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ARTICLE INFO ABSTRACT

Keywords: Poldip2 was shown to be involved in oxidative signaling to ensure certain biological functions. It was proposed

Poldip2 that, in VSMC, by interaction with the Nox4-associated membrane protein p22Phox, Poldip2 stimulates the level

NADPH oxidase of reactive oxygen species (ROS) production. In vitro, with fractionated membranes from HEK393 cells over-

oni expressing Nox4, we confirmed the up-regulation of NADPH oxidase 4 activity by the recombinant and purified
0OX:

Poldip2. Besides Nox4, the Nox1, Nox2, or Nox3 isoforms are also established partners of the p22Phox protein rais-
ing the question of their regulation by Poldip2 and of the effect in cells expressing simultaneously different Nox
isoforms. In this study, we have addressed this issue by investigating the potential regulatory role of Poldip2 on
NADPH oxidase 2, present in phagocyte cells. Unexpectedly, the effect of Poldip2 on phagocyte NADPH oxidase 2
was opposite to that observed on NADPH oxidase 4. Using membranes from circulating resting neutrophils, the
ROS production rate of NADPH oxidase 2 was down-regulated by Poldip2 (2.5-fold). The down-regulation effect
could not be correlated to the interaction of Poldip2 with p22Phox but rather, to the interaction of Poldip2 with
the p47Phox protein, one of the regulatory proteins of the phagocyte NADPH oxidase. Our results show that the in-
teraction of Poldip2 with p47phox constitutes a novel regulatory mechanism that can negatively modulate the ac-
tivity of NADPH oxidase 2 by trapping the so-called “adaptor” subunit of the complex. Poldip2 could act as a tun-
able switch capable of specifically regulating the activities of NADPH oxidases. This selective regulatory role of
Poldip2, positive for Nox4 or negative for Nox2 could orchestrate the level and the type of ROS generated by Nox
enzymes in the cells.

Protein-protein interaction
Reactive oxygen species
Enzyme activity regulation

Abbreviations HEK 293 human embryonic kidney 293 cells
PM plasma membrane

AA arachidonic acid PCNA proliferating cell nuclear antigen
BCA bicinchoninic acid PMSF phenylmethanesulfonyl fluoride
BSA bovine serum albumin Poldip2 (PDIP38) polymerase delta-interacting protein 2
CLPX Caseinolytic Protease X VSMC vascular smooth muscle cells
CP cytosolic proteins YecV hemimethylated DNA binding protein
NADPH reduced f-nicotinamide adenine dinucleotide phos- PBS phosphate-buffered saline

phate SOD superoxide dismutase
GST glutathione-S-transferase MF membrane fractions
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PRR proline rich region

SH3 Src homology 3

SDS sodium dodecyl sulfate

cytb558 cytochrome bssg

ECL enhanced chemiluminescence

ROS reactive oxygen species

TBST tris-buffered saline supplemented with 0.1%
tween

M-CSF  macrophage colony-stimulating factor

GM-CSF granulocyte-macrophage colony-stimulating factor

SR-CD synchrotron radiation circular dichroism

ATR FTIR attenuated total reflection Fourier transform in-
frared spectroscopy

1. Introduction

Poldip2 (polymerase delta-interacting protein 2) is also known as
PDIP38 [1-4] or mitogenin I [5]. Poldip2 is a soluble 42 kDa (368
amino acids) protein with a mitochondrial addressing sequence that,
when cleaved, leads to a 37 kDa protein. Since its discovery in 2003 by
Liu et al. from a two-hybrid assay using a human placenta cDNA library
[3], studies on this protein have multiplied and have revealed that it is
localized in various organs (kidney, heart, aorta, diaphragm, and lung)
and cell types where it interacts with a plethora of partners. Different
subcellular localization of Poldip2 (cytoplasm, nucleus, mitochondria,
or plasma membrane) was described [1,4-6] suggesting that Poldip2
mediates signals by navigating between cellular compartments to trans-
fer information from the cell surface to the genetic machinery [2,5,7].

The mitochondrial signal is important for the interaction of Polidp2
with PrimPol for DNA synthesis in mitochondria [8] but the truncated
form of Poldip2, depleted of its mitochondrial signal has been shown to
interact with a plethora of proteins through its two protein-protein in-
teracting domains, the N-terminus YccV-like and the C-terminus
DUF525 domains [9], as highlighted by the recent structures of Poldip2
showing the ability of these domains to interact with PrimPol, PCNA
[10] and CLPX [11]. The YccV-like domain, highly conserved in eu-
karyotes, is found in particular in the HspQ (Heat shock protein Q) pro-
tein and is also involved in the binding of hemimethylated DNA and the
regulation of dnaA gene expression [12-14]. The DUF525 domain of
the Poldip2 protein was found from sequence analyses to share homol-
ogy with the bacterial ApaG protein (30% sequence identity) [3] and
the C-terminal part of some proteins of F-box protein family well known
as protein-protein interacting proteins [15,16].

By interacting with many different partners, Poldip2 was shown to
be involved in the regulation of various biological functions [9,17]. On
one hand, Poldip2 appeared to have beneficial functions such as in DNA
replication, damage response and repair [3,4,8,18,19], ATP, peptide
hormones, and neuropeptides biosynthesis [1,20,21], and cell adhesion
[22,23] [6,24,25]. Poldip2 has been also described as playing a crucial
role in Tau aggregation [26]. On another hand cellular functions,
Poldip2 has been associated with diverse diseases such as cardiac
pathologies [27], and breast and lung cancer diseases [28-32] and was
shown to be involved in chemo-resistance [33]. By regulating mito-
chondrial lipoylation, Poldip2 allows cancer cells to adapt to hypoxic
conditions in their new environment [34]. Poldip2 deficiency protects
against lung oedema and vascular inflammation in a model of acute res-
piratory distress syndrome and was shown to be involved in the regula-
tion of vascular barrier (blood-brain barrier) [35] and attenuated the
infiltration of myeloid cells, inflammatory monocytes/macrophages via
unknown mechanisms [36] and brain blood permeability [37].

Finally, Poldip2 was also shown to be involved in oxidative signal-
ing. It was described that, by stimulating reactive oxygen species (ROS)
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production, Poldip2 positively regulates neurodegenerative diseases
[38]and cerebral ischemia [9]. In the kidney, the Poldip2-induced in-
creased production of ROS activates different signaling pathways in the
renal cells to ensure certain biological functions of this organ, including
diuresis [39] and the formation of fibroblasts [40,41]. In VSMC, it was
demonstrated that Poldip2 induces an increased ROS production [6],
with downstream effects on cytoskeletal changes required for cell mi-
gration [22,23].

In mammals, NADPH oxidases are one of the major sources of ROS
in cells. The NADPH oxidase (Nox) family consists of seven catalytic
subunits named Nox1-5, Duox1, and 2 (for Dual oxidase) [42]. They are
membrane-bound proteins containing the NADPH binding site and re-
dox carriers (two hemes and one flavin) for transferring electrons
through the membrane to dioxygen to generate ROS. Nox1, Nox2,
Nox3, and Nox5 produce superoxide anions (O,*), precursors of more
highly reactive species like hydrogen peroxide (H,0,), HO®, and HOCI.
Nox4 and Duox produce mostly H,O, with minimal production of su-
peroxide [43]. These enzymes are expressed in diverse cells and tissues,
and their products are required for several physiological roles like host
defense, hormone synthesis, cell proliferation, vascular, cell signaling,
and regulation of gene expression. Dysregulation of their activity can
lead to oxidative stress-related aging, carcinogenesis, and neurodegen-
erative and immune diseases.

Nox1, Nox2, Nox3, and Nox4 isoforms require a membrane-bound
subunit, p22Phox, The membrane protein 22Phox js considered a “matura-
tion factor” involved in complete biosynthesis of Nox isoforms and es-
sential for their maturation and structural stability. Among these Nox,
Nox4 is constitutively active [44] and does not require subunits other
than p22Phox to be functional [45]. Only Poldip2 has been shown to up-
regulate Nox4 by interacting with p22phox [6]. The activation of the
other p22prhox depending Nox (Nox1, Nox2, and Nox3) isoforms is de-
pendent on the translocation of additional cytosolic subunits.

The quasi-ubiquitous presence of Poldip2 and its navigation be-
tween cellular compartments result in possible co-localization of
Poldip2 with isoforms other than Nox4 and notably those associated
with p22rhox (Nox1, Nox2, Nox3). Lyle's group showed that Poldip2 co-
localized with Nox1 in VSMC but without observing any regulatory ef-
fect of Poldip2 on this enzyme. The numerous tissue co-localization of
NADPH oxidase 4 and 2 [39,46-50], or subcellular co-localization, i.e.
the endoplasmic reticulum (ER) [51] raises the issue of a possible effect
of cross-regulation between Nox4 and Nox2 isoforms. Moreover, co-
expression of Poldip2 and Nox2/p22pPhex was described at the level of
renal arterioles [52,53], and very recently it was also described in neu-
trophils during the hematopoietic differentiation [25]. However, to
date, no data are available on a possible regulatory effect of Poldip2 on
the activity of NADPH oxidase 2 (Nox2) which is the most efficient
ROS-generating isoform in cells, in particular in phagocytes, including
neutrophils and monocytes. Therefore, in this report, we explored
whether Poldip2 could act as a novel regulatory protein of the Nox2. To
this purpose, a functional recombinant Poldip2 was produced and puri-
fied. Its interaction with the different protein components of the Nox2
complex, on the one hand, the membrane components, Nox2/p22phox
(forming the so-called cytochrome bssg in phagocytic cells), and on the
other hand the cytosolic regulatory proteins, p47Phox, p67Phox, and the
small G protein of the Rho family (Rac1-2), has been explored. Poldip2
preferred partners have been identified and the subsequent effect on
the Nox2 activity was investigated.

2. Materials and methods
2.1. Cloning of Poldip2 cDNA and yeast transfection
The plasmid KLCF-N containing rat Poldip2 cDNA was kindly given

by Pr. B. Lasségue and was used to amplify the cDNA by PCR using the
forward [CAT CCG CGG TAA GGC TGG TTG TGT GGC C] and reverse
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[CGC GTC TAG AGC CCA GTG AAG GCC TGA GGG TG] oligonucleotide
primers. The PCR product was digested with Sacll and Xbal and in-
serted into the P. pastoris expression vector pPICZaA. The Poldip2 cDNA
was inserted downstream of the promoter of the alcohol oxidase I gene
(AOX1), the a-factor secretion signal from Saccharomyces cerevisiae, and
upstream of 6xhis- and cmyc-tags. The resulting plasmid, pPICZaA/
Poldip2-his-cmyc (Fig. S1), was used to transform E.coli Top10 compe-
tent cells. Transformants were selected on zeocin (100 pg/mL) LB agar
plates. The plasmid was extracted from E. coli and sequenced.

2.2. Poldip2 expression in Pichia pastoris

Empty pPICZaA and pPICZaA/Poldip2-His-cmyc vectors were lin-
earized with Pmel restriction enzyme and used to transform P. pastoris
SMD1168 and X-33 strains by electroporation following manufacturer
instructions (Invitrogen). Positive clones were selected on YPD agar
(1% yeast extract, 2% peptone, 2% dextran) supplemented with appro-
priate antibiotic (1 mg/mL zeocin). The selected clone was grown
overnight in 5 mL of BMGY (1% yeast extract, 2% peptone, 100 mM
potassium phosphate, pH 6.0, 1.34% yeast nitrogen base with amino
sulfate, 4.10-5% biotin, 1% glycerol, 100 pg/mL zeocine) at 30 °C.
2 mL from the yeast culture was added to 250 mL of BMGY supple-
mented with zeocin (100 pg/mL). After 48 h of culture, cells were har-
vested and resuspended in 1 L of BMMY without zeocin. Cells were
grown in a baffled culture flask at 25 °C with shaking at 180 rpm for
72 h. Methanol (0.5% v/v final concentration) was added every 24 h to
maintain protein expression. The culture was centrifuged at 4000 rpm
for 20 min and the supernatant was used immediately for purification
and protein analysis.

2.3. Poldip2 purification

One liter of culture supernatant was loaded on a column of Ni-Excel
Sepharose™ (Cytiva). The column was washed with 25 mM sodium
phosphate pH 7.4; 500 mM NaCl, 50 mM imidazole, and recombinant
protein was eluted with the same buffer supplemented with 300 mM of
imidazole. The recombinant protein was concentrated using rotavapor
(Heidolph Hei-VAP advantage) and dialyzed against 20 mM sodium
phosphate pH 7.4, 150 mM NaCl, 10 mM MgSO,. The purity of the pro-
tein was analyzed by Coomassie blue stained SDS PAGE (12%) and the
protein was quantified by bicinchoninic acid assay (BCA) or Nanodrop
technique. For immunoblot analyses, the gels were transferred to a ni-
trocellulose membrane (Cytiva). The membranes were incubated
overnight at 4 °C with specific monoclonal or polyclonal antibodies:
anti-gp91 (anti-gp91Phex; 54.1; mouse monoclonal, dilution 1:1500;
Santa Cruz), anti-p22 (44.1; mouse monoclonal; dilution 1:1500; Santa
Cruz); anti-Poldip2 (ab181841; rabbit monoclonal; , dilution 1:1500;
Abcam), anti-p67 (07-002; rabbit polyclonal; dilution 1:1000; Milli-
pore); Anti-p47 (BD 610354; rabbit polyclonal; dilution 1:1500; Bio-
science), anti-Racl (ARCO3; mouse monoclonal; dilution 1:500; Cy-
toskeleton), anti-NOX4 (ab109225; rabbit monoclonal; dilution 1:1500;
Abcam). The immune complex was detected with either goat anti-
rabbit (dilution 1:15000; Santa Cruz) or goat anti-mouse (dilution
1:15000; Santa Cruz) secondary antibodies conjugated to peroxidase.
The bound peroxidase activity was detected by an imaging system (PXi,
Syngene) using ECL reagents (ECL West Pico Amersham®). The experi-
ments were performed at least three times independently, unless noted
in the legend, with similar results.

2.4. Human neutrophil and monocyte isolation

Monocytes and neutrophils were isolated from the human blood of
healthy donors obtained at the Etablissement Francais du Sang (EFS,
Paris, France, agreement numbers n°2022-2026-003 and 13/NECKER/
094). For accurate comparison between neutrophils, monocytes, and
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macrophages, blood from the same donor was used each time. About
400 mL blood was mixed to an equal volume of 2% dextran solution, di-
luted in 0.9% NaCl solution, and set for sedimentation for 30 to 45 min.
The supernatant was centrifuged for 8 min at 400 X g to harvest the leu-
cocytes. Pellets were resuspended in a 50 mL final volume of PBS. Neu-
trophils were separated from monocytes and lymphocytes in Ficoll solu-
tion for 30 min at 400 X g. The mono-lymphocytes ring was gently col-
lected and set for further separation. The pellet containing neutrophils
was re-suspended in PBS and the red cells were lysed by osmotic shock
with 0.6 M KCl solution for 40 s. The broken red cells were then elimi-
nated by centrifugation (8 min at 400 X g). The neutrophil pellet was re-
suspended in cold buffer containing 20 mM phosphate pH 7.4, 340 mM
Sucrose, 7 mM MgSO,, 200 pM leupeptin, and 1 mM PMSF (breaking
buffer) for further step of the neutrophil membrane preparation.

The mono-lymphocyte ring was washed with PBS containing 0.5%
BSA and 1 mM EDTA then diluted to a final concentration of 5
.107 cells/mL in the same buffer. The monocytes were purified using
the EasySep™ Human Monocyte Enrichment kit according to the manu-
facturer's instructions.

2.5. Human monocyte differentiation into macrophages

5 .106 Monocytes isolated from human blood donors were seeded
into 6 wells plate in RPMI medium containing 10% SVF penicillin and
streptomycin. In tissues, monocytes can differentiate into generally two
populations of macrophages: on the one hand, classically activated M1
macrophages, known to be pro-inflammatory and bactericidal, and, on
the other hand, alternately activated M2 macrophages, known to be
anti-inflammatory. In vitro, monocytes were differentiated into M1 and
M2 type macrophages by adding the differentiation factors GM-CSF and
M-CSF, respectively. M-CSF and GM-CSF differentiation factors were
added at a final concentration of 50 ng/mL. Cells were cultured for 6
days at 37 °C at 5% CO,. The isolated cells were lysed using an isotonic
buffer containing 100 mM Tris HCI pH7, 2.5% SDS, 1 mM EDTA, 1 mM
EGTA, 4 M Urea, 1 mM PMSF, and 10 pg/mL leupeptin, pepstatin and
aprotinin. The extracts were analyzed by Western blot.

2.6. Neutrophil membrane preparation

Neutrophils cells were sonicated in breaking buffer containing
20 mM phosphate pH 7.4, 340 mM sucrose, 7 mM MgS0,4,200 pM leu-
peptin, and 1 mM PMSF using the 30% pulse mode at power pulse 3 in
an ice-cooled beaker 12 times during 10 s with an interval of 1 min be-
tween sonication [54]. The cell lysate was centrifuged for 15 min at
10.000 x g, the supernatant was then centrifuged for 1 h 45 min at
240000 x g. The pellet containing the membrane fraction was solubi-
lized in breaking buffer, aliquoted, and stored at —80 °C.

The cytbssg (Nox2 or gp91phox/p22phox) concentration in neutrophil
membranes was quantified as described in Ref. [54]. Briefly 1% dode-
cyl maltoside was added to solubilize membrane fraction from neu-
trophils. Sodium dithionite-reduced minus oxidized difference absorp-
tion spectra were recorded at room temperature using an Uvikon dual-
beam spectrophotometer between 400 and 600 nm. The cytbssg concen-
tration was calculated from difference absorption at 427 nm and
411 nm using the extinction coefficient of 200 mM-1 cm~1.

Human cytosolic proteins (p47phox, p67phox, and Rac) were ex-
pressed in Escherichia coli BL21 (DE3) using pET15b-Hisp67phox,
pET15b-Hisp47phox, pGEX2T-GST-Rac1Q61L vectors provided by Dr.
Dagher (IBS, Grenoble, France). Purification chromatography includ-
ing SP-Sepharose Fast-Flow (FF), Q-Sepharose-FF, Glutathione
Sepharose-FF, and Ni-NTA-Sepharose-FF resins (Cityva, France) was
carried out using AKTAprime system as described in Ref. [54]. The
protein purity was determined by SDS gel (10% bis-trisNupage, Bio-
rad) using Coomassie brilliant blue.
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2.7. Dot blot binding assays

The dot blot hybridization was used to determine the binding capac-
ity of Poldip2 to bind or not to the cytosolic proteins. Different amounts
of recombinant p47Phox (5-64 pmol), p67°Phox (4-49 pmol), and Rac
(5-62 pmol) proteins were coated on a nitrocellulose membrane
(0.2 pm pore size; Amersham). The membrane was then blocked with
2.5% BSA/TBST and washed three times in TBST for 10 min. The mem-
branes were then incubated with a solution containing 100 nM Poldip2
and 0.5% BSA/TBST. The membrane was again washed three times in
TBST for 10 min and labeled with an antibody raised against Poldip2
followed by a secondary antibody coupled to peroxidase (1:15000). Re-
active spots were revealed by chemiluminescence (ECL West Pico
Amersham®). Dotblot intensities were quantified by using ImageJ soft-
ware. Graph pad prism 5 software was utilized for data analysis to de-
termine the Kd value for Poldip2 and p47pPhox interaction. To validate
this technique to quantify protein-protein interaction, the same proce-
dure was used to determine the Kd value for p47Phox and p67Phox inter-
action, except that p67°Phox (5-64 pmol) was coated and incubation was
done with 100 nM p47phox revealed with an antibody raised against
p47rhox was used. The experiments were performed twice with similar
results. Values were corrected for background signal.

2.8. Measurement of NADPH oxidase activity using cell-free assays

Neutrophil membrane fractions (4 nM cytbssg) were mixed with the
cytosolic proteins (p47Phox, p67Phox. and Rac1Q61L, 300 nM each) in
PBS solution in a spectrophotometer cuvette. When mentioned, incuba-
tion in the presence of arachidonic acid (32 pM) for 5 min at 25 °C was
performed. The total volume of the solution was 600 pL. The activities
measurements were performed by monitoring the NADPH (200 pM)
consumption rates at 340 nm (or the equivalent of pmol of O,*/sec for
the specific activity of the NADPH oxidase) which showed to be a more
accurate approach for the vesicular context of NADPH oxidase activity
measurements [55]. The Cis-Arachidonic acid (AA) was purchased from
Sigma-Aldrich, France, and NADPH from ACROS, France. Data are
mean *+ SEM of 3 or more independent experiments.

2.9. Membrane co-sedimentation experiments

The membrane fractions from neutrophils were incubated for 1 h
with the recombinant Poldip2 with a cytbssg:Poldip2 ratio of 1:20
(mol:mol) or as described in the figure legends. The mix is then cen-
trifuged at 190.000 x g for 1 h to pellet the membrane fraction keeping
the soluble proteins in the supernatant. As a control, the same proce-
dure was performed for the protein Poldip2 and neutrophil membrane
fractions alone.

2.10. HEK 293 cell line cultures, cell fractioning, and ROS measurements

HEK 293 cells, derived from human embryonic kidney cells, stably
overexpressing NOX4 upon tetracycline induction, kindly given by
Karl-Heinz Krause (Geneva, Switzerland [45]) were cultured in
100 mm plates in DMEM medium containing 4.5 g/L glucose 10% TET-
free SVF, 1 mM sodium pyruvate, 2 mM L-alanyl-L-glutamine (Gluta-
MAX™-I), 100 U/mL penicillin, 100 pg/mL streptomycin and 400 pg/
mL G418. When cells reached 80% of confluence, doxycycline was
added at a final concentration of 10-2 pg/mL and the cells were cul-
tured for 12 h to induce NOX4 expression. HEK 293 cells were also cul-
tured without doxycycline as a control. HEK 293 cells, were harvested
from 100 mm plates and re-suspended in 50 mM de sodium phosphate
pH 7 containing 1 mM EGTA, 2 mM MgCl,, 1 mM PMSF and supple-
mented with protease inhibitor. Cells were broken using a Dounce ho-
mogenizer. Cell lysate was centrifuged for 5 min at 500 X g to isolate the
nucleus. The supernatant was centrifuged at 12000 X g for 15 min to
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isolate the mitochondria/endoplasmic reticulum (ER) fraction. Finally,
the enriched plasma membrane fraction was isolated by centrifugation
of the supernatant at 200000 X g for 45 min. All cell fractions were re-
suspended in 50 mM sodium phosphate at pH 7.0, containing 2 mM
MgCl,, 250 mM sucrose, 1 mM PMSF, protease, and phosphatase in-
hibitor cocktails (Roche). The subcellular fractions isolated from HEK
cell (30 pg) were incubated in 50 mM sodium phosphate buffer (pH
7.2) containing sucrose (250 mM), EGTA (1 mM), MgCl, (2 mM) and in
presence of Poldip2 at a final concentration of 183 nM or 367 nM or
550 nM. Just before adding 0.2 mM NADPH to start the reaction, SOD
(200 U/mL), horseradish peroxidase (0.25U/mL), and amplex red
(50 pM) were added to the solution. Fluorescence was measured imme-
diately in a microplate reader (Victor3; PerkinElmer) at 30 °C for
30 min using excitation at 571 nm and emission at 585 nm. H,0, re-
lease was quantified in nanomoles of H,O,per min per mg of total pro-
tein using standard calibration curves.

2.11. 3D model building of the rat Poldip2 structure

The automated protein structure homology-modeling server,
SWISS-MODEL [56] was used to generate the 3D model of rat Poldip2.
Molecular modeling was analyzed based on the X-ray crystallographic
structure of the human Poldip2 (Ref PDB: 679C).

The Alpha Fold modeling of the complex Poldip2-p47pPhox was per-
formed using the Alphafold2-advanced that was run on google Collabo-
ratory computing facilities [57]. Google colab was run using default pa-
rameters. All structural images were generated using PyMol Software
molecular graphics system (Schrédinger; www.pymol.org).

2.12. Circular dichroism spectroscopy

Synchrotron radiation circular dichroism (SRCD) spectra were col-
lected on the DISCO beamline at the synchrotron radiation SOLEIL, Gif-
sur-Yvette, France. All spectra were calibrated in respect of wave-
lengths and amplitudes with camphor sulphonic acid (CSA). Samples
were loaded in CaF, cells containing 25 pL volumes and optical path-
lengths of 33 and 50 pm depending on the protein concentrations (be-
tween 14 and 40 pM).

Spectra were measured from 280 to 170 nm, using the mid-height of
the HT (high tension) as cut-off at 175 nm. Three consecutive scans
were recorded and averaged for the samples and the baseline. The aver-
aged baseline was subtracted from the averaged sample spectra and
smoothed with 7 points using the Savitsky-Golay algorithm. The tem-
perature was kept constant at 25 °C.

Spectra are expressed in delta epsilon units, calculated using mean
residue weight. The secondary structure composition was determined
using the software BeStSel (https://bestsel.elte.hu/index.php).

2.13. ATR FTIR (attenuated total reflection; fourier transform InfraRed)
spectroscopy

Spectra were obtained with the Bruker Equinox 55 instrument. The
spectrometer is continuously purged with dry air. 2 pL of the sample
are deposited on a diamond crystal and dried with a light nitrogen flow.
128 scans are recorded between 4000 cm~! and 800 cm~! for both the
sample and the blank (buffer). The secondary structures are determined
from the specific bands at amide I (1700-1620 cm~1) and amide II
(1600-1510 cm~1) by applying the calibration developed previously by
Goormaghtigh et al. [58].

2.14. Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0. Data

are represented as the mean *+ standard error of the mean (SEM). Sig-
nificance was determined using Student's t-test or Repeated Measures
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ANOVA (and non-parametric). A p-value of <0.05 was considered sta-
tistically significant.

3. Results
3.1. Expression, purification, and characterization of recombinant Poldip2

The rat Poldip2 gene shares a very high identity with humans (95%),
mice (99%), and bovine (95%) (Fig. 1A). The highest percentage of
variable residues is present in the mitochondrial targeting signal of
Poldip2 leading to the mature Poldip2 protein, conserved between rat
and human except for two residues V86A and S240 N. Heterologous rat
Poldip2 was produced in the heterologous Pichia pastoris expression sys-
tem (SMD1168 strain). Yeast is currently widely used as an expression
system performing post-translational changes such as phosphorylation.
Our previous attempt to produce rat Poldip2 intracellularly was unsuc-
cessful, likely due to toxicity for yeast. Therefore, the rat Poldip2 gene
was cloned into the pPICZaA expression vector that contains the o-
factor signal sequence for protein secretion (Fig. S1). The secretion
pathway shows the advantage of the purification procedure because
only a few endogenous proteins are secreted by yeast in the culture me-
dia. Clones with the gene inserted into the yeast genomic DNA by cross-
linking were selected based on the level of expression of the recombi-
nant Poldip2. After purification of the extracellular media on Nickel-
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Excel affinity chromatography, the two lower bands were recognized
by antibodies raised against Poldip2 (Fig. 1B). The antibody His-tag
recognition demonstrated the integrity of the C-terminus of the purified
proteins and a probably truncated N-terminus (Fig. 1B).

Mass spectrometry (MS) analysis of the tryptic digest of the three
SDS-PAGE gel bands confirmed the non-reliability of the highest band
to Poldip2 whereas it unfailingly identified Poldip2 with 80% and 37%
sequence coverage for the two lower bands (Fig. S2). The protein mole-
cular weights were estimated to be 39 and 29 kDa, respectively on
SICaPS platform (Service d'Identification et de Caractérisation des Pro-
téines par Spectrométrie de masse), by measuring the m/z (mass-to-
charge) ratio of their gas-phase ions for the mass spectrometry analysis.
Consistent with Western blot analysis, both proteins were found to be
N-terminally truncated, lacking the mitochondrial targeting signal: the
39 kDa (the majoritarian form) and 29 kDa forms of Poldip2 were trun-
cated from residue 1 to 54 (Poldip2ss5.365) and from residue 1 to 129
(Poldip2;30.368), respectively. In addition, mass spectrometry did not
detect any phosphorylation of Poldip2.

The structural analyses of purified Poldip2 estimated from the SR-
CD and ATR FTIR spectra (Fig. S3) are gathered in Table 1. Both spec-
troscopies suggest that Polidp2 is composed of a small number of o-
helixes (ca. 4-7%), a higher percentage of f-sheets (15-23%), and turns
(15-22%), and a high amount of unordered secondary structure (>
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Fig. 1. A. Comparison of the Poldip2 protein sequences from rat, bovine, mouse and human species. Not conserved residues are indicated in red. The mito-
chondrial targeting signal sequence is mentioned by a red line with the cleavage designed by a red arrow. The non-specific cleavage occurred in the yeast secretion
pathway is indicated with blue arrows; The non-conserved amino acids between rat and human (Val86 in the YccV domain and Ser240 in the DUF525 domain) are
colored in red. The YccV and DUF525 domains are boxed in blue and magenta, respectively. In green is boxed the a-helix present in the linker region. B. Purified
Poldip2 by Nickel affinity chromatography. Purified Poldip2 analysis by Coomassie blue SDS-PAGE. Western Blot analysis using an antibody raised against
Poldip2 (1:1500). Western Blot analysis using an antibody raised against the histidine tag (1:500). 10 pg and 5 pg of purified Poldip2 was loaded respectively for
SDS-PAGE and Western Blot analysis. MM: molecular marker. This biochemical study was performed many times independently (> 10 times) with similar results; C.
Sequence scheme and structural model of rat Poldip2. The structural model of the 39 kDa Poldip2 was obtained by Swiss modeling software. The YccV like do-
main (residue 74-200) is colored in light blue where the 5 antiparallel p-strands are indicated with dark blue boxes in the scheme. The DUF525 domain (residue
235-355) is shown in magenta. The non-conserved amino acids between rat and human (Val86 in the YccV domain and Ser240 in the DUF525 domain) are colored
in cyan in the structural model and as stars in the scheme. The linker region (light green) between both domains is organized in a-helix and two p-strands (indicated
with dark green boxes in the scheme). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

SR-CD and Infrared spectra analysis of purified Poldip2. Experimental data
(Fig. S3) were analyzed using BeStSel and Matlab software, respectively. The
results are given as a percentage (*15%).

a-helixes (%) B-sheets (%) Turn (%) Others (%)
SR-CD 4.6 23.1 15.5 56.8
IR 7 15 22 56

56%). This SR-CD analysis is consistent with the high f-strand content
CD spectra obtained for human Poldip2 [10].

Using the SWISS-MODEL program, we determined a model structure
of rat Poldip2 (Fig. 1C) based on the recent crystallographic structure of
human Poldip2 at 2.8 A resolution [10]. The resulting structure model
of rat Poldip2 was superimposable with the human Poldip2 structures
(PDB code 6Z9C and 6ZLX; see Fig. S4). In the model, the structure of
rat Poldip2 recovered the overall organization described in human
Poldip2 with the N-terminal YccV and the C-terminal DUF525 domains.
The YccV-like domain (residues 74-200) is organized in five antiparal-
lel p-strands of the SH3-type domain similar to the structural organiza-
tion of the HspQ (Heat shock protein Q) protein [52]. The DUF525 do-
main (residues 235-368) comprises four-antiparallel p strands (im-
munoglobulin-like fold) reminiscent of bacterial ApaG and eukaryote
FBox proteins) [7,59] and is preceded by a helical alpha helix (residues
216-234). In the two recent X-ray structures of human Poldip2 [10,11],
two disordered regions (105-126 and 136-170) were not solved. In our
structure model obtained using Swiss-model software, these regions are
described as two flanking disordered wings of the YccV-like domain,
consistent with the structure model of rat Poldip2 that we have ob-
tained from alphafold software [60]. The two non-conserved amino
acids between human and rat proteins (V86A and S240 N; Fig. S4) are
located on the surface of the protein and, according to our model, do
not affect protein folding.

3.2. Effect of recombinant rat Poldip2 on the activity of human NADPH
oxidase 4

To verify whether the purified recombinant Poldip2 (the majority
form Poldip2ss.365 (39 kDa) cleaved 3 amino acids upstream of the mi-
tochondrial cleavage site) was functional in terms of its ability to up-
regulate NADPH oxidase 4 activity [6], we used membrane fraction iso-
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lated from HEK 293 cell line. HEK 293 cells express endogenously hu-
man Nox4 and p22Phox, To increase the Nox4 expression level in these
cells, they were transfected with a vector harboring the human Nox4
coding gene under the control of doxycycline treatment. Doxycycline-
treated and -untreated cells were harvested and broken. The mitochon-
dria/ER and plasma membrane subcellular compartments were sepa-
rated and enriched by differential centrifugation and analyzed by west-
ern blots (data not shown). The mitochondria/ER and plasma mem-
brane subcellular fractions isolated from doxycycline-treated and non-
treated cells were used to determine the effect of the extemporaneous
addition of purified recombinant Poldip2 on ROS production rates by
NADPH oxidase 4 (Fig. 2).

Without the addition of Poldip2 to both subcellular membrane frac-
tions, hydrogen peroxide productions are low but not zero correspond-
ing to the constitutive activity of NADPH oxidase 4. After Poldip2 addi-
tion, H,0, production rates increased as a function of Poldip2 concen-
tration. The most important effect of Poldip2 on NADPH oxidase activ-
ity is observed in the mitochondria/ER from doxycycline-treated cells
where H,0, production rates increased two-fold from 50 to
100 nmol H,0,.s~1.mg-1, values close to what were observed in VSMC
cells [6]. Although a slight increase in H,O, production rates was mea-
sured with both treated and untreated plasma membrane fractions as
the concentration of Poldip2 increased, it is interesting to note that
these H,O, production rates are much less strong plasma membrane
fractions than with mitochondria/ER membranes. The importance of
the membrane environment on oxidase activity is not unexpected. The
fact that the composition of the plasma membrane, being different from
that of the mitochondria or ER, would not allow Poldip2 to potentiate
the activity of the Nox4-based NADPH oxidase. Such difference in
NADPH oxidase activity depending on its subcellular location was pre-
viously reported by Kuroka and coll [61]. Moreover, our group has
demonstrated the similar importance of the ER membrane environment
compared to plasma membranes on NADPH oxidase 2 activity [62].

The main objective of these experiments was to verify the function-
ality of the recombinant Poldip2 protein. Our results showed that re-
combinant and purified Poldip2 positively regulated in vitro the activ-
ity of NADPH oxidase 4 present in membrane fractions from
HEK293 cell lines to a similar extent as described with VSMC cells, con-
firming that the recombinant protein is functional. Furthermore, these
results show that this can occur in a cross-species manner since the up-
regulation of human NADPH oxidase 4 by rat Polidp2.

nmol H;0,.5".mg™" protein

PM (-) DOX

PM (+) DOX

Fig. 2. Upregulation of human NADPH oxidase 4 by rat Poldip2. The effect of addition of increased concentration of recombinant Poldip2 on the activity of the
NADPH oxidase 4 was measured using mitochondria and plasma membrane fractions from HEK 293 cell line stably transfected with Nox4 coding gene. The H,0,
production rates were measured as described in Materials and Methods using the amplex red HRP method detection. (-) cells without doxycycline treatment; (+)
cells treated with 102 pg/mL of doxycycline for 12 h. M: mitochondria; PM: Plasma membrane. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
These measurements were performed in triplicate for two independent experiments. The results are expressed as means *+ SEM.
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3.3. Poldip2 effect on phagocyte NADPH oxidase activity

To investigate the effect of Poldip2 on the activity of phagocyte
NADPH oxidase 2, we compared the presence of endogenous Poldip2 in
white blood cells isolated from healthy donors. Monocytes and neu-
trophils were isolated from the same healthy donor blood. Monocytes
were differentiated into M1 (pro-inflammatory and bactericidal) and
M2 (anti-inflammatory) macrophages. The presence of Poldip2, Nox2
(gp91Phox) and p22prhox was investigated in the different cells. As ex-
pected, significant levels of gp91phox (glycosylated) and p22prhox were
found in neutrophils and differentiated macrophages and a smaller
amount in monocytes (Fig. 3, ponceau staining in Fig. S5). Interest-
ingly, Poldip2 was identified in macrophages and monocytes but not in
circulating neutrophils. Due to the absence of detected Poldip2 in iso-
lated circulating neutrophils, these cells were considered the best mod-
els for this study and were used to prepare membrane fractions (MF)
containing cytbssg (gp91Phox/p22phox),

The activity of NADPH oxidase 2 was determined using the canoni-
cal cell-free assay procedure [63,64]. Classically, it consists in mixing
neutrophil membrane fractions (MF) with equimolar concentration of
p47prhox p67phox and Rac (CP; for cytosolic proteins) in the presence of
an activator, arachidonic acid (AA). The superoxide production rate is
monitored by the NADPH consumption at 340 nm (or equivalent in mol
of O,*). In the control experiment, the NADPH oxidase activation by
the translocation of the cytosolic proteins to gp91Phox/p22phox jg opti-
mal and the superoxide production rate is very high (Fig. 4). In the ab-
sence of the cytosolic proteins and of AA, or when Poldip2 has incu-
bated alone with the neutrophil MF, no ROS production was measured
(data not shown).

Unexpectedly, the addition of Poldip2 to this canonical cell-free as-
says lead to a decreased superoxide production rate (Fig. 4). This super-
oxide production rate decreases with increasing Poldip2 concentration,
up to a factor of 2.5. The effect of Poldip2 on gp91phox/p22phox jg the op-
posite of the effect on NOX4/p22Phox for which an increase in ROS pro-
duction was observed. This suggests different mechanisms. The de-
creased activity of gp91phox/p22phox i the presence of Poldip2 might be
explained by an impairment of either activation or assembly processes
of the NADPH oxidase 2 complex or both.

kba MM MO N MA1 MA2
100
75 - | gpglphox
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Fig. 3. Comparison of gp91Phex, Poldip2 and p22pPhex expression in mono-
cytes, neutrophils and macrophages isolated from healthy donor blood.
MO: monocyte; N: neutrophil; MA1 and MA2 macrophage type 1 (pro-
inflammatory and anti-tumoral) and 2 (pro-tumoral and anti-inflammatory).
12 pg of total protein (cell lysates) are loaded. The ponceau staining of these
western blots is shown in Fig. S5. All samples are from the same donor. Ex-
periment was repeated independently twice with similar results for blood
from two healthy donors.
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Fig. 4. Effect of Poldip2 on the activity of NADPH oxidase 2. The activities
measurements were performed by monitoring the NADPH (200 uM) consump-
tion rates at 340 nm (or equivalent of pmol of O,*/sec). The kinetics of
NADPH consumption was followed for the different samples. The canonical
cell-free assay includes neutrophil membrane fraction containing the cytbssg
(4 nM) in the presence of CP (Cytosolic Proteins containing p67phox, p47phox,
Racl1Q61L, ~300 nM each and arachidonic acid (32 pM); To this canonical
cell free assay, increased amount of Poldip2 was added together with CP.
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Data are
mean *+ SEM of 3 measurements. Experiments were performed in triplicate
with similar results with blood from two different healthy donors.

3.4. Interaction of Poldip2 with neutrophil membrane fractions

Poldip2 was demonstrated to associate with p22pPhox to activate
NADPH oxidase 4 [6]. To test the hypothesis of the association of
Poldip2 with p22prhox associated with gp91Phox, we mixed neutrophil
membranes containing gp91phox/p22phox with purified Poldip2. After
incubation, the mix was ultra-centrifuged. Then, the pellets and super-
natants were analyzed by western blots (Fig. 5). The revelation of the
western blots with anti- Nox2 antibodies showed that as expected,
gp91rhox was detected in the ultracentrifugation pellet containing the
neutrophil MF, with only traces remaining in the supernatant. Poldip2
being a soluble protein was found, as expected, in the supernatant.
When Poldip2 was incubated with the neutrophil MF, Poldip2 was this
time revealed in the pellet too, although the signal was found very
weak. This demonstrates that Poldip2 can co-sedimented with the ultra-
centrifugation pellet in the presence of MF. Using different ratios of
cytbssg/Poldip2, we observed that Poldip2 interaction with the mem-
brane increased when the cytbssg/Poldip2 ratio was higher suggesting
that Poldip2 interaction with MF in neutrophils might be cytbssg con-
centration-dependent (data not shown).

3.5. Partner identification of Poldip2

To identify whether the down-regulation of gp91Phox/p22phox by
Poldip2 occurred by interaction with the membrane fraction or with the
cytosolic proteins, Poldip2 (336 nM) was incubated first either with the
neutrophil membrane fraction or the soluble regulatory proteins
p47prhox pe7phox and Rac), prior the cell-free assay measurements (Fig.
6).

When Poldip2 and the neutrophil membranes were incubated first
together and then mixed with the cytosolic proteins incubated sepa-
rately with AA, no significant change in the measured ROS production
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Fig. 5. Poldip2 interaction with purified membrane fraction isolated from
human neutrophils. Poldip2 (145 pl; 0.2 pM) and neutrophil membrane frac-
tions (MF; 1.75 pl; 1.28 pM), containing the cytbssg (gp91Phox/p22phox) were
pre-incubated for 1 h with the cytbssg/Poldip2 ratio of 1:20 (mol:mol). The MF
and Polidp2 (alone) were treated similarly. The three samples were centrifuged
at 190 000 x g for 1h30. Pellet and supernatant were separated and analyzed by
Western blot using antibodies raised against Nox2 (1:1500), p22pPhox (1:1500)
and Poldip2 (1:1500). Experiments were performed at least three times with
similar results.

rates was observed compared to the canonical cell-free assay where MF,
cytosolic proteins, and AA were incubated together in the absence of
Poldip2. Although Poldip2 slightly interacts with the membrane com-
ponent as described above, this interaction was not responsible for the
down-regulation of the enzyme activity. Interestingly no further inhibi-
tion (expected to be of about 20% according to Fig. 4) was observed due
to the mostly unbound Poldip2 to the membrane by the time the cytoso-
lic proteins were added. This indicates that Poldip2 was not able to in-
teract with the activated (AA-incubated) cytosolic proteins [54,65]. In
contrast, when Poldip2 and the cytosolic proteins were first incubated
in the presence of AA prior to mixing with the MF, a significant inhibi-
tion of NADPH oxidase activity was observed compared to the canoni-
cal cell-free assay. This suggests that the co-presence of Poldip2 with
the non-activated cytosolic proteins alters the ROS production rates of
the enzyme.

These results show that Poldip2 interferes with the assembly of the
oxidase complex by preventing the interaction of at least one of the cy-
tosolic proteins (p47°Phox, p67phox or Rac) with their membrane part-
ners.

Direct binding evidence was obtained by performing dot blot-
binding assays using recombinant proteins. Different amounts of re-
combinant target proteins (p47Phox, p67Phox, and Rac) were applied onto
nitrocellulose (0.2 um pore size) membranes. After blocking and wash-
ing, the membranes were incubated with recombinant Poldip2. After
extensive washing, the dot blots were incubated with antibodies di-
rected against Poldip2. Reactive spots were revealed using chemilumi-
nescence. The results are shown in Fig. 7A and B. A very strong signal
for p47phox was detected, in contrast to p67Phox and Rac. The chemilu-
minescence signal increased as a function of the amount of p47rhox de-
posited, indicating that there is a functional interaction between the
two proteins. This result showed that Poldip2 strongly interacts with
the p47phox subunit.

Analysis of the individual spots allowed using a one-to-one binding
model to semi-quantitatively determine an apparent dissociation con-
stant value (Kd) of 3.08 + 0.8 uM for the interaction between p47prhox
and Poldip2 (Fig. 7E). To validate this semi-quantitative method for Kd
determination, we used the same method to estimate the already
known Kd value for p67phox-p47rhox [66-68]. This time, increased con-
centrations of recombinant p67Phox were coated on the membrane blot
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Fig. 6. Effect of Poldip2 on activity of NADPH oxidase 2 according to the
sequence of its introduction into the cell free assay mixture. Poldip2 was
mixed with either the cytosolic proteins in the presence of AA (light grey) or the
membrane fraction (dark grey). An incubation of 5 min was preformed (25 °C)
before the addition of the membrane fraction and cytosolic proteins with AA,
respectively. The enzyme activity was then immediately measured by monitor-
ing the NADPH consumption at 340 nm. The canonical cell-free assay was used
as control (white barrel). MF: neutrophil membrane fraction; 4 nM cytbssg; CP:
Cytosolic proteins containing p67Phox, p47phox’ Rac1Q61L, 300 nM each with
arachidonic acid (32 puM); Poldip2 (336 nM). *P < 0.05, **P < 0.01,
***P < 0.001 and ****P < 0.0001. Data are mean + SEM of 3 independent
experiments.

and after incubation with p47Phox, the bound p47pPhox to p67Phox was re-
vealed using an antibody raised against p47°Phox (Fig. S6). Using the one-
to-one model, the quantification of the individual spots leads to the ap-
parent Kd value of the interaction on blots between p47Phox and p67phox
of about 0.8 = 0.4 uM (Fig. 7F). Although this value is slightly high
compared to the Kd values obtained in solution (~0.15-0.04 pM), it re-
mains sufficiently in the range to consider the semi-quantitative
method applicable for comparative studies. The apparent affinity of
Poldip2 and p47phox is about 3.8 fold smaller than the affinity between
p67pPhox and p47prhox, Consistent with this, the dot blotted mixture of
p67Phex and p47prhox showed reduced Poldip2 intensity compared to the
intensity on the dot blot of p47Phox alone. This indicate that p67phox
compete with poldip2 for p47phox binding (Fig. 7C). In unstimulated
phagocyte cells the interaction between p67Phox and p47Phox is known to
occur between the C-terminal PRR region of p47pPhox and the SH3 do-
main of p67Phox [69,70]. To check if the C-terminal PRR region of
p47pPhox could be the region involved in the interaction with Poldip2,
dot blot hybridization was performed with the PRR region-truncated
p47rhox (1134 amino acids) (Fig. 7D). The dot blot showed no signal of
Poldip2 interaction with the truncated p47°Phox compared with the full
length p47phox suggesting that the C-terminal region (PRR region) of
p47phox is likely the common binding target of either Poldip2 or p67phox,

Overall, our data show that Poldip2 interferes with the complex as-
sembly inducing an alteration of the production of ROS. This occurs via
the interaction of Podip2 with p47rhox, the adaptor protein of p67Phox to
bind gp91Phox and p22phox, The protein-protein interactions remain to
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Fig. 7. Poldip2 interaction with cytosolic proteins p47Phox, p67rhex and Rac. A dilution series of p47phox, p67phox and Rac proteins were spotted on the nitro-
cellulose membrane. After incubation with 100 nM Poldip2, the membrane was incubated with antibody raised against Poldip2. Lighter dots correspond to
lower amount of Poldip2 bound to the protein target. (A) p47pPhox (5-64 pmol), p67Phox (4-49 pmol) and Rac (5-62 pmol). Experiment was repeated indepen-
dently twice with similar results. (B) p47Phox and Rac (0,2-5 pmol) p67Phox (0,16 - 4 pmol). A and B could be fitted using GraphPad with a model of specific
binding (E) (C) Dot blot hybridization of Poldip2 was performed with p47phox or with p47phox/p67phox (20 pmol of p47Phox and 16 pmol of p67Phox). Experiments
were repeated independently twice with similar results. (D) Dot blot hybridization of Poldip2 with full-length p47prhox (1-390) and with p47phox (1-342) trun-
cated from its C-terminus PRR region; 20 pmol of GST, GST-p47 and GST-p47ACter. Glutathione S-transferase (GST) was used as negative control. (F) Fitting of
dot blot hybridization of p47phox with p67phox (Fig. S4) using GraphPad with a model of specific binding.

be clarified. The PRR region of p47Phox, involved in an interaction with
p67Phox is a good candidate for the Poldip2 interacting region (Fig. 8).

4, Discussion

The possible co-localization of the NADPH oxidase2 and 4 with
Poldip2 in several cell types raises crucial questions about their cross
regulation. This issue is based on the fact that Nox2 and Nox4 proteins
have the same partner p22Phox, which has been proposed as the protein
interacting with Poldip2 in the case of Nox4-based NADPH oxidase. Al-
though the mechanism of regulation of Nox4 activity by Poldip2 has
not been identified, the authors hypothesized that Poldip2 would, by
stabilizing the Nox4-p22pPhox complex, lead to an up-regulation of ROS
production [6]. In this work, we aimed to investigate the role of Poldip2
on NADPH oxidase 2 at the molecular level using phagocyte cell mem-
branes. For this purpose, we have produced Poldip2 (rat) in a yeast ex-
pression system and purified it. Recombinant Poldip2 (39 29 kDa being
the majority form) was truncated at their N-terminus from the mito-
chondrial targeting signal sequence. Our SR-CD and IR analyses let us
conclude that rat Poldip2 structure with about 6.9% of a -helixes, 37%
of B-sheets and a high amount of disordered secondary structures. Our
structural models of the rat Poldip2 showed a globular protein that

comprises two domains: the (SH3-type) YccV-like and DUF525 domains
similar to the 3D structures obtained recently for human Poldip2
[10,11].

The function of the purified rat Poldip2 was investigated by measur-
ing its effect on ROS production in HEK293 cells expressing human
Nox4 and p22phox, The observed increased ROS production (> 2-fold)
close to the up-regulation measured for Nox4-based NADPH oxidase ac-
tivity in VSMC by a factor of 3 [6], confirmed the functionality of the
purified Poldip2. Moreover, it underlined that a cross-species regula-
tion by Poldip2 was possible. Once these preliminary controls were val-
idated the purified Poldip2 was used to study at the molecular level
whether and how Poldip2 can modulate the Nox2-based NADPH oxi-
dase.

4.1. Effect of Poldip2 on the activity of the NADPH oxidase 2

Poldip2, alone, cannot replace the known regulatory subunits
p47phox. p67Phox and Rac(1/2) to activate gp91phox/p22phox (data not
shown). When introduced into the complex assembly process, we
demonstrated that Poldip2 inhibits substantially the activity of NADPH
oxidase 2. This decreased activity was unexpected considering that the
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Fig. 8. Scheme of domains of NADPH oxidase partners involving Poldip2.
The central role of p47phox is highlighted for its protein-protein and lipid-
protein interactions indicated with black arrows for NADPH oxidase 2 activity.
p47rhex through its bis-SH3 domains interacts with the PRR region of p22phox,
The PRR region of C-terminus p47Phox interacts with the SH3 domain of p67phox
and its PX domain interacts with phosphoinositides of the membrane. The neg-
ative regulatory role of Poldip2 on NADPH oxidase 2 activity would occur as a
result of the interaction of Poldip2 with p47Phox preventing the latter from in-
teracting with p67pPhox to translocate it and form the active NADPH oxidase
complex. The putative interactions of Poldip2 are indicated with dashed red ar-
rows. Poldip2 may interact with the neutrophil membrane fraction, with the
PRR domain of p22Phox (based on comparison with Nox4-associated p22phox)
through its YccV like SH3 domain but also could develop through its DUF525
domain interaction with the region between the PX domain and the first SH3 of
p47rhox (based on Alpha Fold modelling). (PB1 - phox and Bem1 domain, PPR
proline rich region, PX - phox homology domains that bind to PtdIns-
phosphates in the membrane, SH3 - Src homology 3 domains, TPR - tetricopep-
tide repeat domains, AD - activation domains, AIR - autoinhibitory region).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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opposite effect on NADPH oxidase 4 was observed (here and in Ref.
[6]). In the NADPH oxidase 4 complex, it was proposed that Poldip2 in-
teracts with the PRR domain (155-160 amino acids) present in the solu-
ble C-terminus part (121-193 amino acids) of p22pPhox [6]. Because
p22phox js the same either in gp91Phox (Nox2) or Nox4 NADPH oxidases,
we were expecting that Poldip2 similarly binds to gp91Phox-associated
p22prhox, However, we observed that Poldip2 interacts only weakly with
the neutrophil membrane fraction and in addition when Poldip2 was in-
cubated with the MF prior to the addition of the cytosolic proteins, no
decreased activity of NADPH oxidase 2 was measured. This raises the
question of the role of p22rhox in Poldip2 binding when p22phox is asso-
ciated with gp91phex, Several explanations could be proposed to explain
this. The sequence homology between gp91Phox and Nox4 amino acid
sequences is 39% which is significantly high to develop distinct interac-
tions with p22Phox and in particular the C-terminus of p22Phox that could
in turn alter the accessibility of Poldip2 to the PRR domain of gp91phox-
associated p22Phox [71]. Supporting this idea, it was shown that
p22phox might adopt unique structural features when associated with
Nox4 [72]. In addition, in vivo, post-translational modifications may
change the interaction between Poldip2 and p22Ph°*, On one hand,
databases such as NetPhos2 (http://www.cbs.dtu.dk/services/
NetPhos-2.0) or Phosphositeplus (https://www.phosphosite.org/) indi-
cate that Poldip2 possesses in its sequence several putative sites of
phosphorylation, in particular T292 localized in the DUF525 domain.
However, so far, no phosphorylation was reported for Poldip2 at this
position, except post-UV irradiation in an ATR-dependent manner
(DNA damage signaling kinase) at positions Ser147 and Ser150 [73].
Mass spectrometry analysis did not reveal any phosphorylation on
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Poldip2 produced in P. pastoris, which is known to be capable of post-
translational modifications. However, our results showed that unphos-
phorylated recombinant Poldip2 was effective in up-regulating NADPH
oxidase 4 suggesting that phosphorylation is not a major issue. Alterna-
tively, the modified cysteine residue located in an internal channel ob-
served recently in the structure of the human Poldip2 [10], could be a
good candidate to influence, by redox conditions, structural changes
that could modulate interactions between Poldip2 and p22Phox, On an-
other hand, phosphorylation of p22rhox (Threonine 147) enhances
NADPH oxidase 2 activity by promoting p47Ph°x binding [74] but no ev-
idence of phosphorylation of the Nox4-associated p22Phox was found in
the literature. Further studies should be addressed on the role of post-
translational modifications of Poldip2 and Nox2-associated p22Phox, Fi-
nally, the weak Poldip2 interaction with the membrane could be also
associated with the unspecific interaction of Poldip2 with membranes.
In the YccV-like domain of Poldip2, the external face of C-ter a-helix
contains positively charged residues allowing unspecific interaction
with membrane bilayer phospholipids and therefore, could explain the
lack of enzyme regulatory impact of Poldip2.

4.2. The p47Phox subunit, organizer subunit of NADPH oxidase2, as target
of Poldip2

Even if we cannot exclude a similar interaction of Poldip2 with the
p22phox protein when associated with Nox2 or Nox4, this interaction
was too weak to attribute it to the observed decrease of the NADPH oxi-
dase 2 activity. Other explanations have to be considered.

Definitively, NADPH oxidases 2 and 4 function differently. On one
hand, NADPH oxidase 4 requires only p22Phox to function and is a con-
stitutively active enzyme. On the other hand, the functional
gp91phox/p22phox depends on the translocation of cytosolic subunits
p40phox p47phox pe7Phox and Rac. In the resting state, p47°Phox can be
found alone or interacting with p67phox and p40phox [75-77]. p47phox
and p67Phox interact through the C-terminal PRR domain of p47°Phox and
the SH3 domain of p67Phox, The p47prhox.p67prhox heterodimer is folded
in such a way that the PX and SH3 domains of p47Phox are hidden and
cannot interact with membrane phospholipids or with the C-ter PRR re-
gion of p22prhox [78]. Our results showed that Poldip2 interacts only
with p47phox since no obvious interaction with p67Phox or Rac could be
detected. As shown in Fig. 6, once p47Phox binds to p67Phox, Poldip2 ap-
pears enabled to interact with p47prhox,

Since the YccV-like domain of the N-terminal region of Poldip2 is an
SH3-like structure, we postulated that the strong interaction observed
between Poldip2 and p47Phox may involve, similarly to p67Phox, the C-
terminal PRR domain of p47Phox, Dot blot results with Poldip2 and the
truncated form of p47Phox, where the PRR domain is absent, supported
this hypothesis. However, we attempt to model the p47rhox-Poldip2
complex using the recent modeling facilities provided by AlphaFold2
(Fig. S7). The models propose that both proteins interact at the region
between the PX domain and the bis-(SH3) domains of p47°Phx and the
DUF525 domain of Poldip2. This region of p47°rhox is close to the bis-
(SH3) domain that binds p22Phox, Further research could be undertaken
to better identify the protein-protein interaction regions between
Poldip2 and p47°Phex but we could speculate that the interaction of
Poldip2 to p47Phox could be different depending on the state of the pro-
tein (autoinhibited or activated) and could therefore interfere at differ-
ent stages of NADPH oxidase and phagocyte activation.

In cells, the Poldip2-p47Phox association could have important im-
pacts on the assembly/disassembly and consequently on the activity of
the NADPH oxidase 2 complex. To the extent that p47Phox is found alone
in the cytosol of immune cells (in a substantial amount [79]), Poldip2
could be a potential partner. During activation, 80-90% of p47Phox re-
mains in the cytosol [80] and it has been shown that shortly after
phagosome closure, p47pPhox Jeaves the phagosome alone [81]. The in-
teraction of Poldip2 with p47Phox could prevent further interaction of
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p47pPhox with the other NADPH oxidase proteins. Conversely, it could
also be envisioned that the Poldip2-p47Phox dimer impacts the regula-
tion of Nox4 activity by Poldip2. Altogether, this is a complex choreog-
raphy of at least a trio of soluble proteins (p47Phox, p22phox  and
Poldip2) and a duo of membrane proteins (Nox4 and Nox2). Within a
cell, the relative amounts of all these proteins (Nox2/p22Phox versus
Nox4/p22phox; p47phox yersys Poldip2) can vary considerably from one
cell type to another or throughout the life of the cell. It is conceivable
that at a given time, p47Ph°* might be absent or in very strong minority.
It was shown that in vitro p47Ph°x is not dispensable to the Nox2 activity,
since in its absence, superoxide production (40% of the activity) has
been measured whether p67Phox and Rac were in excess [82,83]. The
variability of their relative amount of the different proteins can be of
importance for the regulation of both isoforms. Based on our hypothe-
sis, cells with a low concentration of p47Phox should have a strongly in-
hibited Nox2 in the presence of Poldip2.

4.3. Role of Poldip2 in phagocyte cells

This question is in principle relevant in cells where Poldip2 together
with PCNA could orchestrate the biological regulation of ROS produc-
tion and other complex biological processes. It was shown recently that
PCNA controls neutrophil survival through association with p47phox at
the level of its phox homology (PX) domain [84]. Since Poldip2 plays
the role of a chaperone protein that coordinates the interaction of poly-
merases with PCNA [18], Poldip2 might be a third partner in the regu-
lation between PCNA and p47°hox in the regulation of Nox2 activity in
cells such as monocytes or macrophages. No studies have been per-
formed in such cells yet.

Also, it is surprising to note that, as described in the literature, neu-
trophils produce much more ROS than other immune system cells such
as monocytes and macrophages [85-88]. However, gp91phox/p22phox
proteins are expressed at a similar level in neutrophils and
macrophages (based on the signal corresponding to p22phox; 1:1 with
gp91prhox) Thus, the high levels of gp91phox/p22phox expressed in
macrophages are not consistent with their low levels of ROS production
compared to neutrophils. The presence of endogenous Poldip2 espe-
cially in macrophages, but not in circulating neutrophils, could have a
negative regulatory effect on the NADPH oxidase 2 activity in these
cells. This means that Poldip2, by differentially regulating NADPH oxi-
dases 2 and 4, acts as a switch of the ROS source at a given time by its
ability to increase the activity of NADPH oxidase 4 and at the same
time, decrease the activity of NADPH oxidase 2. It is also very interest-
ing to consider the nature of the ROS since Nox2 produces superoxide
(0O*,) while Nox4 generates hydrogen peroxide (H,0,). A regulation by
Poldip2 could thus modify the relative amount of ROS produced (H,0,
versus O,*7). This could be particularly interesting from a therapeutic
point of view if it is possible to target a decrease in O,** production
while increasing H,O, production. This could be also of importance in
the regulation of intracellular ROS in macrophages or monocytes where
NADPH oxidase 4 has been identified and proposed to be involved in
macrophage death [89]. We show here that circulating resting neu-
trophils do not express Poldip2, but the situation might be different at
other stages of cell maturation of neutrophils such as during the
hematopoietic differentiation where Nox4 is the isoform responsible for
the ROS generation [90]. Consistent with this hypothesis, Poldip2 was
identified in myeloid neutrophils in a very recent work showing a role
of Poldip2 in neutrophil recruitment [25]. Given the paucity of studies
of Poldip2 on these cells and the observations obtained in this work on
its effect on Nox2, it would be particularly interesting to further investi-
gate the involvement of Poldip2 at the cellular level of the innate im-
mune system.

To our knowledge, the present study is the first to show a down-
regulation of phagocyte NADPH oxidase by a cytosolic protein. Poldip2
acts as a cytosolic partner trapping free p47Phox prior its assembly to the
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oxidase complex. However further studies should be addressed to deci-
pher the role of post-translational modifications of Poldip2,
Nox2/p22rhex and p47prhox including phosphorylation (autoinhibited or
activated) or redox (cysteine) signaling events, that occur during neu-
trophil maturation or activation. This should help to understand more-
in-depth the mechanisms that control Poldip2-p22Phox and Poldip2-
p47prhox agsociation. New insights should be brought to better under-
stand the mechanism of the cross-regulation between Nox2,/p22Phox and
Nox4/p22Phox and their consequences considering the fact that they
lead to different reaction products (H,0, versus O,*), they function dif-
ferently (constitutive versus activatable; different Vmax) and might be
subject to different post-translational modifications.
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