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ABSTRACT. The heterodimeric, integral membrane protein flavocytochrbrf@yt b) is the catalytic core

of the phagocyte NADPH oxidase and generates superoxide which plays a critical role in host defense.
To better define the activation of superoxide production by this multisubunit enzyme compldxsgatific
monoclonal antibodies (mAbs) and the p#?7SH3 domains (p47SH3) were used in the present study

as probes to map surface structure and conformational dynamics in human neutrojhilnGyall-down

and co-immunoprecipitation studies with detergent-solubilized i yhe oxidase-inhibitory mAb CS9

was shown to share an overlapping binding site with p47gH® the C-terminal region of the p2®x
subunit. Similar studies demonstrated a surprising lack of overlap between the mAb 44.1 and CS9{p47SH3
binding sites, and they indicated that the oxidase-inhibitory mAb NL7 binds a region physically separated
from the p22hox C-terminal domain. Resonance energy transfer and size exclusion chromatography
confirmed the above results for functionally reconstituted €gind provided evidence that binding of

both mAb CS9 and p47SHg altered the conformation of Cyd. Further support that binding of the
p47oxSH3 domains modulates the structure of Gytas obtained using a cell-free assay system where
p47SH3s enhanced superoxide production in the presence of @p6I—212)-Rac1(Q61L) fusion protein.
Taken together, this study further characterizes the structure of human neutrophiinGydth detergent
micelles and reconstituted membrane bilayers, and it provides evidence that the cytosolic regulatory subunit
p4Poxmodulates the conformation of Cgt(in addition to serving as an adapter protein) during oxidase
activation.

Neutrophils represent the most abundant cell type of the host at the molecular level, their production must be tightly
innate immune system in humans and provide a first line of regulated in order to minimize host tissue damage during a
defense against a wide range of infectious agents. To carryproductive inflammatory response. In the vascular system,
out this essential host-defense function, the neutrophil canelevated superoxide production by phagocytic leukocytes has
release an elaborate arsenal of microbicidal agents (includingbeen observed in pathological conditions such as athero-
enzymes, antimicrobial peptides, and reactive oxygen spe-sclerosis 4), hypertension ), and ischemia-reperfusion
cies) that are designed to inhibit the spread of pathogenicinjury (6).
organisms 1, 2). Following activation by inflammatory The main source of superoxide in activated neutrophils is
stimuli, neutrophils are capable of generating high levels of a multisubunit NADPH oxidase comple8)( The oxidase
superoxide and other reactive oxygen/nitrogen species (ROSIs composed of the integral membrane protein flavocyto-
RNS) that directly participate in microbial killing2( 3). chromeb (Cyt b) (7) and at least four cytosolic subunits
Since ROS/RNS may not discriminate between pathogen and(p40h® p4 7% p67P"%% Rac1/2) 8—10), with the membrane
and cytosolic components physically separated in unstimu-
lated cells to prevent the unwanted generation of superoxide.
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In activated neutrophils, protein phosphorylation and lipid reconstituted Cyb, evidence was obtained that binding of
second messengers act at the level of bothICgt1, 12) the p4P"* tandem SH3 domains induces conformational
and the cytosolic oxidase regulatory subunit8{16) to changes in Cyb. The potential relevance of p&? SH3
promote assembly of the catalytically active NADPH oxi- domain-induced conformational changes was supported by
dase. Detailed investigation of the events that regulate the previously unreported ability of p47Skk3to markedly
superoxide production has suggested thafs4@rimarily enhance the activation of Cyi in cell-free superoxide
serves a role in the oxidase assembly process, while Ragoroduction assays.
and/or p67" activate electron flow through Cya (17—
21). The complexity of oxidase regulation is further high- EXPERIMENTAL PROCEDURES
lighted by studies demonstrating that the small G-protein  Materials The expression vector pGex4T-1 was from GE
Rapla®2), the arachidonate binding protein MRP8/ MRP14 Biosciences (Piscataway, NJ); the expression vector pET-
(23), and the protein kinase PaR4) can directly associate  30a and théE. coli expression strain BL21(DE3)pLysS were
with Cyt b and that superoxide production is regulated by from Novagen (Madison, WI); and the nickel NTA-Agarose
the segregation of individual oxidase components into beads were from Qiagen (Valencia, CA). The anti-GST
specialized, cytoskeleton-enriched membrane microdomainsmonoclonal antibody was from GenScript (Piscataway, NJ);
(25—27). the Zorbax GF-250 size exclusion column was from Agilent
The catalytic center of the NADPH oxidase complex is a (Santa Clara, CA); and the peptide Ac-AEARKKPSEEEAA-
heterodimeric, integral membrane protein (6ytomposed CONH; was obtained from Global Peptides (Fort Collins,
of a 570 residue large subunit (g% Nox2) and a 195  CO). The QuickChange II-E site-directed mutagenesis kit
residue small subunit (p22% (7). The gp92"°* subunit was obtained from Stratagene (La Jolla, CA). All other
contains the electron transport chain (including FAD and reagents were obtained from Sigma-Aldrich (St. Louis, MO)
heme prosthetic groups) that shuttles electrons from NADPH or have been described in previous reports by our grigp (
to molecular oxygen 28—30), while the p22"* subunit 43, 45, 46). The instrumentation used for absorption spec-
contains a well-characterized proline rich region recognized troscopy, MALDI mass spectrometry, resonance energy

by p4®hoxearly in the oxidase assembly proce33+33). transfer, chromatographic analysis, and superoxide produc-
Spectroscopic methods have provided direct evidence thattion assays has also been described in the above studies.
anionic lipids modulate the structure of Qyt{(12, 34, 35), Recombinant Cytosolic Oxidase Suburiisr the genera-

which may serve an important regulatory function as the tion of GST-p4P" fusion proteins, residues—286 and
second messenger lipids arachidonic acid and phosphatidic151—286 of human p4°r°x (32, 33, 47) were amplified by
acid promote superoxide production by the NADPH oxidase PCR, cloned into the EcoRI/Notl sites of pGex4T-1 (GE
in intact cells 86, 37). Although binding of the cytosolic  Biosciences), and verified by DNA sequence analysis. For
regulatory subunits to Cyb is also generally assumed to expression, constructs were transformed taoli BL21-
induce conformational changes that activate superoxide (DE3)pLysS (Novagen), and protein expression was induced
production {7, 38, 39), difficulties associated with direct ~with 0.1 mM IPTG (Promega) fo3 h at 25°C following
structure analysis of Cythave hindered a detailed molecular cell growth. Cells were then harvested by centrifugation and
understanding of the consequences of oxidase assembly. the resulting cell pellets stored a0 °C. For purification,
Monoclonal antibodies (mAbs) that recognize the gh%1  frozen pellets fromm 1 L of cells were resuspended by
and p22"*subunits of Cyb have provided valuable reagents homogenization in 20 mL of 50 mM Hepes (pH 8.0)/200
for the analysis of Cyb structure 40—43) and conforma- mM NacCl (Buffer A), containing 10@g/mL deoxyribonu-
tional dynamics 12). Additionally, mAbs that bind Cyb clease | (bovine pancreas; Sigma-Aldrich), 106/mL
and inhibit superoxide productiomZ—44) are of interest ribonuclease B (bovine pancreas; Sigma-Aldrich), 100
as they likely target distinct steps of the oxidase activation mL lysozyme (chicken egg white; Sigma-Aldrich), 2 mM
process and represent potential therapeutic agents. In the?MSF (CalBiochem), kiL/mL protease inhibitor cocktail
present study, a panel of Gytspecific mAbs and the paP* (catalog P8340; Sigma-Aldrich), and then stirred on ice for
tandem SH3 domains (p47Skb3 were used as site-specific 5 min. Following brief probe sonication, cells were brought
structural probes in order to better define the initial stages to 1% Triton X-100 (Sigma-Aldrich) and stirred on ice for
of assembly and activation of the NADPH oxidase complex. an additional 15 min. Centrifugation was then conducted
Using human neutrophil membrane extracts as the source(30 00@ for 30 min at 4°C) to remove insoluble material,
of Cyt b, pull-down and co-immunoprecipitation studies and the resulting cell extract was rotated with 2.5 mL of
demonstrated that the oxidase-inhibitory mAb CS9 selec- glutathione-Agarose (Sigma-Aldrich) rfol h at 4 °C.
tively disrupts binding of p47SHg to Cytb_ In support of Following this incubation, unbound material removed by
these results, MALDI mass spectrometry and peptide inhibi- washing with Buffer A until the absorbance (26000 nm)
tion studies were used to confidently localize the mAb CS9 of the column flow fraction was at baseline. The GST &7
core epitope to a region adjacent to the p47&H3anding constructs were then eluted by rotating the beads with Buffer
site on the C-terminal domain of p?2 In addition to A/10 mM reduced glutathione (Sigma-Aldrich) for 10 min
studies conducted with detergent-solubilized Bythe high at 4°C, and the resulting material was extensively dialyzed
sensitivity and binding specificity afforded by fluorescent against PBS at 4C. Following dialysis, fractions containing
mAb conjugates enabled surface structure mapping of fusion proteins were concentrated using an Amicon 5000
functionally reconstituted Cyb by both resonance energy molecular weight cutoff concentrator (Millipore), adjusted
transfer and size exclusion chromatography, representing theto 20% glycerol (EMD Biosciences), and stored-&0 °C.
first studies of this nature carried out for Qyin the context Protein concentration was determined by absorption spec-
of the lipid bilayer. Using both detergent-solubilized and troscopy with extinction coefficients calculated from primary
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sequence using the program ProtParam (http://ca.expasy.orgproteiniiL beads. To analyze binding interactions, 300
tools/#primary). of the neutrophil membrane extract were rotated withD

For the preparation of p2P*1—286 (p47N) and p4rex uL of loaded glutathione beadsrf@ h at 4°C. Following
151-286 (p47SH3s), 0.5 mg of the GST fusion protein  incubation, the beads were washed ® min at 4°C with
was digested with 10 units of thrombin (bovine plasma; Buffer B/0.1% DDM and then eluted with 3QiL of PBS/
Sigma-Aldrich) fo 3 h at room temperature. Thrombin 1% SDS (Sigma-Aldrich) for 10 min at room temperature.
digests were terminated with 2 mM PMSF, and the reactions In some studies, Cyb-specific mAbs (1uM final) were
were centrifuged at 100 0gGor 20 min. The digests were  preincubated with neutrophil membrane extracts for 20 min
then rotated with~80 uL of glutathione-Agarose beads for on ice prior to incubation of extracts with the loaded
2 h at 4°C for removal of both GST and uncleaved fusion glutathione beads. To detect binding, samples were resolved
protein. by SDS-PAGE using either 12.5% continuous 6t20%

The construct encoding the His-tagged P¥67(1—212)- gradient gels, and then they were transferred to nitrocellulose
Rac1(Q61L) fusion protein was generated by ligation into (Schleicher & Schuell) for immunoblot analysis of the 22
the BamHI/EcoRI sites of a modified pET-30a vector subunit using mAb CS%@) and the gp9%'°*subunit using
(Novagen) resulting in the following construct starting at the mAb 54.1 @0).
Ndel site: Met-6His-Gly-Ser-Met-p67 (1-212)-Racl- To analyze binding interactions by co-immunoprecipitation
(QB1L). For expression, this construct was transformed into (co-|p), neutrophil membrane extracts were incubated with
E. coliBL21-CodonPlus (DE3)-RIL (Stratagene) and induced pps, GST-p47N, GST-p47SH3 or GST-p47SHg-
with 100uM IPTG for 18 h at 16°C. For purlflcatlon, CQllS (W193R) (1uM final GST and GST fusion proteins) for 20
were processed as described above, with the exception thajnin on ice. The above mixtures (3@) were then rotated
(1) the p6P™* (1-212)-Rac1(Q61L) fusion protein Was ith ~40 uL of mAb-Sepharose beads (13 pmol mAb/
bound to nickel NTA-Agarose beads (Qiagen); (2) the peads) fo 2 h at 4°C. Following this incubation, reactions
column was washed with Buffer A and then Buffer A/LS \yere processed as described above for pull-down assays, with
mM imidazole (Sigma-Aldrich); and (3) the elution was  jmmunoblot analysis subsequently carried out for bott?§s22

elution, the p6°*(1—212)-Rac1(Q61L) fusion proteinwas  sgonstructs.

processed and stored as described above.

The W193R mutation was introduced into GST-p4 753 . .
using the QuickChange II-E site-directed mutagenesis kit was Eondgcted as describetb(46), with Cyt b stored at

. o - —20 °C prior to use.

(Stratagene) according to the manufacturer’s instructions us- . ) ) .
ing the following primers: 5mutagenesis primer, GAGAA- Physical Mapping of the mAb CS9 Epitosr analysis
GAGCGAGAGCGGTAGGTGGTTCTGTCAGATG;3nu- by MALDI mass spectrometry, 46L of purified Cytb (10
tagenesis primer, EATCTGACAGAACCACCTACCGCT- ~ pmol) was incubated with 1aL of mAb CS9-Sepharose

CTCGCTCTTCTC. The GST-p8P* (1-212)-Racl and (195 pmol CS9) overnight at room temperature. Following
GST-p4P"x fusion proteins that were also used in this this incubation, the supernatant fraction was removed and

study have been previously describ@?,(48). the beads were washed with 400 of 20 mM NH4HCO3/
Coupling of mAbs to CNBr-Sepharostior to coupling ~ 0.1% DDM. The beads were then resuspended ipl50f
of antibody, CNBr-Sepharose beads (GE Biosciences) were20 mM NHHCG;/0.1% DDM and digested with 10 ng of
prepared according to the manufacturer's instructions. For rypsin (mass spectrometry grade; Promegayfb atroom
coupling, 2 mg of mAb was diluted into 100 MM NaH@O  temperature W|_th th(_a bea_lds pipetted every hour to_facmtate
500 mM NaCl (7.5 mL total volume) and rotated with 1 mL ~ MiXing. Following digestion, the superqatant fraction was
of CNBr-Sepharose for 30 min at room temperature. Fol- "*emoved and the beads were washed with400f 20 mM
lowing this incubation, beads were washed with 5 volumes NHsHCO;/0.1% DDM, followed by 40QL of 20 mM NH,-
of 100 mM NaHC®/500 mM NaCl and then blocked with ~ HCOs. Tryptic peptides bound to the mAb CS9-Sepharose
100 mM Tris (pH 8.0)/500 mM NaCl fol h at room were then eluted with 10@L of 50% acetonitrile/0.1%
temperature. Antibody beads were then washed with pps/trifluoroacetic acid (both from J.T. Baker). The elution
0.02% NaN and stored at 4C. fraction was dried by vacuum centrifugation and resuspended
Extraction of Neutrophil Membrane§o generate detergent- in 10 uL of 50% acetonitrile/0.1% tri_fluoroacetic acid for
solubilized Cytb for binding studies, 1 mL of neutrophil MALDI mass spectrometry as describetb).
membranes (5 1 cell equivalents/mL) was extracted with To fine map the mAb CS9 epitope, the effect of synthetic
0.8% dodecylmaltoside (DDM) (Anatrace) as describs),( peptides on the mAb CS9:Citinteraction was examined
with the exception that extractions were conducted &4  in IP studies. Epitope-mimicking peptides for mAbs 44.1
using 2 mL total of extraction buffer. Following centrifuga- (Ac-PQVRPI-CONH) (Macromolecular Resources; Fort
tion at 100 00@ for 30 min, detergent extracts were diluted Collins, CO) and CS9 (Ac-AEARKKPSEEEAA-CONM
2-fold in 10 mM Hepes (pH 7.4)/100 mM KCI/10 mM  (Global peptides; Fort Collins, CO) were dissolved at 10 mM
NaCl/1 mM EDTA (Buffer B) on ice. The final diluted in distilled water and stored at20 °C prior to use. To
neutrophil membrane extracts contained0—90 nM Cytb evaluate the effect of peptides, IP reactions were incubated
based on heme absorption. as described above for 1.5 h at@, at which point PBS,
Analysis of Surface Structure Using Detergent-Solubilized the mAb CS9 epitope-mimicking peptide, or the irrelevant
Cyt b.For pull-down assays, glutathione-Agarose beads weremAb 44.1 epitope-mimicking peptide were added directly
loaded with GST, GST-p47N, GST-p47SkH3 or GST- to the reaction (20@M peptide final). The resulting mixtures
p47SH3s(W193R) at a final concentration of 20 pmol were rotated for an additional 30 min at°€ and then

Immunoaffinity Purification of Cyt bAffinity purification
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processed as for immunoblot analysis of §i2ising mAb
CSo.

Functional Reconstitution of Cyt.brhe generation of
functionally active Cytb was carried out by reconstitution
of partially purified Cytb as follows. For partial purification,
10 mL of neutrophil membrane fractions {10 total cell
equivalents) were extracted as previously descridgy (ith
the exception that all steps were carried out &C4 The
resulting extract was diluted 7-fold into 10 mM Hepes (pH
7.4) and rotated with 1 mL of heparin-Sepharose (GE
Biosciences) fo 1 h at 4°C to allow binding. The matrix
was then washed with 10 mM Hepes (pH 7.4)/20 mM
NaCl/1.2% octylglucoside (OG) (CalBiochem) to remove

Taylor et al.

both the Cytb preincubation (5Q«M PA) and the CCB-
CS9 working solution (1&«M PA). In all cases, control
experiments were conducted to ensure that the various agents
under investigation did not alter the fluorescence emission
of CCB-44.1 and CCB-CS9 in the absence of Gyt

Size Exclusion Chromatographyor size exclusion stud-
ies, 15uL of Cyt b-containing proteoliposomes was incu-
bated with 15uL of the agents under investigation (as
described for RET experiments) for 15 min at room tem-
perature. The CCB-CS9 or CCB-44.1 working solutions (220
uL) described for RET were then added to Qytand
incubated for 15 min at room temperature. The resulting
mixtures (250uL total volume) were then analyzed on a

unbound proteins and exchange detergent. Bound materialSuperdex 200 size exclusion column (GE Biosciences) (run

was eluted from the heparin matrix with 10 mM Hepes (pH
7.4)/800 mM NaCl/1.2% OG, with the resulting Cit

in PBS at 0.7 mL/min), with CCB-mAbs detected by
monitoring CCB fluorescencé.d 376 nm andiem 425 nm).

containing fractions detected by absorption spectroscopy andn these studies, it was absolutely critical to presaturate the

pooled.

Functional reconstitution was carried out by dialysis as
described 49) using 99% phosphatidylcholine (PC) (Type
XVI-E; Sigma-Aldrich) at a final concentration of 2Q@d)/
mL. Following dialysis, the resulting proteoliposomes were
stored at—80 °C prior to use. Analysis of the reconstitution
mixtures by absorption spectroscopy (2000 nm) revealed
variable degrees of optical turbidity (light scattering), which
was largely removed by centrifugation at 12 @@0r 2 min.
Importantly, NADPH oxidase activity (a measure of func-
tional Cyt b) was equivalent in samples before and after
centrifugation, and clarified proteoliposomes (containing
~700-950 nM Cytb based on absorption spectroscopy)
were used throughout the present study.

Preparation of mAb Conjugatetabeling of mAbs 44.1
and CS9 with Cascade Blue (CCB) acetyl azide (Molecular
Probes) was carried out as previously descrild&), (using

column with PC vesicles (99% PC prepared at 1 mg/mL by
dialysis) for efficient recovery of proteoliposoméx)), and
several chromatographic runs were required before maxi-
mum, stable recoveries were achieved. For quantitation, the
relative signal intensities of vesicle-associated and free CCB-
mAb were evaluated by integration of the respective
chromatographic peaks. In all cases, control experiments
were conducted to ensure that various agents under inves-
tigation did not alter the chromatographic profiles of CCB-
44.1 and CCB-CS9 in the absence of @yt

Cell-Free Superoxide Production Assag®ll-free assays
were conducted as previously describd®)( using both
isolated neutrophil membrane fractions and 99% PC pro-
teoliposomes as the source of QytIn studies analyzing
the effects of the p47°* SH3 domains on activation of
superoxide production by p8P* (1—212)-Racl fusion
proteins, individual reaction wells contained (1) 10:0 PA as

the room temperature protocol. After desalting on the P10 the anionic lipid activator (8Q«M final); (2) His-tagged

column (Bio-Rad), labeled mAbs were concentrated #50

uL using an Amicon 50 000 molecular weight cutoff
concentrator (Millipore) and subject to a final purification
using a Zorbax-250 gel filtration column (Agilent) run in

p67Phx(1—212)-Racl(Q61L) or GST-p8P*(1—212)-Racl

as the source of cytosolic oxidase subunits$60 nM final

in 2-fold increasing concentrations); (3) a presence or absence
of p47N or p47SHgs (400 nM final); and (4) 20@M final

PBS at 1 mL/min. The CCB-44.1 and CCB-CS9 stocks used NADPH to initiate superoxide production. The assay system
in this study were calculated to have a labeling stoichiometry described above was used to evaluate the effect of the

of 4—5:1 (CCB:mAb molar ratio) and were stored at@
prior to use.

Resonance Energy TransfeRET experiments were
conducted as described?), with the following modifica-
tions. The anionic lipid 10:0 phosphatidic acid (PA) (Avanti
Polar Lipids) was prepared as a 1.5 mM stock in distilled
water and stored at20 °C. To prepare the RET working
solutions, CCB-labeled mAb (21 nM mAb final) and mAb
K16 (irrelevant mAb; 667 nM final) were diluted into PBS
and filtered (working solutions were stored at°@ and
equilibrated to room temperature prior to RET analysis). Prior
to measurements, 18 of Cyt b-containing proteoliposomes
were incubated with 1L of the agents under investigation
(PBS, GST, GST-p47N, GST-p47Sk3 GST-p47SHRe-
(W193R) (21uM stocks of GST and GST fusion proteins),
or unlabeled mAb (1M stocks)) for 15 min at room

W193R mutation on the potentiation of superoxide produc-
tion by p47SH3Rg (using neutrophil membranes), with the
exception that individual reaction wells contained (1) His-
tagged p67°*(1—-212)-Rac1(Q61L) (200 nM final) and (2)
GST-p47Phox GST-p47SHRs, or GST-p47SH&E(W193R)
(200 nM final GST fusion proteins). For studies with p&7
(1—212)-Racl fusion proteins, the constructs were used
without nucleotide exchange to the GTP-bound form. For
all cell-free assay studies, the lipid activator 10:0 PA and
p677Phox (1—-212)-Racl fusion proteins were absolutely re-
quired for high rates of superoxide production.

Statistical AnalysisStatistical analysis was performed with
Graphpad Prism (Version 3.03) and Microsoft Excel. Data
are presented as mesanstandard deviation, and a two-tailed
Student’st test was used to determifevalues. AP value
of <0.05 was taken to represent a significant difference

temperature. For RET studies, the fluorescence emission ofwhere indicated for densitometric analysis, RET analysis,

CCB-CS9 or CCB-44.1 (470L total) was monitored for 1
min prior to the addition of Cylb-containing proteoliposomes

and superoxide production assays. Since certain conditions
were arbitrarily set to 100% in some assays for internal

(30 uL total) treated as outlined above. For some studies comparisons (mAb 7D5-Sepharose in co-IP studies and PBS

with CCB-CS9, the anionic lipid 10:0 PA was included in

treatment in RET studies), the maximum error observed for
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Cyt b present in the membrane extracts (lanes 4 and 5). To
evaluate the spatial proximity of the mAb CS9 and 27
binding sites, neutrophil membrane extracts were preincu-
bated with mAb K16 (isotype-matched, irrelevant antibody)
or mAb CS9 prior to incubation with the loaded beads (1000
nM mAD final). In these studies, preincubation of membrane
extracts with mAb K16 had no measurable effect on the

L .
«—p22Pher

B N s binding of GST-p47N to Cyb (Figure 1, lanes 6 and 7),
while mAb CS9 effectively disrupted this binding interaction
(Figure 1, lanes 8 and 9).
Lane: 1 2 3 4 5 o6 7 8 9

To provide a more comprehensive analysis of thePsa7

binding of the p47°* SH3 domains to Cyb. Following solubili- g ' pitop PP

h h . )
zation of human neutrophil membranes, extracts were incubatedgpglp °rand p22 °X.subun|ts of Cyp (Tablg 1 and .Flg'ure
with glutathione-Agarose beads loaded with GST or GST-p47N. 8) were also examined for the ability to disrupt binding of
To detect binding, the indicated fractions were analyzed forcCyt GST-p47N and GST-p47SH3. Since the relative affinities
content by immunoblot probing the p22 subunit. In some cases,  of the various binding interactions have not been determined,

extracts were incubated with mAb CS9 or the irrelevant mAb K16 ~4_|p studies were used to measure the ability of mAbs to
prior to incubation with beads. Lane 1, DDM extract (total Gyt

lane 2, GST supernatant; lane 3, GST beads; lane 4, GST-p47NSimun"’lm':‘OUSIy occupy thg surface of @With the p4P"x
supernatant; lane 5, GST-p47N beads; lane 6, GST-p47N super-constructs. For co-IP studies, neutrophil membrane extracts

natant, mAb K16 preincubation; lane 7, GST-p47N beads, mAb were first incubated with GST-p47N or GST-p47S30

K16 preincubation; lane 8, GST-p47N supernatant, mAb CS9 allow binding to Cytb, and the resulting mixtures were then

preincubation; lane 9, GST-p47N beads, mAb CS9 preincubation. e cinjtated using mAb-Sepharose beads that bound distinct

Asterisks (*) show the mAb heavy and light chains detected by . .

the anti-mouse secondary antibody. regions of Cyth (approximately 46-90 nM Cyth/1000 nM .
p4Phox constructs, and 1733 nM mAb final). As shown in

Figure 2A,B, the recombinant p&?* constructs were ef-

ficiently co-immunoprecipitated with Cyd by a mAb 7D5

affinity matrix. Since 7D5 binds an extracellular epitope on

Table 1: Cytb Structural Probes Used in This Study
core binding

probe determinant refs Cvi b (53) that i loaically disti ¢ h a7
p47N and pA7SH@  p22oresidues 154164 32,33, 51, 52 b'ytd' ( 1 t t?]t IS tOpol?g'Ca >|’ g t')St'”Ct. r O”I‘ (tj € g |
mAb 7D5 gp9Toesidues 166163 53 inding site, these results would be anticipated and demon-
and 226-230 strate the utility of this method for detecting binding of the
mAb CS9 p22residues 165169 43 p4Phoxconstructs to intact Cyd. In co-IP studies using 44.1-
mAb 44.1 pZ{fr:‘(’jxflGSS;jligg 2933 41 Sepharose4(1) and NL7-Sepharose44), binding of the
mAb NL7 gpOPresidues 498507 44 recombinant p4°h°constructs was similar to that observed

with mAb 7D5 (Figure 2A,B). In contrast to the above
o ) results, immunoprecipitation of Cyb with mAb CS9-
any other condition in the assay system was assigned to th%epharose beads markedly disrupted binding of both GST-
above samples for the determinationfoi/alues. p47N and GST-p47SH3 (Figure 2A,B). Importantly,
control experiments showed no detectable binding of GST-
p47N and GST-p47SH3 by the mAb affinity matrices in
the absence of Cyi and no measurable binding of Ayto
K16-Sepharose beads, confirming the specificity of this assay
system (data not shown). In addition, control experiments
Cyt b and inhibits superoxide production by the NADPH using GST-p47SH(W193R) (containing a point mutation
oxidase complex in cell-free assay43). Phage display that disrupts the binding of p&™) (54) showed no measur-
epitope mapping has proposed a core CS9 epitope that isable binding to detergent-solubilized Cyt when this
located near a proline rich region on the cytosolic, C-terminal construct was loaded on glutathione beads (Figure 2C, lanes
tail of p222hox (43) that serves as a critical p&™ binding 1—4) or used in co-IP experiments (Figure 2C, lane¥h
site 32, 33, 51, 52) (Table 1). Taken together, the above studies support the hypothesis that
In order to test the hypothesis that mAb CS9 inhibits the binding sites for mAb CS9 and the p#F SH3 domains
superoxide production (at least in part) by disrupting oxidase physically overlap on Cyb (as defined by the structural
assembly, methods were developed to examine the abilityprobes used in these studies). The ability of both mAb 44.1
of mAb CS9 to disrupt binding of recombinant 4% and mAb NL7 to co-IP levels of p47N and p47Sid3hat
fragments to intact, detergent-solubilized @ytFor initial are similar to mAb 7D5 indicates that these mAbs bind
binding studies, glutathione-Agarose beads were loaded withepitopes that do not spatially overlap with the p@¥SH3

RESULTS

Mapping the p4#°*Binding Site on Human Neutrophil
Flavocytochrome b Using Cyt b-Specific mAbknoclonal
antibody CS9 binds the p2®*subunit of human neutrophil

GST alone, GST-p47N (p&P* PX and tandem SH3
domains), or GST-p47SHg (p4P°*tandem SH3 domains)
for use in pull-down assays with neutrophil membrane
extracts used as the source of @yfapproximately 2700
nM GST or GST fusion protein and 4®0 nM Cytb final).

As shown in Figure 1, while glutathione beads containing
GST alone had no observable interaction with Bytanes

2 and 3), beads loaded with GST-p47N efficiently bound to

domain binding site (results summarized in Table 2).
Biochemical Characterization of the mAb CS9 Epitope.
Since mAb CS9 uniquely disrupted binding of the pu¥
SH3 domains to Cyb, the mAb CS9 core epitope was
directly determined to allow for confident interpretation of
binding studies. For initial mapping, purified Cyt was
bound to mAb CS9-Sepharose, digested by trypsin, and then
analyzed by mass spectrometry for identification of tryptic
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A D5 Cs9 441 NL7 peptides retained on the affinity matri&). Figure 3A shows
a representative positive ion MALDI spectrum where the
masses observed at 4605.5 and 2303.4 Da could be assigned
— — e |+ GST-p47SH3 to the singly and doubly protonated species of H22
residues 149194 containing the naturally occurring Alal74
——pazler polymorphism $6). Confidence in this interpretation was
provided by the assignment of the singly (4634.7 Da) and
doubly (2317.4 Da) protonated species of i22residues
NL7 149-194 containing the naturally occurring Val174 poly-
B 1507 441 morphism 66). Importantly, the above polymorphism has
J_ been observed in our previous mass analysis oflQyi),
and recent sequence analysis of the mAb CS9 variable
domain genes (data not shown) confirms that the observed
masses do not correspond to tryptic digest products of the
50- Cs9 mADb. It is of interest to note that the tryptic peptide bound
by mAb CS9 contained missed trypsin cleavage sites at
Lys165 and Lys166, which are residues in the core epitope
region assigned by phage display analysis and appear to be
protected against trypsin digestion in the mAb CS9:G8yt
complex.
In order to fine map the mAb CS9 epitope, a synthetic
C peptide corresponding to residues @73 of human p22°x
worei—. | (Ac-AEARKKPSEEEAA-coNH) was generated and tested
for the ability to disrupt the binding of mAb CS9 to Cigt
In IP studies, the peptide Ac-AEARKKPSEEEAA-COMNH
(200uM final) effectively disrupted the binding of Cytto
mAb CS9-Sepharose (approximately- nM Cytb and
P - +— 2P 1733 nM mAb final) (Figure 3B). While a scrambled version
of the above peptide was not synthesized due to the extensive
Lane: 1 2 3 4 5 6 7 epitope characterization that has been provided #&&nd
FIGURE 2: Structure analysis of the p#?* SH3 domain binding 57 and this s.tudy), it, Servgs to mgntion that the irrelevant,
site using Cyb-specific mAbs. Following solubilization of human ~ MAb 44.1 epitope-mimicking peptide Ac-PQVRPI-CONH
neutrophil membranes, extracts were incubated with PBS, GST-was examined (200M final) and had no measurable effect
P47N, or GST-p47SH, and Cytb was subsequently immuno-  gn the mAb CS9:Cyb interaction (Figure 3B). The studies

precipitated using a panel of mAb affinity matrices. For immunoblot . : . 6
analysis of eluted bead samples, nitrocellulose membranes wereou“med above assign p22‘residues**KKPSE as the mAb

cut in half with the upper panel stained for GST to detect the'ga7 ~ CS9 epitope and allow for confident use of mAb CS9 as a
constructs and the lower panel stained fory22as a measure of  structural probe for Cyb.

Cyt b. (A) Representative co-IP experiment with gel loadings as  Syrface Structure Mapping of Reconstituted Cy#Ab.

follows: lane 1, co-IP of GST-p47N with mAb 7D5; lane 2, co-IP _ o _
of GST-p47SHzs with mAb 7D5; lane 3, co-IP of GST-p47N with though detergent-solubilized Cyt represents a more ex

mAb CS9; lane 4, co-IP of GST-p47Sk3with mAb CS9; lane perimentally tractable sample for most assay systems, results
5, co-IP of GST-p47N with mAb 44.1; lane 6, co-IP of GST- obtained for integral membrane proteins in detergents must
P47SH3g with mAb 44.1; lane 7, co-IP of GST-p47N with mAb  pe confirmed in the context of more native-like membrane

NL7; lane 8, co-IP of GST-p47SH3 with mAb NL7. (B) ; ; ;
Densitometric analysis of three independent experiments as outlinedb”ayers' In order to generate a more blologlcally relevant
in part A. To account for variability in staining between experi- sample, Cytb was extracted from neutrophil membranes,

ments, the relative densities were determined for the lanes in partially purified, and then reconstituted into 99% phos-

individual blots (expressed as GST densityfy22density), with phatidylcholine (PC) membrane vesicles for structure analy-
the resulting values normalized to results obtained for mAb 7D5 g

(set at 100%). In these studies, similar levels of ®ytvere . .
immunoprecipitated by each respective affinity matrix in the _ IN previous studies by our group, the fluorescent probe
presence and absence of the #¥&7constructs. Conditions that ~Cascade Blue (CCB) was conjugated to @ytbinding

showed a significant difference relative to co-IP with mAb 7B5 ( proteins (wheat germ agglutinin and mAb 44.1), and
< 0.05) are labeled with an asterisk. (C) In order to demonstrate yagonance energy transfer was used to measure binding

the specificity of studies shown in Figures 1 and 2A, a point . . .
mutation that disrupts the binding of f4%was introduced in GST-  Interactions 12, 35, 43). Since mAb CS9 was shown to have

p47SH3g for binding assays with detergent-solubilized Gyt an overlapping binding site with the pA? SH3 domains
Lanes }4 show the binding of Cyb by glutathione-Agarose beads  (using detergent-solubilized Cyf) in this study, a CCB-
loaded with GST-p47SHg and GST-p47SH(W193R) (@S  CS9 conjugate was generated as a sensitive probe for

%;lt(l)'cviq |Panli;gulre (%SEI(')-rp497SSTI-ig47S’l\R)eVI\’IrI‘It2t;2$ glgaerlleloz;dlrgg_r?s structure analysis of Cyb in the membrane environment.

p47SH3g beads; lane 3, GST-p47SK3W193R) supernatant; lane ~ The feasibility of conducting RET measurements using
4, GST-p47SHgs(W193R) beads. Lanes% of this figure show proteoliposomes as the source of ®@yis shown in Figure
the co-IP of GST-p47N, GST-p47SK3 and GST-p47SH- 4A, where the fluorescence emission of CCB-CS9 (20 nM

(W193R) with Cytb (as outlined in Figure 2A) with the gel loadings ; : . )
as follows: lane 5, co-IP of GST-p47N with mAb 7D5; lane 6, CS9 final) was guenched fOHOW.mg the addition of recon
co-IP of GST-p47SHg with mAb 7D5; and lane 7, co-IP of GST-  Stituted Cytb (~21-28 nM Cytb final) to the fluorescence

p47SH3(W193R)with mAb 7D5. cuvette (curves a and c). This observed fluorescence quench-

— «— GST-p47N

1251 7Ds =

Co-IP of GST-p47phex
constructs (%)
-~
[4)]

o o
pa7N [THe

pAIN
p47SH3 ;|
p4TN
pd7SH3
pdTN
PpA7SH3

pd7SH3

— +— GST-p4™
-— +— GST-p478H3 , ;(+W193R)
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Table 2: Surface Structure Mapping of Detergent-Solubilized iCyt

assay system

probe pull-down co-IP IP
GST-p47N mAb CS9 disrupts binding - -
of probe to Cyt
GST-p47SH3s mAb CS9 disrupts binding - -
of probe to Cyt
CS9-Sepharose - probe disrupts binding of mADb 44.1 has no effect on
GST-p47N and IP of Cytb by
GST-p47SH3s to Cytb the probe
44.1-Sepharose - probe has no effect mAb CS9 has no effect
on binding on IP of Cytb by
of GST-p47N and GST-p47SH3to Cytb the probe
NL7-Sepharose - probe has no effect -
on binding
of GST-p47N
and GST-p47SH3
to Cytb

ing occurs when CCB fluorophores (donor molecules) are the ability of unlabeled mAb CS9 (390 nM final) and the
brought into relatively close proximity of the Cyt heme epitope-mimicking peptide Ac-AEARKKPSEEEAA-CONH
prosthetic groups (acceptor molecules) and provides a(200uM final) to disrupt the CCB-CS9:Cyl interaction as
measure of the mAb CS9:Cyt binding interaction. The  judged by a combination of both RET (Figure 4A, curve b
specificity of this binding interaction was demonstrated by and data not shown) and size exclusion chromatography
(Figure 4B, curves a and b and data not shown). In control

A [p227(149-194)]" experiments, unlabeled mAb CS9 (390 nM final) and PC
Alal7d vesicles alone (20Qtg/mL final) had no effect on the
4605.5 fluorescence emission of CCB-CS9 (data not shown).

In order to evaluate results obtained in the structure

z analysis of detergent solubilized Qyta combination of RET

2 | [p227(149-194)]* Vall74 and size exclusion chromatography was used to examine the

2 _— 4634.7 ability of Cyt b-specific mAbs and the p2P*SH3 domains

£ ‘;‘;‘; 174 val174 to disrupt binding of the CCB-CS9 conjugate to reconstituted
1 283034 23174 Cyt b. As shown in Figure 4C, D, preincubation of

proteoliposomes with GST-p47Skk3diminished binding of
CCB-CS9 to Cyth (20 nM CS9, 630 nM GST-p47SH3,
and~21-28 nM Cytb final), as judged by the reduction in
overall fluorescence quenching relative to the addition of
proteoliposomes preincubated with buffer alone (curves a
and b). Control experiments demonstrated that preincubation
1000 2000 3000 4000 5000 6000 of reconstituted Cyb with GST alone (630 nM final) or
m/z GST-p47SHR(W193R) (630 nM final) had no significant
effect on fluorescence quenching and that GST-p472gH3
B (630 nM final) did not effect the emission of CCB-CS9 in
c— . A phex the absence of Cy (Figure 4C, curve c; Figure 4D; and
- e Dé2 data not shown). Analysis of similar reaction mixtures by
size exclusion chromatography confirmed that preincubation
Lane: 1 2 3 4 5 of proteoliposomes with GST-p47SH3disrupted the bind-
FicurRe 3: Physical mapping of the mAb CS9 binding site on ing of the CCB-CS9 conjugate (Figure 4B, curves a and c).

p22hox (A) MALDI peptide mass mapping was used to characterize i i i i
the mAb CS9 epitope. Representative positive ion MALDI spectrum ;ths Chrorrlaftographltc t(_:iata I? oélleilrn%arpental |tr;11 po(;tance ford
following tryptic digestion of purified Cyb bound to mAb CS9- € correct interpretation o g, as ‘e decrease

Sepharose beads. The observed masses could be assignetito p22 fluorescence quenching observed in Figure 4C could result
residues 149194 containing the Alal74 or Val174 polymorphism from physical disruption of the CCB-CS9:C¥#t binding
(+1 and+2 charge states) as indicated. Mass accuracies were atinteraction or from conformational changes in Qy{(12,

least 0.01% for the assigned peaks in this spectrum. (B) For fine 35) gjnce GST-pa7N efficiently bound detergent-solubilized
mapping, a synthetic peptide corresponding to residues-183 )

of p22hox was generated and analyzed for the ability to disrupt CYtP from neutrophil membrane extracts in the present study
immunoprecipitation of Cyb by mAb-CS9. Lane 1, DDM extract ~ (Figures 1 and 2), it was of interest to note that anionic lipid
(total Cyt b); lane 2, mAb K16-Sepharose (irrelevant mAb) (10:0 PA) was required to observe a reduction in the

supernatant fraction; lane 3, mAb CS9-Sepharose supernatamquenching of CCB-CS9 in RET experiments using recon-
fraction; lane 4, mAb CS9-Sepharose supernatant fradtiepitope . . .
mimicking peptide Ac-AEARKKPSEEEAA-CONK and lane 5, stituted Cytb (Figure 4D). These results are in agreement

mAb CS9-Sepharose supernatant fractioirelevant peptide Ac- ~ With previous demonstrations of a partial masking of the
PQVRPI-CONH. tandem SH3 domains in p47M%§ 59) that is relieved by
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FicUrRE 4: Structural overlap of the binding sites for mAb CS9 and the’4BH3 domains on reconstituted QytIn order to evaluate

binding of mAb CS9 to reconstituted Clytthe fluorescence emission of CCB-CS9 was analyzed by RET and size exclusion chromatography.
The ability of mAbs, GST-p47N, and GST-p47Std3o disrupt binding of CCB-CS9 to Cyi was determined by preincubation with
proteoliposomes prior to analysis. (A) Fluorescence emission of CCB-CS9 following the addition of proteoliposomes that were preincubated
with PBS (curve a) or unlabeled mAb CS9 (curve b). Curve c shows the dilution effect observed by addition of samples to the fluorescence
cuvette. Crosshatches on thi@xis are equal to 15 000 counts/s. (B) Size exclusion profile of CCB-CS9 following addition of reconstituted

Cyt b that was preincubated with PBS (curve a), unlabeled mAb CS9 (curve b), or GST-pg7@t¥e c). Control experiments demonstrated

that proteoliposomes eluted in the void volume~d2 min, while the~17.5 min peak represents the elution profile of free 1gG. Results

are representative of at least three chromatographic runs. Crosshatche¥ exithare equal to 100 mV. (C) Same as part A, but following
preincubation of reconstituted Clgtwith PBS (curve a), GST-p47SHhg (curve b, and GST-p47SHg(W193R) (curve ¢). Curve d shows

the dilution effect observed by addition of samples to the fluorescence cuvette. Crosshatches axigtege equal to 10 000 counts/s. (D)
Summary of results for at least three replicates in RET experiments. The effects of agents under investigation on the fluorescence quenching
of CCB-CS9 were evaluated by setting the values obtained for PBS incubations as 100% quenching. RET experiments conducted in the
presence of 10:0 PA are indicated and conditions that showed a significant difference relative to PBS-treated proteolipasdhis) (

are labeled with an asterisk.

arachidonic acid47), and they appear to indicate that the detergent-solubilized Cyi was confirmed in co-IP experi-
nonionic detergent DDM and/or anionic lipids present in ments where mAb 44.1 had no effect on the immunopre-
neutrophil membrane extracts alter the structure of p47N. cipitation of Cytb by CS9-Sepharose, and mAb CS9 had

For a more comprehensive structure analysis of the mAb no effect on the immunoprecipitation of Cyt by 44.1-
CS9 binding site on reconstituted Qytthe binding of CCB- ~ Sepharose (1733 nM mAb on beads, 1000 nM competing
CS9 was analyzed as described above following preincuba-MAb, and~40-90 nM Cytb final) (data not shown). The
tion of proteoliposomes with mAb 44.1 or mAb NL7 (20 results of Cyt structure analysis in both detergent micelles
nM CS9, 390 nM mAb 44.1 or NL7, anet21—28 nM Cyt and 99% PC proteoliposomes are summarized in Tables 2
b final). Using both RET and size exclusion chromatography, and 3.
mAbs NL7 and 44.1 showed no ability to disrupt the binding  Binding of mAb CS9 and the p#? SH3 Domains
of CCB-CS9 to reconstituted Cyit (data not shown). The  Modulates the Structure of Cyt Brevious reports have
lack of overlap between the mAb 44.1 and CS9 binding sites demonstrated unique functional effects of both mAb CS9
observed for reconstituted Clytwas an unanticipated finding and p47SHz& that have yet to be explained including (1)
in light of the close proximity of mAb CS9 and 44.1 core the ability of mAb CS9 to inhibit superoxide production by
epitope regions on the C-terminal, cytoplasmic domain of Cyt b supported by a p&7* (1—212)-Racl fusion protein
p22hox(Table 1). In support of these results, the ability of (in the complete absence of A% (43) and (2) the ability
mAbs 44.1 and CS9 to simultaneously bind the surface of of p47SH3g to support low levels of superoxide production
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Table 3: Analysis of Surface Structure and Conformational Changes

Using Reconstituted Cyt

assay system
probe RET size exclusion
CCB-CS9 p47SHQ decreases quenching p47SH3g disrupts binding
of probe of probe to Cyt
by Cytbin
the presence and
absence of 10:0 PA
CCB-CS9 p47N decreases quenching -
of probe by
Cytbin
the presence of
10:0 PA
CCB-CS9 mADb 44.1 and NL7 have mADb 44.1 and NL7 do not
no effect disrupt binding of
on quenching probe to Cytb
of probe by Cytb
CCB-44.1 p47SHg decreases quenching p47SH3g does not disrupt
of probe by Cyt? binding of probe
to Cytb
CCB-44.1 mAb CS9 decreases quenching mAb CS9 does not disrupt
of probe by Cyt? binding of probe
to Cytb
CCB-44.1 mAb NL7 has no effect mAb NL7 does not disrupt
on quenching of probe binding of probe
by Cytb to Cytb

a Effect also observed for purified, detergent-solubilized Byt

in a recombinant, whole-cell oxidase syste®0)( The
observation that mAb CS9 and p47Sid3ind an overlap-
ping site of the C-terminal region of p2Z2* raised the
possibility that binding of both agents alters the structure
of Cyt b (with distinct consequences on superoxide genera-
tion).

tional changes in Cyb that increases the distance and/or
alters the orientation between the CCB:heme donor:acceptor
pair (61).

In order to gain additional evidence that binding of the
p4PhxSH3 domains alters the conformation of @QyRET
studies were conducted using immunoaffinity-purified Cyt

Since results obtained in the present study demonstrated, |, these studies. DDM-solubilized Cyt (30 nM final)
a lack of overlap between the mAb 44.1 epitope and the a5 preincubated with CCB-44.1 (20 nM 44.1 final) to allow

CS9/p47SHgs binding sites, CCB-44.1 was used as a probe
for both RET and size exclusion chromatography to evaluate
the effect of mAb CS9 and p47SK3 binding on the
structure of Cyth. Similar to RET studies with CCB-CS9
(described above), addition of proteoliposomes to CCB-44.1

caused a quenching of fluorescence as a result of binding to

Cyt b (data not shown). The specificity of this binding
interaction was demonstrated by the ability of unlabeled mAb
44.1 to eliminate the quenching observed in RET studies
(Figure 5A), with physical disruption of the CCB-44.1:Cyt
b interaction confirmed by size exclusion chromatography
(data not shown). As shown in Figure 5A, a substantial
reduction in the overall fluorescence quenching of CCB-
44.1 (20 nM 44.1 final) was observed in RET studies
following preincubation of Cyb-containing proteoliposomes
(~21-28 nM Cytb final) with either mAb CS9 (390 nM
final) or GST-p47SHzs (630 nM final). When similar
reaction mixtures were analyzed by size exclusion chroma-
tography, the binding of mAb CS9 and GST-p472kl3
had no effect on the free CCB-44.1 population (did not
physically dissociate the CCB-44.1:Cft complex) and

complex formation prior to addition of the agents under
investigation. Importantly, the addition of GST-p47Sig3
(200 nM final) to the preformed CCB-44.1:Chtcomplex
resulted in a substantial relaxation of fluorescence quenching
(Figure 6, curve b). A nearly identical relaxation of fluo-
rescence quenching was observed when p4%2S290 nM
final) was added to the CCB-44.1:Cyttomplex (Figure 6,
curve c), demonstrating that the GST portion of the intact
fusion protein had no measurable effect on the assay system.
In contrast to the above results, the addition of GST-
p47SH3s(W193R) (200 nM final) to the preformed CCB-
44.1:Cyt b complex had no measurable effect on the
fluorescence quenching (Figure 6, curve d), consistent with
the inability of this mutant to bind Cyb. Since mAb 44.1
and GST-p47SH were shown to simultaneously bind
DDM-solubilized Cytb in this study, the observed relaxation
of fluorescence quenching cannot be explained by the
physical dissociation of the CCB-44.1:Cgtcomplex and
confirms the p4#° SH3 domain-induced conformational
changes that were observed for reconstituted iyt

mediated a reproducible increase in the fluorescence emission p47"*SH3 Domains Enhance Superoxide Production by

of the bound CCB-44.1 (Figure 5B). Taken together, these
results indicate that mAb CS9 and GST-p47241®ind
reconstituted Cytb simultaneously with CCB-44.1 and
reduce the overall fluorescence quenching of the CCB-44.1
population that is bound to Cyb. This relaxation of
fluorescence quenching provides evidence that binding of
mAb CS9 and the p#7* SH3 domains causes conforma-

Cyt b.Although both full length p47°*and p47N have been
shown to enhance superoxide production in cell-free assay
systems using recombinant 8% and Rac to activate Cyt
b, a similar enhancing effect has yet to be described for the
p4Pox SH3 domains Z0, 62). Since the studies outlined
above suggested that the p#7 SH3 domains alter the
conformation of Cytb, the possibility of a functional
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FicURE 6: Binding of the p4°x SH3 domains induces confor-
mational changes in immunoaffinity-purified Clgt RET analysis
was conducted using CCB-44.1 and purified, DDM-solubilized Cyt
b to examine the effects p47Sks3 Following preincubation of
CCB-44.1 with purified Cytb, fluorescence emission of the
B = Bound preformed complex was monitored before and after the addition
CCB-44.1 of the epitope-mimicking peptide Ac-PQVRPI-COMKturve a),
= & GST-p47SHgs (curve b), p47SHJ (curve c), and GST-p47SH3

. (W193R) (curve d). The relaxation of fluorescence quenching in
] b ~ Free curve a provides an estimate of the total quenching in the system
CCB-44.1 due to the binding of CCB-44.1 to Clgt Curve e shows the dilution
effect observed by addition of samples to the fluorescence cuvette
and crosshatches on thveaxis are equal 10 000 counts/second.

PBS
441
Cs9
NL7
p47SH3,,

ab.c

CCB-44.1
Fluorescence

when both agents were provided at 400 nM in the assay
system (data not shown). The specificity of the results
. T . T T . 1 described above was supported by the inability of GST-
B 0 2 Ut N8 A8 20 2R p47SH3s(W193R) to enhance superoxide production in cell-
Time (min) free assays (Figure 7C). In addition to the cell-free assay

Ficure 5: Binding of both mAb CS9 and the pa™ SH3 domains system described above, similar results were also obtained

induces conformational changes in reconstituted ICYRET and when GST-p6fhox (1-212)-Racl was used in place of

size exclusion chromatography were used to monitor the effect of hox (17— . i
Cyt b-specific mAbs and GST-p47SK3 on the fluorescence p67’°| (1 2{)2) RaﬂEjQGﬁL) as thehﬁourceb of o>é|_(|ja§e
emission and binding of CCB-44.1 in the presence of reconstituted "€gulatory subunits and when neutrophil membrane dilution

Cytb. (A) The fluorescence emission of CCB-44.1 was monitored Vesicles 63) were used as the source of Qyt(data not
following the addition of reconstituted Cyi(in the presence and  shown). These studies demonstrate a novel functional effect

absence of unlabeled mAbs and GST-p47&)ias outlined in of the interaction of the p#7* SH3 domains with Cyb

Figure 4A,C. Summary of results for at least three RET experiments, ;
with conditions that showed a significant difference relative to PBS- and support a model where pA alters the conformation

treated proteoliposome® (< 0.05) labeled with an asterisk. (8) Of Cyt b in a manner that facilitates the activation of

In order to examine the effects of mAb CS9 and GST-p47gH3  superoxide production.

on the binding of CCB-44.1, the reaction mixtures used for RET

analysis were analyzed by size exclusion chromatography following DISCUSSION

preincubation of reconstituted Ctwith PBS (curve a), mAb CS9 ) o )

(curve b), or GST-p47SH3 (curve c). Results are representative N phagocytic leukocytes, binding the regulatory subunit

of at least three separate chromatographic profiles. Crosshatchep47?hoxto the integral membrane protein flavocytochrome
on theY axis are equal to 50 mV. represents an initial step in assembly of the NADPH oxidase
complex and is absolutely required for superoxide production
consequence for this interaction was investigated using in (64). A proline rich motif on the C-terminal region of the
vitro superoxide production assays. Cyt b subunit p22"°*provides a critical target for the p#?*

As shown in Figure 7A, the presence of p473K3 tandem SH3 domains®, 33, 65) following the disruption
enhanced superoxide production in a cell-free assay systenof p47?"*autoinhibitory interactionsl, 16, 47) in activated
using isolated neutrophil membranes as the source obCyt phagocytes. While binding of p4P and p4?"°*fragments
a p6Pox(1-212)-Racl(Q61L) fusion protein as the oxidase containing the tandem SH3 domains has been extensively
cytosolic regulatory subunits, and 10:0 PA as the anionic studied using peptides containing the proline rich region of
lipid activator. In similar studies with 99% PC reconstituted p22hox (32, 33, 51, 66), the interaction of the p47* SH3
Cyt b (membrane samples used in RET and size exclusiondomains with the intact Cyb heterodimer remains to be
chromatography), the presence of p47afisulted in an characterized. In the present study, binding of thePf7
even more pronounced enhancement of superoxide productandem SH3 domains to Ctwas examined in the context
tion (Figure 7B). When the concentration dependence of of both detergent micelles and membrane vesicles, with
p47N and p47SHsp were directly compared in cell-free  emphasis placed on structure analysis at the level ofoCyt
assays, the p47N fragment was notably more effective at The Cytb-specific mAb CS9 markedly inhibits superoxide
enhancing superoxide production at lower concentrations, production in an in vitro cell-free assay systef3); making
while the enhancement by p47N and p47aki®as similar this a particularly interesting probe for investigating oxidase
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Ficure 8: Surface structure and conformational dynamics of human
neutrophil Cyth. Structural model of Cyb showing the gp9ehox

and p22hoxsubunits of the heterodimer, including mapped binding
sites for mAb 7D5, mAb CS9, mAb 44.1, mAb NL7, and the {547
SH3 domains (see Table 1). Structural overlap of the mAb CS9/
p4™hoxSH3 domains is depicted by the overlapping circles, while

-p47SH3 43 : >Tie 4
/ all other agents examined mapped to distinct regions of both
0 T T

T . 1 detergent-solubilized and reconstituted GytArrow at the C-
0 200 400 600 800 1000 terminal tail of p22hox represents Cyb conformational changes
p67-Rac1 construct (nM) induced by anionic lipids, mAb CS9 and p47Sid3hat have been
detected using CCB-44.1 as a structural probe. EC, extracellular;
125- TM, transmembrane; IC, intracellular.
* *
_L T asKKPSE by phage display analysi}3) was directly
confirmed in the present study by combination MALDI mass
spectrometry and the identification of an epitope-mimicking
synthetic peptide. This confident assignment of the mAb CS9
epitope confirms deletion mutagenesis studies of thé"g22
50+ subunit 67), and it indicates that CS9 and p47Sid3
compete for binding primarily due to the recognition of core
254 binding determinants that are directly adjacent on the
C-terminal cytoplasmic tail of p22°% The ability of mAb
CS9 to disrupt binding of the p4™SH3 domains indicates

[
(=]
1

Superoxide production %
S

(mol Oz /mol Cyt bisec)

9]

Superoxide production
(mol O, /mol Cyt b/sec)

0 1% 5 9 ) that this antibody can interfere a critical event in oxidase
[ & i) o B4 assembly and provides an explanation for the inhibitory

el % 5 = action of CS9 in cell-free assays using neutrophil cytosol as

% %. = the source of regulatory oxidase subunits (evidence for a

o _ ) more complex inhibitory mechanism is presented below).
Ficure 7: Binding of the p4#"°*SH3 domains enhances superoxide The notential therapeutic utility of agents that specifically

roduction in a cell-free assay system. In order to evaluate . . ST .
?unctional effects of the pairx S)I/-ISydomains, a cell-free assay disrupt oxidase assembly is highlighted by studies where

system was used to measure superoxide production using bothcellular delivery of a peptide derived from the first cyto-
neutrophil membranes and 99% PC proteoliposomes as sources oplasmic loop of gp91°*(a predicted binding site for p4™»
Cyt b, 10:0 PA as the anionic lipid activator, and a P87 (1— (67) was shown to attenuate elevated blood pressure in a

212)-Rac1(Q61L) fusion protein as the oxidase regulatory subunits. mouse model of hypertensior6g). Current efforts are
(A) Superoxide production rates of isolated neutrophil membrane d . h bili f mAb CS9 inhibi
fractions in the presence and absence of pA%6HB) Superoxide ~ Underway to examine the ability of m to Inhibit

production rates of 99% PC reconstituted @yin the presence  Ssuperoxide production in intact cells following the conjuga-

and absence of p47SKW3 (C) Superoxide production rates of tion of protein transduction domaing9).

isolated neutrophil membrane fractions in the presence and absence . . . .

of GST-p4?h°X,pGST-p47SH38, and GST_p4%S%(W193R). Since Cytb is a relatively low abundance integral
Results were obtained from four measurements, and conditions thatnembrane protein that contains notable structural heteroge-
showed a significant difference relative to PBS-treated neutrophil neity (extensive glycosylation of the gg93 subunit and

membranesK < 0.05) are labeled with an asterisk. polymorphic variants in the p2®*subunit) @6), difficulties
exist in economically obtaining adequate levels of purified
activation mechanisms. In the present study, multiple lines material for structure determination. In light of this situation,
of evidence demonstrated the ability of mAb CS9 and the sensitive biochemical methods remain critical for advancing
p47ox SH3 domains to compete for binding to the cyto- Cyt b structure models. In the present study, biochemical
plasmic surface of Cyb. To confidently interpret such  analysis of both detergent-solubilized and reconstituted Cyt
observations, the mAb CS9 core epitope (previously assignedb indicated a lack of overlap between (1) the mAb 44.1
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epitope and the CS9/pa™ SH3 domain binding sites on  the above data suggests the C-terminal domain of'ga2
Cytband (2) the mAb NL7 epitope and the mAb 44.1, mAb contain some degree of structural plasticity, it is important
CS9, and p47°x SH3 domain binding sites on Cit The to highlight that the 25 C-terminal residues of this subunit
results obtained for mAb NL7 confirm previous studies that were shown to be dispensable for superoxide production in
indicated a lack of overlap between the mAb NL7 and 44.1 a heterologous expression systesi)( If the anionic lipid
epitopes on detergent-solubilized @y{43) and extend this  and p47SHzs-mediated conformational changes that have
finding to a larger segment of the 22 C-terminal domain. been observed in our RET studies genuinely play a role in
Further studies are required to determine the mechanism bythe regulation of superoxide production, such structural
which mAb NL7 inhibits superoxide production by the changes are likely more global in nature and not restricted
NADPH oxidase 44). The ability of mAb 44.1 to simulta-  to the extreme C-terminus of p?'2%
neously bind Cyth with CS9 or the p47* tandem SH3 While the p4P"°* subunit has been considered primarily
domains in the present study is of interest in light of the an adaptor protein that bridges interactions betweenbCyt
close proximity of each core binding site on the C-terminal and p67"* (60), the possibility exists that p4™* binding
region of p22"°% Importantly, this observation was supported has a more complex role in oxidase activation. Such a
by distinct methods analyzing both detergent-solubilized and hypothesis was supported by the unexpected ability of
functionally reconstituted Cyl. In order to eliminate steric  p47SH3g to enhance superoxide production by pPe7(1—
hindrance between two relatively large binding partners, it 212)-Racl fusion proteins in cell-free assays using both
would seem necessary that pZ2residues 178181 (which neutrophil membranes and 99% PC proteoliposomes as the
separate the core mAb CS9 and 44.1 epitopes) adopt arsource of Cyb. Since the p47SH3 fragment has not been
extended conformation and/or contain a structural motif that shown to directly bind either Racl or g% (1—212) to
provides a distinct orientation of binding partners on the our knowledge, the results obtained in this study are
surface of Cyb. Inspection of the p2Z2°*primary sequence  consistent with a model where binding of the p¥7SH3
reveals the sequenéEGGPPGG, which is notable since Pro domains to the proline rich region of p22 induces
and Gly residues are known to reside preferentially in turn conformational changes in Cht(detected in RET studies)
and random coil regions of protein structur&®,(71). In a that are important for oxidase activation. Studies in a
previous study by our group using RET, mAb CS9 was heterologous expression system previously showed that the
shown to cause a substantial relaxation in fluorescencep4 7' SH3 domains promoted translocation of pB7and
guenching when added to a detergent-solubilized CCB-44.1:the p6P"*N-terminal Rac-binding domain to the membrane
Cyt b complex @3), which was incorrectly interpreted to  (60), which may indicate that p47Shgmediated confor-
indicate a physical disruption of the CCB-44.1:@ytomplex mational changes in Cyi increase the binding affinity for
due to overlap of the mAb epitopes. Since mAbs 44.1 and Rac and/or p67° In light of the p47SHgs-mediated
CS9 were shown to simultaneously bind ®yih the present  enhancement of superoxide production reported in the present
study, the ability of mAb CS9 to diminish fluorescence study, it should be noted that GST-p47Skl8as previously
quenching of the CCB-44.1:Cytcomplex (ref43 and this shown to inhibit superoxide production in cell-free assays
study) can now be interpreted to represent CS9-inducedusing neutrophil cytosol as the source of oxidase regulatory
conformational changes in Cyi. Since mAb CS9 was  subunits 83); an interesting result that likely stemmed from
previously shown to cause a marked inhibition of superoxide an inhibitory effect on assembly of the F49—p477ho—
production by Cytb when a p67*(1—-212)-Racl fusion p67P"°xternary complex with Cyb. In summary, the present
protein was used as the sole source of oxidase regulatorywork continues our efforts to characterize the structure of
subunits 43), it is interesting to speculate that mAb CS9 human neutrophil Cyb, and it provides evidence that the
locks Cytb in a conformation that inhibits catalytic activity —regulatory subunit p47*modulates the conformation of Cyt
(although structural overlap between the mAb CS9/Racl- b to facilitate the activation of superoxide production.
p67Phox (1-212) binding sites represents an equally viable
alternative) 72). It is important to state that the detection of ACKNOWLEDGMENT
mAb CS9-induced structural changes in Gytighlights the We gratefully acknowledge the assistance of Dr. Rachel
need to consider potential effects of the structural probe itself Neal with the mass spectrometry studies, Marcus Kincade
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oxidase activation in phagocytic cell§4j, the structural State University Mass Spectrometry Facility.
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