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ABSTRACT: NADPH oxidases (NOX) are important superoxide producing enzymes that regulate a variety of
physiological and pathological processes such as bacteria killing, angiogenesis, sperm—oocyte fusion, and
oxygen sensing. NOXS5 is a member of the NOX family but distinct from the others by the fact that it contains
a long N-terminus with four EF-hand Ca®"-binding sites (NOX5-EF). NOXS5 generates superoxide in
response to intracellular Ca®™ elevation in vivo and in a cell-free system. Previously, we have shown that the
regulatory N-terminal EF-hand domain interacts directly and in a Ca®*-dependent manner with the catalytic
C-terminal catalytic dehydrogenase domain (CDHD) of the enzyme, leading to its activation. Here we have
characterized the interaction site for the regulatory NOX5-EF in the catalytic CDHD of NOXS5 using cloned
fragments and synthetic peptides of the CDHD. The interaction was monitored with pull-down techniques,
cross-linking experiments, tryptophan fluorescence, hydrophobic exposure, isothermal titration calorimetry,
and cell-free system enzymatic assays. This site is composed of two short segments: the 637—660 segment,
referred to as the regulatory EF-hand-binding domain (REFBD), and the 489—505 segment, previously
identified as the phosphorylation region (PhosR). NOXS5-EF binds to these two segments in a
Ca*"-dependent way, and the superoxide generation by NOXS5 depends on this interaction. Controlled
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proteolysis suggests that the REFBD is autoinhibitory and inhibition is relieved by NOXS5-EF.

In humans reactive oxygen species are generated by five
NADPH' oxidase (NOX1—5) isoforms, which differ importantly
in the way their activity is regulated. NOX1, NOX2 (the best
known phagocytic NOX), and NOX3 interact with several
regulatory subunits, NOX4 seems constitutively active, and
NOXS5 is regulated by Ca®" (reviewed in refs /—4). NOX5
possesses a domain with four functional EF-hands (NOX5-EF)
at the N-terminus of the 85 kDa polypeptide chain and then a
short polybasic region (PRBN) that localizes the enzyme to the
PtdIns(4,5)P>-rich plasma membrane (5), followed by the
domains common to all NOXes, i.e., the six helix-containing
transmembrane region, and finally the catalytic dehydrogenase
domain (CDHD) which contains the sites for FAD (two sub-
regions) and for NADPH (four subregions) (Figure 1).

NOXS genes occur in the genomes of metazoans such as the
sea anemone, the limpet, insects, and most vertebrates, except for
rodents. The single human NOXS5 gene is expressed as five
alternatively spliced forms: o, 3, the minor ¢ and y forms, and
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a short form (NOX5-S) that lacks the entire EF-hand region (6).
NOX5a is strongly expressed in the spleen, NOXS5p in the testis,
and NOXS5-S in most fetal tissues, adenocarcinoma cells, and
microvascular endothelial cells (6).

In humans several biological and pathological functions of
NOXS5 have recently been described (6). The protooncogene cAbl
appears to be a NOXS5-binding protein, suggesting a role in cell
growth and signaling (7). NOXS5-derived superoxide enhances
cell growth of prostate cancer (8) and of malignant B cells (9) and
PDGF-induced proliferation in human aortic smooth mus-
cle (10). NOXS protein and mRNA levels are highly upregulated
in coronary artery disease (//). NOXS is active in vascular
endothelial cells, where the Ca®" levels are always relatively
elevated and low levels of superoxide are always produced. It
seems that the highly localized production of superoxide and its
subsequent local action on target proteins are the bases for the
specific action of each of the NOX isoforms in protein transcrip-
tion and cell signaling.

NOXS5 does not require other membranous or cytosolic
activator proteins but is activated by an increase in the concen-
tration of cytoplasmic Ca®" (12). The relative high [Ca*]ys
corresponding to the half-maximal superoxide production of
1 uM can be explained by the fact that NOXS is a plasma
membrane protein (5): it is well-known that the increase in Ca*"
concentration within submembranous microdomains may
exceed that of the cytoplasm by orders of magnitude (13).
Moreover, the Ca>" sensitivity of NOX5 can be fine-tuned by
two recently discovered sophistications: (1) PKC phosphoryla-
tion increases the sensitivity of NOXS5 to intracellular [Ca**] and
enhances the duration of the Ca®"-dependent production by
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FiGure 1: Diagram of the domain structure of human NOXS. The linear structure of the cytoplasmic dehydrogenase domain (CDHD) is blown
up and below it are presented the designed protein constructs (F3 to SF1-ND) and peptides (pepl to pep4) used in this work. Abbreviations:
PRBN, polybasic region; CaMBD, calmodulin-binding domain; DF1, phosphorylatable region.

NOXS5 (14). (2) We showed that CaM also increases the
sensitivity of the enzyme for Ca*". CaM decreases the K, by a
factor of 10 (15).

In molecular terms the activation mechanism implies that the
NOXS5-EF domain binds four Ca**, undergoes conformational
changes including the exposure of a hydrophobic surface, and
interacts with the catalytic C-terminal domain, which leads to its
activation, i.e., either induction of the catalytic site or release of
an inhibitory segment. The former model is operational in the
calpains (16); the latter is the consensus mechanism for activation
of canonical targets by calmodulin (CaM) (7). The aim of this
study is to investigate how NOXS-EF interacts with the catalytic
CDHD (Figure 1): if it interacts with a single short segment as in
the case of the majority of calmodulin targets (18, 19) or if there
are more segments that interact with a single NOX5-EF domain
as occurs in some calmodulin (20) and S100A6 targets (21). We
also discussed the relationship of this basal activation mechanism
to the two above-described enhancing mechanisms.

MATERIALS AND METHODS

Materials. Anti-NOXS5-EF antibodies were kindly provided
by Dr. Botond Banfi.

Peptides pepl (D637-G661 + Y), pepl’ (acetylated and
amidated pepl), pep2 (R621—L650), pep3 (R621—T660), and
pep4 (D637—E654 + Y) were purchased from CMU (Centre
Medical Universitaire, Geneva, Switzerland). The purity was
above 95% as assessed by high-pressure liquid chromatography
analysis. Peptide DF1 (L489—S505) was kindly provided by the
Fulton group from the Medical School of Georgia, Augusta.

Plasmid Constructs. All DNA constructs encoding the
CDHD (M403—F719), F3 (R496—G661), F2 (R496—V604),
F1 (I576—T660), SF1 (S605—T660), and SF1-ND (S605—N636)
of the C-terminus of NOXS were generated from human NOX54
c¢DNA by PCR, cloned into pGEX-2T vector, and verified by

sequencing (Fasteris, Geneva, Switzerland). The following
primers (forward and reverse, respectively) were used in the
PCR experiments: 5'-ctggatcccgaaagagtcaaaggtegtee-3'  and
5'-ctgaattecgteatggagtctttettc-3’ for F3, 5-ctggatcccgaaagag-
tcaaaggtcgtec-3' and 5'-ctgaattcacaaaccactcgaaagacc-3' for F2,
5'-ctggatcccagatcgaaggtgtecaagaca-3’ and 5'-ctgaattcegtgatggag-
tetttette-3' for F1, 5'-ctggatccagectgetgactaaactgg-3' and 5'-ctg-
aattecgtgatggagtctttctte-3’ for SF1, and 5'-ctggatccagectgcetgac-
taaactgg-3' and 5'-ctgaattcgtcattcttgeccagtge-3' for SF1-ND.
Protein Expression and Purification. All DNA constructs
encoding recombinant CDHD, F3, F2, F1, SF1, and SFI-ND
were transformed in Escherichia coli BL21 p-Lys bacteria.
Protein expression was induced by 4 h incubation with 500 uM
IPTG at 37 °C. The glutathione S-transferase (GST) fusion
proteins were purified as previously described (15, 22). The purity
of all recombinant fusion proteins was verified by SDS—PAGE
in 15% gels. All pull-down experiments have been done using the
glutathione—agarose-bound fusion protein. It must be under-
lined that since these proteins constructs were completely in-
soluble in the absence of GST, no other methods of complex
monitoring could be applied. After or during purification all of
the recombinant proteins underwent spontaneous proteolysis
even in the presence of a cocktail of protease inhibitors.
Pull-Down Experiments. The Ca>"-dependent interaction
of NOXS-EF with different constructs of the C-terminus of
NOXS5 was analyzed by the pull-down technique followed by
direct Coomassie staining or Western blotting as described
before (15, 22). Briefly, 100 ug of GST-CDHD, GST-F3, GST-
F2, GST-F1, GST-SF1, and GST-SFI-ND on glutathione—
agarose beads was incubated with 100 ug of NOXS-EF in the
presence of 1 mM CaCl, or EGTA for 1 h at room temperature.
After centrifugation the supernatant was removed, and the
beads were washed with ten times their volume of 50 mM
Tris-HCI, pH 7.5, and 150 mM NaCl containing respectively
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I mM CaCl, or | mM EGTA in the presence of protease
inhibitors. At the end, sample buffer was added, and the samples
were boiled for 10 min and analyzed by SDS—PAGE in 15% gels.
After transfer of the proteins (1 h, 120 V at 4 °C), the membrane
was blocked overnight with 1x PBS, 0.5% milk, and 0.5%
Tween 20. Then the membrane was incubated for 1 h at room
temperature with anti-NOXS5-EF antibodies, washed, and incu-
bated with the anti-rabbit HRP-labeled antibodies (Promega).
The proteins were detected using ECL solution (Amersham). A
previously shown control experiment showed that the GST—
agarose beads alone do not interact with NOXS5-EF (22).

Covalent Cross-Linking. Cross-linking experiments bet-
ween NOXS-EF and different ratios of five synthetic peptides
from the C-terminal domain of NOXS5 (namely, pepl, pep2,
pep3, pep4, and DF1) were performed at room temperature as
described earlier (23). Briefly, 6 ug of NOXS-EF in 25 mM
(NH4HCOs;, pH 7.5, in the presence of 1 mM CaCl, or | mM
EGTA was incubated at different ratios with the synthetic
peptides in the presence of 100 uM disuccinimidyl suberate
(DSS); after 3 h at room temperature, the reaction was stopped
by adding 1 mM ethanolamine. The samples were analyzed by
SDS—PAGE in 17.5% gels.

Isothermal Titration Calorimetry. Thermodynamic para-
meters of molecular interactions between NOXS-EF and target
peptides were investigated by ITC using a MicroCal VP-ITC
instrument (MicroCal Inc., Northampton, MA). The proteins
and peptides were equilibrated in buffer containing 50 mM Mops
(pH 7.4), 100 mM NaCl, and 2 mM CaCl, or 2mM EDTA. The
NOXS-EF at 15—30 uM in the calorimeter cell was titrated by the
peptide (ca. 250 uM stock solution) by automatic injections of
8—10 uL. The first injection of 2 uL. was ignored in the final data
analysis. Integration of the peaks corresponding to each injection
and correction for the baseline were done using Origin-based
software provided by the manufacturer. The fit of the data to a
single-site interaction model results in the stoichiometry (n),
association constant (K,), and enthalpy of complex formation
(AH). All of the experiments were repeated twice and give similar
results. Control experiments, consisting in injecting peptide
solutions into the buffer, were performed in order to evaluate
the heat of dilution. For reason of limited solubility of pep2, this
interaction could not be monitored.

Fluorescence Spectroscopy. Trp fluorescence spectra and
isotherms were measured at 20 °C using a Perkin-Elmer LS 50B
spectrofluorometer as described earlier (24). For interactions
with NOXS5-EF the excitation wavelength was at 280 nm, and
emission spectra were recorded from 310 to 380 nm. Slits were at
5 nm. The dissociation constants were calculated iteratively
(MatLaB) with the use of eq 2 in ref 25.

Membrane Preparation. Membranes of NOXS and control-
transfected HEK293 cells were prepared as described before (22).
Briefly, cells were resuspended in 10% sucrose, 0.2x PBS, pH 7.5,
120 mM NaCl, 5 mM EGTA, and 1 tablet of protease inhibitors
complete EDTA-free from Roche and broken by sonication. After
sonication they were centrifuged at 200g for 10 min, and the super-
natant was layered onto a 17%/40% (w/v) discontinuous gradient
and centrifuged at 150000g for 30 min. The membrane fractions
were collected from the 17%/40% interface. Protein concentrations
were determined by Bradford reagent using BSA as a standard.

NADPH Oxidase Activity Assays. In the cell-free system
superoxide generation was measured with a chemilumine-
scence assay MCLA (with 2-methyl-6-(4-methoxyphenyl)-3,7-
dihydroimidazo[1,2-a]pyrazin-3(7H)-one hydrochloride) using
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FluoSTAR OPTIMA (BMG Labtech). Four micrograms of
membrane protein was prepared in a final volume of 150 uL/
well in the presence of 50 mM HEPES, pH 7.5, 0.3 mM NTA,
0.3 mM HEDTA, 0.3 mM BAPTA, 10 uM FAD, 1 mM MgCl,,
5.5 uM phosphatidic acid (1,2-didecanoyl-sn-glycerol 3-phos-
phate; Sigma), 50 ug/mL MCLA, and 700 uM CaCl,, and
various concentrations of pep3, pep5, and DF1 were added.
We used a mixture of three different Ca>" buffers (BAPTA,
HEDTA, and NTA) to accurately control the free [Ca®"] in the
system. All experiments were carried out at free [Ca>"] of 50 uM.
The reaction were performed at 37 °C and initiated by adding
200 uM NADPH (the K, for NADPH is 30 uM; F. Tirone, data
not shown). Superoxide generation was determined by measuring
the MCLA emission at 590 nm. Routinely, control assays were
done in the presence of SOD (21).

Controlled Proteolysis of NOXS5-Transfected Membranes.
The tryptic digestion of NOXS (1/500 enzyme/protein) was
carried at 37 °C in 10% sucrose, 0.2x PBS, pH 7.5, 120 mM
NaCl, and 5 mM EGTA, pH 8, during 45 min. The reaction was
stopped by adding protease inhibitors complete EDTA-free from
Roche. Aliquots were picked up at different times, and their
enzymatic activity was tested in the cell-free system.

RESULTS

Ca’"-Dependent Binding of NOX5-EF to Three Diffe-
rent Fragments of the NOX5 C-Terminus. In search for the
regulatory EF-hand-binding domain (REFBD) in the catalytic
domain of NOXS5 we used different GST constructs to perform
pull-down experiments (Table 1). The GST-CDHD (residues
M403—F719), GST-F3 (R496—G661), GST-F2 (R496—V604),
and GST-F1 (I576—G661) immobilized on glutathione—agarose
beads were incubated with NOXS-EF in the presence or absence
of 1 mM CaCl,; 100 ug of each recombinant fusion protein was
mixed with 100 ug of NOXS-EF at room temperature and then
washed, and samples were analyzed by SDS—PAGE followed by
Coomassie staining. NOXS5-EF was able to bind to the full GST-
CDHD (confirming the data in ref 22), to GST-F3, and to GST-
F1 fusion proteins. No interaction was detected with the GST-F2
fusion protein (data not shown). All interactions required the
presence of Ca>" (Figure 2).

Next we cloned and expressed the recombinant construct
GST-SF1 (residues S605—G661), corresponding to a shorter
form of the GST-F1 which lacks the overlapping region between
F1 and F2. We performed again pull-down assays including
GST-SF1 immobilized on glutathione—agarose beads and in-
cubated with NOXS-EF in the presence or absence of 1 mM
CaCl, (Figure 2B); the samples were analyzed by SDS—PAGE
followed by Western blotting with anti-NOXS5-EF antibody as
described in Materials and Methods. As shown in Figure 2B
NOXS-EF binds also to SF1, and the different interacting
fragments show bands of almost the same intensities, demon-
strating that the REFBD resides in the segment S605—T660 of
the CDHD.

Ca’"-Dependent Complex Formation between NOX5-
EF and Peptides pepl, pep2, pep3, and pep4. To narrow
down the REFBD, we decided to synthesize peptides of different
lengths in the region S605—T660 of the CDHD of NOXS5 and to
test also the peptide DF1, kindly provided by Fulton’s group,
corresponding to the phosphorylation region (/3).

The choice of the peptides was based on the comparison of the
sequences of NOX2 and NOXS in the region of the fragment SF1
(S605—T660). Indeed, Taylor et al. (26) have modeled the
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Table 14

A. Sequence of CDHD of NOXS5 and five cloned fragments probed by pull down.

CDHD:
403MEVNLLPSKVTHLLIKRPPFFHYRPGDYLYLNIPTIARYEWHPFTISSAPEQKDTIWLHIRSQG
QWTNRLYESFKASDPLGRGSKRLSRSVTMRKSQRSSKGSEILLEKHKFCNIKCYIDGPYGTPTRRI
FASEHAVLIGAGIGITPFASILQSIMYRHQKRKHTCPSCQHSWIEGVQDNMKLHKVDEIWINRDQR
SFEWFVSLLTKLEMDQAEEAQGRFLELHMYMTSALGKNDMKAIGLOQMALDLLANKEKKDSITGLOT
RTQPGRPDWSKVFQKVAAEKKGKVQVFFCGSPALAKVLKGHCEKFGFRFFQENF'*°

F3:

498 RKSQRSSKGSEILLEKHKFCNIKCYIDGPYGTPTRRIFASEHAVLIGAGIGITPFASILQSIMY
RHQKRKHTCPSCQHSWIEGVQDNMKLHKVDF IWINRDQRSFEWFVSLLTKLEMDQAEEAQGRFLEL
HMYMTSALGKNDMKAIGLQMALDLLANKEKKDSITG®®*

F2:
49 RKSQRSSKGSEILLEKHKFCNIKCYIDGPYGTPTRRIFASEHAVLIGAGIGITPFASILQSIMY
RHQKRKHTCPSCQHSWIEGVQDNMKLHKVDFIWINRDQRSFEWFV®®

F1:
ST I EGVQDNMKLHKVDF IW INRDQRSFEWFVSLLTKLEMDQAEEAQGRFLELHMYMT SALGKNDMK
AIGLQMALDLLANKEKKDSITG®®!

SF1:
5055 L. L. TKLEMDQAEEAQGRFLELHMYMTSALGKNDMKAI GLQMALDLLANKEKKDS I TG®%!

SF1-ND:
6053, LTKLEMDQAEEAQGRFLELHMYMT SALGKN®3¢

B. Sequence of five synthetic peptides probed by cross-linking, fluorescence and ITC.

pep4: 637DMKAIGLQOMALDLLANKEK®®Y

pep3: 621 RFLELHMYMTSALGKNDMKAIGLQMALDLLANKEKKDS I'T*¢°
pep2: 62! RFLELHMYMTSALGKNDMKAIGLQMALDLL®’

pepl: 63'DMKAIGLQMALDLLANKEKKDSITG®®'Y

DF1: *®*LSRSVTMRKSQRSSKGS®®®

The Y (red) in pepl and 4 was added to facilitate the determination of the peptide concentration.
In blue: FAD-binding subregions; in red: NADPH-binding subregions; bold: phosphorylatable
region (PhosR); bold italic: regulatory EF-binding domain (REFBD); underlined: CaM-binding
domain (CaMBD)

“The Y (red) in pepl and pep4 was added to facilitate the determination of the peptide concentration. In blue, FAD-binding subregions; in red, NADPH-
binding subregions; bold, phosphorylatable region (PhosR); bold italic, regulatory EF-binding domain (REFBD); underlined, CaM-binding domain

(CaMBD).

tridimensional structure of the catalytic dehydrogenase of NOX2
on the basis of ferrodoxin—NADP reductase which bears
important sequence similarity to the CDHD (27) and which
has been crystallized with the two bound nucleotides FAD and
NADPH (28). Taylor et al. pointed out that NOX2 CDHD
contains an a-helical insert which is not present in the nonregu-
lated ferrodoxin. Several considerations led Taylor to the hypo-
thesis that this o-helix is the regulated element in NOX2. The
sequence alignment of this putative regulated segment in different
NOXes revealed that NOX1, NOX2, and NOX3 show high
similarity, but not NOXS5 (Table 2A). In the latter enzyme this
segment extends from D637 to T660 just before the third segment
LQTRT implicated in NADPH binding (Table 1, bold italic); it is
predicted to be a-helical from D637 to E654. These structural
deductions brought us to synthesize pepl (D637—G661 plus a
C-terminal Tyr residue), pep2 (R621—L1650), pep3 (R621—T660),
and pep4 (D637—E656 plus a C-terminal Tyr residue) as seen in
Table 1B. Covalent cross-linking experiments were performed
with NOXS-EF and different ratios of pepl, pep2, pep3 and DF1
in the presence or absence of 1 mM CaCl,. In the presence of the

covalent cross-linker DSS, the Ca®* form of NOX5-EF forms a
dimer, but not the metal-free form. In the presence of CaCl,
strong complex formation was observed for pepl and pep3 and
very weak complex formation for pep2 (Figure 3A); pep3 reacted
weakly also in the absence of Ca>" (Figure 3B). For the others no
interaction was detected in the presence of EGTA (Figure 3B).
For pep4 no interaction was detected either in CaCl, or in EGTA
(data not shown). It should be underlined that pep4 and pepl
differ by only five amino acid residues, i.c., KKDSIT, from
which one can deduce that this short stretch must be much
more important for the binding of NOXS5-EF than the longer
N-terminal-ward stretch. DF1 reacted very weakly only in
presence of Ca*" (Figure 4). The molecular weight of the
complexes indicated a 1:1 stoichiometry.

Complex Formation Monitored by Trp Fluorescence. In
order to evaluate the conformational changes in NOXS5-EF upon
interaction with the synthetic peptides, we monitored the fluore-
scence of the conformation-sensitive Trp residues. NOXS-EF
possesses three Trp (W9 and W12 in the N-terminal half and
W165 in the C-terminal half). When increasing concentrations of
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FIGURE 2: Ca’*-dependent interaction of NOX5-EF with the GST-CDHD and GST-F1 checked by pull down and 15% SDS—PAGE. (A)
The GST-CDHD and GST-F1 fusion proteins of the NOX5 C-terminus on glutathione—agarose beads were mixed with NOXS5-EF in the
presence of | mM CaCl, or | mM EGTA and washed in the presence or absence of Ca*>*. The samples were revealed by Coomassie staining.
NOXS5-EF binds to both recombinant proteins in a Ca>*-dependent manner (lanes 3 and 6); no interaction is detected in the absence of
Ca’* (lanes 4 and 7). Lanes 2, 4, and 8 represent controls of GST-CDHD, GST-F1, and NOX5-EF, respectively. The 30 kDa band and the
less intense one at ca. 40 kDa result from the endogenous proteolysis of the proteins. (B) Ca>*-dependent interaction of NOX5-EF with
GST-CDHD, GST-F3, GST-F1, and GST-SF1 checked by pull down followed by Western blotting. NOX5-EF binds to the four
recombinant proteins in a Ca>*-dependent manner (lanes 1, 2, 3, and 4); in the absence of Ca*>* no signal was detected (lanes 5, 6, 7, and 8);

lane 9, control NOXS5-EF.

Table 2¢

A. Putative regulated segment in NOXes.

hNOX1
hNOX2
hNOX3
hNOX4
hNOX5

FLNYRLFLTGWDS----NIVGHAALNFDKATDIVTGLKQKTSF
FLSYNIYLTGWiDE———— SQANHFAVHHDEEKDVITIGLKQKTLY
FLSYHIFLTGWDE-—---- QALHIALHWDENTDVITGLKQKTFEY
YVNIQLYLSQTDG----IQKIIGEKYH-----——- ALNSRLFI

HMYMTSALGKNDMKAIGLOMALDLLANKEKKDSITGLOTRTQP

B. REFBD of NOX5 of different species

1 4 8 12

HUMAN DMKAIGLQMALDLLANKEKKDSIT
BOVIN DIKAIGLQMALDLLAKKEKKDSIT
OPOSSUM DMKAIGLQMALDLLAKKENKDSIT
DOG DMKAIGLQMALDLLAKKEKKDSIT
CHICK DVKAVGLQLALDLLAAKEQRDSIT
ZEBRA FISH DMKAIGLQMALDLLAKKEKRDSIT
LOTTIA G. DMKGIGLQVALDLIHEKEQRDLLT
CAPITELLA SP. DMKGIGLQVALDLIHEKEQRDLLT
HONEY BEE DMKAVTLQLAMDLVHQMEKRDLIT

In red: the third NADPH-binding subregion; in bold: the predicted regulated element in NOXS
(REFBD). Boxed is the putative regulated segment proposed by Taylor et al. for NOX2. Not
conserved amino acids are underlined.

“In red, the third NADPH-binding subregion; in bold, the predicted regulated element in NOX5 (REFBD). Boxed is the putative regulated segment
proposed by Taylor et al. for NOX2. Not conserved amino acids are underlined.
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FIGURE 3: Ca**-dependent complex formation between NOX5-EF
and pepl, pep2, and pep3 analyzed by covalent cross-linking with
DSS, followed by 17.5% SDS—PAGE. NOXS-EF was incubated
with two different ratios of pepl, pep2, and pep3 in the presence of
1 mM Ca>" (panel A) and 1 mM EGTA (panel B). Key: lane 2,
NOXS-EF; lane 3, NOXS5-EF + DSS; lane 4, NOX5-EF + pepl (1:1)
+ DSS; lane 5, NOX5-EF + pepl (1:2) + DSS; lane 6, NOX5-EF +
pep2 (1:1) + DSS; lane 7, NOXS5-EF + pep2 (1:2) + DSS; lane 8,
NOXS-EF + pep3 (1:1) 4+ DSS; lane 9, NOXS-EF + pep3 (1:2) +
DSS;. C, complex; D, dimer.
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FIGURE 4: Monitoring of Ca*"-dependent complex formation bet-
ween NOXS-EF and peptide DF1 by covalent cross-linking with DSS
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pepl were added to 0.9 uM NOXS5-EF in buffer A (50 mM Tris-
HCI, pH 7.5, 150 mM KCI) containing 1 mM Ca**, the Trp
fluorescence intensity decreased by 21% at 345 nm. Moreover, a
blue shift of 5 nm of the maxima occurred together with an
isosbestic point at 226 nm (cross-point in Figure 5A). From this
fluorescence change we estimated, as described in Materials and
Methods, a dissociation constant (Kg) of ca. 1 uM for the
complex NOXS5-EF /pepl. No fluorescence change was observed
in the presence of | mM EGTA instead of Ca** (data not shown).
The interaction of pep2, which is located N-terminally of pepl
with an overlap of 14 residues, with NOX5-EF was accompanied
by a fluorescence decrease at 338 nm of 15%, but a very weak
wavelength shift and no clear isosbestic point were observed
(Figure 5B). A K4 of 5 uM was estimated. The pep1 blocked at its
C- (-acetyl) and N- (amide-) termini (i.e., pepl’) showed the same
properties as the nonblocked pepl. For pep3 and pep4 no Trp
fluorescence change was observed in similar titration experi-
ments.

Microcalorimetry. Using the ITC technique NOX5-EF was
titrated with the different peptides in the presence and absence of
Ca”", and the data are summarized in Table 3. Pep] interactsin a
1:1 stoichiometry (Figure 6A) with NOXS5-EF, and fitting of the
integrated data to a one-site binding model results in a Ky of 2—3
uM with a rather low negative enthalpy change (ca. —2 kcal/mol).
Thus the entropy term is the more important driving force, and
the gain in structure upon complex formation is rather low. This
was confirmed by circular dichroism experiments: the far-UV
spectrum of NOXS5-EF was not notably changed by the addition
of pepl (C. T. Craescu, data not shown). Table 3 shows that an
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N-terminal extension of the peptide (pep3) does not improve the
affinity significantly. The higher binding enthalpy of this longer
peptide is probably compensated by a larger contribution of
the unfavorable conformational entropy contribution. However,
the C-terminal truncation (pep4) leads to a 2—3-fold decrease of
the affinity, thus validating the status of pepl as the representa-
tive target model of NOXS-EF in its interaction with the
catalytic domain. In the absence of Ca*" no interaction could
be measured (Figure 6B). This high Ca*" dependence indicates
that NOXS does not expose its hydrophobic surface in the
absence of the divalent cation. As expected, the enthalpy/entropy
values of the other synthetic peptides are quite similar (Table 3).
The somewhat lower affinity of pep4 is due to a lower gain of
entropy.

Ca’"-Dependent Interaction of NOX5-EF with GST-
SFI-ND Compared to GST-CDHD, GST-FI, and GST-
SF1.Toconfirm that pepl was the real main part of the REFBD
of NOX5, we cloned a new recombinant protein, SF1-ND
(S605—N636; see Table 1). This construct is a shortened form

Table 3
K, (error)  AH (error) TAS
protein  ligand 2mM Ca®>* (x10°M™") (kcal/mol) (kcal/mol)

NOXS-EF pepl  with 4.7(0.5) —1.9(0.7) 6.0
NOXS-EF pepl  without NB“

NOXS-EF pep3  with 4.0 (0.6) =6 (0.05) 1.8
NOXS5-EF  pep3  without NB“

NOXS-EF pep4  with 1.4(0.2) —3.6 (0.03) 3.5
NOXS5-EF  pep4  without NB“

NOXS-EF pepl’ with 3.2(0.7) =3.1(0.3) 4.5
NOXS5-EF  pepl’”  without NB“

“No binding; K, = equilibrium association constant.
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of the SF1 protein, lacking 23 residues at the C-terminal sequence
corresponding to pepl. We performed pull-down assays with
GST-CDHD, GST-F1, GST-SF1, and GST-SF1-ND immobi-
lized on glutathione—agarose beads and incubated with NOX5-
EF in the presence or absence of 1 mM CaCl,. Samples were
analyzed by SDS—PAGE followed by Coomassie staining. As
shown in Figure 7A, NOXS5-EF did not bind to the GST-SF1-
ND recombinant protein, in contrast to the other fragments of
the C-terminus.

To see if the interaction was abolished, we performed pull-
down experiments between the GST-CDHD and NOXS-EF in
the presence of pepl. As shown in Figure 7B the Ca®"-dependent
interaction of NOX5-EF with GST-CDHD is strongly reduced
by the presence of pepl, confirming that the segment D637—
T660 corresponds to the REFBD in the catalytic C-terminal
domain of NOXS. We tested pep3 and DF1, and the competitive
interaction was less pronounced likely due to their lower affinity
for NOXS5-EF; pep4 had no effect on the interaction between
NOXS-EF and the GST-CDHD.

Investigation of the Effect of pepl, pep3, and DFI on the
Superoxide Production by NOXS5. After identification of the
two regions in the CDHD that interact with the regulatory
domain of NOX5, we decided to evaluate the role of these
segments on the enzymatic activity. Therefore, we performed the
cell-free system assay using NOX5-containing membranes in the
presence of the different peptides. Previously, we reported that
NOXS5 activation was strongly dependent on free Ca*" concen-
tration in the 0.3—7 uM range (22), and this was confirmed here.
In the present study, we added to the system the peptides DF1,
pepl, and pep3 at different concentrations (Figure 8); NOXS
superoxide generation was inhibited up to 90% (of maximal
activation) by pepl and pep3 at the concentration of 300 uM,
with no major differences, and the half-maximal inhibition is at
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FIGURE 6: Calorimetric data for pep1 binding to NOXS5-EF. Experimental traces of the titration of 30 uL of NOXS5-EF with pepl in the presence
of 2mM Ca®" (A) or EDTA (B) are shown in the top panel, and the integrated binding isotherms are shown in the bottom panel. In (A) K4 =
(48 £0.5) x 10°M™', n = 0.77 + 0.06, and AH = 1.9 + 0.7 kcal/mol. In (B) no interaction was observed.
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30 uM. To reach the same inhibition with DF1, its concentration
had to be increased to 1 mM, and the half-maximal inhibition is
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FIGURE 7: (A) Ca*"-dependent interaction of NOX5-EF with GST-
CDHD, GST-FI1, GST-SFI1, and GST-SFI-ND checked by pull
down followed by 15% SDS—PAGE. The GST-CDHD, GST-SF1,
and GST-SFI-ND on glutathione—agarose beads were incubated
with NOXS5-EF in the presence or absence of 1 mM Ca®t. NOX5-EF
binds in a Ca>"-dependent way only to the GST-CDHD, GST-F1,
and GST-SF1 recombinant proteins (lanes 2, 4, and 6); no interaction
occurs with GST-SF1-ND protein in the presence (lane 8) or absence
(lane 9) of Ca®". (B) The Ca>*-dependent interaction of NOX5-EF
with the GST-CDHD (lane 3) was partially reversed by pepl (lane 4).
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at 160 uM. Then we measured the dose—response of superoxide
production by NOXS to pepl in the presence of DFI1, but no
increase in sensitivity was observed (data not shown). All of these
data confirm that the regulatory N-terminal domain of NOX5-
EF binds to the CDHD of NOXS in these now well-defined
regions and that the activation of the enzyme is dependent on this
interaction.

Elucidation of the Activation Mechanism of NOX5. The
activation of several enzymes by CaM implies the removal of an
autoinhibitory element that blocks the catalytic site. An alter-
native way to activate these enzymes is to remove the autoinhi-
bitory element by controlled proteolysis or with the help of
organic solvents, as in the case of the calcium-pumping AT-
Pase (29), cyclic nucleotide phosphodiesterase (30), and phos-
phorylase kinase (37, 32). To elucidate the mechanism of activa-
tion of NOXS and see if the REFBD has an autoinhibitory role,
we performed a controlled trypsinolysis on NOXS5-containing
membranes. During a time course of 45 min, membrane samples
were taken away at different times, and the enzymatic activity
was measured in the absence of Ca*". As shown in Figure 9,
without proteolysis or at a very short time (<3 min) of
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FiGure 9: Controlled trypsin proteolysis of NOX5-containing mem-
branes. Superoxide measurements of NOX5-containing membranes
after a time course of limited trypsinolysis. The enzymatic activity
was measured in the absence of Ca®* and compared to the activity of
a control experiment in the presence of Ca®" (left). The protease-
induced activity is maximal at 10 min. DPI was used as control as
previously shown (15).
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trypsinolysis NOXS5-containing membranes do not produce
superoxide in the absence of Ca*". But after 5 min of trypsin
digestion, NOXS5 started to generate superoxide in the absence of
Ca®" and reached a maximal activation of up to 75% (at 10 min
in Figure 9) of the one measured with nonproteolyzed mem-
branes in the presence of Ca®" (left bar). So, after trypsinolysis
the enzymatic activity becomes independent from Ca®" and
therefore from its N-terminal EF-hand domain, strongly suggest-
ing that the REFBD in the catalytic domain of NOXS5 has an
autoinhibitory role.

DISCUSSION

The NADPH oxidase 5 is a member of the NOX family that is
specialized in superoxide production (reviewed in refs 3, 33,
and 34). At its N-terminal end it possesses four functional EF-
hand motifs (22), and its activation is Ca*'-dependent (12).
Previously, we have shown that upon Ca>" binding the regula-
tory N-terminal domain undergoes a marked conformational
change allowing the interaction with the catalytic C-terminal
domain and thus leading to the activation of the enzyme (22). We
have also shown that CaM binds specifically to the C-terminus of
NOXS5 (CaMBD) in a Ca®"-dependent manner and increases the
Ca®" sensitivity of the enzymatic activity via the N-terminal
domain (/5).

The aim of this study was the identification of the binding site
for NOXS5-EF in the catalytic dehydrogenase domain (CDHD).
First, we have examined a segment in the phosphorylatable
region (PhosR) of NOXS since this phosphorylation increases
the Ca®" sensitivity of the enzyme as shown in ref /4. Therefore,
this PhosR should be in close proximity to NOXS5-EF, the sole
Ca’"-sensing element in the enzyme. Indeed, we found that this
17-residue peptide interacts with NOX5-EF in a Ca*-dependent
manner and the interaction encompasses conformational
changes. But the affinity is very weak with a Ky about 25 uM,
and the conformational changes are small. These binding proper-
ties thus strongly suggest that another region in CDHD is (also)
implicated in the interaction. We concentrated on the region
between the PhosR and CaMBD. This is a very large region
(from R496 to G661), and although we can exclude the NADPH-
and FAD-binding subregions, which are identical in all NOXGs,
we first needed more detailed information. Cloning of rather
large fragments in the region R496—G661 helped us to localize
the REFBD somewhere in the region S605—T660. To narrow
down the wanted site, we were inspired by the three-dimensional
structure of the CDHD of NOX2 modeled on the basis of
ferrodoxin—NADP reductase; Taylor and collaborators have
pointed toward an a-helical insert (boxed in Table 2A) as the
regulated element in NOX2 (26). In the sequence alignments of all
the members of the NOX family we have observed that this
region is well conserved in NOX1, NOX2, and NOX3 but not in
NOX4 and NOXS. In addition, in NOXS this segment is longer
and completely different from all other human NOXes. It extends
from D637 to T660, just before the third subregion implicated in
NADPH binding (Figure 1), and it is predicted to be a-helical.
Based on this information synthetic peptides were obtained, and
we finally identified in the C-terminal catalytic domain CDHD a
24 amino acid long segment (REFBD) that interacts in a Ca®'-
dependent way with the regulatory N-terminal domain of NOXS5
and displays a micromolar K. Their interaction provokes
moderate, but distinct conformational changes as monitored
by Trp (Figure 5) and TNS (not shown) fluorescence changes. At
present it is not fully clear if the NOX5-EF binding site in CDHD
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is a single site composed of both the higher affinity REFBD and
the lower affinity PhosR or if NOXS5-EF alternatively interacts
with each of these domains.

The Ky between the REFBD and the CDHD is about 1 uM, a
quite low affinity compared to the CaM systems. But, since the
two domains are located on the same polypetide chain, their
interaction is intramolecular and should be entropically favored.
Moreover, it is now generally accepted that, on the basis of
colocalization of molecules in cell compartments, the local
concentrations (35) are much higher (100—1000-fold), thus
favoring complex formation in these confined compartments.
Moreover, since the PhosR plays a role in NOXS5 activation, this
region and the REFBD may both be implicated in the interaction.
The existence of a composite binding site would necessarily
increase the affinity for NOXS-EF through the principle of
synergism. In this respect it is notable that both pepl and DF1,
corresponding to the REFBD and the PhosR, respectively,
strongly inhibit the superoxide production. The amounts to
reach 90% of inhibition are high, but this again may be an effect
of submembrane compartmentation. It is anticipated that linking
of the two regions stabilizes them, and this may increase the
binding affinity to NOXS-EF. This mechanism was already
shown in the case of the complex between CaBP1 and the IP3
receptor, which regulates channel gating (36). The affinities of
CaBP1 for the isolated N-terminal inhibitory segment and the
IP3-binding domain, respectively, are very low, but CaBP1
binding increases strongly when the two are linked together.
Another resembling example is the interaction SI00A6 with the
C-terminal domain of Siah-1 interacting protein (2/). To answer
the question of two-site binding of NOXS5-EF, one could examine
if it can still bind to recombinant CDHD that lacks REFBD and
vice versa. Another obvious approach to ascertain that pepl is a
major structural element in the REFBD is to make point
mutations in the NOX enzyme, express the mutants in
HEK293 cells, and monitor the enzymatic activity. Carefully
screening the constitutive activity and its Ca>* dependency may
also yield clues as to the autoinhibitory nature of the REFBD (see
below). Major focus should be placed on the KKDSIT sequence,
which may constitute the nucleus of the interaction.

The thermodynamic reason of the low affinity is the low
negative enthalpy change (—2 kcal/mol) and very moderate
entropy increase. It should be noted that the interaction of
CaM with different peptides originating from target proteins is
accompanied by enthalpy changes ranging from —12.6 kcal/mol
(CaM kinase I) to +16 kcal/mol (melittin) (37). The caldesmon
peptide, which interacts with CaM with an affinity comparable to
that of NOXS5-EF/pep1, is much more enthalpy driven (—12 kcal/
mol). In contrast, the low-affinity binding of CaM to the CaM
kinase ITis entirely entropy driven with a AH of +5 kcal/mol (38).
These data suggest that the mode of interaction of the regulatory
NOXS5-EF domain with the catalytic domain is different from the
CaM—target interaction. In this respect it is worthwile to notice
that all of the REFBD in Table 2B contain a particular motif with
hydrophobic residues in positions 1 (M), 4 (I), 8 (M), and 12 (L)
which may resemble the well-known motif 1, 5, 8, and 12 for
CaM-binding motifs (39). But the positions are not identical, and
the quality of these hydrophobic residues is quite divergent,
especially in position 1 (W versus M).

The D637—T660 REFBD is unique to NOXS5, where it is very
well conserved in human, dog, bovine, opossum, and zebra fish
(Table 2B). In insect, annelid, and mollusk NOX5 the REFBD
shows nine differences in amino acid residues with human NOXS,
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but internally they show more resemblance. This parallels the
sequence conservation of the four EF-hands in NOXS, which
are very well conserved in vertebrates but much more divergent in
the invertebrate group. It is noticeable that the CaMBD and the
REFBD are very different. Aromatic amino acids, especially
important for CaM interaction in the CaMBD, are completely
absent in the REFBD; the REFBD is more hydrophobic, and it
presents an equal number of negatively and positively charged
amino acids, while the CaMBD is positively charged.

In our previous study we have shown that CaM acts as a
modulator of the enzymatic activity by facilitating or stabilizing
the interaction between the regulatory N-terminal EF-hand
domain and the catalytic C-terminal domain of NOX5. Indeed,
this CaMBD is located just after the third NADPH-binding
subregion whereas the REFBD identified here just precedes the
third NADPH-binding subregion. Thus in space the CAMBD
and the REFBD must be very close to each other. This may
explain why CaM is not an independent activator with its own
mechanism but acts via the NOXS-EF/REFBD activating
machinery.

In addition, we have shown that the REFBD is an auto-
inhibitory element: after binding of Ca®" to the regulatory
N-terminus, the latter interacts with the REFBD and removes
it from the catalytic site, thus releasing the autoinhibition of the
enzyme. This mechanism is well represented by CaM and its
target calcineurin phosphatase, where Ca®*-CaM by interacting
with its target in a well-defined region on the CaMBD releases the
autoinhibition, leading to phosphatase activity (40, 47). Our
proposal that REFBD is an autoinhibitory domain is still based
on preliminary data and must be strengthened by experiments,
which delineate the trypsin cleavage site(s). But membranes of
HEK293 cells likely contain too many other proteins, which will
render the identification of the specific NOX5 cleavage products
by mass spectrometry tantalizingly complex. An alternative
elegant approach will consist of site-directed mutagenesis, espe-
cially in the KKDSIT segment of REFBD.

In summary, we demonstrated that the regulatory NOX5-EF
interacts with the catalytic CDHD in two well-characterized
regions, the REFBD and the PhosR. The key element for the
activation is the release of the autoinhibition via the interaction of
NOXS5-EF with the REFBD.?
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