* and Rac1Q61L
on the surface of a membrane. Finally, it suggests that the
phospholipid composition of GUVs has interesting features,
in terms of charge and head groups (such as PA, PS and PI)
or chain length for PPLs, for the isolated cytosolic protein
assembly. This would then be a good starting point to study
Nox2 assembly on plasma and phagosomal membranes. The
relatively small differences in the PPL composition of
neutrophil, macrophage plasma membrane and soybean
polar lipid extract (table 1) suggest that the PPL content

necessary for a good binding for both PB and PX domains
and the cyt bssg is probably very precise. It suggests that
small variations could trigger the binding and dissociation of
the cytosolic proteins and thus control the NADPH oxidase
enzyme activity.
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Supplementary materials

Figure S1
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Figure S1.
Fluorescence of
untransfected cells
and transfected
cells. To distinguish
between the
fluorescence due to
trimeras from the
intrinsic cellular

fluorescence,
untransfected cells are examined as negative control. (A) Cell identification based forward scatter (FSC) and size scatter (SSC)
parameters. (B) Fluorescence histograms of untransfected cells (left) and transfected cells (right). In the lefi, the untransfected
cells present an autofluorescence peak. The PLB985 cells that expressed the pEcitrine- trimer present a fluorescence above
the autofluorescence in the RNI window.
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Figure S2
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AAENRQGTLTEYCSTLMSLPTKISRCPHLLDFFKVRPDDLKLPTDNQTKKPETYLMPKDGKSTATDITGPIIL
DSPDETEDPEPNYAG

QDAAASTGGGSSMSLVEAISLWNEGVLAADKKDWKGALDAFSAVQDPHSRIC
FNIGCMYTILKNMTEAEKAFTRSINRDKHLAVAYFQRGMLYYQTEKYDLAIKDLKEALIQLRGNQLIDYKILGLQFKLFACEVLYN
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CFSLVSPASFENVRAKWYPEVRHHCPNTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIGAVKYLECSALTQRGLK
TVFDEAIRAVLCPPPVKKRKRKILLL

Figure S2: Amino acid sequence of the prototype-trimera. The sequence of p47N (1-286) is in red, the one of p67N (1-212)
is in green and the one of RaclQ6I1L (1-192) is in blue. The PX domain is highlighted in grey with the residues involved in
PPL binding in yellow, the SH3 domains in green, the polybasic region of Racl in blue and the prenylated cysteine residue in
pink.
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Figure S3: AA-dependence of NADPH oxidase activation by GFP-trimeras using PLB-985 membranes, in cell-free assays.
(A) NADPH oxidase activity as function of AA concentration. PLB-985 MF was mixed with 300 nM of the following GFP-
trimera: prototype trimera (m); GFP-trimera p47°"°* APX (A ); GFP-trimera Racl-PB2 (e); GEP-trimera Rac1-PB6Q (4) and
an increasing concentration of AA. Superoxide anion production was initiated by the addition of NADPH (200 uM). (B) Set of
controls, when indicated the activity was measured in presence of MF (4 nM cyt bsss), prototype trimera (300 nM) and AA
(40uM). Measurements were performed as described in the material and methods section. Each point is the mean of the results
obtained from three different membrane fractions. The standard error corresponds to around 10% of the rate values.
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