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ABSTRACT

Phagocyte NADPH oxidase produces superoxide
anions, a precursor of reactive oxygen species
(ROS) critical for hostresponses to microbial
infections.  However, uncontrolled ROS
production contributes to inflammation, making
NADPH oxidase a major drug target. It consists of
two membranous (Nox2 and 2%2) and three
cytosolic subunits (p&, p47"% and p67">)
that undergo structural changes during enzyme
activation. Unraveling the interactions between
these subunits and the resulting conformation of
the complex could shed light on NADPH oxidase
regulation and help identify inhibition sites.
However, the structes and the interactions of
flexible proteins comprising several well
structured domains connected by intrinsically
disordered protein segments are difficult to
investigate by conventional techniques suchas X
ray crystallography, NMR, or cryBM. Here, we
developed an analytical strategy based on FRET
fluorescence lifetime imaging (FLIM) and
fluorescence  crossorrelation  spectroscopy
(FCCS) to structurally and quantitatively
characterize NADPH oxidase in live cells. We
characterized the inter and intraméecular
interactions of its cytosolic subunits by elucidating
their conformation, stoichiometry, interacting
fraction, and affinities in live dis. Our results
revealed that the three subunits have a 1:1:1
stoichiometry and that nearly 100% of them are
present in complexes in living cells. Furthermore,
combining FRET data with smeadingle Xray
scattering (SAXS) models and published crystal
structures of isolated domains and subunits, we
built a 3D model of the entire cytosolic complex.

1

The model disclosedan elongated complex

containing a flexible hinge separating two
domains ideally positioned at one end of the
complex and critical for oxidase activation and
interactions with membrane components.

Numerous proteins contaimtrinsically
disordered region$l,2). Their growing number
challenges the paradigm afstrong relationship
between structure and function. Those proteins
require newstrategis to study th& shapeand
their interactions.Here we focus on proteins
composed of structured domains linkeay
disordered segments. Those segments and thus the
whole protein can adopt a broamhsemble of
conformations. These ensembles are highly
influenced by their environment. In particular, the
molecular crowding, the local ion concentrations,
pH or viscosity present in live cells may change
the set of accessible conformatioNgvertheless,
when they are associated with diseases,
knowledge about both their structure and their
affinity with partners is essential to identify
potential drug targets immedidnal chemistry.
Their structural analysis calls famew in situ
analytical strategied,,2). Here, we combined live
cell FRET-FLIM and FCCS approaches to
propose an integrated analytical workflow for
structural and quantitative studies of a protein
complexcomposeaf suchmulti-domainproteins
in their native environmentWe applied this
workflow to the intra and intermolecular
interactions of the cytosolic factors of the
phagocyte NADPH oxidase complex

The phagocyte NADPH oxidase is one of
the seven isoforms of the Nox family aadanajor
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enzyme of the immune system due to its
pronouned production of microbicidakeactive
oxygen species (ROS). A pathological
hyperactivity of this oxidaseleads to chronic
inflammation, which is associated with
cardiovascular diseases, strokend chronic
obstuctive pulmonary disease (COPEB). The
activity is regulated by the spatietemporal
organization of the intra and intermolecular
interactions of itscytosolic subunits p4Ch,
p47"% and p67"°% forming asoluble complex
before activationUpon activationthese subunits
translocatéogether with thesmall GTPase Rac to
the membransubunitsNox2 and p22'*to form
the active oxidase complex. The protein
interactions within the cytosolic complex were
extensivelystudiedn vitro (Fig. 1) (3). In addition

to the interactions between 4% and p67"°* or
p47P"* and p67" an interaction between the
SH3 domain of p4™ and the PRR domain of
p47"°* has been observed but iysiological
relevances not clear4). The structure ofp40°"
was entirely solved (5). The presence of
intrinsically disordered regions in pA? and
p67"°%  predicted from their sequence (6),
prevented the crystallization of the whole
subunits. Only domains eitheisolated or in
interaction were solve@@). To date, neitherhie
spatial organization nor the stoichiometric
composition of the entire compléxlive cellswas
clarified. Using live cell FRET-FLIM and FCCS
approaches with fluorescent proteitagged
subunits we demonstratec 1:1:1 stoichiometry
of the three suburit estimatedheir affinity and
analyzd their spatial organization. Finally, we
used these findings to elaborate a newir8Bilico
model of the entire cytosolic complex in the live
cell situation. This model shows an elongated
complexandaflexible hinge Itis fully compatible
with the multiple steps of oxidase activatidn
addition,it canguide thdadentification ofpotential
sites forantrinflammatory drug target® regulate
the NADPH oxidase activity

Results
FP tagged subunits are correctigxpressed and
are functional

Thecytosolicsubunit4C", p4P"°*and
p67"°* were tagged with fluorescent proteins
(FPs TableS1), eithercyan(CFP:mTurquoise or
Aquamarine)7), yellow (YFP: Citrine) (8), or red
(RFP: mCherry) (9). The size of the fusion
proteins expressed by COS7 cellaswerified by
Western Blot(Fig. S1A). To assess whether the
FP-labelled subunits are able to reconstitute the
active oxidase complexe usedCOS'>?P22 cells
stably expressing the membranous subunits
Nox2/p22"x and Rac, but no endogenous
cytosolic  subunits (10). COSW*P22  \ere

2

transiently transfected witlthe three cytosolic
subunis with or without a FRag (Fig. 2A). The
production okuperoxide anions was monitored by
a luminometry assay sensitive to extracellular
ROS(Fig. 2B). The ROS production started upon
activation withphorbol myristate acetai®MA)
and stopped immediately after addition of
diphenyleneiodonium{DPI), a NADPH oxidase
inhibitor. All constructs allowed a pronounced
ROS production (Fig. @). The production with
N-terminal tagged p#47 and p67"°* was lower

in comparison to the @rminal tagged variants
but still much higher than the notransfected
cells. The presence of the RRgs slowed down
the ROS production and consequenlgyayedhe
time point at which the maximasignal was
reached (FigS1B andC). Taken togetherthese
observations show thatl our FP-tagged subunits
are able to reconstitute an active NADPH oxidase
complex and are fully suitableto explore thi
spatialorganizatiorand affinity.

Forster resonance energy transfer BET) is
observed betweefluorescent proteins atboth
ends of individual subunits and is not strongly
modifiedin presenceof their partners.

We then tagged each of the cytosolic
subunis p4dhox  p4Pox  and  p6T"ox
simultaneously at both termimvith a donor (D)
and an acceptor(A) FP for Forster resonance
energy transfer (FRET)resulting in secalled
tandemgschemsFig. 3 TableS1). We used aa
positivecontrol a simple D/A tandein whichthe
donor and acceptor FRgere linked by a flexible
27 amino acids long peptidé1). Tandemswere
expressed iIROS7 cell@andFRET was monitored
by fluorescence lifetime imagingFLIM). The
apparent FRET efficienciega,p, were derived
from the average fluorescence lifetime of the
donorFP measured in individuatells (Eq.1 to 3
in experimental proceduresap, for the p40Phox
p47°hox and p67"°* tandens were significant
althoughlower thanin the simple D/A tandem
(Eapp=8.2+ 1.2%, 12.3:t 1.2%, 7.7+ 1.1% and
32.7 £ 1.8%, respectively Fig. 3B). The low Eapp
values for the subunit tandesrareconsistentvith
the much larger size of theentral subunitsas
compared t@ 27 amino acids peptide linker

Next, we studied theinfluence of the
p67"°% partner on the p47°* tandem andof
p4C"> on the p67°*tandem Either p47"°* or
p67"°*tandems wereo-expresseavith a plasmid
coding forthe partnersubunitconnected to RFP
via the viral P2A peptide (12,13) The P2A
sequenc@revensthepeptide bond formation and
leads tahe separate expression thie subunit and
the RFR the presence of the RFP phoy the
correct expression of thpartner subunit The
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co-expressionof tandemswith RFP alone was

taken as referend€ig. 3C). Theco-expression of
RFPR2A-p67"* did not changethe apparent
FRET efficiency in the p#7* tandem and

similarly, the presence op40°"°* did not modify

the FRET level of the p68P*tandem (Fig3C and

Fig. S2), showing that in both casethe overall

geometry of the tandem is not significantly
modified uponinteraction with their partners.

FRET signals indicate specific interaction
between p67"* and p47"* and provide
information on their spatialorganisation

Thebi-molecular interaction betwedtP-
tagged cytosolicsubunitswas then investigated
usingsimilar FLIM-FRET methodologieg=ig. 4).
First, we studiedthe interaction ofp67"°* and
p47"°% (Fig. 4A, B, C andF). Uponco-expression
of pAP"°XCFP / p67"%YFP, the lifetimes of the
CFP donor weren average significantlghorter
than the reference value for F%F*CFP alone
(Fig. 4A & 4B). However, as usual in dual
expression systemBRET efficiencie€,p,varied
strongly from cell to cell depending on the
amount of expressed acceptor We thus
determinedEspp as a function ofthe acceptor
guantity, as estimated from its average
fluorescence intensitgFig. 4C), or as a function
of the ratio [A)/[D] (Fig. &), using a custom
calibration procedure (s&), asshownby othes
(14,15) In all cases, the FRET efficiency
increases with the absolute or relative amount of
acceptor.

For p4P"*and p67"*subunits labeled at
their Gtermini (CGlabeling), Eapp reaches a
maximum value around 126 at high acceptor
levels(Fig. 4C & 4F). Thisis significantly higher
than the negative contrglconsisting in the co
expression of p#™-CFP wih YFP alone (Fig.
4C and Fig S3A). As a seconchegativecontrol,
we usedatruncated version of p4P*missing the
PRR domaing4?"*' Cter[1-342]) andleadngin
vitro to a complete abrogation of any interaction
with p67"* (16). The m-expression of
p4 7P (1 &er-CFP with p67"°%<YFP givesclearly
different FLIM images as compared to
p4P"°<CFP, with well separated average lifetime
distributions(Fig. 4A and4B), andmeasuredEpp
values in the range othe first negativecontrol
(Fig. 4C and Fig. S3A). The observation of a
plateau valudor Eapp, Well above the values of the
controls,providesa strongevidence foia specific
interaction(17). The absence of significant FRET
in the case op47"°*' Ctershowsin additionthat
the PRR domain of p&P*is require for this
interactionin live cells.

We then modified thiabeing sites of our
FP tags, eithdny switchingthemto the Ntermini

or by exchanging FP colors between p%7and
P67 (Fig. 4C & 4F). For the CNtags, the
maximumEazp, of 8% waslower than for the CE
labeling (Fig. 4F), yet significantly above the
negative contra (Fig. S34). For the NNitags,
Eapp, remaired very low andclose tothe range of
the negativecontrols (Fig4C and Fig.S3A).

To evaluate independentliye occurrence
of an interaction between p47> and p67"
tagged at their Mermini, we usedfluorescence
crosscorrelation spectroscopy (FCCSh this
technique, thefluctuations of the fluorescence
intensities of FPtagged p47"* and p67"°
diffusing in and outa confocal volume in the
cytosol of COS7cells are analyzed bnuto and
crosscorrelation functions (see Experimental
Proedurg. A crosscorrelation function with a
nonnull amplitudewas observedor p47"°* and
p67"°*tageed eitherat their CC and NMermini
(Fig. 5A), showing in both casesco-diffusion of
the fluorophoreindicativeof complexformation

We thus observe a specific interaction
betweerp4?"*and p67"°* cytosolic subunitgor
all testedpositiors and typesof FPtags, with in
most casesEa, Well above negative controls
ApparentFRET efficientes measured in living
cells arevery complex average quantities. In
addition the efficiency of energy trafer depends
on both the distance and relative orientation
between the donor and the accepé&s predicted
by Forster theorysee Experimental Procedure)
As the fluorescent proteis are attached to the
subunis throughvariableflexible linkers (Table
S1), alargerangeof relative FP orientationsare
likely allowed leading to some averaging ofeth
orientation factarln the frame of this paper,ew
will thusassumehat major differencesin FRET
efficiencies arehiefly governedy distance. This
is supported by the similar FRET efficiencies
observed when different/B pairs are used, or
whentheanchoring sites afonor and acceptaire
swappedsee for example FigiC & 4F).In this
frame, he relative FRET efficiencies observed
donor and acceptdocated at different termini
provide interestingtopological information.The
maximum apparent FRET efficiency is higtier
the CCdabeling than for the CNtabeling
(Fig. 4F). Indeed, he two C termini are known to
bind to each otheland shouldbe closer than the
N-terminus of p6#°¢ and the @erminus of
p47" which are separated by P67 itself
(Fig.1). For the NN 4abeling, the distance
between FPs is most likely toordge to observe
FRET, as we have evidence for complex
formation through FCCS he upper distance limit
for a FRETFpositive situation is about twice the
Forster radius of the FRET pair (s&gerimental
procedures)c.a 100A. To fulfill this distance
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condtion, the Nxermini of both subunitshould
point to opposite directiain the complex

FRET signals indicate specific interactions
betweerp4®"™ and p67°">% and between p&
and p4 7o

We studied similarly the interactions
betweenFP-tagged p40Ph>* and p67°"°* (Fig. 4D
andG, Fig. SB). For alltag positiors (NC, NN,
or CC), specific FRETwas observedwvith the
same maximumefficiency around 8%at the
plateau(Fig. 4D & 4G). The similar maximum
FRET efficienciesindicate comparabledistances
between the different termini of p40°"* and
p67phox.

The direct p40®"°<p47P"X interactionwas
guestioned to bef physiological relevance do
berather an artificial phenomenaasulting from
test tube experiments in the abseotp67"°%(4).
The possible interaction sites were identified
vitro to be the SH3 domain of p#9 and the €
terminal PRR domain of p&™ which isalsothe
binding site for p67"°* (Fig. 1) We coexpressed
p4C"ox and p47"* or its truncated version
p47"x (0 & WMHHUNC or CC labelindFig. 4E and
4H). We found specific FRETh both casesvith
equivalentEap,, Which indicates that the RBgs at
both termini of p4@° have a similar average
geometry relative to the -@rminusof p4?hox
Whenp4 7' (1 & Wwvddised instead ofll -length
p47"°X no significant FRET was observed
(Fig.4E and Fig. S3C). This confirms the
requiremenbf the PRR domain of p4™*for the
interactionwith p4C"~in live cells

The cytosoliccomplex has a 1:1:1 composition
with a high affinity between the subunits

FRET depends strongly on the number of
acceptors in thdirect vicinity of the donorand
thus allows to explore the stoichiometry of the
interaction(18). An uneven stoichiometry of the
subunits in the complexX :Y) will result in
different maximum Eas,p, when the donor and
acceptor arewapped betweesubunis (Fig. S4).
In contrast, eversubunitratios (X: X) will give
the samenaximumEap,. On heteredimers formed
by p47"*/ p67P"°*as wellas byp4(Pho*/ p67P"ox,
swapping donor and acceptor did rabtange the
maximumapparent FRET efficiencffFig. 4~ and
4G). We also investigated possible
homodimerization of the cytosolic subunits by
co-expressing each subutdiggedwith donorand
accepto=Ps in thesame cellIn all cases, thEapp
scattersn the range of thaegativecontrols(Fig.
S5), indicating that there are naletectable
homodimers Taken together our findings
supporta 1:1:1 stoichiometry forthe cytosolic
complex in the living cellin agreement with in
vitro experimentg19,20)

The amplitudes of the autand crosscorrelation
functions obtained by FCC@ovide anestimate
of the relative expression levels of the tagged
subunits and of ther fraction in interaction
(Experimental Proceduresand Sl). The FCCS
analysis givesqualitatively similar results with
FRET-positive CC-labeling or FRET-negative
NN-labeling(Fig. 5B). In both case, the fraction
of interacting protein i€orrelated to the relative
expression level ahe proteinsWhile dl p67°hox
is bound incomplex in the presence otwofold
excess of p&r% the fraction of p47ox
interactingwith p67"°* decreasg concomitantly
The apparent fraction of molecules in interaction
is somewhat lower for the FREJositive CC
labeling than for the FREMegative NNlabeling,
which may be ascribedto a FRETinduced
decrease of the amplitude of the croesrelation
function(21).

The concentration ofbound and freediffusing
P47 and p67"°* obtained from the FCCS
measurementan also be usedto estimatetheir
apparent dissociation constant, ° {seeS|). The
median -gaavalue is in the range of a few
hundred nM showing ahigh affinity between
p4Pr*andp6?"* in live cells Such ahigh
affinity, with a - ,,well below 1 yM is consistent
with previousvalues obtainedn vitro ranging
from 4 to 32nM (22).

In conclusion, FRET imaging and FCCS
experimentsin live cells clearly demonstrate
specific interactions betweedhe three cytosolic
subunits of the NADPH oxidasand give new
insights into theirspatial organizationin the
complexeslin the next paragraphs, we wilke this
information together with SAXSNMR and X
ray crystallography data build a 3D model of th
heteretrimer. The crystallographicstructure of
p4C0"*was solved5) but p4P"*and p67"°* are
highly flexible and only some domains were
crystallized.First, we will describehow several
putative conformations ofgg*"*and p7°"*were
selected fronSAXS experimentsSecondwe will
assemble¢he individual subunitandchoosealong
this processhe most appropriate conformation of
p4P"x and p67"° with the help of the
topological information obtained from FRETq
finally propose a 3D modeif the hetererimer
compatible withour live cell experimentsas well
as structurabnd biochemical results available in
the literature.

Sets ofmodelsfor p67°"™ and pA7°"* based on
SAXS experiments

SAXS analysis consists in producing a set
of atomic models compatible with the
experimental SAXS curves using existing high
resolution structures of the crystallized domains,
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as explained in the section Experimental
Procedures-or p67"°% we reexaminedprevious
experimental SAXS result§23) while new
experiments were performed fahe truncated
p47ox' Cter[1-342] and for p47°* to improve
the model previously proposed by Durand et al
(24). For eaclof the thregoroteirs, we retainech
representative selectioof possiblemodels that
arediscussedn thefollowing steps

Therepresentative models p# 7" Cter
[1-342] werefirst examinedin order to find a
model adoping a relative orientation ofts PX
domain with the SH3 domains compatible with all
other previous experimentalobservations(Fig.
S6). First, in the resting state, p% adopts an
autoinhibitedconformation in whictthe residues
of the PX domainthat interact withmembrane
phospholipidsduring the active phasare poorly
accessiblg25). Most of the models werejected
using this criterion Kig. S6A, SEB). Secondthe
PX domaininteracts with the lateral surface of
N-terminal SH3 domain including Argl62 and
Aspl166(16,25) Therefore, théattertwo residues
have to be locatedat the interaction surface
between PX and SH3 domai(Fig. S&C). Third,
previous kinetic analysis of H/D exchange
coupled to mass spectrometry (HDXS)
identified the residues involved in the
intramolecular interaction in the resting state of
p47"°% whichshouldalsobe masked16).

We finally retainedone model of p47hox
'Cter that correspomsdo all these criterig(Fig.
6C). The SAXS curve calculated on this model
using the program CRYSOis shownin Fig. 6A
togetherwith the experimentabata (26). This
model of truncated p47">* was then used as
starting point for the fit of thexperimentaBAXS
pattern of the fulengthp47"°% protein(Fig. 6B,
Table S4, resultingin a set offull -lengthmodels
carrying amainly unstructuredC-terminal part
Representative models of the figngth p47hox
protein wereselectedo build the whole 3D model
of the heterdrimer in the nexsection

Step by step ssemblyof a 3D model of the
NADPH oxidase cytosolic complex

Assuming a 1:1:1 stoichiometry, the
representativ€ AXS models ofull length p4 7"
and p67™ selected aboveand the oystal
structure ofp40"°* were then usedto build a
model ofthe heteretrimer, following a step by
step workflowpresentedn Fig. S7.We know that
p4C"*and p67"°*interactvia their PB1 domains
(Fig. 1) and the crystal structure of thmt(Phox
PB1/ p6P"* #B1 interactionhas been solved
(27). This wasusedas a template toaddfirst the
whole crystal structure op4C"* onto p6P"> +
PB1(5) (Step | inFig. S7). Then we aded onthe

p67"°<PB1 domain the full length p67"
structural modelpreviously selectedVe seleced
the most appropriate modedsed on the following
criterig illustrated inFig. S8 First, we kept the
modek that had neither clashes nor sterical
hindrance withp4C®®"°* Second considering the
maximum dimension of p67" determined by
SAXS (Dmax-160A, Table S3 (23,28) and
moreover the observation osignificant FRET
between the two termini gf67"°%in the p67h°
tandem the N-terminusof p67"°* has to be bent
toward its Gterminus. Third, for the
p4Cho*/ p67P"°* interaction, the significant and
comparabld-RET efficiengesfor all tag positions
(Fig. 4G) indicates that the termini o#4pP"* and
of p67"* are at similar distances and
significantly below the maximum FRET-
compatible distancef 100A. The latercondition
is only fulfilled whenp4®"°* and p67°"°* adopt a
crosslike spatial arrangementFig. S8) A
representativgp67"* SAXS model compatible
with all threecriteriawas selectedStep Il inFig.
S7).

The  resulting model of the
P40/ p6 7" complex became the starting
point to addo4 7" Thefull length p47"*SAXS
modek were added with the help of thBIMR
structure of thenteraction between thé-termini
of p47P"*and p67">, thatare boundiatheir PRR
(p47"*) and SH3 (p67°) domaing(29) (Step Il
in Fig. S7). Most of ourfull-length p47"°* SAXS
modelslead to steric clashes with gA% and/or a
distance between the-férmini of p4?"* and
p67"°*that is too shorto account fothe absence
of clear FRET observed for NMbelingof these
two subunits(Fig. S9) Thisleads tathe selection
of ap47*SAXS modelwhere p47"°* points in
the opposite direction of p8P*in a tail-to-tail
orientation This last stepesults inthe complete
3D-model of thep4C"o*/ p4 7'/ p67P"°* hetere
trimer (step IV in Fig. S7and Fig. 7.

Evaluation of our proposed 3D model
significant features and consistency with
experimental data

Our assembledmodel of the NADPH
oxidasecytosolic complexreveals an elongated
structure where functional domaingaonnected
by flexible peptide linkergFig. 7). As already
stated, the proposedrosslike arrangement of
p4Cr>*andp67"°* leads to distances between
their termini compatible with significant and
equivalent FRET for alcombinations(Fig. 7A).
Theinteraction ofp47"*with p67"°* alsobrings
ther C-terminiin close vicinity coherent with the
high Eapp, measuredfor CC labeling while the
intermediateC-N distance are consistent with a
lower Eapp for the CN labelling (Fig. 7B).
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Interestingly, the FRET efficiency for the
CN-tagged subunits is close to the one tife
p67" tandem. Indeed, the-@rmini of p4P"o
and p67" are very close and separated from the
N-terminus of p6%°*by a pation of p67°"*itself.

On the other handp47"* is expected to be
elongated alone in solution & by SAXSis in

the order of 124\, Table S¥but the presence of
intramolecular FRET in p4™* tandems in live
cells suggestghat the subunitcan adopta more
compactconformation.indeed, ke flexibility of

its unstructured @erminus clearly allows
movements of the Merminal domair{featured by

an arrow in Fig7C). The absence of FRET
between NNabelled p47°*and p67", suggests
that p4?"*cannot flip completely towards p8?

but might adopt either a more elongated or more
condensed conformations, as well as different
angles with respect to the long axis of §¥67 Our
model should thus be viewed as a relatively
flexible structure with significant variability
around its mulfple hinges.The Dmax values of
p67"°*andthe p6 "%/ p4C"°* complex are close
(TableS2). TheDmaxValuesof p67"*p4 7" and
P67P"Xp4Phoxp4Phox are similar as well (Table
S2). This means that the presencepdf"* does
not change the ovetaimensions of the complex.
Thisis againconsistent with therosslike spatial
arrangement of p2®* with p67"°*and with the
observation of the santg&, of the p6 7' tandem
with or without p40"* Finally, wefind that the
calculated SAXS curveausing the program
CRYSOL on the p@7°%- p47"ox- p4CP"* model

is in reasonable agreement with the experimental
curves published by Yaawa et al(Fig. SLO) (28).

Discussion

Here we presertdan integrated workflow
to analyze the intermolecular interactions and the
conformation of a complex gfroteins formed by
structured domains separated by unstructured
segmentsn living cells. This analytical strategy
may be adapted to any cytosqtimtein complex
composed of partially disorderedbunits.

Wefirst demonstrate the complementarity
of FRET-FLIM and FCCS t@haracterizdive cell
interactions.estimate bindingffinity and obtain
topological information using the same FP
labeling for both techniquesThis was made
possible owing tothe new cyan variants
mTurquoise and Aquamarine in theassical
CFP/YFP FRET pair (7). Their increased
brightness and photostabilityallowed both
improved performanceas donordor FLIM and
full suitability for two-color FCCSexperiments

The dynamicNADPH oxidasecomplex
depends on protein assembly for activatiand
thus the development of inhibitors of this
assembly is an attractive concept to regulate its
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activity (30,31) For the p40"<p47hoxp67Phox
complex there is a discrepancy between the 1:1:1
stoichiometry found inin vitro experiments
(19,20)and the 2+3 times higher expression level
of p47"in comparison to p&7™in neutrophils
(32). In addition, this higher amount of A%
compared to p@7*implies that p4#°*is present
both asa free and complekound subuni{32).
However, it is not known whether free p&7
exists. Our resultsrevealed two pairwise
interactions with a one to onstoichiometry,
P47 p6 7P and p4@'°*/ p67"°* that strongly
suggest that the ternary complex is assembled in a
1:1:1 stoichiometry inside a live cell. Furthermore,
in the presence of an excess of {3%7all p67"
were bound in compleXn solution, d@out 10% to
20% of recombinant p#7°*and p67"°*proteins
have been detected as dimé22). We did not
observe any dimers by FREALIM. Indeed, in
live cells, the unbound cytosolic subunits may
encounter a large diversity of potential partners
that likely limits dimer formation.

Our live cell FRET results also provide
topological information that nicely cqmtements
structural data from »ay crystallography, NMR
and SAXS experimentobtained on purified
recombinant proteindlhe combination of SAXS
data and singknolecule FRETIn vitro is very
useful to investigate protefiolding by integrating
complementsy information (33-35). The
combination of SAXS with FRET measurements
of FP-labelled proteinsn cellulo provides lower
spatial and temporal resolution, however it affords
access to the conditions in living cells. To our
knowledge, such an approach has not been
describedbefore These pieces ofinformation
were integratedto build a new model of the
cytosolic NADPH oxidasecomplexwith several
noticeablefeatures (i) p47°"* and p67"°*interact
via their Gtermini in a taifto-tail configuration
Their N-termini areover 100A apart (i) p67°">
and p47"°*arenot fully elongated and (iii) p20
and p67"* adopt a crostke conformation
(Fig. 7). The model is consistent with the idea that
p47?"°%is required for the initial assembly of the
functional oxidase. Indeed, th&XRliomain and the
SH3 domains of p47*are located on one end of
the complex, ideally positioned to interact with
phospholipids (PXdomain) and with pZ2°*(SH3
domains) to initiate oxidase assembly. This may
then bring p4®°* and p67"* closer to the
membrane. Indeed, the R¥omain of p48™*also
interacts with membrane lipids and thiderminus
of p6P" requires several activation steps
mandatory for superoxide production. The flexible
hinge between the #&rminal half of p47°*and
the rest of the trimeric complex may be required
to establish the initial contact with phospholipids
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and p22' and then bend the complex to bring
p67"* closer to Nox2. In addition, the proximity
of the Gterminus of p47°*with the SH3 domain

of p40®"*in the model raises the question whether
p4C"°* contributes to stabilize the-@rminus of
p47P*at the SH3 domain of p8Px The position

of the p40"* PX domain in the middle of the
elongated complex is unfavorable for a role of this
domain in he initiation of oxidase assembly since
it would require a lateral attachment of the
complex on the membrane. However, if pa%¥

leaves the active complex as recently suggested

(36), the p4@™ PX domain would be in a
favorable position to bind to phosphoinositides in
the membrane after its dissociation from RBL
andthis wouldhelp keeping p67°*in place(37).

In p67"* the TPR and the activation
domain are essential for the assembly with Rac
and Nox2 and, ultimately, for activation of the
oxidase. In the proposeciodel of the hetero
trimer, presented here the resting state (Fig),
the Nterminal region of p67°*is well exposed
and accessible. We assume that the global
orientation and the internal flexibility between its
domains is fully compatible with the binding to
Rac or to Nox2 trough the activatidomain(38).

At this stage of characterization of the ternary
cytosolic complex, it seems that the main limiting
step bwards activation is p4P*that needs to be
activated to promote assembly of the whole
cytosolic complex at the membrane. Preventing
the conformational changed the Nterminus of
p47"°* would probably block the subsequent
interactions with the membranand p22* and
prevent oxidase activation. Therefore, our
approach provides critical information for the
design of inhibitors thatvould interfere with key
stepsin the activation proces&urthermore, the
data we obtained and the model are a stapiirigt

to investigate the changes that may occur during
activation of the oxidase. They may also serve to
compare wilétype subunits with mutations found
in patients with chronic granulomatous disease in
order to understand the phenotype of this oxidase
deficiency.

Experimental procedures

Plasmid library and transfection. Plasmids
encoding full length humap47?"°* (NCF1) and
p67"°* (NCF2) both embedded in a pEGRR
vector (Clontech) (36), and p4C"* (NCF4)
embedded in a CMD8 vector (Gift from Marie
Claire Dagher) were used as a starting point to
build a full library of N and Gterminal tagged
fusion proteins. The cDNA of the subunits were
cut out with restriction enzymes or amplified by
PCR and inserted imither cyan mTurquoise or
AquamarineN1 or €1 vectors (variants of the
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PpECFP vectors: mTurquoise: T6&832A
H148D-S175GA206K (39), Aguamarine: T65S,
H148G (40)), yellow CitrineN1 or £1 vectors
(the mutation Q69M was introduteénto EYFP)
(8), or the red mCherrg1l vector (Clontech,
Takara Biotechnology, Co., Ltd). The internal
start codon (ATG) was removed by PCR from the
FP-N1 vectors or from the subunits embedded in
FP-C1 vectorsTable S1 displays an overview of
the constructsin order to build the plasmids
coding for RFP2A-p6 7" or p40P"°% we ordeed
a synthetic gene coding for mChefg2A
(P2A=ATNFSLLKQAGDVEENPGP) (12)
framed by Agel and Hindlll restriction s#ie
(Eurofins) Thetwo enzymes were used to cut out
the FP and insert mChefBA in pECitrinep67-
Cl or pEmChernp40Cl. Primers were
purchased from Eurogentec (Kaneka corp.,
-DSDQ 30O0DVPLGY ZHUH DPSOLII
Escherichia coli DNA was purified with
E.N.ZA. ® mini kit 2 (Omega Bio.Tek). For
transfection, cells (COS7 or C&%r2) were
seeded either on glass coverslips 28nm,
thickness 0.13t0.16mm) in 6well plates for
microscopy or in 24vell plates for luminometry
one day before the experiment. Cells were
transiently transfected with XtremeGeHdP

5RFKH 'LDJQRVWLFV IROORZLQJ
instructions and used 2#48 h after transfection.
Transfection efficiency, monitored by flow
cytometry, was constantly between 260 % for
triple transfection. Basel on the high
reproducibility of transfection efficiencies, we
assumed that the subunits without-teB were
present in the cells at the same average level as the
FP-tagged ones.

Cell culture. COS7 cells were purchased from

ATCC and cultured following theVXSSOLHUYV
instructions. COS7 cells stably expressivgx2
andp22?"°x(COS'*? P22 were kindly provided by

M. Dinauer (Washington University School of
Medicine, St. Louis, MO) and cultured in medium
containing selecting antibioti¢40).

O - detection by L-012 chemiluminescencel-
012 (100uM Wako Chemicals) and HRP
(20U/ml) were mixed and added to the well
containing transfected CH%?P?2 cells a few
minutes before the addition of 56 of PMA to
stimulate the assembly of the NADPH oxidase.
20uM of DPI was added to stop the,®O
production. The production was quantified as the
relative light units (RLU) area under the curve
recorded during 3énhins with a SynergyH1 plate
reader (Biotek, USA).
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Fluorescence Lifetime Imaging Microscopy
(FLIM) . Time resolved laser scanning TCSPC
microscopy was performed on a custom made
microscope as described previou@). Briefly,

the setup is based on a TE2000 microscope with a

60x, 1.2NA water immersion objective (Nikon).
The epifluorescence patly is equipped with an
Hg lamp, a set of filter cubes for the different FPs
and a CCD camera (ORGAG, Hamamastu
Photonics, Table S3). The TCSPC path is
equipped with pulsed laser diodes (440 for
CFPs; 466im for YFPs, PicoQuant) driven by a
PDL800 driver (20MHz, PicoQuant). The C1
scanning head (Nikon) probes a 20000um
maximum field of view. To select the FP
fluorescence, dichroic mirrors (DM) and filter sets
were used before the detection by a MEWAT
detector (Hamamatsu Photonics)yhe signals
were amplified by a fast pulse paenplifier
(Phillips  Scientific) before reaching the
PicoHarp300 TCSPC module (PicoQuant).
Counting rates were routinely between(&D and
100000 cts/s. Transfected cells were kept in PBS
at 20°C and studied for t2 maximum in an
Attofluor cell chamber (Thermo Fisher Scientific).

The lifetime of a fluorophore is an
intensive  property, independent of its
concentration, which can be precisely monitored
even in live cells. A precision of a few percent on
lifetime is common (17,41,42,4344). The
TCSPC fluorescence decay of all the poxaflthe
cytosol was computed by the SymPhoTime
software(Fig. 34). The decays were fitted with a
mongexponential fit function £q. 1a)for the
control cells expressing a dorAfmsion protein
(without acceptor), the donor beidgjuamarine,
mTurquoise and CitrinéFig. 3A, left).

R

”
+P L 4 A i0vuvE % [1a]

where C is the constant backgrouksithe donor
has a mon@xponential ifetime, its fluorescence

decay in the presence of FRET to an acceptor can

be fitted with a biexponential functio(Eq. 1,
Fig. 3A, right).

. pa— . B
P L Ghaath A *UUE Ugaach A 007E %
[1b]
where C is the constant backgrounid 5 s @nd

Usga 5 @re the proportions of a lond {3 gcand a
short (i s) lifetime component respectively.
For fitting, we usedh custom made procedure in
IGOR Pro(WaveMetrics) The quality of the fits
is evaluated by the weightedsidual distribution
DQG 3HDUVHR®.$6 WHVW
Oiy,0 P is the average lifetime of the doror
fusion protein, D, in presence of an acceptor
fusion protein, A, (Eg2):

Olyo PL Whaslraalr Usaadagaac [2]

The apparent FRET efficiencyg 5 5is calculated
using O 1y,0 Pand 1., 3 4 a4 3):

'oasl sF—SzT‘;YHsrr [3]

It was calculgted on a cell by cell basis from the
fluorescence decays obtained for each cell using
for 1., 54 3the lifetime of the same donor/subunit
fusion protein alone.

TheapparenERET efficiencies measured
in each cellare complexaverags over highly
heterogemous populations of donor molecules
engaged in different FRET interactions
Fundamentdy, these RET efficienciesdepend
on both the distanceand relative orientation
betweerdonor and acceptofhe determination of
distancesbetweenFRET partnerghus requires
someassumption on the orientatidrD FWR®3). o
Unfortunately the dynamic isotropic regime
leading to thepopular value o cannot be
applied to fluorescent proteinssince their
rotational correlation tima wateris around 14 ns
i.e. three to four time$onger tharthe lifetime of
the donor excited stat@6,47). In the viscous
environment of living cells, FPs must be
considered astaticon the time sale of the FRET
interaction.On the other hanaince FPsre fused
to the subunitghroughflexible linkers, theyare
expected tadopt a whole set afonformations
leading to broadly distributed, but probably non
isotropic and nomrhomogeneous relative
orientationsand distancesT herefore the precise
calculation of distansefromour FRET data as
proposed for example byogel et al(48), is
mostly out of reacHnsteadwe usal theapparent
FRET efficiencies to establish distance limits, to
guide topological reasoning or to provide
comparative informationlndeed, vhatever the
effective value of ¢ the observation of a
significantFRET indicatessomeproximity within
the range of the critical Forster distande®.
Typical Forster distances of modtuorescent
proteinFRET pairscalculatedusing @ ,liein
therange of 5660 A (48). R° evolves as (8¢ and
thusvariesonly slowly with the orientation factor.
Using 0 D Ydpg@icable to fully
isotropic and homogeneousstatic averagng
(17,45,49) we oltain quite similar values ofR°=
57A for Aquamaring Citrine and 55 for
Citrine/ mCherry.For the maximum but highly
unlikely value @ ,these distances would at most
extend to81 A and78 A respectivelyIn cases of
unfavorable relative orientations, R° could on the
contrary decrease significantly below 5.
Conversely, as the D/A distance approaches twice
R°, the FRET efficiency will tesh virtually to O.
As a rule of thumbassuming some degree of
orientational and conformational averagiramd
considering our practical detection limitge took
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100A as the upper distance limit to observe FRET
in this study.

The FRtagged subunits are transiently
expressed and the level of expression may strongly
vary between cells. Wieecorded intensity images
before any FLIM experiments on the same field of
view. The intracellular concentrations are
proportional to the average fluoresce
intensities. Eapp was commonly plotted as a
function of the fluorescence intensity of the
acceptor in the cell)(A) to observe a FRET
positive situation (17,5653). As a negative
control, the donor/subunit fusion protein was co
expressed with the free acceptor. This control is
useful to (i) determine Eappis significantand (ii)
to set the thresholidr the maximum value dfA)
beyondwhich unspecific FRET due tmolecular
crowding starts to contribute to the signals.
Indeed, when the cells are crowded with the
acceptorsl|(A) becomes very high and the donors
show unspecific FRET with the acceptors nearby
just because of the spatial proximifg7). We
discarded such cells.

The plotting ofEap, against # 2>&equired the
calibration of fluorescence intensgimeasured in
both donor and acceptor chann&he ratio of
fluorescence intensities, £#;0+&; was
transformed in the concentration ratio of
fluorescent proteins,*%>&7? using a custom
calibration procedure of the microscopy setsge(
SI).

Fluorescence Cross Correlation Spectroscopy.
A confocal microscope Leica TCS SP8 SMD
(Leica Microsystems) was used. It is equipped
with a DMI 6000 CS stand and a 63x/1.2 HC PL
APO water immersion objective, a continuous
argon laser (514 nm from Leica TC®& and a
diode pulsed laser (440n, PicoQuant). The
signal was selected by 560 DM and two
bandpass filters (BR78/22, BP540/30) and
detected by two APD detectors (PicoQuant). For
the detection, the SMD module is constituted of a
PicoHarp3000 systerdfor TTTR mode of single
photon counting (PicoQuant). Cells were kept in
an air-conditionedchamber at 30°Cin order to
correct for the crosstalk between the CFP and YFP
detection channels on the amplitudes of the
correlation functions, we used a \ar d
fluorescence correlation spectroscopsalled
fluorescence lifetime correlation spectroscopy
(FLCS) (54). The fluorescence signal of each
channel was corrected from spectral blead
through using FLCS filters as described elsewhere
(55,56) In this methodcombining TCSPC and
FCS the different FCS contributiorsse separated
by usingthe different fluorescence decay pattern
of both fluorophores. Thefluctuations of
fluorescence intensity were aute and

crosscorrelated and the resulting curves were
analyzed using a standard purnffusion model
with SymphoTime (PicoQuant).

The autecorrelation  function  of
fluorescence fluctuations returns the time needed
for the fluorophore to cross theonfocal
observation volume,8, z and the number of
molecules,0, g present in8, ¢ O, ¢is the inverse
of the amplitude to the autmrrelation function,

JET; (21). The concentrations of FPs in the
observation volume are calculated as follng
where Q. is the Avogadro number (EQ):

5
3 (27 LKEA“;Z - % (2L
[4]

The amplitude of the crosrrelation function,

daaads allows the estimation of the
concentration of the stoichiometric P4%-p6 7°"°x
complex. p47° and p67"°* are respectively
labelled with YFP and CFP (E).

MHKILRAF e 2 5 5]
E

AL ® 44 C livypp
In practice, the observation volumes in the two
channels,&, ;, gand 8, ; zand & 5 3 pave always
different sizes and are not perfectly coincident. In
addition, a fraction of FPs might be
nonfluorescent due to nematured protein, dark
state or photobleachin@1). The later was kept
here below 10%In order to minimize the impact
of these limits on the detection of interactions, the
fractions, :, of codiffusing fluorophores that are
also the fractions of protein in interaction, were
normalized to the average fractions obtained for
the p6P"* tandem, whose two tags diffuse
together (Eg6).
.0aRg Kivusés 7((8]”
"OGET ko404 FRWHDI:- ;

5 5
Ad Gl

. 0aRE Kivush; KELR'P24;
Bl a4 KFYHLPD‘ZMAHS” [6]

In addition,the relative amount of both partners
wasestimatedas(Eq. 7):

0 BUXE K44 g1Q10ay,

>1/4zEUxa KEA H%KB|U|DQ4A [7]

The details for the computation of$?&an be
found inSl.

Protein preparation, SAXS data acquisition
and processing p47"°* constructs were
expressed as a GST fusion protein using a pGex
6P-1 derived vector containing the cDNA
corresponding to the full amino acids sequence
(from 1 to 397) for the full length p&™P*or to a
sequence coding for amino acids 1 to 342 for the
p47hox' Cterconstruct lacking the ®rminal end

of the protein after the AIR motif. For both
construcs, the production protocalas the same.
The proteins were expressed i coli, strain
BL21(DE3). Expression was induced with 0.5
mM IPTG, when the cell dture reached an OD of
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0.6 at 600 nm. Temperature was then shifted to
20°C for an overnight induction. Cells were
harvested and resuspended in chilled lysis buffer
(50 mM Tris, pH 7.5, 0.3 M NaCl, 1 mM EDTA,
2 mM DTT and Complete EDTAee protease
inhibitor (Roche Diagnostics, Basel,
Switzerland)). All following operations were
carried out at 4°C. Cells were disrupted by
sonication, then centrifuged at 40 000 rpm for 40
min in a Beckman 45 Ti rotor. The supernatant
was loaded onto a 4 mL Gluthati@epharee 4B
column (GE Healthcare) equilibrated in the lysis
buffer. Proteins were eluted at 1 mL/min with 50
mL of elution buffer (50 mM Tris, pH 7.5, 50 mM
NaCl, and 10 mM Glutathion). Fractions
containing GST fusion of thecorresponding
p47"°% construct were pooled and digested
overnight at 4°C withPreScissiorprotease (70
units enz. per 40 mg of protein). Due to the genetic
construction, digestep4?"°* possesses 10 and 7
additional residues at its -Nand Gterminus,
respectively angh47"°*' Cter only 10 additional
residues at its Merminus Digestion products
were loaded at a flow rate ofmdlL/min onto a
MonoS column (GE Healthcare) equilibrated in 50
mM Hepes pH7.5, 56M NaCl, 1mM EDTA,
and 2 mM DTT. The proteins were eluted with a
40 mL linear gradient of NaCl (5600mM). The
resulting protein fractions containing the
corresponding4 7" construct were concentrated
on a centrifugal concentration device with a
10kDa cutoff. The protein was then diluted 20
times in Hepes 56fM pH 7.5, DOmM NacCl,

1 mM EDTA, 2mM DTT, and 5% glycerol, and
finally re-concentrated at different concentrations
where aliquots op47"% or p47h*' Cter, were
taken and stored for SAXS measurememrist
P67 p4P"o* and its truncated versioBAXS
data preessingled to a molecular mass close to
that derived from the sequenskowing that the
protein solutions were devoid of oligomers (Table
S4).

SAXS measurements omp47"x' Cter
were performed on a laboratory instrument
IDQRVWDU
data on p47°*full length were collected on the
SWING beamline (SOLEIL synchrotron, St
$ X EL ®1.0A). Both proteins were studied at
different concentrations (see fla S4). SAXS
data were normalized to the intensity of the
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incident beam, averaged and background
subtracted using the program package PRIMUS
(57), intensities were put on an absolute scale
using water scattering. The final pattern used for
fitting was obtained by extrapolating to imte
dilution of the set of curves recorded at the
different concentrations.

p47"ox' Cter was modelled using the
program BUNCH (58), which combines rigid
body andab initio modelling approaches. The
program starts from known structures of the two
domains PX and SH3 tandem (PDB ID 1KQ6 and
ING2, respectively) andinds the optimal
positions and orientations of domains and
probable conformations of the linkers by fitting
the SAXS curve calculated on the model to the
experimental curve. In a final step, we substituted
the dummy residues of the linkers with all atom
descriptions using the programs P29) and
SCWRL4 (60). An ultimate adjustment was
performed using the program CRYSOL. The
modelling was repeatedl00 times. Finally,
models giving the best agreement with the
experimental curve (lowestP values) were
selectedThe same approach was used forP%7
full length using the most probable model
describing p47"*' Cter and the PRR domain
(extracted from the PDB I00K4U) as starting
point Models of p67°"* were builtin the same
way starting from the known structurg). This
modelling has shown than p8%is able to adopt
a great variety ofvery differentconformations.
Not surprisingly the SAXS data carebitted using
an ensemble of models (EOM approag¢hl) All
SAXS data are shown in SA8DB
(https://www.sasbdb.ofgunder the SAS codes
SASDEJ3, SASDEK3 andASDELS.

Molecular structure alignment. PDB structures
and SAXSbased models were imported into the
PyMOL Molecular Graphics System, Version 1.8
Schrédinger, LLC

Statistical Analysis Data are represented as

% U X NEHLI3440). DSARS/ W D theans of at least three independent experiments

r SEM. Significance was tested with eway
ANOVA followed by a Tukey's Multiple
Comparison Test wusing GraphPad Prism
versionb.
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Figure 1. Structural organization of the NADPH oxidase. Dormstiucture of the 3 cytosolic
subunits of the phagocyte NADPH oxidase in the resting state. The domains and their position in
the proteins are drawn approximately to size. Arrows denote known intramolecular interactions
(blue) and intermolecular interactions (green). The dashed blaekrdipresents the possible
interaction between p&®*and p4?">
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Figure 2. FP-tagged subunits form a functional oxidase. (A) Images of ttiplesfected CO%$*?/P22

cells expressing pAT%-CFP, p67"*<YFP, and RFPp40°"** subunits (left to right). Scale bar 20
um. 5 conditions of p4h° p47?"*and p6 7" with no tag (x), 2 or 3 tags on either & C-terminus

were tested. (B) Time course of the luminescence sign@ll@d + HRP) from tripléransfected
COS8'ox?P22¢g|sstimulated by PMA and stopped by the oxidase inhibitor DPI at the indicated times
(condition 4 green. In orange, the signal obtained with Amansfected cellas reference(C)
Integrated PMAstimulated luminescence signal over 30 min (n;=&an £ &§M). *P < 0.01,
Tukey's Multiple Comparison Test.
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amplituderespectively $31.09. (B) Apparent FRET efficieriesfor p4®P"® p4?"°*and p6 7"
tandemsand thepositive controlsimple D/A tandem)(C) Effect of p67"°* co-expressioron the
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Figure 4. FRET reveals heterodimer formation between all subunits. Rapresentative
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expression of p£7°%is higher than pe7°*(32).
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Figure 6. Modeling ofp47°"°%* Cterfrom SAXS data (A) Experimental SAXS curve measured on
p47°hox Cter (black dots) compared to the calculatedirve (red line)obtainedfrom theselected
model shown in (C) using the program CRYSOE=0.97). B) Experimental SAXS curve
measured on fullength p4?"°* (black dots) ompaedto thetheoreticaturve (blue line) calculated
from the modebf p47" shown inFig. 7 (F=1.25).(C) Selected SAXS model qf47"**" Cter
that fulfills all the criteria discussed the text and irFig. S6 PX domain in violet, SB domains
in green, AIR domain in cyarResiduesof the PX domairresponsible dr interaction with the
membranen the activated form are shown in pink
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Figure 7. Proposed modaelf the complete cytosolic compl@t phagocyte NADPH oxidase in the
inactive stateRibbon representation of p#9*(orange), p47°*(red), p6?"**(grey). The Ntermini
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are labelled in blue and the-t€rmini are labelled in green. Pairwise interactions are sh@y
between p48 andp67°"* and(B) betweemp4 " and p67"°% while the whole 3D modelof the
heteratrimer is shown in (C)Distances between termini, as predicted from the proposed model,
are only given for model evaluation (see teXt)e arrow symbolizes the anguléXibility of the
globular Nterminal domain of p£7°% The stars indicate the flexible regions in ¥8¥black stars)

and in p47"* C-terminus (red star). In p87™ blue and cyan spheres represent the EdcQ G4 Q J
hairpin insertion and the activati domainsrespectively. The residues of the PX domains
interacting with lipids in p40° are the yellow spheres(D) Schematic representation of the
complexshowing the different functional domains
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